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Purpose: Chronic refractory wounds are a multifactorial comorbidity of diabetes mellitus

with the characteristic of impaired vascular networks. Currently, there is a lack of effective

treatments for such wounds. Various types of mesenchymal stem cell-derived exosomes

(MSC-exos) have been shown to exert multiple therapeutic effects on skin regeneration.

We aimed to determine whether a constructed combination of human umbilical cord MSC

(hUCMSC)-derived exosomes (hUCMSC-exos) and Pluronic F-127 (PF-127) hydrogel could

improve wound healing.

Materials and Methods: We topically applied human umbilical cord-derived MSC

(hUCMSC)-derived exosomes (hUCMSC-exos) encapsulated in a thermosensitive PF-127

hydrogel to a full-thickness cutaneous wound in a streptozotocin-induced diabetic rat model.

The material properties and wound healing ability of the hydrogel and cellular responses

were analyzed.

Results: Compared with hUCMSC-exos, PF-127-only or control treatment, the combination

of PF-127 and hUCMSC-exos resulted in a significantly accelerated wound closure rate,

increased expression of CD31 and Ki67, enhanced regeneration of granulation tissue and

upregulated expression of vascular endothelial growth factor (VEGF) and factor transform-

ing growth factor beta-1 (TGFβ-1).

Conclusion: The efficient delivery of hUCMSC-exos in PF-127 gel and improved exosome

ability could promote diabetic wound healing. Thus, this biomaterial-based exosome therapy

may represent a new therapeutic approach for cutaneous regeneration of chronic wounds.

Keywords: angiogenesis, diabetes wound, exosomes, mesenchymal stem cells,

thermoresponsive hydrogels

Introduction
Diabetes mellitus is a chronic disease worldwide. According to an epidemiological

survey released by the World Health Organization, the global prevalence of diabetes

among adults (20–79 years) will increase from 6.4% in 2010 to 7.7% in 2030,

which means that the number of affected adults will increase from 285 million to

439 million.1 Hyperglycemia-induced vascular damage may be one of the major

factors leading to severe diabetic complications, including diabetic foot ulcers

(DFUs).2 It has been reported that 10–25% of individuals with diabetes suffer

from DFUs,3 which place a great burden on patients and medical institutions.4
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Although current conventional treatments for DFUs,

including debridement, wound dressing, lesion pressure

reduction, anti-infection measures, peripheral vascular

lesion management and strict blood glucose control,5 is

relatively mature and new treatments are being developed,

the DFUs treatment outcomes are still not satisfactory.6

DFU-associated amputations have been estimated to

accounted for 84% of all diabetes-related lower limb

amputations and can lead to severe depression and death

and bring out great social burden.7,8 Therefore, the devel-

opment of more effective treatments for DFUs has become

a critical clinical challenge.

In recent years,mesenchymal stem cells (MSCs) have been

shown to play important roles in tissue regeneration andwound

repair through accelerating wound closure,9,10 enhancing re-

epithelialization,11 increasing angiogenesis,12–14 modulating

inflammation,15 and regulating ECM remodeling.10 In pre-

vious studies on wound healing, cells have been injected

locally into or around thewound area, and the treatment effects

have been limited by the non-optimal retention of the cellular

therapy.16 In addition, a study revealed that the diabetic-wound

micro-environment is not conducive to the survival, prolifera-

tion and differentiation of stem cells, and that the survival time

of exogenous stem cells in diabetic wounds is relatively

short.17 Recent studies have found that extracellular vesicles

(EVs), which are 40–5000-nm particles released by cells and

includes exosomes, microvesicles and apoptotic bodies, can

effectively regulate long- or short-distance intercellular com-

munication through their various bioactive cargos, including

DNA,RNA,microRNA (miRNA) and protein.18 It is currently

believed that MSC-exos have a tissue-repair ability equal to or

greater than that of MSCs themselves. More importantly,

compared with cell transplantation, EV-mediated cell-free

therapies offer the advantages of greater stability and storabil-

ity, no risk of ectopic tissue formation and having a lower

possibility of immune rejection.19 Recent studies have also

shown that MSC-exos have the potential to promote wound

repair. Exosomes derived from human umbilical cord MSCs

(hUCMSCs) have been reported to exerts proangiogenic

effects and thereby accelerated cutaneous wound healing.20

Furthermore, a study confirmed that exosomes derived from

induced pluripotent stem cells-derived MSCs promote cuta-

neous wound healing by promoting collagen synthesis and

angiogenesis.21 However, there are challenges in the applica-

tion of exosomes to treatwounds because exosomes are rapidly

cleared from the application site and survive in vivo for only

a short time.13 Therefore, the combination of exosomes with

biomaterials that extend the retention time of exosomes on the

wound surface without affecting their biological activity has

become a focus of research to develop exosome-based

therapies.

Many studies have shown that hydrogels can enhance

cell properties and processes, such as cell growth rate, bone

formation, and vascular anastomosis, etc. Hydrogels can

also encapsulate cells, form scaffolds and act as drug

carriers.13 A study of the repair of joint damage via exo-

somes showed that22 exosomes carried in a chitosan hydro-

gel showed a decreased degradation rate. Subsequent

research has revealed that exosomes can be delivered to

injury sites by a variety of carriers. Shi et al23 used

a biodegradable and biocompatible chitosan/silk hydrogel

sponge to deliver the human gingival MSC-derived exo-

somes to diabetic wound tissue of rats and reported that the

compounds could promote wound healing through re-

epithelialization, collagen deposition and angiogenesis.

Another study reported that chitosan hydrogel combined

with exosomes derived from human placenta-derived

MSCs (hPMSCs) was able to increase the stability of pro-

teins and microRNAs in exosomes and was superior to

exosomes alone for treating a hind limb ischemic model.24

In addition, a photoinduced imine crosslinking hydrogel

glue was found beneficial for retaining stem cell-derived

exosomes, and the combination promoted the repair and

regeneration of articular bone defects.13 Although there

are studies showing the beneficial effects of exosome-

loaded hydrogels applied to a variety of injury sites, few

studies have investigated the treatment effects of combina-

tions of hUCMSC-derived exosomes (hUCMSC-exos) and

biomaterials, such as hydrogels, on chronic wounds, espe-

cially diabetic wounds.

Therefore, we aimed to explore the ability of a wound-

friendly hydrogel that can carry hUCMSC-exos to promote

wound healing. Pluronic F-127 (PF-127, also known as

Poloxamer 407) has unique heat-sensitive properties: it

exists as a liquid at low temperature and as a semisolid gel

at high temperature. Due to this reversible thermorespon-

sive behavior, PF-127 can fit into the complex and irregular

space of diabetic foot wounds, allowing the bioactive agent

to adhere to the target sites and exert its biological effects.25

Previous studies reported that PF-127 has a porous struc-

ture, which can prolong the release time of therapeutic

proteins and increase the drug half-life in serum.26 Due to

these characteristics of PF-127, we hypothesized that the

PF-127 can retain and sustainedly release hUCMSC-exos

directly onto injured tissues, for which can attract fibro-

blasts and endothelial cells, benefitting wound repair.27
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Furthermore, PF-127 has a mild inflammatory property and

the ability to absorb the secretions from the wound surface,

maintaining a moist, adequate healing environment.28

Moreover, the topical application of a combination of

hUCMSC-exos and PF-127 is a simple and non-invasive

treatment and may be regarded as a high-efficiency, low-

toxicity delivery method.

Here, we aimed to improve wound healing in a diabetic

rat model by externally applying a constructed combina-

tion of hUCMSC-exos and PF-127 hydrogel. We investi-

gated whether the exosome-hydrogel combination could

better accelerate the wound healing rate in the diabetic rat

model. Furthermore, we observed angiogenesis, cell pro-

liferation, granulation tissue formation and other wound

site phenomena to identify the wound repair mechanism of

the exosome-hydrogel composites.

Materials and Methods
hUCMSC and HUVEC Culture
The hUCMSC line Saliai-HMSC(UC)-N was obtained

from Guangzhou Saliai Stemcell Co., Ltd. The cells were

tested for bacteria, fungi, mycoplasma and virus contam-

ination and were shown to express a variety of stem cell-

specific markers and to have good potential for proliferation

and differentiation. The hUCMSC cell line was cultured in

DMEM/F12 (Gibco, USA) containing 10% exosome-free

serum (Gibco, USA) and 1% penicillin-streptomycin solu-

tion (Gibco, USA). The human umbilical vein endothelial

cell (HUVEC) line c-12,206 (PromoCell, Germany),

a single donor cell line, was procured and tested for bac-

teria, fungi, mycoplasma and virus contamination. These

cells were cultured inMEM-alpha (Gibco, USA) containing

10% fetal bovine serum (Gibco, USA) and 1% penicillin-

streptomycin solution (Gibco, USA).

Exosome Extraction and Identification
Exosomes were extracted using an exosome extraction kit.

First, the supernatant of P3-P5 hUCMSCs was collected,

and ExoQuick-TC (SBI, USA) exosome extraction reagent

was added to the supernatant at a ratio of 1:5. After

incubation overnight (>12 h) at 4°C, the supernatant was

discarded, and the mixture was centrifuged at 1500 xg for

5 min to remove all liquid. Finally, 100–500 µL PBS was

used to resuspend the obtained exosomes. A BCA quanti-

tation kit (Beyotime, Shanghai, China) was used to deter-

mine the protein content of the exosome suspension.

hUCMSC-exos were used for experiments or stored at

−80°C. hUCMSC-exos were analyzed for morphology,

size, and marker (CD63 and CD81) expression by conven-

tional transmission electron microscopy, NanoSight, and

Western blotting, respectively.

Exosome-Hydrogel Composite

Construction and Temperature Sensitivity

Determination
According to the protein concentration of the hUCMSC-

exos measured as described above, the exosome suspension

was diluted with the appropriate volume of PBS to the target

concentration of 300 μg/mL and then cooled in a 4°C

refrigerator for 2 h. Precooled PF-127 powder (Sigma,

USA) and 300 μg/mL hUCMSC-exos suspension were

mixed in a 1.5 mL Eppendorf tube in an ice bath and then

stored in a 4°C refrigerator. Eppendorf tubes were checked

for precipitates after 1 h; if a precipitate was present, the

mixture was blended and stored at 4°C; this process was

repeated until the precipitate was completely dissolved.

Finally, we obtained the hUCMSC-exos and PF-127 com-

posite (hUCMSC-exos/PF-127). We adjusted the water bath

temperature to 10°C and tested the initial gelation tempera-

ture of the hUCMSC-exos/PF-127 solution at different con-

centrations (20%, 22%, 24%, 26%, and 28%) over the

temperature range of 10–40°C. Another constant tempera-

ture water bath was adjusted to 37°C, and the specific

gelatinization time at 37°C was determined using

a concentration gradient of hUCMSC-exos/PF-127.

Uptake of hUCMSC-Exos
Exosomes were labeled with the PKH67 kit according to the

manufacturer’s instructions (Sigma, USA) and stored at 4°C

for later use. The prepared 24% PF-127 hydrogel was mixed

with labeled exosomes in an ice bath until the precipitate had

completely dissolved, and the resulting mixture was stored at

4°C. HUVECs seeded in 12-well plates were divided

into four groups: 1) hUCMSC-exos/PF-127 group: 1 mL

hUCMSC-exos/PF-127; 2) hUCMSC-exos group: 1 mL

hUCMSC-exos; 3) PF-127 hydrogel group: 1 mL 24% PF-

127; and 4) Control group: 1 mL PBS. Cells were incubated

in an incubator with 5% CO2 in the dark for 12 h. A 1:1000

DAPI nuclear staining solution was prepared with PBS. The

cells were placed on ice, washed three times with PBS and

then incubated in the dark for 30 min with the diluted DAPI

stain. Four different fields of view in each group were ran-

domly imaged with a light microscope (Leica®, Germany),

and statistical analysis was conducted.
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Migration and Proliferation Assays
Cell migration was assessed using a scratch assay. HUVECs

were seeded in 6-well plates at a density of 1.2 × 105 cells/

mL and cultured to 100% confluence. Four groups were

analyzed: 1) hUCMSC-exos group: 3 mL hUCMSC-exos;

2) hUCMSC supernatant group: 3 mL hUCMSC superna-

tant; 3) PF-127 hydrogel group: 1 mL 24% PF-127 with

DMEM (Gibco, USA); and 4) Control group: 1 mLDMEM.

Five parallel scratches were made in each well with

a 200 μL pipette tip, and the width of each scratch was

measured as the baseline value. The cells were then cultured

with different reagents in a 5% CO2 incubator for 0, 4, 8,

12, 18 and 24 h. The width of the scratch was visualized

with a light microscope (Leica®, Germany) and measured

by mimicking an exclusion zone assay using ImageJ soft-

ware. For the proliferation assay, we used a transwell sys-

tem (8-μm pore size; Corning, USA) to evaluate the effect

of hUCMSC-exos/PF-127 on HUVEC proliferation. Three

groups were analyzed: 1) hUCMSC-exos/PF-127 group:

1 mL hUCMSC-exos/PF-127; 2) hUCMSC-exos group:

1 mL hUCMSC-exos; and 3) Control group: 1 mL

DMEM. HUVECs (1 × 105 cells/well) were placed in the

lower chamber of the transwell system, and the other three

intervention substances were added to the upper chamber.

CCK-8 reagent (Dojindo, Japan) was added to the medium

on days 1, 2, 3, 4 and 5 after inoculation, and the results

were analyzed after incubating the plates at 37°C for 1 h.

Diabetic Rat Model
Sprague-Dawley (SD) rats (male, 210±25 g, aged approxi-

mately 10 weeks) were provided by the SPF Animal

Experimental Center of Southern Medical University

(Guangzhou, China). All rats were fed in a room with

a 12-h light/dark cycle and stable temperature (25°C) and

humidity. Streptozotocin (STZ, 50 mg/kg, Sigma, USA)

was dissolved in citrate-sodium citrate buffer (pH 4.4) to

obtain a 1% STZ solution, which was then intraperitone-

ally injected into SD rats fasted for 18 h to generate

a model of diabetes. Blood glucose levels in the rats

were measured on days 3, 7, 10 and 14 after induction

using Accu-Chek Advantage strips (Roche, Germany).

The rats with blood glucose levels above 16.67 mmol/L

one week after injection were diagnosed with diabetes.

After the 3 weeks of diabetic state after STZ injection,

a wound healing model was created. The importation,

transportation, housing, and breeding of the rats were all

conducted according to the recommendations of “The use

of nonhuman primates in research.” The rats were eutha-

nized by cervical dislocation to prevent suffering. The

Southern Medical University Animal Care and Use

Committee approved all procedures involving rats.

Surgical Procedure
After 3 weeks of hyperglycemia induced by STZ injection,

24 diabetic rats were anesthetized by an intraperitoneal

injection of Nembutal (35 mg/kg, Sigma, USA). After

anesthesia was achieved, the dorsal skin was shaved and

sterilized with 75% ethyl alcohol. Two symmetrical, cir-

cular, full-thickness skin wounds of 10 mm in diameter

were made 1.5 cm apart. The 24 rats were randomly

divided into two groups, and the wounds in each groups

were randomly divided into four treatment groups: 1)

hUCMSC-exos/PF-127 group: 100 µg hUCMSC-exos dis-

solved in 100 µL Pluronic F127 hydrogel (24%); 2)

hUCMSC-exos group: 100 µg hUCMSC-exos dissolved

in 100 µL PBS; 3) PF-127 hydrogel group: 100 µL PF-127

hydrogel (24%); and 4) Control group: 100 µL PBS. The

four different materials were injected topically to cover the

wound. Next, TegadermTM (3M, USA) was then applied to

the wound area and was changed every 3 days. The post-

operative rats were housed individually.

Analysis of Wound Closure Rate
The survival and wound healing conditions of each group

were observed. The change in size of each diabetic wound

was determined from photographs obtained on days 0, 3,

7, 10 and 14 after surgery and analyzed by ImageJ (NIH,

USA). The wound closure rate was calculated to represent

the size change in wound size from the original size using

the formula Wound healing rate = (S0-SA)/S0×100%,

where S0 represents the original wound area on day 0,

and SA represents the wound area on day A.

Hematoxylin and Eosin (H&E) Staining
Full-thickness traumatic tissue samples of approximately

3 mm were harvested along the outer edge of the entire

wound on day 14. All the tissues were divided into two

equivalent pieces: one piece was fixed in 4% paraformal-

dehyde at 4°C overnight and then embedded in paraffin,

and the other piece was stored in liquid nitrogen for

reverse transcription-polymerase chain reaction (RT-PCR)

gene expression analysis. Tissue sections (4 μm) were

fixed on glass slides for histological analysis. H&E stain-

ing was performed to visualize the pathological alterations

in the tissue at different time points. Photographs were
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taken at 5X and 10X magnification using a microscope

and digital camera (Zeiss, Germany).

CD31 Immunohistochemistry and

Quantitation of Microvessel Density
Immunohistochemistry of tissue sections with rabbit anti-

rat CD31 antibody (Santa Cruz Biotechnology, USA) was

performed at 7 and 14 days to detect angiogenesis in the

wound after intervention. Sections were deparaffinized,

rehydrated, heated in a microwave oven twice for antigen

recovery, treated with 3% H2O2 and then incubated with

5% goat serum albumin. Then, the sections were incubated

overnight at 4°C with primary rabbit anti-rat CD31 anti-

body (1:75, Santa Cruz Biotechnology), followed by

a 1-h incubation with HRP-conjugated goat anti-rabbit

secondary antibody (1:200, Abcam) and visualization

with a DAB kit (ZSGB-BIO, China). After being counter-

stained with hematoxylin, the slides were assessed with

a fluorescence microscope (40FL Axioskop, Zeiss).

The three regions with the most neovascularization at

low magnification (5X) on each slide were selected. Then,

three randomly selected areas in each region were imaged at

20X magnification. These images were analyzed with

Image-Pro Plus software. The mean number of blood vessels

per image was defined as the microvascular density (MVD).

Ki67 Immunofluorescence
To detect the effects of the four treatments on cell prolifera-

tion at the wound site, immunofluorescence of the wound

sections was performed on day 7. After conventional

dewaxing, hydration, antigen recovery, and blocking, the

cells were incubated with rabbit anti-Ki67 primary antibody

(1:800, Abcam, USA) and then with goat anti-rabbit IgG

Alexa Fluor® 594-conjugated secondary antibody (1:400,

Abcam, USA) and DAPI. The stained sections were imaged

at 20X on a fluorescence microscope, and 5 randomly

selected regions in each sample were analyzed. Then,

Image-Pro Plus software was used to calculate the percen-

tage of positive cells in each group.

RNA Preparation and RT-PCR Analysis
To explore the mechanism underlying the therapeutic effect,

the mRNA expression levels of vascular endothelial growth

factor (VEGF) and transforming growth factor beta-1

(TGFβ-1), two key growth factors considered to be asso-

ciated with wound healing, were examined. Total RNAwas

extracted from full-thickness traumatic tissue using TRIzol

reagent (Keygen, China) according to the manufacturer’s

instructions. Next, the extracted total RNA was used to

synthesize cDNA using the HiScript II Q RT SuperMix for

qPCR kit. RT-PCR, using ChamQ SYBR qPCRMaster Mix,

cDNA and the primers described below, was performed on

a Roche LightCycler®96 system, according to the manufac-

turers’ instructions. The housekeeping gene β-actin was used
to determine and normalize the relative expression level of

each RNA sample. The standard 2−ΔΔCt method was used for

data analysis. The primer sequences were as follows:

βactin-F: 5ʹTGCTATGTTGCCCTAGACTTCG
βactin-R: 5ʹGTTGGCATAGAGGTCTTTACGG
VEGF-F: 5ʹCAATGATGAAGCCCTGGAGTG

VEGF-R: 5ʹGCTCATCTCTCCTATGTGCTGG

TGFβ1-F: 5ʹGGCGGTGCTCGCTTTGTA
TGFβ1-R: 5ʹTCCCGAATGTCTGACGTATTGA

Statistical Analysis
Data are reported as the mean ± standard deviation.

Differences among groups were evaluated by one-way

analysis of variance (ANOVA) followed by Tukey’s post-

test (Graph Pad Prism 7.0), and 95% confidence intervals

were calculated. Differences were considered statistically

significant at *p <0.05 and **p < 0.01.

Results
Exosome Characterization
Approximately 3 mL hUCMSC-exos at a concentration of

1617.2 µg/mL were obtained from 50 mL hUCMSC super-

natant according to the BCA protein quantification kit.

Transmission electron microscopy showed that hUCMSC-

exos had a typical “saucer-like” exosome structure

(Figure 1A). Samples of hUCMSC-exos were analyzed with

a NanoSight LM 10; the concentration was determined to be

4.19×1011 particles/mL, and 44.4%of the particleswerewithin

the size range of 30 nm to 150 nm (Figure 1B). CD63 and

CD81 protein expression levels were significantly increased in

hUCMSC-exos compared with hUCMSCs. (Figure 1C).

These findings confirmed that exosomes can be successfully

extracted from hUCMSC supernatant with the employed exo-

some extraction kit.

Temperature Sensitivity and Uptake of

Exosome-Hydrogel Complexes
As the Pluronic F127 concentration increased, the initial

gelling temperature (IGT) of hUCMSC-exos/PF-127
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decreased. The 20% hUCMSC-exos/PF-127 composite

initially gelled at 17.8°C, while the 28% hUCMSC-exos

/PF-127 composite gelled at 12.4°C. The gel formation time

was inversely proportional to the temperature. The prepared

24% hUCMSC-exos/PF-127 mixture was liquid at 4°C and

in a semisolidified colloidal state at 37°C (Table 1). After

a 12-h incubation with different reagents, HUVECs showed

green fluorescence representing hUCMSC-exos in the

cytoplasm, with signal enrichment around the nucleus,

while HUVECs cocultured with PBS and 24% PF12 did

not show obvious green fluorescence. These data indicate

that hUCMSC-exos can penetrate the cell membrane and

concentrate around the nucleus (Figure 2).

hUCMSC-Exos/PF-127 Promote the

Migration and Proliferation of HUVECs

in vitro
As shown in Figure 3A and Figure 3B, the hUCMSC-

exos and supernatant groups showed greater cell migra-

tion than the PF-127 hydrogel group and control group,

and the hUCMSC-exos/PF-127 group exhibit the best

performance, as confirmed by optical microscopy. The

CCK-8 assays showed that hUCMSC-exos/PF-127 pro-

moted HUVEC proliferation better than the other two

treatments, confirming that the hydrogel prolongs exo-

some survival in vitro and maintains their biological

activity (Figure 3C).

Figure 1 (A) Electron microscopy images of exosomes derived from human umbilical cord mesenchymal stem cell (hUCMSCs-exos). (B) Histogram of the diameter and

concentration of hUCMSCs-exos determined by NanoSight. (C) Expression of CD63 and CD81 (exosomes markers) in hUCMSCs-exos determined by Western blotting.

Table 1 The Initial Gelling Temperature and 37°C Gelling Time

of Gel Complex in Different Exosomes Concentration (Mean

±sd)

Concentration Initial Gelling

Temperature (IGT) °C

Gelling Time

at 37°C

20% 17.8±0.7 1min32s±6s

22% 16.6±0.3 1min19s±5s

24% 14.6±0.5 1min08s±3s

26% 13.4±0.3 51s±3s

28% 12.4±0.1 46s±2s
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General Conditions of the Diabetic Rats
Thirty SD rats were administered STZ via rapid intraperito-

neal injection to generate a model of diabetes. A total of

4 rats died during the model-establishment process and the

induction success rate was 88.57%. The blood glucose levels

of all the rats were above 16.67 mmol/L three days after

injection and remained stable throughout the experiment.

Rat weight, which was measured in all rats at set time points,

Figure 2 PKH67 staining to trace the cellular localization of exosomes. 400X magnification. Green, PKH67 (exosomes staining solution); blue, DAPI (nucleus staining

solution). (A) hUCMSCs-exos/PF-127: exosomes combined with PF-127, (B) exosomes, (C) PF-127, (D) PBS (phosphate-buffered saline).

Figure 3 (A) Scratch test of human umbilical vein endothelial cell (HUVEC) and semiquantitative analysis. Exo, exosomes; SN, exosomes extraction supernatant; Gel, PF-

127; control, PBS (phosphate-buffered saline). (B) Analyses of the wound closure. **p<0.01. (C) CCK-8 assays of HUVEC proliferation.
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initially increased slowly and then showed negative growth

three weeks after injection (Table 2). All the rats showed

obvious symptoms of polydipsia, accompanied by polyuria,

polyphagia and weight loss.

Wound Healing Rate
Full-thickness skin wounds on the backs of diabetic rats were

created and treated with hUCMSC-exos/PF-127, hUCMSC-

exos, PF-127 hydrogel or PBS. Representative images of

wound area in each group at 0, 3, 7, 10 and 14 days after

surgery are shown (Figure 4A). On day 3 after the operation,

there was no significant differences in wound healing among

the groups. However, the wound area was significantly smal-

ler in the hUCMSC-exos/PF-127 group than in the other

groups on days 7, 10 and 14 (p<0.05). This finding suggests

that the hydrogel supports exosome survival and biological

activity. On day 14, the wounds in the hUCMSC-exos/PF-

127 group were almost completely healed, while the wound

healing rates in the hUCMSC-exos, PF-127 hydrogel and

control groups were 8.95%, 14.52% and 23.09%, respec-

tively (Figure 4B)

Histology
The histological structure of the regenerated dermis was

analyzed on day 14. As shown in Figure 5, the epidermis of

the new granulation tissue was intact and thick in all groups.

However, in the hUCMSC-exos/PF-127 group, new hair

follicle formation was evident in the center of the wound

surface, fibroblasts were proliferating under the epidermis,

and collagen deposition was sufficient and orderly. These

phenomena were not observed in the hUCMSC-exos and

PF-127 groups. No new hair follicles in the wound center

were found in the control group or the PF-127 hydrogel

group. In the control group, significant inflammatory cell

infiltration was still observed at day 14.

Angiogenesis
Angiogenesis is pivotal throughout the entire process of

wound repair. Blood vessels provide progenitor cells,

Table 2 Blood Glucose Levels and Weight of Experimental Rats (Mean±sd)

Before Injection

(FBG*)

3 Days After Injection

(RBG#)

1 Week After

Injection (RBG)

2 Weeks After

Injection (RBG)

3 Weeks After

Injection (RBG)

Blood glucose

(mmol/L, n=26)

4.15±0.3 25.90±3.0 26.78±2.5 25.79±3.7 26.29±3.2

Weight (g, n=26) 286.48±12 289.93±10 299.87±11 321.15±10 310.51±11

Notes: *FBG, fasting blood glucose; #RBG, random blood glucose.

Abbreviations: MSC-exos, mesenchymal stem cell-derived exosomes; PF-127, Pluronic F-127; hUCMSCs, human umbilical cord mesenchymal stem cell; hUCMSCs-exos,

human umbilical cord mesenchymal stem cell-derived exosomes; HUVECs, human umbilical vein endothelial cell; VEGF, vascular endothelial growth factor; TGFβ-1, factor
transforming growth factor beta-1; DFUs, diabetic foot ulcers; EVs, extracellular vesicles; miRNA, microRNA; hUCMSCs-exos/PF-127, hUCMSCs-exos and PF-127

composite; SD rats, Sprague-Dawley rats; STZ, Streptozotocin; RT-PCR, reverse transcription-polymerase chain reaction; H&E, hematoxylin and eosin; MVD, microvascular

density; ANOVA, one-way analysis of variance; IGT, initial gelling temperature; AMSCs-exo, adipose-derived mesenchymal stem cells exosomes; ADSCs, adipose-derived

stem cells; SEM, scanning electron microscopy; FBG, fasting blood glucose; RBG, random blood glucose; PBS, phosphate-buffered saline.

Figure 4 (A) Representative images of the wound surface in each group on days 0, 3, 7, 10 and 14. (B) Changes in the wound area over time. The following comparisons

revealed significant differences (*p<0.05, **p<0.01): hUCMSC-exos/PF-127 group vs hUCMSC-exos, PF-127 hydrogel or control group. Exos/PF-127, exosomes combined

with PF-127; exos, exosomes; gel, PF-127; control, PBS (phosphate-buffered saline).
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oxygen and nutrients to maintain proliferation and remo-

deling at the wound site.29 CD31 is an endothelial cell

marker that can be used for immunohistochemical staining

to confirm the degree of tissue vascularization. As shown

in Figure 6A, the number of blood vessels was signifi-

cantly higher in the hUCMSC-exos/PF-127 and hUCMSC-

exos groups than in the PF-127 hydrogel or control group

after 7 days of treatment. MVD density on day 14 was

significantly higher in the hUCMSC-exos/PF-127 and

hUCMSC-exos groups than that in the other groups

(Figure 6B, **p <0.01).

Ki67 Immunofluorescence
To identify the potential mechanism by which hUCMSC-

exos/PF-127, hUCMSC-exos, PF-127 hydrogel and PBS

affect cells in granulation tissue, we performed

Figure 5 Histological analyses of Hematoxylin and eosin stained wounds on day 14 in the hUCMSC-exos/PF-127, hUCMSC-exos, PF-127 hydrogel and control groups. F,

fibroblast, C, collagen, H, newly formed hair follicle; I, inflammatory cell. Exos/PF-127: exosomes combined with PF-127; exos, exosomes; gel, PF-127; control, PBS

(phosphate-buffered saline).

Figure 6 (A) Representative images of CD31 (vascular endothelial cell marker) immunohistochemistry on wound sections at days 7 and 14 from the hUCMSC-exos/PF-127,

hUCMSC-exos, PF-127 hydrogel and control groups. Black arrows indicate microvessels in the wound tissues on day 14. (B) Analyses of microvessel densities of various

treatment groups on day 14 (n=6). **p<0.01. Exos/PF-127, exosomes combined with PF-127; exos, exosomes; gel, PF-127; control, PBS (phosphate-buffered saline).
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immunofluorescence staining of Ki67, which is expressed

by proliferating cells. On day 7 after wound generation,

Ki67 was highly expressed in the hUCMSC-exos/PF-127

group, and a few positive cells were observed in the

hUCMSC-exos, PF-127 hydrogel and PBS groups

(Figure 7A and B, *p<0.05).

VEGF and TGFβ-1 Expression Levels
RT-PCR was performed to investigate whether the two

growth factors, VEGF and TGFβ-1, which have important

effects on wound healing, were differentially expressed

among the treatments. VEGF expression levels in granula-

tion tissue were significantly higher in the hUCMSC-exos

Figure 7 (A) Ki67 immunofluorescence to evaluate the effects of treatment on cell proliferation in the wounds. Immunofluorescence staining for Ki67 (red) and nuclear

counterstaining with DAPI (blue, nucleus staining solution) on day 7 in the hUCMSC-exos/PF-127, hUCMSC-exos, PF-127 hydrogel and control groups. (B) Quantification

analyses of Ki67-positive cells in the granulation tissues (n=6). *p<0.05. Exos/PF-127: exosomes combined with PF-127; exos, exosomes; gel, PF-127; control, PBS

(phosphate-buffered saline).

Figure 8 The relative mRNA expression levels of vascular endothelial growth factor (VEGF) (A and B) and transforming growth factor beta-1 (TGFβ-1) (C and D) on days

7 and 14 in wound tissue of the hUCMSC-exos/PF-127, hUCMSC-exos, PF-127 hydrogel and control groups. *p<0.05, **p<0.01. Exos/PF-127, exosomes combined with PF-

127; exos, exosomes; gel, PF-127; control, PBS (phosphate-buffered saline).
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/PF-127 and hUCMSC-exos groups than in the PF-127

hydrogel and control groups on days 7 and 14 (Figure 8A

and B, **p <0.01). TGFβ-1 expression levels in granulation

tissue were significantly higher in the hUCMSC-exos/PF-

127 and hUCMSC-exos groups than in the control group

on days 7 and 14, but there was no significant difference

between the PF-127 hydrogel and control groups (Figure 8C

and D, *p <0.05).

Discussion
Treatments based on hUCMSCs and certain cellular pro-

ducts can reduce the amputation rate and decrease the

social and medical burdens of diabetes.30,31 In this study,

we constructed a PF-127 and hUCMSC-exos composite

and applied it to a diabetic rat cutaneous injury model to

verify its ability to effectively prolong exosome survival

in vitro. The PF-127 and hUCMSC-exos composite sig-

nificantly promoted the healing of diabetic wounds, mean-

while, maintaining the bioactivity of hUCMSC-exos.

Many studies have focused on the stem cells therapies

and biotechnologies of wound repair. Several kinds of

stem cells, such as adipose-derived stem cells (ADSCs)

and autologous growth factors have showed similar or

distinct effects when applied to wounds. ADSCs and stro-

mal vascular fraction (SVF) cells, which are heteroge-

neous cells that include ADSCs have been shown to

support wound healing in human and animals wounds by

promoting neo-angiogenesis and collagen synthesis and

inducing a favorable immunomodulatory effect.32

ADSCs, which have multidirectional differentiation poten-

tial, have the ability to secrete exosomes containing

microRNA, RNA and various of growth factors, inflam-

matory factors, cytokines and chemokines, including IL-6,

IL-8 and TNF-a, which have anti-inflammatory effects and

VEGF, which is involved in vascularization.33,34 Another

type of stem cells, HFSCs, are similar to ADSCs in their

ability to promote re-epithelization and improve angiogen-

esis and have the distinct property of promoting hair

follicle regeneration.35 HFSCs can migrate towards the

injury site and then commit toward to terminally differ-

entiated cells, participating in re-epithelialization and bar-

rier repair.36 Although the mechanism by which HFSCs

promote wound healing remains unclear, evidence sug-

gests that pathways including the Wnt, Bmp, Notch and

Sonic hedgehog (SHH) pathways are involved in hair

follicle regeneration and wound repair, among which the

Wnt/β-catenin pathway plays an important regulatory

role.37,38 Regarding the application of autologous growth

factors, platelet-rich plasma (PRP) may be regarded as the

representative which contains at least six major growth

factors, including bFGF, PDGF, VEGF, EGF, TGF- β and

IGF-1.39 PRP can provide growth factors necessary for

wound repair and regulate the dynamic balance between

cells and extracellular matrix in the local microenviron-

ment, providing favorable conditions for wound repair. For

example, PDGF and VEGF could promote the prolifera-

tion, differentiation and angiogenesis of vascular endothe-

lial cells.40 TGF-β could lead to the apoptosis of

inflammatory cells, control the degree of inflammatory

response, boost keratinocyte proliferation and promote

the deposition of extracellular matrix and the process of

epithelialization.41 PRP also has a beneficial role in hair

regrowth.42 In summary, the application of stem cells and

PRP can aid wound repair by providing growth factors. In

addition, stem cells can also secrete additional substances,

such as exosomes and miRNA, to further promote wound

repair.

Many basic and clinical studies have proven that

hUCMSCs have desirable effects on chronic refractory

wounds in patients with diabetes, including the stimulation

of angiogenesis, the amelioration of diabetic peripheral

neuropathy, and the regulation of immunity.30,31,43 The

hUCMSCs used in this study were shown to promote

wound healing and affect skin lesion repair by inducing

β-catenin activation in endothelial cells and mediating angio-

genesis through the delivery of 14-3-3ζ, which induces YAP
phosphorylation to influence wnt4 signaling pathways.20,27

Injection of hUCMSCs and CM has been found to increase

the angiogenesis of wounds, possibly via the upregulated

expression of PDGF and VEGF.44 In addition, hUCMSCs

also secrete miRNAs that reduce excessive scar hyperplasia

and improve wound healing.45 However, major application

challenges, such as potential tumorigenicity, limited tissue

targeting, frequent apoptosis and rapid clearance, and further

research is needed.46,47 Recent studies have shown that stem

cell-derived exosomes contain mRNAs, miRNAs, growth

factors, and various other proteins that can participate in

various physiological processes. These processes include

hemostasis, thrombosis, inflammation, immune interactions,

angiogenesis and processes in wound healing, such as re-

epithelization, neovascularization/blood vessel maturation,

collagen deposition and development of hair follicles and

sebaceous glands.18,48 For example, hUCMSC-exos contain-

ing miR-21, miR-23a, miR-125b, and miR-145 can inhibit

fibroblast proliferation during wound healing to reduce scar
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formation.45 However, although exosomes have considerable

medical prospects, their rapid expansion and inactivation at

room temperature limit their applications.13

Previous studies have shown that a variety of hydrogels

could promote the healing of chronic wounds. For example,

a Poly-N-acetyl glucosamine hydrogel (matrix system)

derived from microalgae shows a potential therapeutic effect

though reducing exudates. Furthermore, wound cleaning

could be achieved by the moisture content of the

hydrogel.49 PF-127 may has the similar efficacy mentioned

above and has unique temperature-sensitive characteristics.50

This biomaterial is liquid at low temperature and

gradually solidifies as temperature increases, which means

it can fit the irregular spaces of diabetic wounds. In the

United States, PF-127, approved by the FDA for use in

human, is widely used for drug delivery and controlled

release due to its good biocompatibility and absorbability.51

A recent study used an injectable, self-healing and antibac-

terial polypeptide-based FHE hydrogel (F127/OHA-EPL)

with the same thermo-responsive property as PF-127 in

combination with adipose-derived mesenchymal stem cells

exosomes (AMSCs-exos). The study revealed that the com-

bination had the ability to stimulate the angiogenic response

of HUVECs in vitro and neo-vascularization in vivo and

showed great potential in promoting diabetic wound

healing.52 We speculate that the PF-127 hydrogels can pro-

vide a moist environment for wound healing and act as

a barrier against harmful substances, leading to the better

healing performance in the PF-127 hydrogel group than in

the control group.

Among the current methods of wound treatment and

repair in diabetes, a proven MSC-exos-related method

with good application prospects remains lacking. Our pre-

vious studies showed that PF-127 can encapsulate ADSCs,

which then maintain a high survival rate and high biolo-

gical activity of ADSCs within the material. Transplanting

allogeneic ADSCs encapsulated by PF-127 onto wounds

on diabetic rats effectively accelerated the wound healing

rate and promoted cell proliferation and angiogenesis in

granulation tissue.53 Thus, to achieve improved perfor-

mances through the combination of hydrogel and bioactive

substances, we selected hUCMSC-exos in combination

with PF-127 as a treatment for chronic diabetic wounds.

We constructed a complex of PF-127 and hUCMSC-exos

that maintained the biological activity of the exosomes and

continuously released exosomes at the wound surface to

promote wound healing. This is the first study to

investigate the efficacy of PF-127 hydrogel-encapsulated

hUCMSC-exos to augment diabetic wound healing.

In this study, we cultured hUCMSCs and extracted

exosomes from the cell supernatant with an exosome

extraction kit. The extracted exosomes were verified to

be at a high concentration and purity by scanning electron

microscopy (SEM), NanoSight and Western blotting.

Since the initial gelation temperature of PF-127 hydrogel

decreases with increasing concentration, the initial gela-

tion temperature and the time required to gel at 37°C were

determined over a concentration gradient of 20%-28%.

The results showed that 24% PF-127 had a moderate gel

time and was therefore selected as the exosome carrier.

To investigate whether the extracted exosomes retained

the ability to enter cells, we cocultured PKH67-labeled

hUCMSC-exos with HUVECs. After 12 h of coincubation,

exosomes, indicated by green fluorescence, were observed

in the cytoplasm, with localization and enrichment around

the nucleus. When PBS and 24% PF-127 hydrogel were

added to HUVECs as a control, no green fluorescence was

observed. These findings suggest that extracted hUCMSC-

exos can penetrate the cell membrane and concentrate

around the nucleus, which may help them exert their

functions. Considering that the duration of this assay was

12 h, we inferred that the PF-127 hydrogel extended exo-

some survival at room temperature compared with pre-

vious results.54

Wound healing is a complex process involving various

types of cells, including keratinocytes, endothelial cells,

fibroblasts, platelets and macrophages, and various bio-

chemical factors produced by these cells.5 Impaired angio-

genesis is one of the most relevant factors delaying the

healing of chronic diabetic wounds.55,56 Here, we intraper-

itoneally injected STZ into SD rats to induce type 1

diabetes mellitus and mimic impaired wound healing.

In this study, both hUCMSC-exos and hUCMSC-exos

/PF-127 reduced the wound area in the first three days

after treatment in vivo. Subsequently, hUCMSC-exos/PF-

127 evoked a faster healing rate than the other treatments.

We hypothesized that hUCMSC-exos play a significant

role in the early stages of wound healing. However, exo-

somes are easily inactivated in the extracellular environ-

ment, leading to the failure of hUCMSC-exos to

continuously produce biological effects in the wound dur-

ing the intermediate and late stages of wound healing. In

the hUCMSC-exos/PF-127 group, the biological activity

of hUCMSC-exos was prolonged by the protection of the

PF-127 gel, and we assume that these exosomes were
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continuously released, leading to increased, sustained, and

rapid wound healing.

To investigate the mechanisms underlying the effects of

treatment on wound healing, we performed CD31 immuno-

histochemistry and quantified the MVD at injury sites on day

14. These data suggested that the hUCMSC-exos promoted

angiogenesis in the hUCMSC-exos/PF-127 and hUCMSC-

exos groups. Furthermore, compared with the hUCMSC-

exos group, the hUCMSC-exos/PF-127 group showed

increased angiogenesis, suggesting that greater numbers of

functional exosomes might have been retained and continu-

ously released during hydrogel-based delivery to the skin

wound in the latter group.52 In vitro, a greater ability to

promote HUVEC proliferation and migration was observed

in the hUCMSC-exos/PF-127 group than that in the

hUCMSC-exos group. Angiogenesis usually begins with

endothelial cell proliferation and is followed by migration,

adhesion, and differentiation.57 Cell proliferation and migra-

tion are two key processes in angiogenesis and were found

significantly increased in the hUCMSC-exos group. This

finding suggests that the continuous release of functional

exosomes by the composite could promote angiogenesis

though accelerating endothelial cell proliferation and migra-

tion. In addition, VEGF mRNA expression levels were

shown to have a similar increasing trend as the blood vessel

density in the hUCMSC-exos/PF-127 and hUCMSC-exos

groups. VEGF is an important factor that stimulates

angiogenesis;58 it binds at least two receptors that

are mainly expressed on endothelial cells and synergizes

with other angiogenic factors to stimulate and maintain the

vascular system.59 The reductions in VEGF and TGFβ-1,
which are thought to be associated with the decreased angio-

genesis, may be the cause of delayed tissue healing in

patients with diabetes.55,56 TGFβ-1 is a growth factor that

regulates a variety of cell functions, mainly cell growth and

apoptosis, promotes the formation of granulation tissue by

influencing fibroblast proliferation and differentiation and

modifies the interaction between mural cells and endothelial

cells.60,61 A recent study demonstrated that normalization of

theM1/M2macrophage ratio in granulation tissue, angiogen-

esis and tissue repair occurred in the dorsal wounds of STZ-

induced type 1 diabetic mice that received a subcutaneous

injection of recombinant mouse-derived TGFβ-1.55 In the

hUCMSC-exos/PF-127 group, TGFβ-1 mRNA expression

levels were significantly increased compared with those in

the PF-127 group and control group, while there was also an

increasing trend of hUCMSC-exos group when compared

with control group. A previous study showed that hUCMSC-

exos suppress excessive wound repair that leads to scarring

by inhibiting TGFβ-1,45 and TGFβ-1 has been shown to

promote wound angiogenesis.62 Based on above observa-

tions regarding angiogenesis, we consider that the insignif-

icant difference between the groups adding hUCMSC-exos

and PF-127 was caused by the interaction between the two

signaling pathways regulated by this factor.

On day 7, the number of actively proliferating Ki67-

positive cells in the wound tissue was significantly increased

in the hUCMSC-exos/PF-127 group compared with the other

three groups. These results are consistent with the wound

healing rate, angiogenesis and histological results, suggesting

that the PF-127 hydrogel can serve as a scaffold to support

exosomes, prolonging their survival in vitro and delivering

them to diabetic wounds in situ. Thus, in situ hUCMSC-exos

play an important role in diabetic wound healing by promoting

cell proliferation and angiogenesis, and facilitating the forma-

tion of granulation tissue at the wound site.

In conclusion, the use of the complex may show

enhanced survival of hUCMSC-exos in the inflammatory

environment of a diabetic wound and retained hUCMSC-

exos vitality. In this study, exosomes continued to act on

wound tissue over time, promoting the vascularization of

wound granulation tissue and ultimately shortening the

diabetic wound healing time. The PF-127 hydrogel

degrades rapidly in vivo and has no adverse effects on the

host. This hydrogel enables the controlled release of various

biochemicals and is an ideal biological scaffold for applica-

tion in the complex environment of diabetic wounds and

ulcers.

This study failed to elucidate the specific molecular

mechanisms of angiogenesis after hUCMSC-exos trans-

plantation in vivo. We need to clarify the further mechan-

isms by which hUCMSC-exos or other intervening

exosomes could regulate angiogenesis. Many studies

have shown that the role of exosomes mainly depends on

the miRNA they contained. The use of different inventions

to stimulate cells can regulate their secreted exosomes

which may contribute to different effects on the target

subjects. Yang et al showed that blue light exposure

could elevated levels of miR-135b-5p and miR-499a-3p

to increased proangiogenic capacity in MSC-exos.63

Therapy based on photon energy has been broadly recom-

mended as a method to accelerate diabetic wound healing.

A future strategy for wound management might involve

a noninvasive, economical, and multipurpose light-

dependent cellular treatment.
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Conclusion
In summary, we successfully constructed a composite of

hUCMSC-exos and a PF-127 thermosensitive hydrogel for

the treatment of chronic diabetic wounds. The PF-127 ther-

mosensitive hydrogel is suitable for carrying and continu-

ously releasing exosomes to promote angiogenesis by

endothelial cells at the wound surface. Both in vivo and

in vitro, the complexes maintained the biological activity of

exosomes and promoted angiogenesis and cell proliferation.

Upon the application of exosome-hydrogel composites, the

wound healing rate accelerated, epithelial regeneration

improved, and skin appendages showed better healing. This

study shows that loading exosomes on biological scaffolds

could enable the continuous release of exosomes and other

biomolecules, stimulate early angiogenesis in diabetic

wounds and promote wound healing and skin remodeling.
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