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A B S T R A C T   

Rationale: Chronic wounds associated with diabetes exact a heavy burden on individuals and society and do not 
have a specific treatment. Exosome therapy is an extension of stem cell therapy, and RNA interference (RNAi)- 
based therapy is a type of advanced precision therapy. Based on the discovery of chronic wound-related genes in 
diabetes, we combined exosome therapy and RNAi therapy through an engineering approach for the treatment of 
diabetic chronic wounds. Methods: We combined exosome therapy and RNAi therapy to establish a precision 
therapy for diabetes-associated wounds via an engineered exosome approach. Results: First, chronic diabetic 
wounds express low levels of miR-31-5p compared with nondiabetic wounds, and an miR-31-5p mimic was 
shown to be effective in promoting the proliferation and migration of three wound-related cell types in vitro. 
Second, bioinformatics analysis, luciferase reporter assays and western blotting suggested that miR-31-5p pro-
moted angiogenesis, fibrogenesis and reepithelization by inhibiting factor-inhibiting HIF-1 (HIF1AN, also named 
FIH) and epithelial membrane protein-1 (EMP-1). Third, engineered miR-31 exosomes were generated as a miR- 
31-5p RNAi therapeutic agent. In vivo, the engineered miR-31 exosomes promoted diabetic wound healing by 
enhancing angiogenesis, fibrogenesis and reepithelization. Conclusion: Engineered miR-31 exosomes are an ideal 
disease pathophysiology-initiated RNAi therapeutic agent for diabetic wounds.   

1. Introduction 

Chronic wounds, which have delayed closure due to various patho-
logical factors, cause economic and social burdens as well as psycho-
logical trauma. As aging populations increase, chronic wounds are 
increasing dramatically due to many age-related diseases, such as dia-
betes mellitus. Diabetic wound healing is often delayed and results in 
substantial morbidity, impaired quality of life, and even lower extremity 
amputation. Under high glucose conditions, endothelial cells, epidermal 
cells, fibroblasts and inflammatory cells are dysfunctional, which delays 
the wound-healing process [1–4]. Currently, diabetic chronic wounds 
remain a difficult problem for orthopedic surgeons and endocrinologists 
[5]. Traditional therapies for diabetic chronic wounds are conservative 

and include optimized glycemic control, dressing changes, debridement 
and antibiotic administration as the major treatment choices for chronic 
diabetic wounds. However, these approaches focus on creating a more 
favorable environment for wound healing or on halting disease pro-
gression, such as amputation. These measures do not result in satisfac-
tory outcomes in every case, but a curative and more aggressive therapy 
is still lacking because the pathophysiology is largely unknown. To 
achieve a curative and more aggressive therapy, we focused on precision 
therapy. 

Precision therapy, which emphasizes specific treatment according to 
the disease pathophysiology, has provided renewed hope for many 
diseases, including diabetic chronic wounds. MicroRNAs (miRNAs) play 
a significant role in disease pathophysiology. On the one hand, miRNAs 
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regulate complex physiological and pathophysiological processes by 
targeting multiple genes. On the other hand, miRNAs can be potential 
therapeutic molecules by supplementing pathologically reduced miR-
NAs and targeting specific disease-causing genes [6,7]. Therefore, 
miRNA-interference-based (miRNAi) therapy, a type of RNAi therapy, 
can be an important approach in precision therapy [8]. However, one of 
the two key aspects of miRNAi therapy is the identification of patho-
logically reduced miRNAs and specific disease-causing genes. 

The other key aspect of miRNAi therapy is the carrier [9]. Immu-
nological reactions, instability in the extracellular environment, low 
bioavailability and an inability to cross certain barriers are drawbacks of 
miRNAs in therapeutic applications [10,11]. Nanomaterials, which can 
protect and deliver miRNAs, have become crucial in miRNAi therapy 
implementation [12,13]. However, due to the potential biotoxicity of 
many organic and inorganic nanomaterials, the clinical use of artificial 
nanomaterials to implement miRNAi therapy is limited. Recently, a 
biogenetic derivative nanosized vesicle has attracted the attention of 
many scholars and has been well developed. Exosomes, which are 
extracellular vesicles (EVs) 30–150 nm in diameter, contain proteins, 
RNAs, and DNAs, among other molecules [14]; they are regarded as a 
tool for cell-cell communication and are optimal nanodelivery carriers 
due to their capacity to carry large cargos and to protect their contents 
from enzymes and chemicals [15–17]. Compared with artificial nano-
materials, exosomes have minor immunogenicity and biotoxicity, and 
therefore, they have greater biosafety properties [18]. 

In this study, we developed a precise therapeutic agent based on 
diabetic wound pathophysiology. Using patient samples and in vitro 
studies, we discovered that miR-31-5p plays an important role in dia-
betic wound pathophysiology. The involvement of the HIF pathway and 
the EMP-1-associated mechanism of miR-31-5p in regulating three 
wound-related cell lines were also revealed. Based on our findings, we 
constructed and produced engineered exosomes (engineered miR-31 
exosomes), as an agent based on precision therapy to treat this dis-
ease. In vitro and in vivo assessments were performed, and the results 
show that the engineered miR-31 exosomes promoted diabetic wound 
healing via angiogenesis, fibrogenesis and reepithelization. The engi-
neered miR-31 exosomes, a disease-driven biogenetic therapeutic agent, 
achieved precision treatment of diabetic wounds. 

2. Materials and methods 

This study was performed under the approval of the Ethics Com-
mittee of Shanghai Sixth People’s Hospital, Shanghai Jiao Tong Uni-
versity School of Medicine, and complied with the principles of the 
Declaration of Helsinki. Written informed consent was provided by each 
donor with permission of the Institutional Review Board of Shanghai 
Sixth People’s Hospital (Approval no.: 2018-022, Date of review: 2018- 
03-29). All animal experiments were approved by the Animal Research 
Ethics Committee of Shanghai Sixth People’s Hospital and conducted 
according to the National Institutes of Health Guidelines for the Care 
and Use of Laboratory Animals. 

2.1. Wound tissue collection and miR-31-5p detection 

Nondiabetic wound tissues were obtained from the wound edges of 
patients who underwent second-stage (day 7) amputation (patients who 
selected a second-stage amputation to save other limbs after undergoing 
severe limb trauma) (n = 6). Chronic diabetic wound tissues were ob-
tained from the wound edges of patients who underwent a diabetic foot 
amputation (n = 6). When debridement was performed, the necrotic 
tissue was removed until skin tissue with an adequate blood supply was 
reached. We trimmed the edge of the skin tissue with an adequate blood 
supply for quantitative real-time polymerase chain reaction (qRT-PCR) 
and in situ hybridization. All patients were treated at the Orthopedic 
Department of Shanghai Sixth People’s Hospital, Shanghai, China. MiR- 
31-5p levels in the samples were detected by qRT-PCR and in situ 

hybridization. For in situ hybridization, briefly, xylene, ethanol and 
diluted DPEC (Amresco, USA) were used to deparaffinize the sections. 
After deparaffinization, the sections were boiled in antigen retrieval 
solution and digested in proteinase K (20 μg/ml) working solution 
(Servicebio, China). The sections were prehybridized using prehybrid-
ization solution (Servicebio) and then hybridized with probe hybridi-
zation solution (Servicebio, miR-31-5p probe: 5′- 
AGCTATGCCAGCATCTTGCCT-3′) overnight. After washing and block-
ing with rabbit serum, the sections were incubated with alkaline 
phosphatase-conjugated IgG fraction monoclonal mouse anti-digoxin 
antibody (anti-DIG-AP, Jackson, India) after which staining was visu-
alized with the NBT/BCIP chromogenic reagent (Boster, USA). 

2.2. In vitro cell responses to miR-31-5p 

Human keratinocytes (HaCaTs) were kindly provided by Dr. Yiwen 
Yang, Dermatology Department, Huashan Hospital, Shanghai, China. 
Human fibroblasts (HFF-1), EA.hy926 cells (endothelial cells, ECs) and 
human embryonic kidney 293 cells (HEK293) were obtained from 
American Type Culture Collection (ATCC) and the Cell Bank of the 
Chinese Academy of Sciences, respectively. HaCaTs, ECs and HEK293 
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, 
Gibco, Invitrogen, Australia) supplemented with 10% fetal bovine serum 
(FBS, Gibco, Invitrogen), 100 U/ml penicillin and 100 μg/ml strepto-
mycin (Invitrogen) at 37 ◦C. For ECs, a 1% endothelial cell growth 
supplement/heparin kit (ECGS/H, Promocell, Germany) was also used. 
HFF-1 cells were cultured in high-glucose DMEM supplemented with 
15% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin at 37 ◦C. 

The proliferation of HaCaT, ECs and HFF-1 cells under different 
conditions was evaluated using a cell viability assay [Cell Counting Kit-8 
(CCK-8), Dojindo Molecular Technologies, Japan]. Briefly, 2000 
HaCaTs, ECs and HFF-1 cells per well were treated with different factors 
[PBS (control), mimic-nc (50 nM, RiboBio, China), miR-31-5p mimic 
(50 nM, RiboBio) and/or si-HIF1A (50 nM, RiboBio)] in 96-well plates. 
On days 1, 3 and 7, the culture medium was replaced with 10% culture 
medium containing CCK-8 solution. After incubation for 1 h at 37 ◦C, the 
absorbance of each well was measured at 450 nm using a spectropho-
tometric microplate reader (Bio-Rad 680, USA). 

Cell migration was observed using a Transwell assay. For mimic 
interference, cells were pretreated with PBS (control), mimic-nc (50 
nM), miR-31-5p mimic (50 nM) and/or si-HIF1A (50 nM) for 2 days (for 
exosome interference, the cells were not pretreated). Briefly, 20,000 
HaCaTs, ECs or HFF-1 cells were seeded into the upper chamber of a 
Transwell plate (Corning, USA); culture medium was added to the lower 
chamber. After 24 h (48 h for HFF-1 cells), the cells on the upper surface 
of the membrane were removed using cotton swabs. The cells on the 
lower surface were fixed and stained with 0.5% crystal violet. Then, the 
results were observed via optical microscopy. 

To assess the effect of the miR-31-5p mimic on EC capillary-like 
construction activity, tube formation in ECM gel (Sigma-Aldrich, Ger-
many) was observed. Briefly, cold ECM gel was transferred into a 24- 
well plate at 200 μl/well. For mimics, ECs were pretreated with PBS 
(control), mimics (mimic-nc, miR-31-5p mimic, 50 nM) or si-HIF1A (50 
nM) for 2 days (for exosome interference, the cells were not pretreated). 
Then, a 200-μl suspension of pretreated ECs (80,000 cells) was overlaid 
on the ECM gel. Eight hours later, tube formation was observed via light 
microscopy. 

Vascular endothelial growth factor (VEGF) and type I collagen (COL 
I) are crucial factors in angiogenesis and fibrogenesis. To investigate the 
effect of miR-31-5p on the expression of VEGF/COL1 in ECs/HFF-1 cells, 
VEGF/COL I immunofluorescence assays and enzyme-linked immuno-
sorbent assays (ELISAs) were performed. For immunofluorescence, 
10,000 ECs or HFF-1 cells were seeded into a 24-well plate and incu-
bated with PBS (control, 10 μl), mimic-nc (50 nM) or miR-31-5p mimic 
(50 nM) for 48 h. The cells were then fixed in 2.5% glutaraldehyde for 
20 min. An anti-VEGF antibody (ABclonal, USA) or anti-COL I antibody 
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(ABclonal) was added to each well and incubated with the cells at 37 ◦C 
overnight. A secondary antibody was added after the primary antibody 
was removed and incubated with the cells at 37 ◦C for 1 h. Next, to 
visualize the nuclei, the samples were stained with DAPI for 5 min (blue, 
Sigma-Aldrich, Germany), and to visualize the cytoskeleton, the samples 
were stained with phalloidin for 40 min (red, Thermo Fisher) after 
which they were observed using a confocal laser scanning microscopy. 
For ELISA, 100,000 ECs or HFF-1 cells were seeded in 6-well plates and 
treated with PBS (control, 10 μl), mimic-nc (50 nM) or miR-31-5p mimic 
(50 nM) for 3 days. Then, the supernatants were collected, and VEGF 
and FGF were detected using an ELISA kit (NeoBioscience, China) in 
accordance with the manufacturer’s instructions. 

2.3. Mechanism of action of miR-31-5p 

MiR-31-5p targets were predicted using TargetScan, StarBase and 
miRDB. The three sets of results were overlaid, and the common target 
genes were considered highly confident targets. To identify proangio-
genesis, profibrogenesis and reepithelization targets of miR-31-5p, anti- 
angiogenesis, anti-fibrogenesis and anti-epithelization gene pools were 
constructed by Gene Otology and article review. Highly confident tar-
gets of miR-31-5p were overlaid with the anti-angiogenesis, anti-fibro-
genesis and anti-epithelization gene pools, and the possible targets were 
identified. 

The HIF1AN and EMP-1 3′-UTRs containing luciferase reporter 
plasmids and empty luciferase vectors were purchased (Obio, China), 
and the mutation sites were predicted binding sites of miR-31-5p that 
were fabricated. Mutations were verified by sequencing. Cells were 
cotransfected with plasmids at 200 ng/ml and pre-miR-control or pre- 
miR-31-5p using Lipofectamine 2000 (Invitrogen). Forty-eight hours 
later, luciferase activity was estimated using a Dual-Luciferase Reporter 
Assay System (Promega, China) according to the manufacturer’s 
instructions. 

A microRNA Reverse Transcription kit (EZbioscience, USA) and 
microRNA qPCR kit (EZbioscience) were used for qRT-PCR to detect 
miRNA content. qRT-PCR was performed according to the manufac-
turer’s instructions. The results were normalized to those of RNU6B The 
primers used are listed below: miR-31-5p reverse transcription primer 
sequence: 5’– GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA-
TACGACAGCTAT –3’; PCR primer sequence: forward: 5’– GCGAGG-
CAAGATGCTGGC –3’; reverse: 5’– AGTGCAGGGTCCGAGGTATT –3′) 
and RNU6B (RNU6-1 reverse transcription primer sequence: 5’– 
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAA 
ATA–3’; PCR primer sequence: forward: 5’– AGAGAAGATTAGCAT 
GGCCCCTG –3’; reverse: 5’– ATCCAGTGCAGGGTCCGAGG –3′). West-
ern blotting was performed according to previous reports [19]. HaCaT, 
ECs and HFF-1 cells were pretreated with PBS (control), mimic-nc (50 
nM), miR-31-5p mimic (50 nM), si-HIF1A (50 nM) or si-nc (50 nM, 
RiboBio) for 2 days. Then, the total proteins of cells were extracted for 
western blot analysis. Anti-Tsg101, anti-CD9 antibodies were purchased 
from abcam; anti-Alix, anti-Calnexin, anti-HIF1AN and anti-VEGF anti-
bodies were purchased from Proteintech, USA, and the anti-EMP-1 
antibody was purchased from Absin, Shanghai. 

2.4. Engineered miR-31-5p exosome preparation and identification 

A miR-31-5p lentiviral vector was purchased from GenePharma, 
Shanghai. According to the manufacturer’s instructions, HEK293 cells 

were incubated with retroviral supernatant and 5 μg/ml polybrene for 
24 h. Infected HEK293 cells were selected by puromycin dihydro-
chloride (Thermo Fisher). 

When HEK293 and transfected HEK293 cells reached 50% conflu-
ence, the supernatants were replaced with MesenGro hMSC medium 
(StemRD, USA), and the cells were cultured for 48 h. Then, the condi-
tioned medium (CM) was harvested to isolate exosomes. Briefly, the CM 
was centrifuged at 300×g (15 min) and 2000×g (15 min) to remove dead 
cells and debris. To further remove cellular debris, a 0.22-μm filter 
(Merck Millipore, USA) was used. Then, the solution was ultra-
centrifuged at 100,000×g (90 min) in an ultracentrifuge (Beckman, 
USA). The supernatant was removed, and the pellets were resuspended 
in PBS and ultracentrifuged again at 100,000×g (90 min). The pellets 
were then resuspended in PBS. All parts of this procedure were per-
formed at 4 ◦C. Nanoparticle Tracking Analysis was used to quantify 
exosomes. 

Transmission electron microscopy (TEM) was used to observe exo-
some morphology. Dynamic light scattering (DLS) was applied to mea-
sure the size distribution of the exosomes. Exosomal characteristic 
markers (CD9, Alix, Tsg101 and Calnexin) were detected by western 
blotting. qRT-PCR was performed to evaluate miR-31-5p content in the 
exosomes. 

2.5. In vitro response of cells to the engineered miR-31 exosomes 

To observe the effects of engineered miR-31 exosomes on three 
wound-related cell lines (ECs, HFF-1 cells, HaCaTs), exosome uptake 
was first determined. Exosomes were stained with PKH26 (Sigma- 
Aldrich) according to the manufacturer’s instructions. Fluorescence- 
labeled exosomes were cocultured with the three wound cell lines in 
24-well plates for 24 h. Then, the cells were stained with phalloidin (45 
min) and DAPI (5 min). Exosome uptake was observed by laser confocal 
microscopy. To assess whether miR-31-5p was successfully transfected 
into cells via exosomes, cellular miR-31-5p content was detected via 
qRT-PCR. Cell proliferation (CCK-8 assay), migration (Transwell assay), 
and tube formation assays were performed with cells as previously 
described. For the CCK-8 assay, cells were treated with PBS (control), 
nonengineered HEK293 exosomes (1 × 109) or engineered miR-31 
exosomes (1 × 109) for 1, 3 or 7 days. To evaluate cell migration, PBS 
(control), nonengineered HEK293 exosomes (1 × 109) or engineered 
miR-31 exosomes (1 × 109) were added to the culture medium in the 
lower chamber. To evaluate EC tube formation, PBS (control), non-
engineered HEK293 exosomes (1 × 109) or engineered miR-31 exosomes 
(1 × 109) were added to the suspension of ECs on the ECM gel. 

2.6. In vivo studies of engineered miR-31 exosomes in chronic diabetic 
wound closure 

Thirty-six male Sprague-Dawley (SD) rats (12 weeks old, 250–300 g) 
were used in this study. Streptozotocin (STZ; Sigma-Aldrich) was used to 
induce diabetes. STZ was dissolved in 0.1 M phosphate-citrate buffer 
and injected intraperitoneally into SD rats at a dose of 55 mg/kg. Blood 
samples were collected from SD rat tail veins and measured using a 
glucometer (Roche, Switzerland). Skin wounds were generated once the 
blood glucose levels were >250 mg/ml, which indicated diabetes. After 
anesthesia with an intraperitoneal injection of 1 ml/kg of 3% pento-
barbital sodium (Sigma-Aldrich), the dorsal fur was shaved with a razor. 
Defect areas were marked with a pen, and standardized full-thickness 

Fig. 1. MiR-31-5p expression is reduced in diabetic wounds and is important in wound healing. (A) In situ hybridization of miR-31-5p in diabetic and normal 
wounds; (B) miR-31-5p effects on ECs, HFF-1 cells and HaCaT cell proliferation; (C) miR-31-5p effects on ECs, HFF-1 cells and HaCaT cell migration; (D) miR-31-5p 
effects on EC capillary-like structure formation; (E) VEGF/COL I immunofluorescence in EC/HFF-1 cells under miR-31-5p interference (red represents the cell 
cytoskeleton; green represents VEGF or COL I; blue represents nuclei); (F) VEGF/COL I ELISA of EC/HFF-1 cells under miR-31-5p interference; *significant difference 
compared with control (p < 0.05); **significant difference compared with control (p < 0.01); ***significant difference compared with control (p < 0.001); 
****significant difference compared with control (p < 0.0001); # significant difference compared with mimic-nc (p < 0.05); ## significant difference compared with 
mimic-nc (p < 0.01); ### significant difference compared with mimic-nc (p < 0.001); #### significant difference compared with mimic-nc (p < 0.0001). 
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Fig. 2. MiR-31-5p regulates endothelial 
cells, fibroblasts and epithelial cells via the 
HIF pathway and EMP-1. (A) miR-31-5p 
target prediction according to StarBase, 
miRDB and TargetScan; miR-31-5p endo-
thelial cells, fibroblasts and epithelial cells 
regulating targets found by intersections of 
possible miR-31-5p targets and the anti- 
angiogenesis gene pool, anti-fibroblast 
gene pool or anti-reepithelization gene 
pool; (B) miR-31-5p inhibition of HIF1AN 
and EMP-1 as detected by luciferase as-
says; (C) western blotting shows HIF1AN, 
VEGF and EMP-1 expression in ECs, HFF-1 
cells and HaCaT cells with miR-31-5p- 
mimic and si-HIF1A treatment; (D) EC 
and HFF-1 cell migration and EC tube 
formation under treatment with miR-31- 
5p-mimic and si-HIF1A; (E) EC and HFF- 
1 cell proliferation under treatment with 
miR-31-5p-mimic and si-HIF1A. *Signifi-
cant difference compared with control (p 
< 0.05); **significant difference compared 
with control (p < 0.01); ***significant 
difference compared with control (p <
0.001); ****significant difference 
compared with control (p < 0.0001); # 
significant difference compared with miR- 
31-5p mimic (p < 0.05); ## significant 
difference compared with miR-31-5p 
mimic (p < 0.01); ### significant differ-
ence compared with miR-31-5p mimic (p 
< 0.001); #### significant difference 
compared with miR-31-5p mimic (p <
0.0001).   
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skin wounds were generated (diameter = 2.0 cm). The rats were then 
randomly assigned into 4 different groups, which were treated with PBS 
(control), nonengineered HEK293 exosomes (1 × 1011), engineered 
miR-31 exosomes (5 × 1010) or engineered miR-31 exosomes (1 × 1011). 
PBS or exosomes were injected around the wound at 4 injection sites and 
applied to the wound bed. Then, gauze was used to cover the wounds. At 
days 0, 3, 7 and 14 after the procedure, the gauze covers were removed, 
and the wounds were observed. Wound closure was calculated accord-
ing to the following equation: wound closure (%) = (AO - At)/AO × 100, 
where AO is the initial wound area, and At is the wound area on the 
observation days. 

The rats were sacrificed on days 7 and 14 after the procedure, and the 
wound tissues containing the wound bed and surrounding healthy skin 
were carefully collected. The wound tissue samples were fixed in 
formalin, subjected to dehydration in graded alcohol solutions and 
embedded in paraffin. Sections (~5 μm) were generated and stained 
with H&E and Masson’s trichrome. The neoepithelium length was 
measured under a light microscopy. 

Immunofluorescence was applied to assess CD31, a marker of ECs 
(1:50, Abcam, USA), and alpha-smooth muscle actin (α-SMA), a marker 
of vascular smooth muscle cells (1:200, Abcam). Both CD31 and α-SMA 
were used to estimate angiogenesis. The sections were rehydrated, 
blocked with 1.5% goat serum (Merck Millipore) and incubated with a 
primary antibody at 4 ◦C overnight. Alexa Fluor 488 and Cy3-conjugated 
secondary antibodies (Servicebio) were used, and DAPI was used to stain 
the nuclei. Samples were observed by confocal laser microscope. 
Immunohistochemistry was used to assess CD31 expression (1:100, 
Abcam). After rehydration, the sections were incubated with primary 
antibodies at 4 ◦C overnight. To visualize, a biotinylated secondary 
antibody and avidin-biotin-peroxidase complex (Servicebio) were used 
along with DAB substrate (DAKO, USA). Next, the sections were coun-
terstained in hematoxylin and analyzed by light microscopy. 

To assess blood vessel regeneration, Microfil (Microfil MV-122; Flow 
Tech, Carve) was used to perfuse the rats. Briefly, after anesthetization, 
the chest of each rat was opened using scissors. After ligating the 
bilateral pulmonary trunks, the inferior vena cava was punctured. 
Heparinized saline (100 ml) was perfused into the left ventricle through 
an angiocatheter, and 20 ml of Microfil was perfused at a rate of 2 ml/ 
min into the left ventricle, then the ascending aorta was ligated. The 
samples were maintained at 4 ◦C overnight to ensure polymerization. 
The samples were then scanned using micro-CT (Skyscan 1176, 
Belgium) at a resolution of 9 μm and were reconstructed using 3D 
Creator software. The blood vessel area and number were determined 
using software. 

2.7. Statistical analysis 

All experiments were performed in triplicate unless otherwise spec-
ified. The results are expressed as the mean ± SD. Student-Newman- 
Keuls post hoc tests and ANOVA tests were used to conduct statistical 
analyses, and a p value < 0.05 was considered significant. 

3. Results and discussion 

3.1. MiR-31-5p is expressed at low levels in diabetic chronic wounds and 
plays an important role in wound healing 

In patient wound samples, miR-31-5p was expressed at low levels in 
both the dermal and corium layers. MiR-31-5p expression in normal 
wounds and diabetic chronic wounds was assessed by in situ hybridi-
zation and qRT-PCR, and the results are shown in Figs. 1A and S1. Ac-
cording to in situ hybridization, miR-31-5p was expressed in both the 
epidermal and corium layers and in epithelial cells, fibrocytes and 
endothelial cells. Diabetic chronic wounds exhibited lower miR-31-5p 
expression than normal wounds in both skin layers and in the three 
cell types examined. qRT-PCR results further confirmed the in situ 

hybridization results. Therefore, we hypothesize that miR-31-5p may 
play a role in wound healing in the three cell types. Further evidence was 
obtained in an in vitro study. The results showed that the miR-31-5p 
mimic promoted the proliferation (Fig. 1B) and migration (Fig. 1C) of 
the three cell types. EC tube formation (Fig. 1D) was also enhanced by 
the miR-31-5p mimic. Two crucial factors in angiogenesis and fibro-
genesis, VEGF and COL I (Fig. 1E), were observed by immunofluores-
cence and ELISA (Fig. 1F); the results showed that the miR-31-5p mimic 
positively regulated the angiogenic and fibrogenic abilities of ECs and 
HFF-1 cells. Fig. 1 shows that miR-31-5p is important in wound healing, 
yet diabetic chronic wounds expressed low levels of miR-31-5p. There-
fore, miR-31-5p may be a crucial factor in diabetic chronic wounds, and 
miR-31-5p may be a multifunctional factor in precision therapy for 
diabetic chronic wounds. 

3.2. MiR-31-5p functions in three wound cell types via the HIF pathway 
and EMP-1 

MiR-31-5p is considered important in diabetic chronic wound eti-
ology; however, the exact mechanism is still unclear. Therefore, we used 
bioinformatics to identify targets and related pathways. Three major 
miRNA target databases were searched to identify possible targets. Ac-
cording to the intersecting results, we reduced the scope of investigation 
and obtained 36 probable targets (Fig. 2A). Based on the intersection of 
36 targets and the anti-angiogenesis, anti-fibrogenesis and anti- 
epithelization gene pools (Fig. 2A), we obtained one common target 
for angiogenesis and fibrogenesis, HIF1AN, and one target for epitheli-
zation, EMP-1. Luciferase reporter assays were used to evaluate the ef-
fects of miR-31-5p inhibition on HIF1AN and EMP-1 (Fig. 2B). Both 
HIF1AN and EMP-1 were inhibited by miR-31-5p; however, the HIF1AN 
luciferase reporter results did not show a rescue effect when site muta-
tions were present, which indicates that there may be multiple miR-31- 
5p target sites in HIF1AN. Western blot results confirmed the luciferase 
reporter results (Fig. 2C). 

HIF1AN is a major inhibitor of HIF-1α and is therefore a key inhibitor 
of the HIF pathway [21], which plays a crucial role in angiogenesis and 
fibrogenesis [22,23]; therefore, using western blotting, we evaluated the 
HIF pathway downstream of the key molecule VEGF (Fig. 2C). The re-
sults showed that miR-31-5p promoted VEGF expression and that this 
promotion could be rescued via HIF-1α inhibition. EC and HFF-1 cell 
proliferation, migration, and tube formation assay results also confirmed 
that miR-31-5p regulated angiogenesis and fibrogenesis via the HIF 
pathway (Fig. 2D and E). EMP-1 encodes the emp-1 protein, an inter-
cellular adhesion molecule in keratinocytes that inhibits keratinocyte 
proliferation and migration [24]. MiR-31-5p inhibited emp-1 expres-
sion, and HaCaT cell proliferation and migration were also promoted by 
miR-31-5p, which indicates that miR-31-5p has a regulatory role in 
angiogenesis, fibrogenesis and epithelization. 

Moreover, some scholars have found that the HIF pathway plays a 
role in the physiology and pathology of keratinocytes [25–27]. There-
fore, we conducted supplemental experiments to determine whether 
miR-31-5p regulates reepithelization not only through EMP-1 but also 
through the HIF pathway. First, western blotting revealed that 
miR-31-5p inhibits HIF1AN expression in HaCaT cells (Fig. S3). Second, 
the promoting effect of miR-31-5p on HaCaT cell migration was rescued 
through si-HIF1A interference (Fig. S4), which indicates that the HIF 
pathway is also a regulatory way of miR-31-5p in reepithelization. 

3.3. Engineered miR-31 exosomes effectively stimulate three wound- 
related cell types in vitro 

As a key factor in diabetic wound pathophysiology and a multi-
functional factor in angiogenesis, fibrogenesis and epithelization, miR- 
31-5p could be a potential precision therapy for diabetic wounds. 
MiRNA can transform from a physiological molecule to a therapeutic 
molecule. Some miRNA derivatives can be used clinically as drugs 
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Fig. 3. Engineered miR-31 exosome insolation and characterization. (A) Nonengineered HEK293 exosome and engineered miR-31 exosome morphology and 
diameter distribution, as detected by TEM and DLS; (B) exosome surface markers detected by western blotting; (C) exosome internalization by ECs, HFF-1 cells and 
HaCaT cells; (D) miR-31-5p content in ECs, HFF-1 cells and HaCaT cells under different exosome conditions, ***significant difference compared with control (p <
0.0001); (E) miR-31-5p content in exosomes. 
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[28–30]; however, a barrier-restricted RNAi therapy is the carrier [6,31, 
32]. For miRNAi therapy in this study, we selected exosomes as the 
carrier. Exosomes are cell-secreted vesicles 30-150-nm in diameter that 
are considered important intercellular communication tools. However, 
exosomes are also biogenetic therapeutic agents. Exosomes have some 
natural advantages, one of which is a lack of cytotoxicity [18]. Many 
nanomaterials cannot be applied in the clinic due to uncertain bio-
toxicity and metabolic processes, but exosomes have a high biosafety 
profile [33]. Exosomes can be obtained from patient autologous cells, 
and since they would have the same genetic background as the patient, 

exosomes are a personalized and precise therapy. Some studies have 
reported that exosomes themselves exert repair effects on tissues, 
including wounds [34–37]. High flexibility is another advantage, as 
exosomes can be engineered or modulated in the lipid layer and 
customized for surface molecules and content [38–40]. In this study, we 
engineered the exosome content by adding miR-31-5p via construction 
of an miR-31-5p-overexpressing cell line. Modified cells therefore 
became engineered miR-31-5p exosome factories that assembled 
miR-31-5p into exosomes to produce the therapeutic agent. 

Cell lines overexpressing miR-31-5p were constructed by viral 

Fig. 4. Multiple functions of engineered 
miR-31 exosomes. (A) migration of ECs, 
HFF-1 cells and HaCaT cells; (B) prolifera-
tion of ECs, HFF-1 cells and HaCaT cells; (C) 
EC tube formation; *significant difference 
compared with control (p < 0.05); **signif-
icant difference compared with control (p <
0.01); ***significant difference compared 
with control (p < 0.001); ****significant 
difference compared with control (p <

0.0001); # significant difference compared 
with nonengineered HEK293 exosomes (p <
0.05); ## significant difference compared 
with nonengineered HEK293 exosomes (p <
0.01); ### significant difference compared 
with nonengineered HEK293 exosomes (p <
0.001); #### significant difference 
compared with nonengineered HEK293 
exosomes (p < 0.0001).   

Fig. 5. Diabetic wound closure after treatment 
with engineered miR-31 exosomes. (A) General 
observation of diabetic wounds under different 
conditions; (B) healing rate of diabetic wounds 
under different conditions; *significant difference 
compared with high-dose engineered miR-31 exo-
somes (p < 0.05); **significant difference 
compared with high-dose engineered miR-31 exo-
somes (p < 0.01); ***significant difference 
compared with high-dose engineered miR-31 exo-
somes (p < 0.001); ****significant difference 
compared with high-dose engineered miR-31 exo-
somes (p < 0.0001).   
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transfection. The engineered miR-31-5p exosomes were obtained by 
collecting exosomes secreted by stably transfected cell lines. Multiple 
technologies were then used to characterize the engineered miR-31-5p 
exosomes. According to TEM and DLS, spherical microvesicles ranged 
from 30 to 150 nm, which indicated our successful isolation of the 
nonengineered HEK293 exosomes and the engineered miR-31 exosomes 
(Fig. 3A). Western blotting for surface markers further confirmed their 
successful isolation (Fig. 3B). However, these two types of exosomes 
could not be distinguished based on morphology and surface markers. 

Not all miRNAs can be enriched and encapsulated by exosomes. 
Therefore, we used qRT-PCR to detect miR-31 expression in the engi-
neered miR-31 exosomes. The results showed that the engineered miR- 
31 exosomes expressed substantially higher miR-31-5p levels than the 
nonengineered HEK 293 exosomes, which indicates that miR-31-5p can 
be enriched in engineered exosomes (Fig. 3E). Exosomes should be 
phagocytized into cells to exert their effects (Fig. 3C). Uptake of the two 
types of exosomes by the three cell lines was observed via laser confocal 
microscopy, which showed that both exosome types could be well- 

Fig. 6. Angiogenesis in diabetic wounds. (A) Representative image of immunohistochemistry (CD31), immunofluorescence (CD31/α-SMA) and a 3D-reconstructed 
image of newly formed capillaries; (B) quantitative angiogenesis data; *significant difference compared with high-dose engineered miR-31 exosomes (p < 0.05); 
**significant difference compared with high-dose engineered miR-31 exosomes (p < 0.01); ***significant difference compared with high-dose engineered miR-31 
exosomes (p < 0.001); ****significant difference compared with high-dose engineered miR-31 exosomes (p < 0.0001). 
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Fig. 7. Collagen deposition and reepithelization in diabetic wounds. (A) H&E staining of a healing wound; (B) Masson’s trichrome revealed collagen deposition in 
wounds; (C) quantitative wound healing data; *significant difference compared with high-dose engineered miR-31 exosomes (p < 0.05); **significant difference 
compared with high-dose engineered miR-31 exosomes (p < 0.01); ***significant difference compared with high-dose engineered miR-31 exosomes (p < 0.001); 
****significant difference compared with high-dose engineered miR-31 exosomes (p < 0.0001). 
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phagocytized by the three wound-related cell lines. qRT-PCR for miR- 
31-5p (Fig. 3D) showed that miR-31-5p expression in the three wound 
healing-related cell types was promoted by the engineered miR-31 
exosomes. 

To determine the efficacy of the engineered miR-31 exosomes in 
diabetic wound healing, we first performed in vitro experiments. The 
engineered miR-31 exosomes promoted cell proliferation (Fig. 4B) and 
migration (Fig. 4A) in ECs, HFF-1 cells and HaCaT cells. The engineered 
miR-31 exosomes also promoted capillary-like construction activity of 
ECs (Fig. 4C). Our data indicated that the engineered miR-31 exosomes 
can positively regulate the three cell types and therefore have the po-
tential to close chronic diabetic wounds. Furthermore, we performed in 
vivo experiments to evaluate the effects of the engineered miR-31 exo-
somes in diabetic wound healing. 

3.4. Engineered miR-31 exosomes promote the healing of diabetic wounds 
in rats via proangiogenesis, profibrogenesis and reepithelization effects 

In vivo, the wound-healing process and rate were observed. Angio-
genesis, fibrogenesis and reepithelization are three key processes in 
wound healing that were observed in the in vivo study. 

No significant adverse conditions or complications were observed 
throughout the duration of the experiment. Wound closure progressed 
from 0 to 14 days and was recorded and quantified using digital images 
(Fig. 5A and B). The results showed that the wounds of the engineered 
miR-31 exosome-treated group were smaller than those of the non-
engineered HEK293 exosome-treated group and were substantially 

smaller than those of the control group on days 3 and 7. On day 14, the 
wounds of the engineered miR-31 exosome-treated group were almost 
closed, while those of the control group and the nonengineered HEK293 
exosome group remained unclosed. 

Angiogenesis was assessed via micro-CT, immunofluorescence and 
immunohistochemistry (Fig. 6, Fig. S2). Micro-CT 3-dimensional 
reconstructed images revealed substantially denser blood vessels in 
the wounds of the engineered miR-31 exosome group than the non-
engineered exosome group, which had denser blood vessels than the 
control group. Quantification of the newly formed vessel area and 
number further confirmed the 3-dimensional reconstructed images. 
Immunohistochemical staining for CD31 and immunofluorescence 
staining for CD31 and α-SMA revealed the numbers of newly formed and 
mature blood vessels in wounds of the different groups. Qualitative and 
quantified data showed denser blood vessels and more mature vessels in 
the engineered miR-31 exosome-treated wounds than in the wounds of 
the other groups at both 7 and 14 days. These results suggest that the 
engineered miR-31 exosomes promote angiogenesis in chronic diabetic 
wounds and that the effects are stronger than those of the nonengineered 
HEK293 exosomes. 

H&E staining showed reepithelization 7 and 14 days after surgery 
(Fig. 7A and C). The results showed that neoepithelium lengths and 
wound closure were significantly better in the engineered miR-31 exo-
some group than in the nonengineered HEK293 exosome and control 
groups. The wounds treated with the engineered miR-31 exosomes were 
almost closed, and the neoepithelium covered the entire wound, while in 
the control group, the wounds were only 50% covered. Moreover, more 

Fig. 8. Research scheme of engineered miR-31 exosome development and the mechanism of action in diabetic wound healing.  
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constructs resembling hair follicles and sebaceous glands were evident 
in the engineered miR-31 exosome group and the nonengineered exo-
some group than in the control group. 

Masson’s trichrome staining (Fig. 7B) revealed differences in 
collagen deposition and composition between different groups during 
wound healing. Compared with the control group wounds, the wounds 
treated with the nonengineered exosomes had larger amounts of 
collagen deposition and thicker wavy collagen fibers. However, the 
wounds treated with the engineered miR-31 exosomes showed more 
collagen deposition than those treated with the nonengineered exo-
somes, and the arrangement of wavy collagen fibers was similar to that 
in normal skin. 

The in vivo study revealed that engineered miR-31 exosomes pro-
moted the healing rate of diabetic wounds via proangiogenesis, profi-
brogenesis and reepithelization and their synergistic effects. The 
engineered miR-31 exosomes, therefore, are a multifunctional and 
highly efficient nanomaterial for diabetic wound healing. However, this 
study still has some limitations. We used a cell line as an exosome- 
producing factory, which limits the clinical translation of this study. 
Although many scholars believe that exosomes are not tumorigenic, no 
long-term clinical observational data regarding this issue have been 
published. We have attempted to use stem cells as exosome factories; 
however, the stable transformation efficiency of stem cells is too low to 
be useful. In future research, we will explore better ways to produce 
exosomes. 

4. Conclusion 

The present study described the development of a novel RNAi ther-
apy: disease-initiated miRNAi therapy. We identified a crucial miRNA, 
miR-31-5p, in diabetic wound pathophysiology. MiR-31-5p is a multi-
functional factor in the angiogenesis, fibrogenesis and reepithelization 
processes, and the exact mechanisms related to the HIF pathway and 
EMP-1 were determined. Exosomes were then applied as nanocarriers of 
miR-31-5p. Using engineered miR-31 exosomes, diabetic wounds were 
rapidly closed via proangiogenesis, profibrogenesis and reepitheliza-
tion. Together, these results indicate that engineered miR-31 exosomes 
are a disease pathophysiology-initiated nanomaterial and a precision 
therapy for diabetic chronic wound treatment (Fig. 8). 
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