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Abstract: Nowadays, refractory diabetic wounds cause a worldwide medical burden. Mesenchymal stem cells derived exosomes
(MSC-Exos) show promise as a solid alternative to existing therapeutics in the latest researches, since MSC-Exos share similar
biologic activity but less immunogenicity when compared with MSCs. To facilitate further understanding and application, it is
essential to summarize the current progress and limitations of MSC-Exos in the treatment of diabetic wounds. In this review, we
introduce the effects of different MSC-Exos on diabetic wounds according to their origins and contents and discuss the specific
experimental conditions, target wound cells/pathways, and specific mechanisms. In addition, this paper focuses on the combination of
MSC-Exos and biomaterials, which improves the efficacy and utilization of MSC-Exos therapy. Together, exosome therapy has high
clinical value and application prospects, both in its role and in combination with biomaterials, while novel drugs or molecules loaded
into exosomes as carriers targeting wound cells will be development trends.
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Introduction

Diabetes is recognized globally as one of the major health events. According to “2021IDF Global Diabetes Map (10th
edition)”, the worldwide number of adults with diabetes reached 537 million (10.5%) in 2021, increasing by 16%
compared to that of 2019. The harm of diabetes mainly exhibits in its complications, among which unhealed diabetic
wounds may lead to lower limb amputation, consuming 20-40% of medical resources per year.'

Since traditional therapy like debridement and wound dressing has little effect, new treatments for diabetic wounds
have emerged, such as bioengineered skin substitutes, hyperbaric oxygen therapy, electrical stimulation pulse therapy,
stem cell therapy, and so on.> Among them, stem cells have been widely studied because of their pluripotency, self-
renewal, and ability to promote the secretion of regenerative cytokines. Many studies have confirmed that pluripotent
stem cells, especially MSCs or some omnipotent progenitor cells, promote diabetic wound healing,® with exosomes
formed and released by stem cells as a critical part of the healing process.* Exosomes derived from MSCs can transport
genetic material and transcription factors to regulate recipient cells and mediate cellular crosstalk among macrophages,
endothelial cells (ECs), and fibroblasts.” More importantly, cell-free therapy has a rare risk of cancer compared to stem
cell therapy. Therefore, cell-free therapy with exosomes has become a hot spot regarding diabetic wound healing.®

Due to the heterogeneity of MSCs derived from different tissues, the contents of exosomes may differ from each
other, so as do the roles in diabetic wound healing. In addition, methods of extracting MSCs vary from tissue to tissue,
and there are different contents in various exosomes, like long non-coding RNA (IncRNA), microRNA (miR), and
circular RNA (circRNA). Therefore, it is logical and systematic to classify MSCs by this method. We use the search
query combination “(exosomes [Title/Abstract]) AND (diabetes wound) AND (stem cell)” to search literature in 2015—
2022 from PubMed, Web of Science, Embase, and so on. After the screening, we selected about 60 articles for the main

part of our review, the majority of which are original research articles.
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This review will compare the effects of exosomes, which take several kinds of contents, derived from different MSCs
on diabetic wound healing, and briefly introduce the related technologies of exosome biomaterials (Figure 1).

Normal and Diabetic Wound Healing
Normal Wound Healing

It is known to all that dermal wound healing has four stages, namely hemostasis, inflammation, proliferation, and
remodeling, which occur in a linear and overlapping order. After the injury, platelet activation initiates the coagulation
cascade to achieve hemostasis. Meanwhile, injured cells release damage-associated factors to activate local macrophages
and initiate damage-associated molecular patterns (DAMPs).” The activation of macrophages, the initiation of DAMPs,
and the production of cytokines such as PDGF after platelet attachment together contribute to the recruitment of
prolymphocytic neutrophils (PMNs) from circulation.®

The early inflammatory phase is dominated by neutrophils, responsible for the primary defense against pathogens, as
well as the release of chemokines to attract monocytes to the wound site. Monocytes differentiate locally into dendritic
cells and macrophages. Then, macrophages become the dominant cell type in the inflammatory phase and are responsible
for clearing pathogens and other apoptotic cells and secreting proinflammatory cytokines such as IL-1p, IL-6, and TNFa.
As the inflammatory phase progresses, the release of some chemokines (eg, CXCL12) promotes the macrophage
phenotype conversion from M1 to M2. M2 macrophages, as an anti-inflammatory state, secrete IL-4, IL-10, IL-13,
and TGFp, and trigger tissue repair and remodeling.”'°

During the proliferative phase, keratinocytes are stimulated by cytokines such as PDGF and TGF-f to promote
epithelial regeneration. Fibroblasts secrete MMP to degrade the matrix and ECM such as collagen (Col) to repair the
wound matrix.'" In the remodeling stage, granulation tissue proliferates; fibroblasts differentiate into myofibroblasts;
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Figure | Mechanism of exosomes targeting cells on diabetic wounds with different contents or being combined with biomaterials Exosomes with different contents or
pretreatment secreted from MSCs act on repair-related cells in diabetic wounds through some signaling pathways such as PTEN/PI3K/AKT, TLR4/NF-KB/STAT3/AKT, SIRT3/
SOD?2, to promote wound healing by macrophage M2 polarization, endothelial cell proliferation, fibroblast proliferation and migration, collagen deposition, etc. Exosomes
and biomaterials can be used in combination to serve the same purpose in diabetic wounds. The figure was partly generated using Servier Medical Art, provided by Servier
(smart.servier.com), licensed under a Creative Commons Attribution 3.0 Unported License.
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Col3 is replaced by Coll in the ECM, and eventually, the mechanical function of the wound is repaired. However,
functions such as hair follicle generation are difficult to recover.'?

Diabetic Wound Healing

There are many factors contributing to the failure of diabetic wound healing, such as hyperglycemia, chronic inflamma-
tion, microcirculation, macrocirculation dysfunction, hypoxia, autonomic, sensory neuropathy, and impaired neuropep-
tide signal transduction.” They impair wound healing by affecting the four stages and multiple pathways.

Hyperglycemia results in an accumulation of advanced glycation end products (AGEs). AGEs can reduce the
phagocytic capacity of neutrophils and M1 macrophages, and prevent the transformation of M1 into M2."* In diabetic
patients, pro-inflammatory cytokines in both the circulation and local wound are higher than those of normal people,
indicating a state of chronic inflammation. Chronic inflammation also delays macrophage transition. Additionally,
neutrophils produce massive reactive oxygen species and protease to ruin normal tissues. Fibroblasts and keratinocytes
display promoted apoptosis, decreased proliferation, and migration ability,'* with the levels of MMP and matrix
degradation being upregulated.

Peripheral vascular disease diminishes the blood supply to the wound, reducing the recruitment of endothelial
progenitor cells (EPCs), thereby impeding the formation of microvessels.'> The insufficient blood supply induces local
tissue hypoxia, oxidative stress formation, and increased free radicals generation, which causes further tissue damage.
Neuropathy in the diabetic foot leads to the loss of protective sensation and a greater burden on the foot, which is another
mechanism for impaired wound healing.'® Once the wound forms, normal skin will release neuropeptides. Among them,
What is the most well-known products are substance P, neuropeptide Y (NPY), and calcitonin gene-related peptide
(CGRP) to improve healing.!”'® However, the secretion is dampened in diabetic scenario.'®

The Effect and Mechanism of Exosomes on Diabetic Wound Healing

Overview of Exosomes

Generally, there are two kinds of extracellular vesicles (EVs), ectosomes and exosomes. Ectosomes are vesicles budding
from the cell membrane, producing some micro-vesicles or particles. There are also large vesicles with a diameter of 50
nm to 1 um which ectosomes produce. Exosomes are derived from endosomes, and their diameter is generally 40—160nm
(average 100nm).?° There are still difficulties in the isolation, purification, and analysis of exosomes, so the extracted
exosomes may not be pure. However, the biological functions that EVs want to achieve are very similar to those of
exosomes, so they are also included in the scope of discussion.”!

The generation of exosomes is a multi-step process. First, the early endosomes are formed by budding inward of the
plasma membrane. Then intraluminal vesicles (ILVs) can be produced similarly from the endosomal membrane. After
transporting, several ILVs with their contents become mature multivesicular bodies (MVBs). These MVBs then fuse with
the plasma membrane and release ILVs into the extracellular space, which are called exosomes.”> The contents in
exosomes are diverse such as proteins, metabolites, DNA, and RNA.?>%° Different exosomes have certain heterogeneity
according to the type or quantity of cargo they carry.?!

The other is that the origin of exosomes is different.® Proteins and RNA, DNA, etc. are packaged into exosomes.
They can selectively induce specific signals to regulate the development and immune response of recipient cells.

Various MSCs release diverse exosomes. Bone marrow mesenchymal stem cells (BMSCs) are used the most
commonly in clinical trials.’’ But they are somewhat difficult to obtain and are heterogeneous in the population.
IncRNA and miR are one of the main contents of exosomes transported by BMSCs. They do not directly encode
proteins but play important roles by regulating cell behavior.”® Another type of MSCs isolated from adipose tissue called
adipose-derived stem cells (ADSCs), has several advantages in the isolation process, including the abundance of their
source tissue, and an easier and less invasive extraction procedure.”” For example, infrapatellar fat pad-derived MSCs,
a kind of ADSCs, are easier to isolate and have the ability to proliferate and differentiate into chondrocytes.*® Therefore,
ADSCs are also one of the commonly used stem cells in clinical trials. Although both of them can promote diabetic
wound healing, Margherita Pomatto found that the functions of ADSC-Exos and BMSC-Exos are intersected. The
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molecules carried by ADSC-Exos are mainly related to angiogenesis, which can promote EC migration. BMSC-Exos
mainly enhance cell proliferation and viability.>' As a highly vascularized organ, the placenta is not only readily available
but also ethically more favorable, with an abundant supply of MSCs. The placental mesenchymal stem cells (PMSCs) are
more robust and have stronger proliferation ability than BMSCs, and have stronger long-term growth ability.**>?
Menstrual blood-derived mesenchymal stem cells (MenSCs) have shown higher proliferative capacity than BMSCs.
Furthermore, collecting MSCs in menstrual blood is more readily available, non-invasive, and abundant.**

There are also some less-studied sources of stem cells with interesting features. Compared with other MSCs, the hair
follicle (HF)-derived mesenchymal stem cells (HFMSCs) have a large number of HFs that do not undergo functional and
molecular changes in humans and are easy to collect, independent of gender and age.*> Urine-derived MSCs (USCs) are
also promising and can be collected by simple, safe, non-invasive, and low-cost methods. Purified USCs are easy to
isolate and do not require enzymatic digestion. USCs have higher telomerase activity. That’s why USCs are capable of
producing more cells, without teratoma or tumor.*® Also, USCs are available regardless of sex, age, or health status.
Gingival-derived mesenchymal stem cells (GMSCs) are abundant and easily obtained. It has a stronger proliferation
ability and more stable morphology. Most importantly, GMSCs showed significant tissue regeneration potential and
noteworthy immunomodulatory properties.>” From the above overview, it is important and meaningful to classify and
discuss exosomes from the perspective of their origin. All advantages and disadvantages of the MSC-Exos are
summarized in Table 1.

In the experiments described in the literature, exosomes are often expressed from corresponding sources of MSCs
in vitro. One difference is that some exosomes have predetermined contents before expression, while others undergo
certain pre-processing after expression. In vitro, experiments usually employ human umbilical vein endothelial cells
(HUVECsS), and human dermal fibroblasts (HDF), to observe changes in proliferation, migration, and other cellular
functions after exosome treatment. In vivo, experiments involve injecting exosomes into experimental animals such as
mice and rats to evaluate their effect on wound healing by assessing macrophage phenotype switching, endothelial
proliferation, fibroblast migration, vascular remodeling, collagen deposition, and other wound healing processes.

BMSC-Exos

BMSC is one of the most widely studied types of stem cells, which can differentiate into bone, cartilage, adipose, and
other lineages. It is the most commonly used and the most classical MSCs.*® Arsalan Shabbir found that BMSC-Exos
could activate important signals like AKT, STAT3, and ERK in target cells. And then target cells will increase the
expression of growth factors such as HGF, IL-6, IGF1, and SDF1 to promote epithelial regeneration and vascular

reconstruction in diabetic wounds.>®

Table | Comparison of Exosomes from Different Sources

Different The Difficulty of Extraction | Invasive | Proliferation | Angiopoiesis | Stability | Telomerase | Regulation
Origins

BMSC-Exos Hard +++ ++ + / / /
ADSC-Exos Easy ++ + ++ / / /
PMSC-Exos Easy - ++ / / / /
MenSC-Exos Very easy - ++ / / / /
HFMSC-Exos Very easy + / / + / /
USC-Exos Very easy - / / + + /
GMSC-Exos Very easy + ++ / + / +

Notes: “Hard/Easy/Very easy” represents the difficulty of exosomes extracted from different tissues. “+/++/+++” represents the intensity of different characteristics for
exosomes. “/” represents the characteristic not applicable to the exosome.
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Non-Coding RNAs as Contents

Recent studies have revealed the possible pro-angiogenic function of IncRNAs, specifically HOX transcript antisense
RNA (HOTAIR), in extracellular vesicle (EV)-mediated angiogenesis. In vitro, experiments showed that EVs over-
expressing HOTAIR can upregulate VEGFA, while in vivo experiments, EVs not only accelerated wound healing but
also increased the number of blood vessels in the healing tissue.***!

Another study found that BMSC-Exos expressing Kriippel-like factor 3 antisense RNA 1 (KLF3-AS1) could reduce
the downstream signal miR-383, and the VEGFA decreased, thereby reducing cell proliferation and migration. This study
established an exosome KLF3-AS1/miR-383/VEGFA axis in BMSCs concerning diabetic wound angiogenesis.*?

Despite being modified by different exogenous factors, exosomes act on wound healing ultimately through similar
pathways, among which PTEN/PI3K/AKT is one of the most studied and important. BMSC-exos carrying IncRNA H19
were shown to promote fibroblast migration, and proliferation and decrease apoptosis in the diabetic wound, through the
miR-152-3p/PTEN/PI3K/AKT axis.*® A report by the Jianing Ding group demonstrated that BMSC-Exos pretreated with

deferoxamine (DFO) exhibits pro-angiogenic properties by miR-126.**

The expression of miR-126 was significantly
elevated in DFO-Exos, and miR-126 has been previously recognized to improve wound endothelial proliferation and
vascular remodeling via CXCL12 upregulation.*> Moreover, miR-126 can inhibit PTEN on ECs and enhance PI3K/AKT
signaling consequently.**

MiR-155 could delay diabetic wound healing by inhibiting FGF-7,*® and worsen wound inflammation through
CTLA4 and SOCI1 signaling.*’” Experiments showed that BMSC-Exos loaded with miR-155 inhibitor lessened the
level of miR-155, restore the level of FGF-7, and diminish the expression of pro-inflammatory factors.*® Meanwhile,

VEGFA was increased after exosome treatment, which ameliorate vascular reconstruction.

Other Contents

Nrf2

Nuclear factor erythroid 2-related factor 2 (Nrf2) is an antioxidant protein transcription factor, preventing cells from
oxidative damage.*’ In the study by the Lei Wang group, BMSC-Exos upregulated Nrf2 and downregulated TNF-a and
IL-1B in diabetic wounds. Through knockout and activation of Nrf2, it demonstrates that exosomes overexpressing Nrf2
accelerate wound healing by endothelial progenitor cells tube formation.*®

PTEN/PI3K/AKT Pathway

The same pathway PTEN/PI3K/AKT acting on different cells (macrophages, ECs) will produce different effects. The
normal human body under the same pathway can balance the pro and anti-inflammatory factors. Diabetic patients may be
caused by the imbalance of the pathways leading to wound inflammation and prolonged wound healing.

ECs

The pro-angiogenic effect of PI3K/AKT signaling in ECs is inhibited by PTEN via reversing the phosphorylation of
PI3K/AKT.”' The downstream molecules of AKT, such as NO produced by eNOS, are closely related to cell prolifera-
tion, migration, and angiogenesis.’>>>

BMSC-Exos pretreated with atorvastatin (ATV) improves the functions of ECs damaged by high glucose (HG)
environment, such as proliferation, migration, tube formation, and VEGF secretion. BMSC-Exos also upregulate the
relative expression of angiogenic-related genes (PDGF, bFGF, EGF, and ANG1).>* Through down-regulating PTEN and
relieving the inhibition of PI3K/AKT,** ATV-Exos significantly activate AKT/eNOS pathway; eNOS increased NO
production, and protected ECs from apoptosis induced by HG environment.>

Hu et al®® pretreated BMSCs with pioglitazone (PGZ) and isolated PGZ-Exos. The mechanism of PGZ-Exos acts the

same as ATV-Exos by PI3K/AKT/eNOS pathway.®

Macrophages
The role of exosomes on macrophage is also partially mediated through PTEN/PI3K/AKT pathway. AKT is a key protein
in promoting the M1 polarization of macrophages. Phosphorylation of AKT can promote M1 polarization of
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macrophages and inhibit M2 polarization, thereby promoting inflammatory response. Therefore, PTEN is required to
inhibit the phosphorylation of AKT to inhibit macrophage M1 polarization and suppress inflammatory response.’’
In diabetic wounds, BMSC-Exos pretreated with melatonin (MT) significantly inhibited the secretion of IL-1p and

TNF-a from macrophages and promoted the expression of IL-10 and Arg-1.%%

Mechanism analysis showed PTEN
expression was increased, and MT potentiated this effect, thereby inhibiting AKT phosphorylation and promoting
macrophage polarization toward M2.>®

In summary, BMSC-Exos carrying ncRNA or other contents can regulate inflammation and remodeling of wounds by
influencing downstream cytokines such as VEGFA, NO, IL-1, etc through the PTEN/PI3K/AKT or other signaling

pathways.

ADSC-Exos

ADSCs are known to secrete paracrine factors and exosomes to promote wound healing, which stimulates fibroblast
migration, proliferation, and collagen synthesis.5 ® ADSC-Exos are also rich in circRNAs, miRs, and IncRNAs. ROS is
known to induce the secretion of inflammatory factors and the expression of various adhesion molecules and damage
mitochondria by activating the NF-«kB signaling pathway.®®®! ADSC-Exos can reduce ROS in cells and improve
mitochondrial function under HG. It acts through the SIRT3/SOD?2 axis: Increasing the expression of SIRT3 enhanced
the activity of downstream superoxide dismutase 2 (SOD2), better-scavenging superoxide, maintaining the redox reaction
balance of cells, and reduced the levels of TNF-a, IL-1, IL-6, ICAM-1, VCAM-1 and MCP1.%?

Non-Coding RNAs
CircRNA as one of the non-coding RNAs has a 5’-end and 3’ -end connected to form a complete circular structure,
which is more stable than linear RNA. CircRNA-mmu_circ_0000250 modified ADSCs-Exos were found to repair EPCs
under HG, augment SIRT1 expression through the absorption of miR-128-3p, and promote wound angiogenesis;** SIRT1
has a great effect on the activation of autophagy and has anti-inflammatory and antioxidant properties.®* By high-
throughput sequencing, Rongfeng Shi’s team found that overexpression of circ-Snhgll in ADSC-Exos reversed EPC
dysfunction and promoted M2 polarization of macrophages under HG conditions, by activating miR-144-3p /HIF-1o/
VEGF or STAT3 signaling pathways.®> Similarly, another research found that ADSC-Exos overexpressing mmu_-
circ_0001052 targeted the FGF4 site in DFU through the sponge effect of miR-106a-5p. p-p38 /p38 also increased at
the same time. The mmu_circ_0001052+miR-106a-5p/FGF4/p38MAPK signal path was established, which became
a potential therapeutic site.®®

Individual miRs are susceptible to hydrolysis, so Lv et al®” used electroporation to transfer miR-21-5p into ADSC-
Exos. The engineered exosomes were shown to up-regulate MMP-7 expression through the Wnt/B-catenin signaling
pathway, thus facilitating the proliferation and migration of keratinocytes, angiogenesis, and collagen remodeling. This
proves that exosomes produced by electroporation technology are effective in protecting miRs from hydrolysis, and have
certain clinical application value.

IncRNAs have recently been reported to be significant in diabetic complications.®® ADSC-Exos overexpressed
Inc00511 can strongly repair EPCs in the HG setting and accelerate the healing of a diabetic wound by inhibiting the

ubiquitination and degradation of Twistl.®

Other Contents
Xue Li found that ADSC-Exos could reduce cellular senescence and oxidative stress, and also improve the tube
formation ability of EPCs in diabetic patients. The mechanism is to increase the phosphorylation level of SMP30 and
VEGFR2 and reduce intracellular ROS and inflammatory factors. When Nrf2 was overexpressed, the above effects were
further enhanced and EPCs senescence was finally prevented. Therefore, ADSC-Exos can syndicate with Nrf2 to
promote diabetic wound healing.”

Hsu et al found that ADSC-Exos transport TGF-B1 can activate fibroblasts and that the activated fibroblasts
produce TGF-B1 in an autocrine manner, leading to more fibroblast proliferation and activation. TGF-B1 is mainly
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involved in the cell crosstalk mediated by diabetic ADSC-Exos, which is an important early response to initiate wound
regeneration.”!

There are more ncRNAs carried by ADSC-Exos compared with BMSC-Exos, and the signal pathways are more
diverse, such as HIF-1o/VEGF, STAT3, NF-kB, FGF4/p38MAPK and Wnt/B-catenin. Finally, they regulate cytokines
and reduce ROS to promote wound healing.

PMSC-Exos

The placenta, as a transient maternal organ, would be disposed of after delivery. Thus, no invasive procedures exist
during PMSC extraction. Since the placenta is a highly vascularized organ, it is reasonable to assume that PMSCs have
more angiogenic features.”” PMSC includes MSCs derived from different sections of the placenta, such as human
amniotic epithelial cells (hAECs), human umbilical cord mesenchymal stem cells (HUCMSCs), and so on.

hAECs

Pei Wei and the group investigated the effects of hAECs-Exos, products of paracrine action from hAECs, on human
fibroblasts (HFB) and HUVECs. Experiments in vitro demonstrate hAECs-Exos enhance the proliferation and migration
of HFBs and angiogenic activity of HUVECs. When they used high-throughput sequencing, they found that the PI3K-
AKT signaling pathway was highly enriched, again focusing on the PI3K-AKT pathway we described previously.”

PI3K-AKT-mTOR pathway plays an important role in promoting angiogenesis and fibroblast function.”*’>

HUCMSCs

HUCMSC-Exos have been shown to act on different stages of wound healing: in the inflammatory phase, significantly
reduced inflammatory cell infiltration; The proliferative and remodeling phases promote the proliferation of fibroblast
cells and vascular ECs,”® and regenerative epithelialization, collagen deposition, and ECM remodeling.””-"®

HUCMSC-Exos released after LPS stimulation was found to promote M2 polarization of macrophages. Microarray
analysis identified that the treated exosomes carry a specific marker for let-7b, which is speculated to regulate the
phenotypic transformation of macrophages by negatively regulating TLR4 expression.”’ There are two downstream
signals of TLR4: NF-kB can activate the inflammatory response, and STAT3 as a transcriptional repressor can prevent the
excessive inflammatory response driven by TLR4.5%8! STAT3 pathway was found to be activated in this experiment. The
AKT pathway has been reported to inhibit TLR4/NF-kB activation and subsequent inflammatory responses;*> STAT3 can
induce AKT activation to affect immune homeostasis and regulate cell differentiation.®® Ti et al®** also demonstrated that
the AKT pathway was highly activated in THP-1 after LPS-pretreated HUCMSC-Exos. Therefore, they suggested that
the TLR4/NF-kB/STAT3/AKT is an important way for let-7b on LPS pre-Exos to regulate macrophage polarization and
promote wound healing.

The two kinds of PMSC-Exos signal paths have similarities in some links, but they affect wound healing in different
stages. hAECs-Exos promote angiogenesis and fibroblast function by PI3K-AKT-mTOR axis, while HUCMSC-Exos
regulate macrophage polarization by TLR4/NF-xB/STAT3/AKT axis.

MenSC-Exos

MenSCs have good proliferation and regeneration ability, and it has been shown that MenSCs are pluripotent and can
successfully differentiate into mesoderm and ectoderm in vitro.*> A recent study investigated the effects of MenSCs-
derived exosomes (MenSC-Exos) on diabetic wounds.*® During the inflammation phase, they found that MenSC-Exos
could induce macrophage M1 to M2 polarization. The activity of M1 marker iNOS decreases while the ARG/iNOS ratio
increases. The expression of the Rela gene in exosomes is increased, and Rela is a member of the NF-kB family, so it
may activate the proliferation and migration of epithelial cells by activating the NF-kB to enhance re-epithelialization. In
addition, no corresponding effect was found in MenSC alone, but exosomes alone could cause changes, and the
angiogenesis effect was more significant than that of other exosomes.’*®” As for the remodeling stage, in the early,
MenSC-Exos promotes the expression of collagen | mRNA and increase the wound closure rate. Late in the repair phase,
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the expression of collagen III mRNA increases significantly and the Coll:Col3 ratio decreases rapidly, resulting in the
reduction of scar.®

HFMSC-Exos

There is a variety of stem cells in the hair follicle, including melanocytes, ECs, and MSCs, corresponding to hair growth,
skin repair, and hair follicle repair functions.*** Exosomes derived from hair follicle MSCS (HFMSC-Exos) are not
quite distinct from classical ADSC-Exos in morphology and protein labeling. Functionally, both Exos increased the
proliferation and migration of HDF and angiogenesis of HUVECs. In addition, HFMSC-Exos are also able to protect

HDF from apoptosis and oxidative stress under HG conditions, while the mechanism remains unknown.>

USC-Exos

Chun-Yuan Chen and the team studied human urine-derived stem cells (USCs) and exosomes (USC-Exos).*® It was
found that USC-Exos could effectively promote the proliferation and migration of fibroblasts, and the angiogenesis of
ECs. In particular, USC-Exos expressed a lot of DMBT]1. Further analysis indicated that DMBT1 was important in ECs
angiogenesis induced by USC-Exos.*® They found that enriched USC-Exos could significantly increase VEGF-A protein
level and AKT phosphorylation, suggesting that it may be useful in vascular reconstruction and endothelial repair
through PI3K/AKT and VEGFA.”"*!

SMSC-Exos

MSC:s isolated from synovium, termed synovial MSCs (SMSC), possess tissue specificity: SMSCs have chondrogenic
differentiation potential but do not show adipogenic or osteogenic potential.”*** Shi-Cong Tao used gene overexpression
techniques to overexpress miR-126-3p in SMSCs,”* which endows SMSCs with angiogenic functions. After biomaterial
loading, the PI3K/AKT and MAPK/ERK pathways were activated to promote the migration of HDF and human dermal
microvascular endothelial cells (HMEC-1) and the formation of the capillary network, which played the function of miR-
126-3p.”

Combination of Exosome and Biomaterials

There are still certain problems with exosomes for actual clinical use, for example, exosomes may not be stable in the
body. Studies have shown that exosomes isolated from B16-BL6 murine melanoma cells have a half-life of only 2
minutes after intravenous injection into mice,’® which may occur to other exosomes. Therefore, combining exosomes
with biomaterials may improve this shortcoming. Using biological materials can maintain the biological activity of
exosomes and control the release of effective concentrations so that exosomes can act more gently and long-term on the
wound.

BMSC

Composite hydrogels, such as chitosan (CS), can be well used for the healing of diabetic wounds. CS and its derivatives
have good biocompatibility, biodegradability, and non-toxicity properties and are of extensive use in medicine.””*® The
study by Xinrong Geng reported for the first time the effect of BMSC-Exos loaded carboxyethyl chitosan (CEC) -
dialdehyde carboxymethyl cellulose (DCMC) hydrogel on promoting diabetic wound healing in rats.”” The composite
hydrogel not only promoted angiogenesis and endothelial proliferation but also induced the generation of M2 macro-
phages and promoted the anti-inflammatory effect. It not only maintains the required morphological strength and
mechanical strength of wound dressings but also shows strong antibacterial and hemostatic effects. It has great
application value for the treatment of diabetic wounds.””

ADSC

Biomaterials loaded with ADSC-Exos include some scaffolds, biological dressings, nanomaterials, etc. The research

types are more diverse than those of BMSC-Exos. Clinical trials have confirmed that the human acellular amniotic

membrane (hAAM) is a good wound dressing, along with a certain effect on wound healing as a stem cell scaffold.'*%'°!
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Xiao et al prepared hAAM loaded with ADSC-Exos in vitro and transplanted them into a mouse diabetic model, and
observed more macrophages transforming to M2 phenotype, reduced inflammatory cell infiltration, more collagen
deposition, and microvessel formation on the wound surface.'%?

Shiekh et al reported OxOBand, an oxygen-releasing antioxidant wound dressing composed of antioxidant polyur-
ethane (PUAO) and loaded with ADSC-Exos. The Oxoband-bound exosomes can also promote wound healing in
diabetic wounds and wounds infected with Staphylococcus aureus and Pseudomonas aeruginosa.'®?

Shi et al used microfluidic techniques to prepare gel microspheres loaded with ADSCs. It shows good biocompat-
ibility and adaptive biodegradation rates in animal models. Although this method is loaded with ADSCs, studies have
shown that it can improve paracrine effects, and ADSCs play their role in wound repair through exosomes.'**

Hydrogels are also commonly used to load ADSC-Exos. Wang et al developed a novel FHE hydrogel loaded with
exosomes to compose FHE@Exos hydrogel. The hydrogel is composed of Pluronic F127 (F127), oxidized hyaluronic acid
(OHA), and EPL, and has various properties such as inject-ability, self-healing, antibacterial activity, and response to
exosome release when stimulated. The FHE@Exos hydrogel has a better effect on diabetic wounds than the simple
exosome or FHE hydrogel, suggesting that FHE@Exos has a synergistic effect.'® Shilan Shafei used alginate saline gel
loaded with exosomes secreted by ADSCs as a bioactive scaffold to promote wound healing. Alginate has high biocompat-
ibility, biodegradability, non-actionability, and high water adsorption performance.'®® Tao Jiang developed a smart hydro-
gel loaded with ADSC-Exos using matrix metalloproteinase-degrading polyethylene glycol (MMP-PEG).'%” Although this

has certain clinical application value, its long-term therapeutic value needs to be evaluated due to its longevity.

PMSC

The most common biomaterials loaded with HUCMSC are also hydrogels. Jiayi Yang used a unique thermosensitive
hydrogel Pluronic F-127 (PF-127). Moreover, it has a porous structure and can prolong the release time of exosomes. PF-
127 has been proven to be an ideal exosome-loaded material in terms of biological function and physical properties and
has the potential for clinical treatment.'®® Yiyao Zhang determined the efficacy of HUCMSCs-Exos surrounded by

polyvinyl alcohol/alginate nano hydrogel for the treatment of diabetic wounds.'®’

GMSC

Shi et al isolated gingival MSC (GMSC) from gingival connective tissue, and loaded exosomes secreted by GMSC into
chitosan/silk-based hydrogel. CS has been introduced before. Silk, as a rare biomaterial, can not only promote cell
"% Quan Shi demonstrated that this hydrogel-loaded
GMSC-Exos improved the microenvironment of wound healing and promoted diabetic wound healing by promoting the

function but also enhance the mechanical strength of hydrogels.

regeneration, deposition, and remodeling of ECM, microvascular remodeling, and the growth of damaged neurons.*’

SMSC

Tao et al”> combined exosomes of SMSC overexpressing miR-126-3p with chitosan materials. They found that using
exosomes-CS was able to accelerate regenerating epithelium in vivo, activate angiogenesis, and promote collagen
maturation. This underscores the high clinical value of endowing the cellular functions of hard-to-obtain cells to more
common cells and exercising them through their exosomes for cell-free therapies. Min Li’s group combined SMSC-Exos
overexpressing miR-126-3p with hydroxyapatite/chitosan (HAP/CS) composite hydrogel.''! HAP can induce angiogen-
esis after implantation;''> Ca*" ions released from HAP can regulate skin homeostasis and proliferation and differentia-
tion of keratinocytes.''! The exosomes combined with HAP/CS can also promote wound healing through epithelial
regeneration, vascular reconstruction, and collagen deposition. All biomaterials are generalized and can be seen in
Table 2.

Conclusion

Abnormal wound healing is one of the serious complications of diabetic patients, which causes a large amount of
economic and medical burden worldwide. Wound healing in normal people involves four stages hemostasis, inflamma-
tion, proliferation, and remodeling. These four stages influence diabetic wound healing through various factors and
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Table 2 Types of Biomaterial Combined with Exosome

Exosomes Biomaterial

BMSC-Exos CEC-DCMC HG

ADSC-Exos hAAM, OxOBand, Gel microsphere, FI27/OHA-EPL, Alginate saline gel, MMP-PEG
PMSC-Exos Pluronic F-127 (PF-127), Polyvinyl alcohol/alginate nano hydrogel
GMSC-Exos Chitosan/silk-based hydrogel

mechanisms such as AGEs and neuropathy. Traditional methods have little effect. As a new type of therapy, stem cells
can repair wound tissue through exosomes secreted by them. As a kind of extracellular vesicle, exosomes carry proteins,
nucleic acids, and other cargo, carry out cellular crosstalk, and exert biological effects. In this review, starting with the
stem cell source of exosomes, the exosomes secreted by different stem cells are classified, and their contents and the
mechanism of promoting wound healing are described respectively. Common stem cell exosomes are BMSC-Exos,
ADSC-Exos, PMSC-Exos, MenSC-Exos, and other cell-Exos. Different exosomes play different roles in wound repair
through themselves or changes after being stimulated by some drugs, but all of them intervene in four stages: reducing
the inflammatory response, promoting angiogenesis, promoting epithelial growth, and promoting scar formation. In
addition, this review also introduces some studies on biomaterials loaded with exosomes for the treatment of diabetic
wounds. Biomaterials represented by hydrogels have good compatibility with wounds and synergistic effects on the
efficacy of exosomes, embodying certain clinical values. Besides, there are some expecting green biomaterials, like

curcumin-containing nano scaffolds which promote osteogenic differentiation of MSCs;'"?

and silver nanoparticles
synthesized by olive leaf extract.''* The entire review presented numerous advances in the in vitro and in vivo
experiments of exosomes extracted from different sources of MSCs, giving us hope for the treatment of diabetic wounds.
However, only qualitative effects were observed in the in vitro experiments mentioned in the article, and the in vivo
experiments were only conducted in experimental animals. Even though biological materials can compensate for the
shortcoming of exosomes, their use as foreign substances raises questions about the immunoreaction by the body.
Therefore, these studies still have a long way to go before they can be applied clinically.

At present, there is no good method for diabetic wounds. Although stem cell research has been started for a long
time, the progress is not smooth considering the histocompatibility. The cell-free therapy of exosomes is an upgraded
version of stem cell therapy, with no host rejection and better efficacy. Due to the effective promotion of wound
healing from multiple aspects by exosome therapy, which is in contrast to traditional therapy that only protects the
wound and relies on the body’s self-healing ability, it can effectively replace traditional therapies. The application of
biomaterials has made the action time of exosomes longer and the therapeutic effect better, which is expected to truly
implement exosome therapy in clinical practice. Although there are some limitations, exosome therapy remains the
most promising approach for diabetic wound healing, especially when combined with biomaterials. Future exosome
therapy is expected to achieve controllability in terms of exosome release and action time, by improving the
performance of biomaterials. At the same time, some novel drugs or molecules may also be loaded into exosomes
as carriers, allowing targeted delivery of drugs to the wound site, and achieving therapeutic effects with the lowest
possible drug dosage. With the deepening of research on exosomes, it will have great clinical application value for the
treatment of diabetic wounds.
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