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Abstract. Diabetes is a chronic metabolic disease with a worldwide epidemic and its prevalence is increasing 
every year. Meanwhile, diabetes imposes serious economic burdens on the world. Commonly and seriously 
as a  complication of type 2 diabetes, the diabetic foot is a multi-factorial chronic non-healing wound that not 
only poses serious threats to the patient's physical health but also comes along with huge financial and 
psychological burdens. In the long run, the risk of amputation is much higher inpatients who suffer from 
diabetic foot than in healthy people. [1] The prognosis for the diabetic foot is not encouraging in today's 
treatment paradigm, with the majority of patients having an unsatisfactory prognosis after conventional 
treatment, eventually leading to tissue necrosis, gangrene, and amputation. Numerous studies have suggested 
that mesenchymal stem cell exosomes (MSCs-Exos) have potential therapeutic value for patients with DFU 
and are increasingly being available in clinical practice. MSCs-Exos can accelerate DFU wound healing by 
promoting coagulation, inhibiting inflammatory responses, boosting cell proliferation and angiogenesis, and 
increasing collagen deposition. In addition, this article reviews the clinical application of MSC-derived 
exosomes in the treatment of diabetic foot and the advantages and limitations of MSC-derived exosomes as 
carriers, exploring the extraction process of exosomes. In the future, a unified and standardized guideline 
specification for purification and isolation techniques should also be established and enhanced, and a license 
for clinical application should be obtained. To verify the security and efficacy of exosomes in DFU treatment, 
large sample, and multi-centre clinical research should be designed. 
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1. Introduction 

1.1 Diabetes 
Characterised by a relative or absolute lack of insulin 
secretion and chronically elevated blood glucose levels, 
leading to diabetes. Among these, type 2 diabetes mellitus 
(T2DM) is an acquired metabolic disease that increases 
the risk of many fatal and debilitating conditions. [2] The 
metabolic dysfunction of diabetes will generate a plethora 
of complications including retinopathy, neuropathy, heart 
disease, peripheral vascular disease, tissue inflammation, 
and ulcers [3]. Of these complications, up to 2%-3% of 
people with diabetes are at risk of diabetic foot ulcers [4], 
reducing the quality of life and survival state and bringing 
burdens on the healthcare system. Over the past decades, 
the prevalence of diabetes has increased rapidly 
worldwide owing to a rising aging population and changes 
in people's dietary habits. According to the World Health 
Organization, more than 420 million people worldwide 
were living with diabetes in 2015, and this number is 
expected to reach 6. 42 million by 2040. 

1.2 Diabetic Foot 
Diabetic foot (DFU) is a common and serious 
complication of diabetes, caused by ischaemic disease of 
the lower limbs in diabetic patients, resulting from 
chronic inflammation interfering with the process of 
tissue healing. The diabetic foot is not only a serious threat 
to the physical health of the patient, with symptoms such 
as resting pain, intermittent claudication, and ulcer 
infection, but also comes with a huge financial and 
psychological burden. The diabetic foot is characterized 
by high treatment costs and a long therapy cycle and is a 
main cause of amputation and death in diabetic patients. 
In a study of diabetic foot infections and amputations, the 
5-year survival rate for diabetic foot patients was only 
about 50%, and if an extensive amputation was performed 
the 5-year survival rate was dramatically reduced to 8.3%. 
[5] Current conventional treatment of diabetic foot ulcers 
includes non-surgical treatment such as reduction of local 
pressure, infection control, improvement of blood supply, 
debridement and dressing changes, topical wound 
dressing, hyperbaric oxygen therapy, and negative 
pressure closed suction, and surgical treatment such as 
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percutaneous transluminal angioplasty. [6] The prognosis 
for most patients is dissatisfactory and eventually leads to 
tissue necrosis, gangrene, and amputation. Therefore, 
novel therapeutic modalities that effectively improve the 
prognosis of diabetic foot ulcers are a pressing technical 
issue for clinical application. MSCs-derived exosomes 
(MSCs-Exos), have demonstrated tremendous potential in 
promoting wound healing [7] and have been proven to 
have sound repair effects in the repair of various organ 
injuries. Because of the good stability and low 
immunogenicity of exosomes, MSCs-Exos has been a 
potential candidate for the treatment of malignant tumors, 
cardiovascular and respiratory diseases, endocrine 
metabolic diseases, osteoarthritis, endometrial injuries, 
etc. And exos may be safer than direct treatment with 
MSCs [8] 

2. Biological Characteristics of Msc-
Derived Exos  

Mesenchymal stem cells (MSCs), a type of pluripotent 
stem cells with self-renewal and multidirectional 
differentiation potential, are a current hot issue. Their use 
in regenerative medicine has been reported as a promising 
therapeutic strategy for tissue regeneration [9]. Excessive 
numbers of studies have exhibited that MSCs can promote 
angiogenesis and cell proliferation, reduce inflammation, 
and produce a large number of bioactive molecules 
involved in the repair. Recently, a large body of evidence 
suggests that the positive effects of stem cell therapy may 
be mediated by paracrine mechanisms of MSCs, 
particularly through the secretion of exosomes [10], 
which can be functionalized to treat a variety of diseases. 
Exosomes are discoid vesicles [11] with a diameter of 40-
160nm and consist of a lipid bilayer. The process of 
exosome formation involves the invagination of 
intracellular lysosomal particles to form intracellular 
multivesicular bodies (MVBs) containing intraluminal 
vesicles (ILVs), which are secreted as exosomes into the 
extracellular matrix by cytosolic exocytosis after fusion of 
the outer membrane of the MVBs with the cell membrane 
(double invagination of the plasma membrane). Under 
physiological and pathological conditions, exosomes are 
produced and secreted by almost all cells, including 
immune cells (e.g. B cells, T cells, mast cells, dendritic 
cells), platelets, cancer cells, epithelial cells, 
mesenchymal cells, neurons, astrocytes, and 
oligodendrocytes. Exosomes are widely distributed in 
various body fluids, such as blood, lymph, saliva, 
cerebrospinal fluid, breast milk, amniotic fluid, semen, 
and urine. Exosomes are enriched in nucleic acids e.g. 
mitochondrial DNA, mRNA and non-coding RNA 
(miRNA, lncRNA, circRNA), proteins, lipids, etc. [12] 

3. The Biological Functions of Msc-
Derived Exos 

Exos has specific functional, targeting, and driving 
mechanisms, serving as a significant mediator of cellular 
communication, carrying and transmitting vital signaling 

molecules, participating extensively in intercellular 
material transport and information transfer, and regulating 
cellular physiological activities. Exos is closely related to 
the occurrence and development of all kinds of diseases. 
Exos takes part in senescence scavenging molecule[13], 
antigen presentation [14], tumor progression by 
promoting angiogenesis and tumor cell migration during 
tumor cell metastasis [15-16], inhibition of the immune 
response [17], and disease propagation by interacting with 
receptor cells [18]and other physiological and 
pathological processes. Studies have shown that Exos 
accelerates the healing of chronic skin wounds mainly 
through mechanisms such as reducing the inflammatory 
response, accelerating granulation tissue and 
angiogenesis, repairing and replacing cells, and 
decreasing scar formation [19]. Related literature has 
revealed that exosomes may be efficient drug transport 
carriers on account of their natural substance transport 
properties, inherent long-term recycling ability, and 
distinguished biocompatibility. Furthermore, with the 
progressive research related to exosomes, they are 
becoming a potentially serviceable diagnostic tool in 
disease progression, treatment response, and predictor of 
overall survival. 

4. Mechanisms of Exosomes Derived 
from Mesenchymal Stem Cells for The 
Treatments of Diabetic Foot 

4.1 Promoting Coagulation 
Studies have shown that exosomes are involved in the 
regulation of the hemostatic process and that they exert 
their procoagulant function mainly through the activation 
of platelets [20]. In vascular injury, tissue factor forms a 
complex with coagulation factor VIIa, which activates 
coagulation factor X, further converting prothrombin into 
thrombin and acting as a procoagulant [21]. Exosomes 
produced under tissue hypoxia will enhance their 
procoagulant function by further upregulating tissue 
factor activity, promoting prothrombin conversion and 
fibrin production [22]. In a rat model, EPCs-derived 
exosomes (EPCs-Exos) can facilitate endothelial cell 
repair by highly enriching miR-21-5p and specifically 
inhibiting the expression of the angiogenesis inhibitor 
platelet response protein in recipient endothelial cells [23]. 

4.2 Suppression of the Inflammatory Response 
The healing of chronic wounds can be broadly divided 
into four sequential processes: the hemostatic phase, the 
inflammatory phase, the proliferative phase, and the 
remodeling phase,[24]followed by a return to homeostasis. 
The wounds of diabetic foot are mostly stagnant in the 
inflammatory phase as various exogenous and 
endogenous elements. The high expression of 
inflammatory cells and inflammatory factors leads to 
increased protein hydrolysis, which restrains wound 
healing from the inflammatory phase to the next stage, 
resulting in delayed wound healing [25]. Macrophages, 
which are inflammatory cells, play an important role in 
the development and resolution of inflammation. [26] 
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Macrophages have two phenotypes, M1 and M2, which 
play both pro-inflammatory and anti-inflammatory roles. 
Of these, M1 macrophages play a pro-inflammatory role, 
while M2 macrophages affectresisting inflammation. 
Research have indicated that exosomes perform their anti-
inflammatory function by modulating immune cell 
activity at the site of injury and that they induce the 
conversion of macrophages to the M2 phenotype, which 
has a strong anti-inflammatory effect. At the same time, 
exosomes suppress B-cell maturation and T-cell 
proliferation, activate regulatory T-cells, degrade 
inflammatory factor levels and stimulate wound healing. 
[27] 

4.3 Promoting Cell Proliferation and 
Angiogenesis 

RNA contained within Exos is regarded as essential 
substance in adjusting the activity of recipient cells [28]. 
RNAs or proteins in MSCs-Exos can exert cell-homing 
effects and regulate cell proliferation and differentiation, 
which can limit injury, modulate immune responses, and 
stimulate self-repair and tissue regeneration after cell 
injury. [29] For example, MSCs-Exos enriched with long 
non-coding RNA (lncRNA) H19 can facilitate oncogene 
homologous phosphatase-tensin expression and 
observably improve fibroblast proliferation and migration, 
[30] inhibit p53 activity and growth differentiation factor 
release. There is macrophage infiltration in damaged skin 
to accelerate wound healing. Besides, mi RNAs released 
by exosomes (e.g. mi R-132 and mi R-146a) can 
significantly raise pro-angiogenic factor expression and 
increase the proliferation rate and angiogenesis of human 
umbilical vein endothelial cells. [31] It was demonstrated 
that matrix metalloproteinase-containing exosomes 
promote endothelial cell proliferation by facilitating cell 
migration and cleavage of vascular endothelial growth 
factor receptors, thereby accelerating trabecular 
neovascularization. [32] Li Luocheng et al [33] intervened 
with EPCs-Exos in hypoxia-treated human umbilical vein 
endothelial cells and discovered that the proliferation and 
migration ability of hypoxic endothelial cells were 
restored to some extent, confirming that EPCs-Exos could 
improve the proliferation and migration ability of hypoxic 
endothelial cells, reduce endothelial cell apoptosis and 
mitigate hypoxic injury of vascular endothelial cells. In 
2004, Planat-Benard et al [34] first found that adipose-
derived lineage cells and vascular endothelial cells share 
the same precursor cells and have the potential to 
differentiate into an endothelial cell phenotype and 
participate in angiogenesis in vivo. Subsequent studies 
demonstrated that ADSC in adipose tissue could 
participate directly in neovascularization via directional 
differentiation to vascular endothelial cells and smooth 
muscle cells. [35] Compared to bone marrow-derived 
stem cells, ADSC has a greater capacity to differentiate 
into endothelial cells. [36] 

4.4 Increase Collagen Deposition and Reduce 
Scar Formation 

Usually, diabetic foot ulcers take longer to heal and tend 
to cause scar formation and poor healing quality. 

Fibroblasts produce varied glycoproteins and cytokines 
[37], which control the production and degradation of the 
extracellular matrix (ECM). Fibroblasts begin to 
synthesize and secrete large amounts of collagen fibrils 
and matrix components on day 4-5 of wound healing, 
which together with ECM components such as new 
capillaries, proteoglycans, hyaluronic acid, collagen, and 
elastin form granulation tissue. Thus can replace platelet 
clots, fill up the wound tissue defect and create the 
conditions for epidermal cell coverage[38]. During the 
healing process, fibroblasts can migrate to the wound 
surface, proliferate through mitosis and promote the 
capillary generation, forming a new vascular network and 
restoring the blood supply to the injury site. Fibroblasts,, 
play a very essential role in the process of wound repair. 
Abnormal accumulation of the extracellular matrix is one 
of the most important reasons for scar formation. Human 
adipose stem cell-derived exosomes (ADSCs-Exos) boost 
type I collagen, type III collagen, fibronectin, and smooth 
muscle actin gene expression in fibroblasts at the early 
stage of wound repair, while decreasing collagen 
expression at the late stage of healing to restrain the 
development of scar tissue. [33] Umbilical cord blood-
derived MSC exosomes can mediate the TGF-β receptor 
pathway through mi R-21-5p and mir R-125b-5p to inhibit 
scar formation during wound healing. [39] 

4.5 Promoting Wound Re-epithelialization 
An important phase in the healing process is the re-
epithelialization of traumatic tissue. Diabetic foot wounds 
are a protracted course of the disease because re-
epithelialization does not take a corresponding place. In 
addition, plenty of immune cells such as neutrophils, 
monocytes, and macrophages gather on the wound, 
releasing hydrolytic enzymes and oxygen radicals, 
resulting in further tissue damage. Hence, it is important 
to prompt timely re-epithelialization of the wound for 
wound healing. Fibronectin can act as a chemokine to 
induce the movement of epithelial cells, fibroblasts, etc 
toward the wound and promote the regeneration of 
epithelial tissue. Zhao [26] et al. used ADSC to treat rabbit 
gingival wounds and found that the expression of 
fibronectin was upregulated in the wounds. Keratin-
forming cells are the primary component of the epidermis 
and play a key role in epithelialization by proliferating, 
differentiating, and migrating to form the new epidermis. 
sheng et al [40] found that transplanted ADSC could 
promote the proliferation of epidermal cells, which in turn 
thickened the epidermis of skin wounds during the healing 
process. 

5. Methods for The Extraction of Msc-
Derived Exos  

Methods for the extraction and identification of exosomes 
are the fundamental cornerstone in the study of exosomes 
and their practical applications. Firstly, they must be 
isolated and purified from biological fluids and in vitro 
cell cultures. The choice of exosome isolation technique 
significantly affects exosome yield. The selection and 
modification of isolation techniques should vary 
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according to the size, shape, density, and surface proteins 
of the exosomes isolated from biological fluids or cell 
cultures. In this section, we briefly discuss several 
common principles and methods of exosome 
isolation.[41-46] In addition, tissue sources of parental 
MSCs for exosome research have been isolated from 
various kinds of tissues, including adipose tissue, 
umbilical cords, bone marrow, embryonic stem cells 
(ESCs) or induced pluripotent stem cells (iPSCs). To date, 
the most common strategies used to isolate pure exosomes 
from conditioned media are ultracentrifugation and 
sedimentation. [47] This is the standard method and is less 
costly, but is associated with potential damage to 
exosomes and co-precipitation of other non-exosomal 
contaminants (e.g. proteins)[44]. Additionally, there are 
membrane filtration, sucrose cushion centrifugation, 
HPLC gel permeation chromatography,size-exclusion 
chromatography, polymer precipitation, immunoaffinity 
capture, and microfluidics isolation. On account of the 
limitations of the above methods, the number of exosomes 
produced by MSCs is relatively small compared with 
other types of cells or body fluids, making it challenging 
to extract MSC-exos with high purity, high yields, and 
more functionality. Furthermore, there are problems such 
as homogeneity, i.e. whether exosomes from different 
tissue sources have the same biological efficacy has not 
been proven yet and there is no or comparable evidence 
of the effects of stem cells from different tissue sources. 
Therefore, further research and development of the 
biological properties and extraction techniques of 
exosomes are necessary to improve and optimize the mass 
production of exosome formulations for their clinical 
requirements. Next, the biomedical application 
identification for extracted exosomes is also crucial. 
Current methods for exosome identification include 
exosome size identification e.g. nanoparticle tracking 
analysis, exosome morphology identification e.g. 
scanning or transmission electron microscopy observation, 
exosome surface marker identification e.g. western blot 
analysis and flow cytometry, etc. [48,49] The content and 
composition of exosomes have a significant impact on 
disease progression, [50,51] so modification is required. i) 
Exogenous modification: incubation of naïve exosomes 
with lipophilic small molecules ii) Endogenous 
modification: manipulation of parental cells, either by 
direct loading of the therapeutic drug or transfection of 
parental cells with the DNA code for the therapeutic drug, 
with subsequent exosomes becoming carriers iii) 
electroporation or electropermeabilization. [52] 

6. Clinical Applications of Mesenchymal 
Stem Cell-Derived Exosomes 

MSCs-Exos are gradually drawing the interest of 
researchers due to their extensive availability and 
accessibility, showing a very promising application. 
Several studies have demonstrated that exosomes can be 
used in combination with other drugs, biomaterials, 
nanotechnology, etc, and improve the therapeutic effect of 
drugs by transporting, modulating, or slow-releasing them 
and so on. Exosomes are usually applied by injecting an 

aqueous solution of exosomes directly into the circulatory 
system or body cavity to enhance tissue repair. 
Nevertheless, direct injection of exosomes into the area of 
injury may not be feasible, as free exosomes in an aqueous 
solution are difficult to retain in the target area, leading to 
efflux or rapid clearance, resulting in exosomes not fully 
utilizing their biological functions. [53] Therefore, repair 
of damage in the diabetic foot requires an eligible 
exosome carrier that has controlled release properties of 
exosomes in a dose- and time-dependent manner and thus 
has no adverse effects on exosome internalization, and has 
a suitable degradation rate. 

6.1 Exosomes Combined with Biomaterials 
Research has demonstrated that exosomes and 
biomaterials can be combined to promote efficacy. 
Currently, the most commonly used biomaterials are 
biodegradable implants, tissue-derived materials, and 
growth factors. Moreover, various biomaterial scaffolds 
have been explored to deliver bioactive factors and 
cellular products in a controlled manner. The ideal 
biomaterial scaffold for interfacial tissue engineering 
should contain the following characteristics, (1) scaffolds 
capable of supporting the adhesion, proliferation, and 
differentiation of different types of stem cells or 
progenitor cell-specific phenotypes; (2) scaffolds should 
be degradable, with a rate of degradation compared to the 
rate of tissue regeneration and capable of sustaining a 
physiological load. [54] SUN et al. proved that exosomes 
can combine with multifunctional integrated nano-agents 
to prompt the healing of diabetic infected wounds by 
reducing oxidative damage and inflammatory responses 
in tissue wounds, facilitating angiogenesis, and inhibiting 
bacterial infection. [55] 

6.2 Exosome Combined with Hydrogel Grafting 
Technique 

The combination of exosomes and hydrogels is expected 
to be a new strategy for the alternative treatment of 
diabetic foot ulcer wounds. It has been exhibited that the 
bioactive molecules bound to the hydrogel retain their 
structure and function for an extended period compared to 
hydrogel-free administration[56]. Hydrogels are networks 
of polymers with high water content and are bio-derived 
and FDA-approved products with similar properties to the 
extracellular matrix, including strong biocompatibility, 
biodegradability, and properties that aid cell infiltration 
and adhesion[57]. Adipose MSC-derived exosomes 
incorporated into freeze-thaw-based peptide-based 
hydrogels were found to have healing, antibacterial, and 
sustained release properties of exosomes [58]. Recently, 
YANG et al [59] applied a combined complex of PF-127 
hydrogel and human umbilical cord MSC-derived 
exosomes in a diabetic rat skin injury model and indicated 
that compared with the human umbilical cord MSC-
derived exosome group alone and the PF-127 hydrogel-
only control group, the combined complex group 
markedly shortened the wound healing time in the 
diabetic rat model, accelerated granulation regeneration 
tissue and upregulated expression of vascular endothelial 
growth factor, transforming growth factorβ1, CD31, and 
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Ki67. Chenggui Wang et al [60] developed an injectable, 
self-healing antibacterial peptide-based FHE hydrogel 
(F127/OHA-EPL) to control the discharge of AMSCs-exo 
and promote chronic wound healing and complete skin 
regeneration. A brand new method for the complete repair 
of chronic wounds by a multifunctional hydrogel with 
controlled exosome release is provided. 

6.3 Exosomes Loaded with Rv (chemotactic 
protein), Cytokines, or Anti-inflammatory 
Drugs for the Treatment of Diabetic Foot 

Prolonged immune cell infiltration is an established factor 
in the process of non-healing diabetic wounds. Pro-
inflammatory cytokines including IL-1, IL-6, IL-8, and 
TNF-α accelerate the infiltration of inflammatory cells 
such as CD8 T cells, neutrophils, and macrophages into 
the ulcer. Continuous increasing inflammatory cell 
infiltration and secretion of pro-inflammatory cytokines 
manifest in diabetic foot ulcers. The above mechanisms 
suggest that targeting inflammation may offer an effective 
way to promote the healing of DFUs. [61] Exosomes are 
an underlying drug for the treatment of various 
inflammatory conditions and diseases. Exosomes loaded 
with anti-inflammatory miRNAs and cytokines can reap 
beneficial results and the increased stability of exosome-
based anti-inflammatory mediators susceptible to 
endogenous degradation, [62,63] supporting the theory of 
using exosomes loaded with anti-inflammatory mediators 
for the treatment of the diabetic foot. Mechanisms applied 
by Rv include counteracting the inflammatory phase and 
initiating the regenerative phase to promote tissue healing. 
However, Rv is prone to oxidative instability due to its 
1,4-diene structure and therefore clinical applications 
require the search for mediators to stabilize Rv[64]. Ways 
to improve Rv stability may exist in better transport 
systems and exosomes be stable and effective in targeting 
specific tissues while protecting their carriers from 
degradation. Thus, exosomes may have great potential in 
the transport of Rv[84]. Furthermore, pre-treatment or 
loading of exosomes with desired drugs such as 
pioglitazone may likewise enhance the efficacy of 
exosomes. [51, 65] Pioglitazone pretreated MSCs-Exos 
were extracted and found to promote the angiogenic 
capacity of HUVECs in a high glucose injury 
environment by activating the PI3K/AKT/e NOS pathway, 
thereby accelerating DFU wound healing[8, 66]. As 
therapeutic carriers, exosomes strengthen the therapeutic 
efficacy of many drugs and anti-inflammatory factors. To 
this end, the usage of exosomes to deliver inflammatory 
chemotherapeutic mediators and drugs including Rv, pro-
inflammatory cytokine targeted therapy, and others, 
which offers the promise of promoting DFU wound 
healing and ending chronic inflammation with its 
advantages of target specificity, immune privilege, and 
easier handling compared to other delivery methods. 
 
 
 
 

6.4 Potential of Exosomal ncRNAs (non-coding 
RNAs) as Novel Biomarkers and New Cell-
Free Therapies in the Diagnosis, Monitoring, 
and Treatment of Diabetic Complications 

Exosomal ncRNAs are intimately involved in the 
development and progression of the diabetic foot through 
multiple molecular mechanisms. On the one hand, 
exosomal ncRNAs may serve as novel biomarkers in the 
early prevention, diagnosis, disease monitoring, and 
assessment of treatment efficacy of the diabetic foot. In 
future studies for clinical applications, more exosomal 
ncRNAs are sought as novel biomarkers in human body 
fluids. On the other hand, loading targeted drugs such as 
agonists or inhibitors of ncRNAs into specific exosomes 
or screening exosomes naturally rich in certain ncRNAs 
and then introducing the exosomes into the body and 
transporting their molecular carriers to specific cells (e.g. 
human retinal endothelial cells, podocytes, fibroblasts, 
etc.) are the treatments of diabetes complications[12]. 
Stem cell-derived exosomal ncRNAs are a potential novel 
therapeutic agent in cell-free therapy due to their unique 
biological properties. 
Therefore, the possibilities of secretion in the clinical use 
of diabetic foot need to be further exploited for the sake 
of better comprehension of the possible impact of 
exosomes on future treatments. 

7. Advantages and Limitations of Msc-
Derived Exosomes as Carriers 

7.1 Advantages 
Exosomes have been developed as drug delivery carriers 
for the treatment of various diseases and have the 
advantages of non-cytotoxicity, low immunogenicity, 
high circulating stability, and biocompatibility compared 
to cellular therapies. [67] Exosomes are a potential drug 
for the treatment of various inflammatory conditions and 
diseases, and as a therapeutic vehicle, exosomes enhance 
the therapeutic effects of many drugs and anti-
inflammatory factors. Exosomes have the advantage of 
the site- or organ-specific delivery and small size and low 
molecular weight. [68] Exosomes have been 
demonstrated to be stable and effective in targeting 
specific tissues, and the cellular targeting function of 
exosomes strengthens their role as drug delivery 
nanoplatforms while protecting their carriers from 
degradation. Exosomes are equipped with therapeutically 
specific and sensitive and can be enhanced by fine-tuning 
the method of isolation of nanoparticles, as NanoPoms 
discussed[69]. Other types of ev and nanoparticles have 
limitations in clinical applications. For example, synthetic 
nanoparticles have been developed as a means of drug 
delivery, but injecting synthetic drug-laden nanoparticles 
into the bloodstream has two thorny problems, toxicity, 
and rapid phagocytic clearance. In contrast, exosomes 
solve the problems faced by other nanoparticle 
alternatives by allowing passage through the blood-brain 
and mucosal barriers and decreasing the incidence of drug 
resistance development[50,52,62,]. Compared to 
administration via polyethylene glycol-modified 
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nanoparticles, allogeneic exosomes collected from patient 
tissues and blood appear to have low immunogenicity, 
reducing the chance of toxicity and immune response 
while decreasing the rate of clearance of exosomes and 
their cargo by the mononuclear phagocyte system[52]. 

Moreover, exosomes are highly stable on account of their 
hard lipid membranes which resist rupture during freeze-
thaw cycles in a hypotonic environment. [70]Table 1 
summarises the mechanisms and range of applications of 
the different drug-loading[87] 

 

Table 1. The mechanisms and range of applications of the different drug-loading 

Drug-loading Strategy Structure diagram 
Main drug-loading 

mechanism 
Application range Ref 

Fabricating high 
drug-loading 

nanomedicines with 
porous materials as 

carriers 

Inorganic 
porous materials 

as carriers 

MSNPs/MCSNPs/MMSNPs Noncovalent 
electrostatic/π–π 

stacking/hydrogen bond 

Hydrophobic drugs 
mostly; peptides, 
proteins, and gene 
drugs sometimes 

[88-
89] 

MCNPs [90] 

MMCNCs [91] 

MOFs as 
carriers 

MOFs 
Coordinate bond/π–π 
stacking/hydrophobic 

interaction 

Hydrophobic drugs 
mostly; gas drugs 

sometimes 
[92] 

Protein NPs as 
carriers 

PNPs 

Covalent bond with protein 
scaffold/π–π 

stacking,hydrophobic 
interaction with surface of 

PNPs 

Hydrophobic drugs 
mostly; peptides 
and gene drugs 

sometimes 

[93] 

Fabricating high 
drug-loading 

nanomedicines with 
drug as part of 

carrier 

Polymer-drug 
conjugates 

Linear polymer–drug 
conjugate 

Covalent bond with 
polymer 

Hydrophobic drugs 
mostly; codelivery 
with hydrophilic 
drug/gene drugs 

sometimes 

[94] 

Branched polymer–drug 
conjugate 

[95] 

ICP I-type 
nanomedicines 

ICP I-type Coordinate bond 

Drug with 
complexing ability 
(hydrophobic drugs 

and hydrophilic 
drugs) 

[96] 

Carrier-free 
nanomedicines 

Drug 
nanocrystals 

 Crystallization 
Hydrophobic drugs 

mostly 
[97] 

Amphiphilic   
drug–drug 
conjugate 

 Covalent bond 
Hydrophobic–

hydrophilic drug 
pairs 

[98] 

CP 
nanoparticles 

MBioFs 
Coordinate bond 

hydrophobic drugs 
and hydrophilic 

drugs 

[99] 

ICPII-type [100] 

Abbreviations: MCNPs, mesoporous carbon 
nanoparticles; MCSNPs, mesoporous calcium silicate 
nanoparticles; MMCNCs, mesoporous magnetic colloidal 
nanocrystal clusters; MMSNPs, mesoporous magnesium 
silicate nanoparticles; MOFs, metal-organic frameworks; 
MSNPs, mesoporous silica nanoparticles; PNPs, protein 
nanoparticles; ICP, infinite coordination polymer; CP, 
coordination polymer; MBioFs, metal–biomolecule 
frameworks. 

7.2 Limitations 
Although there are many advantages to employing 
exosomes as drug carriers for the delivery of various 
mediators, some limitations remain to be considered. The 
loading capacity of exosomes has been identified as a 
potential problem for exosomal drug delivery. As 
exosomes naturally have proteins and nucleic acids, they 
may have a lower capacity compared to other nanoparticle 
delivery methods. Taking into account the associated drug, 

the method of loading the drug into the exosome, and the 
type of tissue from which the exosome originates, studies 
have observed a low range of approximately 3% to a high 
range of 26% for exosome volume. [52] Ev has been 
shown to have a limited ability to carry larger nucleic acid 
cargoes than siRNAs or miRNAs. [71] This limitation 
may also apply to exosomes. Additionally, bone marrow 
MSC transplantation carries the risks of possible immune 
rejection, poor tissue implantation, and survival rates after 
transplantation and prospective tumorigenicity. [72] 
Therefore, further development of stem cell therapy has 
encountered significant difficulties. Despite this, the 
potential of exosomes as a drug delivery method is still 
promising. 
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8. Comparison of Different Sources 
Mscs-Derived Exosomes for The 
Treatment of Diabetic Foot 

Multiple types of stem cell-derived exosomes have been 
shown to transport various proteins and RNAs and 
mediate multiple cellular pathways to promote 
granulation tissue formation, angiogenesis, the release of 
various growth factors/vascular factors, modulate 
inflammatory and immune responses, improving the 
healing process of diabetic wounds in plenty of 
dimensions and imposing a positive impact on tissue 
repair. MSCs-derived exosomes of various origins as cell 
therapy for the treatment of DFU have attracted a lot of 
attention in the clinical setting. Studies have indicated that 
not all MSCs-derived exosomes act in the same way. 
Investigators performing proteomic analysis of 
differences in neurotrophy, axon guidance, axon growth, 
and neural differentiation protein secretion among MSCs 
of different tissue origins found that BM-SCs may be the 
most favorable therapeutic option for reducing oxidative 
stress, whereas human umbilical cord pericytes 
(HUCPVCs) and ADSCs are free from excitability and 
toxicity. On the other hand, HUCPVCs distinguished 
themselves in degrading abnormal targeted proteasomes 
[73]. When exosomes from ADSCs overexpressing Nrf2 
were used to treat foot wounds in diabetic rats, a 
significant reduction in ulcer size was observed. Increased 

levels of granulation tissue formation, angiogenesis, and 
growth factor expression, as well as reduced levels of 
inflammation and oxidative stress-related proteins, were 
detected in the wounds. [74] Exosomes of bone marrow 
and umbilical cord origin have been reported to inhibit the 
growth and induce apoptosis of U87MG glioblastoma 
cells in vitro, whereas adipose-derived ones facilitate cell 
growth. Moreover, the placenta has drawn wide attention 
as an alternative source of MSCs due to its extensive 
availability and accessibility. The placenta is a transient 
fetal-maternal organ that is disposed of after delivery and 
does not involve invasive surgery, making it a more 
ethically favorable source. Recovery of large numbers of 
PMSCs from small pieces of tissue has also been reported. 
[75,76] Unlike most human tissues, placentas have lower 
levels of DNA methylation and they are also more 
compatible with the human genome. [77] As the placenta 
is a highly vascularised organ, it is logical that MSCs 
isolated from the placenta should have stronger 
angiogenic properties. [78,79] This hypothesis is further 
supported by research. In conclusion, PMSCs are readily 
available, and ethically popular, which can be easily 
isolated and have high cell yields. Their characteristics are 
similar to those of bone marrow MSCs, which serve as the 
gold standard, and are highly immunomodulatory. The 
mechanism by which these cells and their secretome 
promote angiogenesis is through the regulation of small 
sites of cells [80]. Table2 concludes the mechanisms of 
MSCs-derived exosomes from different origins. 

 

Table 2. The mechanisms and research approachof MSCs-derived exosomes from different origins 

MSCs-derived 
exosomes from 
different origins 

Mechanisms Research approach Ref 

BM-SCs 
Activation of PI3K/AKT signaling pathway 

through miRNA-126-mediated PTEN 
downregulation 

Subcutaneous injection [101] 

UC-MSCs 
Promotes migration of human microvascular 
endothelial cells and activates the angiogenic 

response of receptor endothelial cells 

By promoting streptozotocin 
induction and serum-free medium 

(MCDB131) 
[102] 

ADSCs 

Inhibits reactive oxygen species (ROS) and 
inflammatory factors to enhance cellular 
activity, proliferation and angiogenesis of 

EPC 

Transplantation [103] 

PMSCs 
Highly vascularized, hypermethylated and 
more compatible with the human genome 

immunomodulatory 
Intramuscular injection [80] 

9. Conclusion and Future Perspectives 

The prevalence of diabetes mellitus is rising rapidly 
worldwide and has not been effectively controlled yet[81]. 
Treatment of diabetic foot is costly and patients have a 
high recurrence rate[82] and there is a lack of effective 
treatments. In regenerative medicine, stem cell therapy is 
broadly used and is an effective strategy for tissue repair 
and regeneration that has shown remarkable results in 
promoting wound healing. Stem cells from a variety of 
tissue sources such as bone marrow, adipose, and 

umbilical cord are readily available and are favored by the 
research community. With further studies, we have found 
that MSC-exos may treat DFU by promoting coagulation, 
modulating inflammation, and vascularisation, increasing 
collagen deposition, reducing scar formation, and 
stimulating wound re-epithelialization. Additionally, 
MSC-exos are enriched with a variety of nucleic acids, 
multiple proteins, and bioactive lipids that act primarily 
as intercellular communication carriers, delivering these 
substances between cells and thus triggering biological 
responses in the receptor cells. And the signal can be 
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transmitted across species.[85] As stem cells and 
exosomes continue to be intensively studied in DFU fields 
and bioengineering techniques continue to evolve, there 
are still some issues in the clinical translation of exosomes 
that need to be addressed. Firstly, the lack of uniform 
standardization of exosomes is currently a major 
challenge, including extraction methods of simplification, 
purity, variability,  characterization, optimal sourcing, and 
immortalization, lacking uniformity and standardization 
of production and isolation procedures as well as optimal 
dosage and route of administration. Secondly, the 
complex composition of exosomes, which are rich in 
proteins, RNA, lipids, specific non-coding and miRNA-
modified exosomes of epitopes and metabolic enzymes, is 
still unclear in terms of their function and mechanism of 
action, requiring longer experimental cycles to validate 
their safety. Thirdly, although MSCs-Exos has exhibited 
potential therapeutic value in DFU models, most of the 
relevant studies are fundamental experiments, and only a 
few clinical trials have reported the therapeutic effects of 
MSCs-Exos[86]. Therefore, it needs to overcome the 
obstacles between fundamental and clinical experiments. 
The animal model cannot fully replace the simulated 
human environment and thus cannot be considered 
clinically effective. Fourth, according to the GMP/GCP 
guidelines, the commercial production of exosomes on a 
large scale is inefficient and cannot meet the needs of 
clinical treatment[83]. Fifth, it needs to urgently address 
the issues of cell sources and types, isolation methods, 
doses used, transplantation methods, and amplification 
methods faced in exosome therapy. Therefore, larger-
scale preclinical and clinical studies are needed to design 
and optimize the steps and methods for the clinical 
application of MSC-derived stem cell exosomes in the 
treatment of diabetic foot. Recent studies have 
demonstrated the potential of exosomes for the treatment 
of diabetic foot by combining biomaterials, combined 
with hydrogels and as a carrier. The potential of ncRNA 
(non-coding RNA) from exosomes as new biomarkers 
and new cell-free therapies in the diagnosis, monitoring, 
and treatment of diabetic complications is non-negligible. 
In the future, a uniform and standardized guideline 
specification for purification and isolation techniques 
should be established, with permission for clinical 
application obtained, designing large sample, multi-center 
clinical studies to validate the safety and efficacy of 
exosomes in DFU therapy. 
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