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Abstract: Diabetic foot ulcers (DFUs) are a serious complication of diabetes and the main cause of nontraumatic 
lower limb amputations, resulting in a serious economic burden on society. The main causes of DFUs include pe-
ripheral neuropathy, foot deformity, chronic inflammation, and peripheral artery disease. There are many clinical 
approaches for the treatment of DFUs, but they are all aimed at addressing a single aetiological factor. Stem cells 
(SCs), which express many cytokines and a variety of nerve growth factors and modulate immunological function in 
the wound, may accelerate DFU healing by promoting angiogenesis, cell proliferation, and nerve growth and regulat-
ing the inflammatory response. However, the survival time of SCs without scaffold support in the wound is short. 
Multifunctional gel wound dressings play a critical role in skin wound healing due to their ability to maintain SC 
survival for a long time, provide moisture and prevent electrolyte and water loss in DFUs. Among the many methods 
for clinical treatment of DFUs, the most successful one is therapy with gel dressings loaded with SCs. To accelerate 
DFU healing, gel wound dressings loaded with SCs are needed to promote the survival and migration of SCs and 
increase wound contraction. This review summarizes the research advancements regarding multifunctional gel 
wound dressings and SCs in the treatment of DFU to demonstrate the effectiveness and safety of this combinational 
therapeutic strategy.
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Introduction

Diabetes can lead to many complications, 
among which diabetic foot ulcers (DFUs) are 
one of the most serious. It is estimated that 
approximately 19-34% of diabetic patients 
develop DFUs in their lifetime. The International 
Diabetes Federation (IDF) has reported that 
approximately 91-26.1 million people develop 
DFUs every year [1, 2]. Poor DFU healing results 
in chronic wound development, which usually 
leads to amputation. DFUs are the main cause 
of nontraumatic lower limb amputations [3]. 
The main pathogenic factors of DFUs are  
chronic inflammation, peripheral artery disease 
and peripheral neuropathy. In addition, blood 
glucose may be poorly controlled for a long 
period in diabetic patients, and hyperglycaemia 
results in peripheral nerve fibre damage 
through a variety of mechanisms, including the 
activation of protein kinase C, the formation of 
advanced glycation end products, DNA damage 
and chronic inflammation [4].

Chronic inflammation plays a critical role in the 
pathogenesis of DFU. A variety of inflammatory 
cells have been observed to accumulate in the 
dermis and around the blood vessels of skin 
wounds in diabetic mice [5]. The characteris- 
tics of chronic inflammation in DFUs show an 
increase in the number of proinflammatory M1 
macrophages and a decrease in the number of 
anti-inflammatory M2 macrophages. Studies 
have demonstrated that chronic inflammation 
is characterized by high expression levels of 
proinflammatory cytokines, such as interleu-
kin-1 (IL-1), interleukin-6 (IL-6) and tumour 
necrosis factor-alpha (TNF-α) [6]. In addition, 
oxygen supply plays a significant role in cell 
metabolism and energy production. Deficienci- 
es in tissue perfusion and oxygen supply in 
DFUs due to microvascular and macrovascular 
lesions lead to hypoxia and delayed wound 
healing [7]. Moreover, peripheral vascular dis-
ease influences the blood flow of the lower 
extremities, which results in hypoxia in DFU 
healing. Some studies demonstrated that dia-
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betic neuropathy is closely related to microcir-
culation in DFUs [8, 9]. After skin trauma, 
peripheral nerve fibres are stimulated and pro-
duce a variety of neuropeptides around the 
skin wound. Neuropeptides are composed of P 
substances, neuropeptide Y and calcitonin 
gene-related peptides (CGRPs), which affect 
the functions of many cells, including mast 
cells, endothelial cells, fibroblasts, and kerati-
nocytes, and accelerate angiogenesis, granula-
tion tissue formation and re-epithelization in 
wound healing. These neuropeptides are criti-
cal regulatory factors in skin wound healing and 
can promote the proliferation of keratinocytes 
and dermal cells, promote nerve growth and 
maintain skin pain sensations, which are ben-
eficial to DFU healing [10, 11].

Treatment strategies for DFUs include wound 
dressing, nonsurgical debridement, hyperbaric 
oxygen therapy, negative pressure wound ther-
apy, human growth factor administration, skin 
transplantation and bioengineering approach-
es, stem cell (SC) therapy, vascular transplanta-
tion, blood glucose regulation and systemic 
therapy [12, 13]. Synthetic wound dressings 
include acrylic, membrane, foam, hydrocolloid, 
water fibrous and gel dressings. These wound 
dressings have been substituted for traditional 
dressings. The ideal wound dressing has the 
following characteristics: maintains wound 
cleanliness, provides a moist wound environ-
ment, prevents secondary infection, removes 
wound exudates, and promotes wound angio-
genesis, granulation tissue regeneration and 
nerve growth. Choosing appropriate dressings 
for different types of wounds can promote 

can absorb the smallest amount of fluid by 
expansion, but they can also perform autolysis 
debridement on dry wounds and maintain a 
moist wound environment. Due to their high 
water content, gels can decrease wound tem-
perature, accelerate granulation tissue forma-
tion and re-epithelialization, and alleviate pain. 
They allow the penetration of gas and water 
and can seal wounds and limit bacterial inva-
sion [16].

However, ischemia, infection, peripheral neu-
ropathy and glucose metabolism disorders 
often result in delayed DFU healing. Recent 
advances in research on the cellular and molec-
ular complexities of wound healing indicate 
that coagulation, inflammation, cell migration, 
and proliferation are critical steps for tissue 
healing and remodelling. SCs can be derived 
from a wide range of sources, have the poten-
tial for self-renewal and differentiation, can syn-
thesize various growth factors needed for 
wound healing and modulate immune function, 
which make SC therapy a new option for tissue 
repair and regeneration [17]. An increasing 
number of diseases can be ameliorated by SC 
therapy, including myocardial infarction, severe 
skin burns, Parkinson’s disease, and DFUs [18].

In this review, we summarize the therapeutic 
effects and mechanisms of a variety of gel 
wound dressings and SCs and analyse the 
advantages of both dressings and SCs in the 
treatment of DFUs. We propose that therapy 
with gel wound dressings loaded with SCs is a 
promising treatment strategy for DFUs.

Figure 1. Classification of the different dressing types commonly used in 
DFU treatment [14].

wound healing (Figure 1) [14]. 
However, existing dressings 
cannot meet all the require-
ments of DFU treatment. The 
correct choice of dressing de- 
pends on the type of wound, 
the stage of wound develop-
ment, the extent of injury, the 
condition of the patient and 
the tissue involved. Gels are 
complex hydrophilic organic 
cross-linking polymers com-
posed of a water base of 
80-90% [15]. These gels can 
conform freely to the shape of 
the wound to form amorphous 
or fixed flexible sheets. They 
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Application of stem cells in DFUs

Wound healing mainly comprises the following 
processes: haemostasis, inflammation, cell 
proliferation and wound remodelling. These 
processes involve a variety of cell types, many 
cytokines and extracellular matrix (Figure 2) 
[19]. The potential mechanism of DFU forma-
tion is unclear. The impaired healing of DFUs  
is related to hypoxia, vascular formation dam-
age, reactive oxygen species damage, chronic 
inflammation and neuropathy [20]. However, 
some clinical treatments are ineffective for 
many patients due to cell damage, as cell func-
tions around the wound are affected in DFUs 
[21]. To resolve this problem, SCs may be 
employed to recruit many cells, produce a vari-
ety of growth factors and synthesize additional 
proteins in the wound [22-25]. SCs have a 
unique differentiation ability that plays an 
important role in wound healing. SCs can mobi-
lize to ischemic and injured tissues, where they 
secrete chemokines and growth factors and 
promote angiogenesis and the synthesis and 
remodelling of extracellular matrix. Therefore, 
SCs play an important role in wound healing 
[26]. However, SC therapy still has problems of 
immune rejection, limited differentiation and 
proliferation ability of SCs and chromosomal 
variation of SCs [27].

Many types of SCs are used in the treatment of 
skin wounds, such as bone marrow mesenchy-
mal SCs (BMMSCs), umbilical cord mesenchy-
mal SCs (UCMSCs), peripheral blood SCs 
(PBSCs), adipose-derived mesenchymal SCs 
(AMSCs), placenta-derived mesenchymal SCs 
(PMSCs), human amniotic fluid-derived stem 
cells (AFMSCs), and human gingival-derived 
mesenchymal SCs (GMSCs). Currently, BM- 
MSCs are the most frequently used type [28]. 
BMMSCs have the potential to treat DFUs, and 
may be the best cell type for this purpose. 
Compared with other types of SCs, UCMSCs 
have many advantages, including a rich variety 
of sources, relative safety and short culture 
time in vitro. Many studies have shown that 
UCMSCs have similar characteristics, including 
fibroblast morphology, typical immunopheno-
type markers and multiple differentiation 
potential [29]. In addition, UCMSCs have low 
immunogenicity [30, 31]. Studies of the use of 
AMSCs, PMSCs and AFMSCs in DFU healing 
have been performed, but no clinical trials have 
been reported. Human gingival-derived mesen-
chymal SCs (GMSCs) were studied in a model of 
cut-off wounds, but the data were very limited. 
Recent research has demonstrated that human 
induced pluripotent SC-derived smooth muscle 
cells (hiPSC-SMCs) also have the potential to 
accelerate wound healing in diabetes [32].

Figure 2. Phases of wound healing and the role of biopolymers during each phase of wound healing [19].
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The wound surface of DFUs is characterized by 
chronic trauma, exhibiting peripheral neuropa-
thy, poor collagen synthesis, chronic inflamma-
tion, decreased growth factors, vascular forma-
tion disorder and difficulty in epidermal regen-
eration. Peripheral neuropathy results in 
lesions of sensory, motor, and autonomic 
nerves and impaired function in the lower 
extremities (Figure 3) [33]. However, there are 
many pathogenic factors related to peripheral 
neuropathy, including hyperglycaemia, nonen-
zymatic glycation, oxidative stress, ischemic 
hypoxic factors, abnormal nerve growth fac-
tors, polyol pathway activation, and immune 
abnormalities [34]. These factors can lead to 

microvascular disease of the lower extremities, 
which aggravates ulcers. Thus, therapy for dia-
betic peripheral neuropathy may prevent or 
contribute to the recovery of DFUs, which 
decreases the risk of lower limb amputation. 
Research has shown that denervation causes 
difficulty in wound enlargement and re-epitheli-
zation and decreases the axon density of the 
epidermis and dermis, resulting in delayed 
wound healing [35].

Studies have shown that the density of skin 
fibres and the level of neuropeptides decrease 
after peripheral nerve transection, where the 
skin loses its innervation, which leads to a 
decrease in cell proliferation around the wound 
and wound healing delay. BMSCs synthesize a 
variety of antioxidant, neuroprotective, angio-
genic and immunomodulatory factors, which 
are decreased in the peripheral nerves of DFUs 
[28]. In addition, increases in these factors can 
be improved by incubating BMSCs under pre-
treatment stimulation in vitro, thus enhancing 
their therapeutic effect on wounds. Studies 
have shown that BMSCs can express these fac-
tors after pretreatment in vitro. In these stud-
ies, BMSCs expressing these factors were 
transplanted into DFUs. Wound-protective fac-
tors promoted the healing of multiple neuropa-
thies and prevented the formation of DFUs. 
Moreover, these factors significantly restored 
the efficacy of diabetic polyneuropathy, in- 
creased the density of epidermal nerve fibres, 
reduced the apoptosis of neurons and Schwann 
cells, promoted angiogenesis, and reduced 
chronic wound inflammation [36].

Types of gel wound dressings and their appli-
cation in wound healing

Traditional dressings mainly include bandages, 
sterile gauze, and cotton pads. Moisturizing 
dressings include membranes, gels, hydrocol-
loids, foams and water fibres. Dressings 
impregnated with antimicrobial agents can be 
used for wounds with surface infection or at 
high risk of infection. In recent years, gels have 
been extensively studied as wound dressings. 
Gels can maintain the moisture of the wound 
and promote wound angiogenesis and cell pro-
liferation. They have been proven to be benefi-
cial for skin tissue engineering [37].

Gels comprise a single or mixed hydrated poly-
mer, showing gelation. Covalent or noncovalent 

Figure 3. Diabetic foot ulcers and their recurrences 
are caused by a number of factors that ultimately 
lead to skin breakdown. These factors include se-
quelae related to sensory, autonomic, and motor 
neuropathies [33].
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cross-linking can be used to control their expan-
sion capacity and maintain their conformation-
al structure, features conducive to maintaining 
a moist environment surrounding the wound. In 
addition, gels may reversibly expand or con-
tract in an aqueous environment at a specific 
pH and ionic strength. Gel wound dressings are 
suitable for dry wounds but not for exudative 
wounds. These wound dressings have flexibility 
and no antigenicity and are conducive to the 
infiltration of water, oxygen and metabolites. 
They usually interfere with the removal of 
wounds [38]. Polymers consist of synthetic or 
semisynthetic methacrylate polymers, methyl 
cellulose, propylene glycol, pectin, collagen, 
alginate, and chitosan. The insoluble methylac-
rylate polymer has a certain tension, and it 
forms a three-dimensional network by combin-
ing with synthetic or semisynthetic hydrophilic 
water [39]. Necrotic tissue and pathogenic 
microorganisms can be incorporated into gel 
dressings, and ulcers can be healed. The gels 
may maintain a moist environment on the 
wound surface, which stimulates new granula-
tion tissue growth and epithelial cell migration. 
Because the gels of wound dressings have high 
water content, they can reduce pain by cooling 
wounds [40].

Alginate is one of the most critical polysaccha-
rides employed in tissue engineering and drug 
release research. Alginate is abundant in 
nature and is mainly found in marine brown 
algae, sarcophagus, polycystis and some soil 
bacteria pod polysaccharides. It consists of 
b-d-mannuronic acid and a-l-gulolacturonic 
acid residues. Alginate can interact with diva-
lent cations (such as Ca2+, Mg2+, Ba2+ and Mn2+) 
to form a reversible gel, which can be cross-
linked with G-residues of the sodium alginate 
chain through ionic interactions [41]. Alginate 
can be used as a three-dimensional scaffold 
for cell transplantation and in biomaterial 
wound dressings because of its simple cross-
linking and processing. In addition, alginate has 
good biocompatibility, low toxicity and good 
adhesion. However, alginate gels may undergo 
uncontrolled degradation and dissolution after 
the loss of divalent cationic cross-linkers. To 
resolve this problem, covalent/ionic cross-link-
ing can be employed as a substitute for other 
biopolymers, such as gelatine, heparin, polyvi-
nyl alcohol, and chitosan. Another major disad-
vantage of alginate biomaterials is that they 

can not be effectively and rapidly degraded in 
mammalian wounds. Calcium alginate gel 
wound dressings are effective in absorbing  
exudates from wounds. Therefore, these types 
of dressings are beneficial for DFU debride-
ment and healing [42, 43].

Gelatine is derived from collagen derivatives. It 
has low antigenicity and good biocompatibility 
and is simple to synthesize. In medicine and 
biomedical applications, it is usually used as a 
gel scaffold. Gelatine can be obtained by the 
denaturation of collagen under acidic or alka-
line conditions [44]. Therefore, according to the 
different collagen pretreatment methods, two 
different types of gelatine can be obtained. The 
pretreatment of gelatine under acidic or alka-
line conditions affects the isoelectric point of 
biomaterials. Various manufacturers synthe-
size gelatine biomaterials with different iso-
electric points according to pH values from 
acidic to alkaline. This variation in the isoelec-
tric point value is important because it affects 
the combination of gelatine with positively  
or negatively charged biological molecules. 
Alkaline gelatine is the best carrier for acid bio-
active molecules, and it can be used to release 
alkaline bioactive substances [45].

In recent years, fibrin biomaterials (such as 
modified/cross-linked fibrin and fibrin complex-
es) have attracted much attention as drug and 
cell scaffolds in tissue engineering applica-
tions. Fibrin gels can enhance wound angiogen-
esis and neurite outgrowth [46]. A major draw-
back of fibrin gels is that they have low mechan-
ical hardness and may degrade quickly in 
wounds. Fibrin gels are composed of a combi-
nation of fibrinogen and thrombin and are 
formed through enzymatic hydrolysis. Thus, the 
final structural state of fibrin gels is dependent 
on many factors, such as thrombin and fibrino-
gen concentrations, local pH, ionic strength, 
and local calcium concentration. Studies have 
shown that the use of fibrin gels loaded with 
haematopoietic SCs can promote wound heal-
ing. Pluripotent SCs can differentiate into fibro-
blasts, keratinocytes and endothelial cells, 
which may play important roles in wound heal-
ing [47].

Polyethylene glycol can be mixed with other 
polymers, such as chitosan and lactic-co-gly-
colic acid copolymer propylene fumarate, to 
adjust its inherent solubility, corrosiveness, 
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mechanical and thermal properties, crystallini-
ty and viscosity. Gels composed of polyethyl-
ene glycol composite biomaterials have been 
widely utilized in many biomedical fields, such 
as wound dressings and drug carriers [48]. 
These gels promote skin cell proliferation, 
enhance collagen deposition and reduce scar 
formation, and they have been shown to accel-
erate DFU healing. Polyethylene glycol can be 
combined with other polymers, such as poly-
caprolactone, and can be loaded with growth 
factors, such as epidermal growth factor (EGF) 
and basic fibroblast growth factor (bEGF), to 
accelerate skin wound healing by promoting 
angiogenesis, collagen synthesis and re-epi-
thelization [49].

Polyvinylpyrrolidone gels have good hydrophilic-
ity and biocompatibility. As biomaterials, they 
have been widely favoured in wound dressings. 
They also have water absorption ability and  
oxygen permeability. Polyvinylpyrrolidone gels 
are inexpensive to produce, and their synthesis 
process is simple, safe and efficient. Poly- 
vinylpyrrolidone can be mixed with other poly-
mers (such as agar, cellulose or polyethylene 
glycol) or cross-linked with carbodiimide [50]. 
The solubility, erosive properties, mechanical 
properties, softness, and elasticity of polyvinyl-
pyrrolidone can be modulated by cross-linking 
with these other polymers. Studies have  
shown that when S-glutathione, an endogenous 
glutathione, or its oligomeric derivative chelat-
ing agent is grafted onto vinyl methyl ether 
maleic anhydride, a complex is formed with 
polyvinyl pyrrolidone complex gels, which can 
release nitric oxide on the wound surface. 
Compound gels of wound dressings can release 
NO continuously, and the local release of NO 
can accelerate wound healing [51].

Poly (hydroxyethyl methacrylate) (pHEMA) has 
good biocompatibility and nondegradability. 
This polymer can form gels for use as wound 
dressings to promote wound healing. The final 
physicochemical properties, adsorption and 
permeability of the polymer depend on the syn-
thesis method and conditions, the chemical 
properties of the comonomer and the cross-
linking agent, and the final cross-linking degree. 
Polymer gels composed of pHEMA usually have 
good oxygen permeability, water absorption, 
and biocompatibility and are nontoxic. pHEMA 
gels have been used in wound dressings, and 
many bioactive substances can be incorporat-
ed into these materials [48].

Application of gel scaffolds loaded with SCs in 
DFU therapy

Combination therapy of biomaterials and SCs 
has attracted extensive attention in the treat-
ment of DFUs. These advanced biomaterials 
can maintain cell viability and promote SC pro-
liferation and differentiation. The theory of 
wound wetness has attracted the attention of 
scholars. A moist wound environment is instru-
mental for cell proliferation and angiogenesis 
[52], and new tissue engineering strategies 
have been introduced in the treatment of DFUs. 
Combination therapy with SCs and composite 
biomaterials will be helpful to determine the 
characteristics of SCs and biomaterial scaf-
folds that are conducive to DFU healing. The 
use of multifunctional wound dressings com-
bined with SC therapy represents a major 
breakthrough.

The chronic inflammatory response in DFUs 
involves a variety of cytokines [14], including 
proinflammatory and anti-inflammatory cyto-
kines. Proinflammatory factors result in the 
aggravation of inflammation. Anti-inflammatory 
factors can suppress the synthesis of proin-
flammatory factors, influence the antigen pre-
sentation ability of monocytes, inhibit the func-
tion of T and B cells, and maintain the balance 
of the cytokine network in the body [53]. 
Therefore, treatment strategies that regulate 
the inflammatory response can promote skin 
wound healing. Combination biomaterial gels 
composed of dermal matrix, MSCs, and timolol 
have been shown to accelerate DFU healing in 
mice by modulating the production of inflam-
matory factors. Furthermore, studies have 
demonstrated that in the early inflammatory 
stage of the wound healing process, a com-
pound gel loaded with BMSCs can decrease 
the levels of proinflammatory cytokines includ-
ing IL-1β and IL-6, inhibit granulocyte infiltra-
tion, and change the ratio of M2/M1 macro-
phages. Importantly, the proliferation of vascu-
lar endothelial cells has been observed with 
this treatment. In general, combination gels 
have successfully increased wound healing and 
reduced the wound inflammatory reaction in 
diabetic patients with chronic wounds [54].

Viezzer et al. synthesized a new chitosan-poly-
urethane gel membrane. The gel membrane 
had low cytotoxicity and promoted wound heal-
ing when it was used in conjunction with BMSCs 
in diabetic rats. Biodegradable gels were pro-
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duced in block copolymer networks and, com-
bined with chitosan blocks and biodegradable 
polyurethanes. Research has demonstrated 
that this type of gel membrane has interesting 
properties that make it suitable for promoting 
DFU healing [55]. In an animal experiment, 
AMSCs were preincubated in a hyaluronic acid 
sponge gel in neurogenic/standard medium 
and then transplanted into full-thickness 
wounds of diabetic mice. Acellular sponge gels 
were used in the control group. Four weeks 
after transplantation, a thicker and more differ-
entiated epidermis was observed in the group 
treated with cellular sponge gels. Two weeks 
post-trauma, an accelerated progression from 
the inflammatory stage to the proliferation 
stage was observed during wound healing in 
the experimental groups. However, the M2/M1 
ratio was significantly increased in the neuro-
genic preconditioning group, but it did not 
accelerate the growth of new nerves. The 
results of that study suggest that the use of 
sponge-like gels loaded with SCs is a promis- 
ing way to enhance the healing of DFUs by 
actively influencing the occurrence of re-epithe-
lialization and regulating the inflammatory 
response to promote neural innervation [56].

Hao et al. synthesized a new type of self-heal-
ing gel through the in situ cross-linking of 
N-carboxyethyl chitosan (N-chitosan) and adip-
ic acid dihydrazide (ADH) with hyaluronic acid 
aldehyde (HA-ALD), and the gels had hydrating 
and antimicrobial properties. The combination 
of biomaterials containing gels and SCs  
can promote the proliferation of SCs and the 
secretion of growth factors, which accelerates 
wound healing. The results showed that the 
injectable and self-repairing gels had good 
swelling properties, stability and mechanical 
properties. This biocompatible gel can regulate 
skin wound inflammation and promote granu- 
lation tissue formation, collagen deposition, 
nuclear cell proliferation, and neovasculariza-
tion by stimulating bone marrow stromal cells 
to secrete a variety of growth factors and regu-
lating the secretion of proinflammatory and 
anti-inflammatory factors [57].

A clinical experiment was conducted wherein 
hyaluronic acid gels loaded with UCMSCs and 
umbilical cord blood-derived endothelial colony 
forming cells (ECFCs) were injected into skin 
wounds. The results demonstrated that after 4 

weeks of therapy, the skin wounds of 6 patients 
healed completely, and the wounds of the 
remaining 6 patients were significantly reduc- 
ed. The study shows that the combination of 
UCMSCs, ECFCs and gels can safely accelerate 
the healing of refractory DFUs [58]. In addition, 
the effect of collagen as a dressing combined 
with SCs in the treatment of DFUs has been 
reported. Collagen gel scaffolds containing hiP-
SC-SMCs can promote DFU healing, and the 
mechanism of healing involves the increased 
production of anti-inflammatory factors by M2 
macrophages [32]. In addition, degradable col-
lagen gels combined with autologous skin fibro-
blasts and MSCs have been applied to treat 
DFUs. Over 29 days of treatment, the wound 
surface gradually diminished, and the thick-
ness of dermal vessels increased. These find-
ings demonstrated that the application of com-
bination therapy can increase the healing of 
DFUs [59].

A study demonstrated that collagen gels load-
ed with MSCs derived from non-diabetic bone 
marrow promoted the DFU healing by increas-
ing angiogenesis. Acceleration of wound heal-
ing as evaluated based on the percentage of 
wound contraction was observed only when 
large numbers of cells were used [60]. Another 
study showed that a combination of treatment 
involving SC exposure to osteopontin and SC 
implantation in collagen dressing gels both pro-
moted DFU healing and reduced the DFU area. 
Collagen gels and collagen gels loaded with 
SCs can increase angiogenesis in DFUs [61].

Nilforoushzadeh et al. reported a case of type 2 
diabetes with DFU-related osteomyelitis. The 
combination of chloroacetic acid, calcium algi-
nate and foam dressing and the injection of 
human fibroblasts and fibroblast seeding colla-
gen gels had a positive effect on DFUs. After six 
months of therapy, the wound area was greatly 
reduced, and collagen fibre proliferation was 
observed. These results suggest that this com-
bination therapy is very effective in the treat-
ment of DFU-associated osteomyelitis and can 
prevent amputation in DFU patients [62]. 
Peptide-based FHE gels (F127/OHA-EPL), which 
have antibacterial functions, synergize with 
AMSCs to accelerate skin wound healing by 
accelerating the healing of chronic wounds and 
facilitating entire skin regeneration in DFU 
patients [63]. In addition, bioactive materials 
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such as curcumin, aloe and hyaluronic acid 
have great potential in the treatment of DFU 
when combined with SCs as gel dressings [64]. 
With further research, gel wound dressings 
loaded with SCs will provide more treatment 
options for patients with DFU.

Damage to the blood supply caused by vascular 
disease is an important pathological factor of 
nonhealing DFUs. Local application of alloge-
neic BMSCs can increase angiogenesis to pro-
mote skin wound healing. Direct injection of 
BMMSCs into DFUs has been shown to result in 
a short cell survival time. Synthesized biomate-
rials composed of collagen gels loaded with 
BMSCs can support cell survival and improve 
the therapeutic effect. These synthesized bio-
materials can deliver BMSCs to DFUs and 
accelerate DFU healing. The potential mecha-
nisms of wound healing include increasing the 
paracrine activity of growth factors and chemo-
kines required for wound healing, promoting 
the differentiation of keratinocytes and increas-
ing the endothelial cell proliferation required  
for angiogenesis [65]. BMSCs can be carried by 
gel biomaterials and have the functions of 
immunosuppression and immunoregulation. 
Stem cell therapy can improve the rate of 
wound healing, promote new granulation tissue 
formation, promote angiogenesis, and increase 
the number of cells associated with wound 
healing. The combination of biomaterials and 
SC therapy in vivo can maintain the viability and 
function of cells [55]. Biomaterials such as col-
lagen gel can target a large number of SCs in 
the wound. It has been speculated that in an 
animal model of diabetic skin ulcers, the local 
application of collagen scaffolds inoculated 
with allogeneic BMSCs can promote wound 
angiogenesis and increase skin wound healing 
[60].

In addition, a study demonstrated that gellan 
gum hyaluronic acid (GG-HA) sponge gels load-
ed with microvascular endothelial cells and 
human adipose tissue-derived SCs (HASCs) 
accelerated DFU healing [66]. Functional 
wound dressings with specific physical, chemi-
cal and biological characteristics are very 
important for the treatment of DFUs [18, 67]. 
Accordingly, collagen, chitosan and alginate 
have been widely studied. Among the various 
types of dressings, collagen gel dressings can 
promote the migration, proliferation and differ-

entiation of a variety of cells associated with 
wound healing and the secretion of growth fac-
tors [68]. Chitosan is a type of natural high poly-
mer polysaccharide that is the only basic poly-
saccharide currently used in gel dressings. It is 
a bioactive polymer with antibacterial and other 
functional properties and is nontoxic, biode-
gradable and widely used [69]. Alginate is a lin-
ear polysaccharide mainly produced by brown 
algae in the marine environment. Alginate is 
composed of a linear block copolymer compris-
ing two monomer units. It is mainly used in drug 
release and plays a role in hemostasis and 
wound healing [70]. Studies of combination 
dressings are also being conducted. A study 
reported the feasibility of acetate/gelatine (CA/
gel) electrospinning pads with berberine (beri) 
as a special wound dressing for DFU [71]. How 
to combine these dressings with SCs is also a 
problem worthy of consideration in future 
research. In addition, the new wound dressings 
also include some nanomaterials. The results 
of several studies suggest broad prospects for 
the application of these materials in the treat-
ment of DFUs [72, 73]. These studies also pro-
vide a theoretical basis for the use of wound 
dressings and SCs in the treatment of DFUs.

Summary and future prospects

DFUs are a major cause of nontraumatic lower 
limb amputation. The pathophysiological study 
of DFUs has shown that DFUs can be caused by 
multiple factors. The process of DFU healing is 
complex, and improved understanding of the 
related mechanisms will facilitate the develop-
ment of targeted treatment for DFUs. Clinical 
treatment methods for DFUs mainly include the 
regulation of blood glucose and the nourish-
ment of peripheral nerves, skin flap transplan-
tation, wound debridement, arterial interven-
tional therapy, dressing use, cytokine applica-
tion, SC transplantation, hyperbaric oxygen 
therapy, antibiotic therapy and gene therapy 
[28, 74, 75]. In recent years, exosomes that 
can promote wound healing by transferring 
their mRNA, miRNA and protein to target cells 
have attracted extensive attention. Exosomes 
secreting specific antibiotics, cytokines, and 
nerve growth factors can promote DFU healing 
through a variety of pathways [76]. However, 
the most commonly used method of exosome 
administration is injection, which affects exo-
some function. Furthermore, DFU healing 
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requires a long time. Therefore, it is necessary 
to develop new wound dressings loaded with 
exosomes to maintain their bioactivity and 
accelerate DFU healing.

However, some DFUs are highly resistant to 
common treatment methods. SC-based thera-
pies, gene therapy and neuropeptide adminis-
tration are emerging treatments for chronic 
wounds that are refractory to standard thera-
pies. SCs that express specific cytokines and 
nerve growth factors by gene recombination 
technology, which accelerate DFU healing via 
multiple mechanisms, will be a future direction 
in the development of DFU therapies. The use 
of advanced biomaterials to maintain SC sur-
vival, proliferation and differentiation in combi-
nation therapy has attracted extensive atten-
tion. In this review, we provide an overview of 
the background and theoretical basis of 
SC-loaded wound dressing therapy as well as 
the latest research progress. The evidence pro-
vided supports the view that the clinical use of 
combination therapy comprising SCs and gel 
wound dressings will benefit DFU patients.
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