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Abstract
Nowadays, due to a growing number of tissue injuries, in particular, skin wounds, induction and promotion of tissue healing
responses can be considered as a crucial step towards a complete regeneration. Recently, biomaterial design has been
oriented towards promoting a powerful, effective, and successful healing. Biomaterials with wound management abilities
have been developed for different applications such as providing a native microenvironment and supportive matrices that
induce the growth of tissue, creating physical obstacles against microbial contamination, and to be used as delivery systems
for therapeutic reagents. Until now, numerous strategies aiming to accelerate the wound healing process have been utilized
and studied with their own pros and cons. In this review, tissue remodeling phenomena, wound healing mechanisms, and
their related factors will be discussed. In addition, different methods for induction and acceleration of healing via cell
therapy, bioactive therapeutic delivery, and/or biomaterial-based approaches will be reviewed.
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1 Introduction

Undoubtedly, proper function of organs is highly dependent
on their intrinsic ability of healing, remodeling, and
regeneration. Several factors can interfere with this proce-
dure and may lead to adverse conditions [1]. In particular,
skin injuries, such as burn wounds, diabetic foot ulcers,
surgical wounds, are currently considered as the most
common complications [2]. According to the related
reports, approximately 6% of the world population suffer
from chronic wounds, which costs almost more than US$20
billion for medical care, annually [3]. In fact, maintenance
of the integrity of the skin, the largest organ in the body,
which acts as a physical, chemical, and biological barrier, is
vital for a healthy life. Thus, in spite of vast markets in
wound healing products, there is growing demand for pro-
fessional wound treatment, especially in the case of chronic
wounds, to reduce the economic burden of healthcare as
well as raise the patient’s quality of life [2, 4]. Wound
healing is a complicated process in the body, which depends
on the presence of multiple types of cells, growth factors,
cytokines, and extracellular matrix (ECM). In order to pave
the way for ideal wound healing, comprehensive under-
standing about tissue remodeling and the healing process,
along with cell-cell/biomaterial interactions, are considered
important requirements that physicians must notice to
benefit from biomaterial assisted wound healing [5]. One of
the important aspects of successful regeneration is having a
comprehensive understanding of the tissue remodeling
process in order to emulate and induce it using suitable
biomaterials. Our group have recently published a review
discussing different types of bioactive materials and the
inflammatory response following material implantation.
Also, some approaches to modulate immune responses
against implants have been reviewed [6]. Here, we aim to
focus on tissue remodeling phenomena and wound healing
mechanisms upon implantation as well as strategies to
accelerate wound healing.

2 An overview of tissue remodeling

Tissue remodeling is a very complex phenomenon that
consists of the reorganization or renovation of existing
tissues. Actually, tissue remodeling can be referred to as
tissue adaptation (in structure and function) to new con-
ditions caused by various stimuli from inside or outside
the tissue. Therefore, this process can change the char-
acteristics of a tissue thereby altering in its dynamic
equilibrium and causing changes in cellular composition
and function. This process occurs physiologically or
pathologically and is important in health and disease
[7, 8].

2.1 Physiological tissue remodeling

Physiological tissue remodeling is an important mechanism
in embryonic development, postnatal growth, healing, and
improvement of health. The growth and remodeling of a
tissue depends on its mechanical environment and genetic
information. The mechanical environment can influence the
development of tissue morphology and increase the size of
existing structures, as well as the formation of proteins
constructed by the tissue. Physiological tissue remodeling
also occurs in some situations, such as ovulation and
Pregnancy [9–12].

2.2 Pathological tissue remodeling

Tissue remodeling can occur in all pathological conditions.
It is involved in hypertrophy, hypertension, ischemia,
atherosclerosis, and asthma [13]. For example, asthma is
characterized by a chronic inflammation of the airways. The
healing process results in structural changes that enable the
remodeling of the airways, which its mechanisms are
unknown. It seems to be a heterogeneous and very dynamic
process of cell dedifferentiation, migration, differentiation,
and maturation, which leads to changes in connective tissue
deposition and alters the restoration of the structure of air-
way. In the pathological remodeling of airways in asthma,
mucus gland hyperplasia, neovascularization, fibrosis, and
increase of smooth muscle mass occur [14].

2.3 Extracellular matrix remodeling

An ECM is a dynamic structure that is remodeled con-
tinuously to control tissue homeostasis. Mammalian ECM is
composed of around 300 proteins, known as the core
matrisome, which consist of 43 collagen subunits, 36 pro-
teoglycans (PGs), and ~200 complex glycoproteins. Col-
lagens are the main structural proteins of the ECM and exist
in fibrillar (collagens I–III, V, and XI) and non-fibrillar
forms. Collagen fibrils are responsible for the tensile
strength of the ECM. Proteoglycans, such as aggrecan,
versican, perlecan, and decorin, with attached glycosami-
noglycan (GAG) side chains are scattered among collagen
fibrils. They fill the extracellular interstitial space and are
responsible for water maintenance in the tissue. GAGs, such
as heparin sulfates, bind and sequester many growth factors
in the ECM. Glycoproteins, such as laminins, elastin,
fibronectins, thrombospondins, tenascins, and nidogen,
have different functions. Not only they play an important
role in ECM assembly, but are also involved in ECM–cell
interactions acting as ligands for cell surface receptors such
as integrins. Glycoproteins also store growth factors that
bound to the ECM to be released after proteolysis. In
addition to the mentioned proteins, there are many ECM-
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associated proteins that are not part of the matrisome. These
proteins play an important role in ECM remodeling and
include growth factors and cytokines, mucins, secreted C-
type lectins, galectins, semaphorins, plexins, and ECM-
modifying enzymes such as transglutaminase, lysyl oxidase,
and hydroxylase, which are involved in crosslinking
reactions.

The ECM can release growth factors, such as the epi-
dermal growth factor (EGF), the fibroblast growth factor
(FGF), and other signaling molecules including Wnts,
transforming growth factor-β (TGFβ), amphiregulin, etc.
After ECM cleavage, its components are released and they
can influence ECM architecture and cell behavior. Mean-
while, ECM remodeling as a complex and highly regulated
processes is started by cells through synthesis, degradation,
reassembly, and chemical modification in order to maintain
tissue homeostasis, particularly in response to injury. In
pathological conditions, dysregulated ECM remodeling is
observed, which can intensify the progression of the dis-
ease. For example, in fibrosis and cancer, abnormal
deposition and stiffness of ECM are observed. Cleavage of
ECM components, as the main process in ECM remodeling,
can take place through different families of proteases, as
presented below [15].

2.3.1 Matrix metalloproteinases

The main enzymes involved in ECM degradation are Matrix
metalloproteinases (MMPs), whose activity is increased
during repair or remodeling processes in diseased or
inflamed tissue. They are produced as soluble or cell
membrane-anchored proteinases, and can cleave specific
ECM components. Matrix metalloproteinases can regulate
the activity of several non-ECM bioactive substrates, and
consequently affect different cellular functions. Matrix
metalloproteinases are activated through proteolytic clea-
vage by Ser proteases or other MMPs, or via modification
of their thiol group by oxidation, such as reactive oxygen
species generated by leukocytes. Matrix metalloproteinases
can degrade all ECM proteins, and their proteolytic actions
on the ECM have crucial roles in organogenesis and
branching morphogenesis. They may also be involved in
vascular diseases such as hypertension, atherosclerosis,
aortic aneurysm, and varicose veins. Matrix metalloprotei-
nases play a role in the hemodynamic and vascular changes
associated with pregnancy and preeclampsia, as well
(Table 1) [16, 17].

2.3.2 Adamalysins (ADAMs)

Adamalysins (ADAMs) are membrane-bound enzymes,
capable of detaching a multitude of proteins from the sur-
face of the cells. They are, therefore, considered as crucial

modulators of physiological and pathophysiological pro-
cesses, such as cell-cell fusion, adhesion, and intracellular
signaling. Their functional involvement has been docu-
mented in sperm-egg binding and fusion, trophoblast
invasion, and matrix degradation during pregnancy, angio-
genesis, and neovascularization. Clinically, ADAMs are
used in pathological processes, including cancer, inflam-
mation, neurodegeneration, and fibrosis, through shedding
of the apoptosis-inducing FAS ligand, cytokines, and
growth factors. This protein family includes ADAMs (a
disintegrin and metalloproteinase) and ADAMTS (ADAMs
with a thrombospondin motif). Among the identified genes
for these enzymes, only a few are translated into active
proteinases. They can cleave transmembrane protein ecto-
domains that are adjacent to the cell membrane and result in
releasing the complete ectodomain of cytokines, growth
factors, receptors, and adhesion molecules. The disintegrin
domains mediate cell–ECM interactions by binding integ-
rins, and the Cys-rich domains interact with heparan sulfate
proteoglycans (HSPGs). ADAM10, ADAM12, and
ADAM15 can also cleave collagens and other ECM
proteins. In contrast to ADAMs, ADAMTS are metalo-
proteinases with thrombospondin type I-like repeats in
their carboxy-terminal sequences. Acting in processing
procollagen and aggrecan, ADAMTS play an important
role in inflammatory diseases, especially in cartilage
degeneration. ADAMTS2, ADAMTS3, and ADAMTS14
are pro-collagen N-propeptidases that process pro-
collagens I, II, and III and are important for the deposi-
tion of normal collagen fibrils onto the ECM in a tissue-
specific manner. The functions of some ADAMTS are
still unclear [18].

2.3.3 Meprins

Meprins belong to the astacin family and are composed of
two subunits (α and β) that are encoded by two different
genes. The astacins are a subfamily of the metzincin
superfamily of metalloproteinases. To date, more than 200
members of this family have been identified in species
ranging from bacteria to humans. Astacins are involved in
developmental morphogenesis, matrix assembly, tissue
differentiation, and digestion. Meprins are the only astacin
proteinase that functions on the membrane and on the ECM.
They are unique in their domain structure and covalent
subunit dimerization, oligomerization propensities, and
expression patterns. Meprins can cleave ECM proteins such
as collagen IV, nidogen, and fibronectin. Meprins can also
indirectly regulate ECM remodeling by activating the other
metalloproteinases. For example, ADAM10 is cleaved by
meprin-β20, and both meprin-α and meprin-β promote the
cleavage of pro-MMP9 by MMP3, ultimately accelerating
the activation of MMP9. Compared with the other
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metalloproteinases, the roles of meprins in ECM remodel-
ing are poorly understood [19].

2.3.4 Metalloproteinase inhibitors

ECM proteolysis requires tight regulation to avoid exces-
sive and deleterious tissue degradation. Although there are
no specific activators of MMPs, some MMP inhibitors have
been identified. Therefore, the activity of endogenous
inhibitors that inactivate ECM proteinases is important for
tissue integrity. Matrix metalloproteinases inhibitors are
often used to investigate the role of MMPs in different
physiological processes and in the pathogenesis of specific
diseases. They have been evaluated as diagnostic and
therapeutic tools in cancer, autoimmune, and cardiovascular
diseases [20]. Matrix metalloproteinases inhibitors include
endogenous tissue inhibitors (TIMPs) and pharmacological
inhibitors such as zinc chelators, doxycycline, and mar-
imastat. The major cellular inhibitors of the MMPs sub-
family are tissue inhibitors of metalloproteinases (TIMPs),
exhibiting varying efficacy against different members, as
well as different tissue expression patterns and modes of
regulation. The TIMP family consists of four members
(TIMP1–TIMP4) that reversibly inhibit the activity of
MMPs, ADAMs, and ADAMTS, but not meprins. Matrix
metalloproteinases-to-TIMP ratios determine the overall
proteolytic activity, and each TIMP displays preferential
MMP-binding specificity. TIMP3 is sequestered in the
ECM, whereas the other TIMPs are present in soluble form
in vivo. TIMP3 is the main inhibitor of ADAMs and
ADAMTS. The membrane-associated reversion-inducing
Cys-rich protein with Kazal motifs (RECK) also regulates
the activity of MMPs and ADAMs. Cystatin C, elafin, and
fetuin A have been identified as natural inhibitors of
meprins [21].

Other proteins that have modest inhibitory activity
against some of the MMPs include domains of netrins, the
procollagen C-terminal proteinase enhancer, the RECK, and
the tissue factor pathway inhibitor (TFPI-2). Reversion-
inducing Cys-rich protein with Kazal motifs also regulates
the activity of MMPs and ADAMs. Cystatin C, elafin, and
fetuin A have been identified as natural inhibitors of
meprins. Although several MMP inhibitors have been
synthesized and tested both experimentally and clinically,
only one MMP inhibitor, i.e. doxycycline, has been cur-
rently approved by the Food and Drug Administration
(FDA). This is mainly due to the undesirable side effects of
MMP inhibitors especially on the musculoskeletal system.
While most experimental and clinical trials of MMP inhi-
bitors have not demonstrated significant benefits, some
trials still have showed promising results. With the advent
of new genetic and pharmacological tools, disease-specific
MMP inhibitors with fewer undesirable effects are beingTa
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developed and could be useful in the management of vas-
cular disease [16].

2.3.5 Other enzymes important in ECM remodeling

In addition to the mentioned enzymes, there are some other
important enzymes in ECM remodeling, including Ser
proteases, which target many ECM proteins. Two plasmi-
nogen activators: urokinase and tissue plasminogen activa-
tors target plasminogen to generate plasmin (a protein that
degrades fibrin, fibronectin, and laminin). The Ser protease
elastase that is released by neutrophils and promotes the
breakdown of fibronectin and elastin, and the membrane-
anchored Ser protease matriptase being expressed by epi-
thelial cells, are important in order to maintaining the
intestinal barrier.

Moreover, cathepsins are found both in extracellular and
intracellular lysosomes. Secreted cathepsins degrade ECM
proteins, but many cells can also internalize ECM compo-
nents such as collagen through endocytosis and degrade
them in the lysosomes. Cathepsins Families include the Ser
cathepsins (cathepsins A and G), Asp cathepsins (cathepsins
D and E) and Cys cathepsins.

Finally, heparanases and sulfatases can alter the proper-
ties of ECM PGs. Heparanase, an endoglucuronidase, is
responsible for heparan sulfate (HS) cleavage and regulates
the structure and function of HSPGs. This results in struc-
tural alterations of the ECM, as well as the release of
bioactive saccharide fragments and HS-bound growth fac-
tors and cytokines. Suphatase 1 and sulfatase 2 are secreted
endosulfatases that remove 6-O-sulfate residues from HS
and modulate HS binding of many cytokines and growth

factors, including FGF1 and vascular endothelial growth
factor [22, 23].

2.3.6 ECM maturation

Activated fibroblasts, in particular “myofibroblasts,” parti-
cipate in the tissue repair by secretion of significant amounts
of ECM proteins, which are responsible for contraction of
wounds (Fig. 1) [24]. Therefore, repair and remodeling of
injured tissues depend on the timely activation and deacti-
vation of myofibroblasts. For instance, prolonged or
excessive myofibroblast’s activity may result in fibrosis and
organ dysfunction [25–27]. In addition to fibroblasts,
mesenchymal stem cells (MSCs) and macrophages are both
involved in tissue remodeling and ECM synthesis. Due to
the high plasticity of MSCs, they are involved in physio-
logical and regenerative tissue remodeling. Moreover,
macrophages are critical cells in tissue remodeling after
injury, which can change their phenotypes, as well as their
metabolic, and functional activities; this is known as
divergent polarization in response to microenvironment
[28].

In the remodeling stage, the tissue achieves the max-
imum tensile strength through reorganization, degradation,
and resynthesis of the ECM. In fact, remodeling is marked
by changing and maturing of ECM components, as well as
the resolution of the initial inflammation (Fig. 2) [29].

2.4 Mechanical remodeling

Studies have documented that many tissues such as carti-
lage, bone, ligament, cardiac muscle, and blood vessels

Fig. 1 Schematic of
myofibroblast that secrets
elastins, fibrillins and LTBPs,
proteoglycans, tenascins,
matricellular proteins, collagens,
and fibronectins [24]. Reprinted
with permission
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require a mechanically dynamic environment for their nor-
mal function. In fact, continuous exposure to the mechan-
ical forces can lead to tissue remodeling [30]. On the basis
of scaffold’s properties, cellular functions such as attach-
ment, migration, differentiation, proliferation, and apoptosis
can be affected by external signals, whose cells sense via
receptor–ligand interactions from outside of the cytoskeletal
domain. Considering the mechanical stimulus during tissue
development, researchers have employed tissue engineering
approaches to mimic physical stimuli to encourage tissue
growth and repair; especially for load-bearing applications.
For example, it has been shown that application of
mechanical forces including hydrostatic pressure or direct
compression in bioreactors during the culture of chon-
drocytes result in more ECM secretion compared to that in a
static culture [31].

Thus, mechanical signals and internal cell-generated
forces are mainly responsible for altering the tissue pattern
and play an important role in embryogenesis and morpho-
genesis, along with chemical regulators. Studies have
demonstrated that fluid shear forces are crucial in arterio-
venous cell fate determination and also promote kidney
development by orchestrating the movement of the epithe-
lium, which results in functional nephrons. Moreover,
application of mechanical tensions on the substrate of neural
cells can cause better cell adhesion, nerve guidance, as well
as formation of mature neuronal networks [32].

3 Wound healing process

As mentioned before, only by understanding the normal
process of tissue repair, the development of therapeutic
approaches is possible. In this sight, it should be noted that
wound healing is a complicated dynamic mechanism
attributed to tissue growth and remodeling in orchestrated
intercellular and extracellular pathways. Wound healing can
be categorized into 4 steps: hemostasis and inflammation,
migration, proliferation, and maturation (known as the scar
formation phase) (Fig. 3) [3, 5, 33, 34].

3.1 Hemostasis and inflammation

When an injury occurs, keratinocytes presented in the
damaged epidermal layer, along with the platelets, secrete
IL-1 and hemostatic factors, respectively, while the bleed-
ing helps remove antigens and pathogens from the wound
site. After the formation of the fibrin network by enzymatic

Fig. 3 Schematic of wound
healing phases. After formation
of fibrin clot in hemostasis, in
the presence of secretion of
growth factors and cytokines,
phagocytic cells migrate to the
site of injury in order to run
inflammatory pathway. By
proliferation of skin cells and
angiogenesis, granulation tissue
is formed. Finally, remodeled
collagenous matrix fills the
wounded site and
epithelialisation is ceased [34].
Reprinted with permission

Fig. 2 Sequential illustration of the stages involved in tissue repair [29]
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activity of thrombin on fibrinogen released in the exudates,
the blood clot containing platelet plaque is created, which
serves as a preliminary matrix for inflammatory cells set-
tlement [35].

The inflammatory phase starts shortly after hemostasis,
because the degranulated platelets also release the α-gran-
ules, resulting in the secretion of several growth factors,
including the EGF, the platelet-derived growth factor
(PDGF), and TGF-β, as well as inflammatory interleukins
and cytokines, which pave the way for recalling neutrophils
and other cells to the wound bed. It should be noted that, in
the presence of the protein enriched exudates, histamine and
serotonin can run the vasodilatation of peripheral vessels
with the benefit of the increased vascular permeability, then
the monocytes can easily penetrate and start phagocytosis.
TGF-β plays an important role in the transition of mono-
cytes into macrophages and by changing their phenotypes
from pro-inflammatory (M1 macrophage) to pro-healing
(M2 macrophage). Secretion of more cytokines and growth
factors can bring about angiogenesis, creation of granulated
tissue, and healing. When the transition of M1 to M2 is
ceased, chronic and non-healing wounds (e.g. diabetic
wounds) are formed [5, 36–38]. Interestingly, one of the
main strategies for improvement of wound healing could be
using biomaterials to induce M1-M2 transition. For exam-
ple, in one study, Zhang and Sefton have injected
methacrylic acid (MAA) beads subcutaneously in CD1
mice and investigated the vascular formation during a per-
iod of 7 days. They found out that in addition to the
absorption of factors and proteins to the surface of the
beads, MAA beads induced a polarization bias towards M2
macrophages, which is a key element in the process of
vessel formation, as well as healing [34, 39].

3.2 Migration

This phase involves movement of the epithelial cells and
fibroblasts to the damaged area. In addition, due to the
release of VEGF and FGF, angiogenesis proceeds through
the migration and proliferation of vascular cells such as
endothelial cells. TGF-β, FGF, and PDGF factors affect the
penetration of fibroblasts and the change in their phenotype
to myoblasts, which help in wound closure. During the
epithelialization, secretion of EGF, FGF, and TGF-α leads
to the migration, polarization, and proliferation of epithelial
cells and keratinocytes. Moreover, keratinocytes undergo
differentiation forming multilayers to restore epidermis
[40, 41].

3.3 Proliferation

The proliferative phase occurs almost simultaneously or
immediately after the migratory phase. In this phase, the

wound bed is filled with growing skin cells and more
secreted growth factors and cytokines such as TNF-α and
IL-6. At this stage, the hair follicle stem cells and bone
marrow derived stem cells (such as MSCs) differentiate into
epidermal and dermal cells and proliferate in order to
regenerate the tissue and replace the missing cells. How-
ever, in chronic and non-healing wounds, this ability is
deregulated due to continuous inflammation, infection,
prolonged hypoxia, or other pathological issues. Granulated
tissue formation is started with the growth of the capillaries
and lymph vessels into the wound. Moreover, collagen
synthesized by fibroblasts plays an important role in
increasing the strength of the new formed tissue and its
shaping. Therefore, macrophages, fibroblasts, and blood
vessels, along with a loose matrix made of collagen, gly-
coprotein, fibronectin, and hyaluronic acid (HA), comprise
the granulated tissue [5, 37, 42].

3.4 Maturation and remodeling

In the maturation or remodeling phase, the cellular con-
nective tissue is constructed, and the new epithelial layer
becomes stable, which results in the formation of the final
scar. The granulated tissue transforms into a cell-free mass.
For this purpose, a matrix made of densely packed collagen
fibers being supplemented by proteoglycans and glycopro-
teins is created. Finally, after synthesis of new collagen in
the presence of TGF-β, the scar tissue formation is com-
pleted [5, 43].

3.5 Angiogenesis in wound healing process

Angiogenesis, which is the process of vessel formation
from existing ones, has a fundamental impact on wound
healing. During the healing phase, a number of functional
and dysfunctional capillaries in the form of organized
radial shaped vessels are formed at the wound border,
which are then eliminated in maturation or apoptotic pro-
cesses [44]. One of the major signaling pathways for
angiogenesis is through the activation of the heterodimeric
protein complex of hypoxia-induced factor (HIF) due to the
existing hypoxia in the wound bed [45]. However, other
signaling pathways, such as inflammatory pathways (which
are mostly mediated by interferon-γ (IFN-γ), TNF-α, IL-4,
etc.) and sonic hedgehog pathways also play important
roles in the modulating and maturating the neovascular-
ization process [46, 47]. Pathological issues such as dia-
betes and vascular diseases can lead to impairment of
normal angiogenesis, causing wound healing disturbance.
Thus, induction of angiogenesis can be considered as a
pivotal step to improve the microenvironment that impedes
skin repair caused by chronic wounds. For this purpose,
application of stem cells, co-culture with vascular cells, and
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controlled delivery of angiogenic growth factors such as
VEGF, FGF, PDGF have been utilized in different
researches. For example, Lai et al. used a collagen-HA
fibrous scaffold containing growth factor loaded particles
to cure diabetic wounds by induction of angiogenesis.
Results have represented fast re-epithelialization, growth of
endothelial cells, and formation of a thread-like tubular
system [48]. Moreover, Wu et al. have documented that by
using a cell therapy approach and, in particular, injection of
MSCs into the site of injury, improvement of non-healing
wounds can occur through wound closure and angiogenesis
[49].

4 Wound healing acceleration strategies

As mentioned before, wound healing is a complicated
multiphase process, which requires comprehensive under-
standing of molecular pathways. Over the years, studies
have investigated the healing process from a variety of
points of view. Different strategies conducted to accelerate
wound healing rely on 3 dominant methods (Fig. 4):

(1) Cell therapy based on using multi potent stem cells
and co-culture techniques to create new skin.

(2) Bioactive therapeutic delivery, which consists of
engineering the release of healing components to
enhance the rate of wound repair.

(3) Application of biomaterial/scaffold for skin tissue
engineering and inducing regeneration.

In this section, each method will be briefly discussed,
and the related case studies will be referred. Considering
the 3 aspects of tissue engineering, an ideal approach
would be the combination of all the above strategies
whereby a 3D functional structure containing healthy cells
is formed and their behavior is regulated by signaling
molecules.

4.1 Cell therapy

Cell delivery, which in this regard is described as trans-
porting either skin or vascular cells to the site of injury, has
attracted much attention in the acceleration of regenerative
wound healing. Among the different cells, stem cells, due to
their potential to differentiate into several cell types and
self-renewal properties, have been suggested specially for
the treatment of chronic and non-healing wounds [50, 51].
The majority of the cells are used for skin regeneration,
including adipose derived stem cells (ADSCs), MSCs,
endothelial progenitor cells (EPCs), induced pluripotent
stem cells (iPSCs), etc (Fig. 5) [52, 53]. Studies have shown
that not only do EPCs help improving angiogenesis and
epithelialization, but also their co-culture with fibroblasts
can lead to scarless wound healing. On the other hand,
MSCs can play a pivotal role in wound healing and
induction of angiogenesis. These cells are obtained from
different tissues such as adipose, bone marrow, sweat
glands, pancreas, etc. However, isolation of adipose tissue
harvested from patients is the best and less immunogenic
way for supplying cells in skin tissue engineering [54, 55].

Fig. 4 The classification of
different wound healing
acceleration strategies

Fig. 5 A schematic of different sources of stem cells for wound
healing applications [55]. Reprinted with permission
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Countless advantages of ADSCs, including easy cultur-
ing, accessibility, high proliferation, and differentiation,
make them promising for wound healing applications. For
example, in a study performed by Ozpur et al., in order to
create artificial skin tissue, fibrin gels containing keratino-
cytes and ADSCs, were used. Results showed that the
substitute provided re-epithelialization of the wound as well
as increased collagen deposition and vessel formation [56].
In another study, Cerqueira et al. seeded ADSCs and
endothelial cells (both were extracted from human adipose
tissue) in gellan gum–HA (GG–HA) hydrogels. It was
demonstrated that cells incorporated in the GG-HA hydro-
gel can promote neovascularization and granulation tissue
formation with greater wound closure, re-epithelialization,
and resemblance of normal skin tissue [57].

It should be noted that low cell viability is one of the
main problems in conventional cell therapy [58]. In order to
address this problem, cell delivery within hydrogels and cell
imprinting are suggested as an alternative cellular approach
to achieve better healing. Using bioprinting and modified
laser induced forward transfer technologies; it is possible to
make a 3D skin graft [59, 60]. Koch et al. used a laser-
assisted method to print fibroblasts and keratinocytes
embedded in collagen gel, layer by layer. After 10 days of
culturing, cells proliferated and showed high viability,
making an integrated graft with tight cellular junction [61].

4.2 Bioactive therapeutic delivery

Because of the fact that systemic use of effective biomo-
lecules has some disadvantages such as low bioavailability,
toxicity, and significant side effects caused by non-target
delivery, localized and targeted delivery of therapeutics can
increase the number of predictable release patterns in the
therapeutic window. With the benefit of biomaterials and
encapsulation of therapeutics into nano/micro carriers or
engineered scaffolds, sustained and localized delivery of
therapeutics can be developed [62]. An ideal carrier for
bioactive therapeutic delivery should be biocompatible,
biodegradable, non-cytotoxic, and easy to fabricate by tai-
loring the physical/chemical properties. Till now, ther-
apeutics have been loaded into different nano/micro carriers
such as fibers, spheres, capsules, sheets, rods, and dot arrays
(Fig. 6). These carriers can be produced in form of core-
shell structures with the benefit of storing the drug in the
core cavity, while modifying shell composition (polymers
or lipids) to adjust the release pattern [63].

The vast lists of drugs known to have antibacterial,
regenerative, and angiogenic effects from natural bioactive
and biochemical therapeutics have been used in wound
healing treatments. For example curcumin [64], berberine
[65], rosemary oil [66], thyme extract [67], Aloe vera
[68, 69], and honey [70], as natural agents, and gentamicin

[71], tetracycline hydrochloride [72], vancomycine [73, 74],
melatonin [75], simvastatin [76], and erythropoietin [77] as
chemical agents, can be suggested. In a study by
Ghayempour et al., microemulsions made of Aloe vera
extract encapsulated into Tragacanth gum were prepared as
a wound healing product. High antimicrobial activities
(80–90%) against different bacterial species, high cell via-
bility, and the ability to induce migration of fibroblasts were
some of the promising obtained results mentioned by these
authors [78]. In addition to the aforementioned particles,
metallic and semi conductive nanoparticles; namely copper,
silver, iron oxide, zinc oxide, and titanium dioxide, along
with graphene oxide, have been frequently used in the field
of wound healing due to their antimicrobial activities and
high penetration ability through the cell membrane [63, 79].
However, because of the undefined fate in the body and
possible cytotoxicity, their uses are restricted.

4.3 Gene therapy

Skin is considered as a suitable target for delivery of
genetic-based therapeutics, due to the readily attainable
anatomical position for gene transfer and visually obser-
vable therapeutic effects. Among several studies performed
for skin gene therapy, those encapsulated into the nano/
micro carriers, tissue scaffolds, or even using genetic
manipulated cells are more prosperous regarding their
potential to both protect genetic based therapeutics from
enzymatic degradation and improve their healing effects
[80, 81]. Application of siRNAs and miRNAs, as RNA-
based structures, which either interfere or inhibit

Fig. 6 Illustration of different design of nano/microparticles. The
efficiency of particles can be adjusted from different aspects which
mainly includes modification of composition, physical properties,
surface chemistry and targeting ligands [63]. Reprinted with
permission
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translation of mRNAs to protein, is extremely influential
and prevalent in the scope of wound healing treatment
[82]. Based on the researches, miR-210, -205, -203, -198,
-184, -155, -132, -126, -99 and -21 are able to regulate
proliferation, differentiation, and migration of keratino-
cytes and endothelial cells [40]. In addition, several studies
are aimed to use siRNAs as therapeutics for selective
inhibition of MMP, fibrotic tissue growth factors, inflam-
matory cytokines, p53, and also prolyl hydroxylase
domain (PHD) proteins to induce fast healing and angio-
genesis in specially chronic and non-healing wounds. As
an example, Martin et al. applied PHD2 siRNAs loaded in
modified polyurethane scaffolds in order to heal a diabetic
wound. Results showed that %65 of total prolyl hydro-
xylases were inhibited, which can cause increase in pro-
duction of VEGF, improvement of angiogenesis, and skin
regeneration [83]. In another study, Yang et al. used loaded
electrospun fibers for sequential delivery of basic-FGF
(bFGF) plasmids, which promoted neovascularization and
enhanced collagen synthesis, as well as formation of skin
appendages [40].

4.4 Growth factor delivery

Growth factors are polypeptides released by numerous
cells in a given time to stimulate cellular proliferation,
differentiation, and migration. Regarding the key role of
growth factors in the regulation of the wound healing
process, controlled and sequential delivery to the wound
sites is the topic of many current researches. Numerous
growth factors such as EGF, VEGF, FGF, TGF, and PDGF
have been studied in order to induce wound healing
through angiogenesis, matrix deposition and re-
epithelialization [81, 84]. One of the main concerns in
the delivery of growth factors is their short half-life, which
instantly produces enzymatic degradation, thereby making
their sustained release crucial in tissue engineering [85].
Research findings have confirmed increased epithelializa-
tion, neovascularization, migration of keratinocytes, and
fast healing of venous and diabetic foot ulcers after
applying EGF on the wound site [86]. On the other hand,
clinical trials conducted on second-degree burn patients
suggested that instant application of FGF on the wound
surface can accelerate wound healing rates and formation
of protective and strong granulated tissue [87]. Interest-
ingly, utilization of growth factors in combination with
cells or natural materials for chronic and non-healing
wound treatment has attracted extensive attention. For
example, neovascularization, re-epithelialization, and
wound closure have been documented in the results of
studies using MSCs that secrete VEGF and platelet-rich
plasma as potent sources of growth factors in full-thickness
wounds [40].

4.5 Scaffolds/biomaterial assisted wound healing

Due to the fact that ECM plays a crucial role in wound
healing and tissue homeostasis, creation of a supportive
scaffold for the cells similar to their native niche is essential
for optimizing cell behaviors. Scaffolds can be made of
either natural or synthetic biomaterials, as well as a com-
bination of them in the form of hydrogels, electrospun
fibers, films, etc. Biocompatibility, biodegradation, bioac-
tivity, and cellular adhesion, are some of the properties of
natural biomaterials. Collagen, gelatin, HA, chitosan, algi-
nate, elastin, and silk fibroin are some of the natural poly-
mers providing bioactive scaffolds that can create complex
cellular interactions during healing [59, 88]. Among these
natural materials, several studies have emphasized the sig-
nificant effect of GAGs, and in particular HA, in wound
healing. Presence of high water content in their molecular
chain, along with the ability to act as a reservoir of growth
factors, makes them ideal for the scope of tissue regenera-
tion [40, 89]. However, low stability in harsh wound areas
and poor mechanical strength of natural polymers require
their modification. In this regard, synthetic biomaterials
such as polyvinyl alcohol, polyethylene glycol (PEG),
polyurethane (PU), PCL, poly(l-lactic acid), polyglycolic
acid (PGA), and poly lactic-co-glycolic acid, whose
tailored-made properties and easy fabrication can be used in
combination with natural materials to create an ideal sub-
stitute [90].

It is worth mentioning that human body byproducts
including amniotic membrane (AM), Wharton’s jelly, hair
derived keratin, platelet-rich plasma, etc. can also be used
for improvement of skin wound healing. The innate healing
ability of these structures mostly comes from their active
protein domains and growth factors presented inside them.
AMs, which can be used whether directly or decellularized,
have shown advantages such as cost effectiveness, low
foreign body reaction, and high potential for re-
epithelialization. This membrane is suitable for covering
both full and partial thickness wounds instead of skin grafts
[40, 91, 92].

From various forms of scaffolds, nanofibers and hydro-
gels are frequently utilized as a skin substitute with or
without cells or bioactive therapeutics. Nanofibers can assist
increasing cellular interactions by simulating a native ECM
microenvironment, thereby improving adhesion and form-
ing a porous structure [93]. Nanofibrous wound dressings
readily absorb exudates from the wound site while keeping
them moistened as well as promoting oxygen diffusion
through the injury [94]. Moreover, owing to the high sur-
face to volume ratio, nanofibers can be easily modified for
delivery of bioactive therapeutics. There are numerous
methods for nanofiber synthesis such as phase separation,
template synthesis, self-assembly, and electrospinning.
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Because of the low cost, higher control over fiber diameter,
and the ability to produce fibers from different kinds of
polymers, electrospun fibers are quite versatile [95, 96].

Since too slow or too quick degradation can promote
fibrosis and/or insufficient support for tissue ingrowth, the
degradation rate of a tissue regenerative material should be
matched with the rate of tissue development [42]. In this
regard, hydrogels and specially injectable hydrogels have
attracted scientific researches to restore functional tissue
with minimal invasion [97]. High hydrophilicity, tissue-like
elasticity, and facile transport of nutrients and waste make
hydrogels promising candidates for expanded usage in vitro
and in vivo. Temperature sensitive gel formation using poly
(N-isopropylacrylamide (PNIPAM)) [98], photo-
crosslinkable gels using UV radiation to acrylated natural
or synthetic polymers (e.g. polyethylene glycol diacrylate
(PEG-DA) and gelatin methacrylate (GelMa)) [97], and
microporous annealed particle (MAP) gels are hot topics
and frequent structures used in tissue engineering and drug
delivery application with noticeable results. In a study done
by Lisovsky et al. the ability of methacrylate moieties for
induction of angiogenesis was investigated [34]. Further, in
a Chen et al. work, the angiogenic ability of injectable
scaffold made of Deferoxamine loaded GelMa was eval-
uated. Results confirmed the up-regulated expression of
HIF-α and fast wound healing in diabetic rats after 14 days
[99]. Recently, Huang et al. proposed new hybrid scaffolds
based on GelMa which incorporated tofu and red jujube as
bioactive components in order to increase the antioxidant
activity as well as the wound healing rate. In vivo results
performed on skin wound model represented minor immu-
nological stimulation (due to the induced M2 differentiation
of macrophages) as well as enhanced antioxidant activities
of the hydrogels. Prepared hydrogels, also, accelerated the
rate of wound healing and skin tissue regeneration
[100, 101].

In 2015, Griffin et al. created an injectable biomaterial
from MAP gels with tailored degradation to a desired rate.
This novel gel structure provided a linked interconnected
network suitable for cell migration and high tissue integra-
tion. In fact, these groups used self-assembly of hydrogel
microparticles formed by microfluidic water-in-oil droplet
segmentation, whose cluster of microgels were annealed to
each other via surface functionalities. Moreover, the design
could be accompanied with encapsulation of cells. The
aforementioned MAP structure was then injected and molded
into any shape to create a 3D stable scaffold (Fig. 7) [102].

5 Conclusion

Addressing the complications during impaired wound
healing is still a challenge in medicine due to the

sophisticated healing process with multiple effective cel-
lular signaling pathways. Despite striking progress in this
field, chronic and non-healing wounds are still of major
concerns. There are numerous strategies for the treatment of
ulcers from auto/allografts to wound dressings and skin
substitutes, which have limitations in scarless regeneration,
normal healing, and sufficient angiogenesis. In order to raise
the efficiency of these products, complimentary approaches
should be applied to accelerate wound healing. The engi-
neering of scaffold structures, integration of bioactive
therapeutics, as well as stem cells into such environment
can enhance the capability of active guidance in skin
regeneration. Understanding the dynamics of cell-cell and
cell-ECM interactions in healthy and impaired wound
healing also could help identify the most appropriate stra-
tegies to overcome disadvantages of currently applied
wound dressings.
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