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ABSTRACT: In this paper, we review and analyze the commonly available wound healing
models reported in the literature and discuss their advantages and issues, considering their
relevance and translational potential to humans. Our analysis includes different in vitro and in
silico as well as in vivo models and experimental techniques. We further explore the new
technologies in the study of wound healing to provide an all encompassing review of the most
efficient ways to proceed with wound healing experiments. We revealed that there is not one
model of wound healing that is superior and can give translatable results to human research.
Rather, there are many different models that have specific uses for studying certain processes or
stages of wound healing. Our analysis suggests that when performing an experiment to assess
stages of wound healing or different therapies to enhance healing, one must consider not only
the species that will be used but also the type of model and how this can best replicate the
physiology or pathophysiology in humans.
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Wound healing is a complex natural process that occurs as
a result of disintegration or damage to skin tissue or

organ structures. It is dynamic, involving a variety of cells that
must act in a coordinated fashion. Although many wounds heal
naturally, some do not heal without intervention resulting in
chronic or nonhealing wounds. The development of chronic or
nonhealing wounds can result if there is dysfunction in the
wound healing process due to prolonged disease states,
decreased tissue perfusion, or unregulated inflammatory
reactions.
Research of the pathophysiology behind wound healing

mechanisms has been an ever-evolving study in medicine as it
is necessary to discover more ideal methods to treat chronic
wounds that often result in poor outcomes in patient quality of
life and even mortality. Wound care has led to excessive costs
within healthcare and unnecessary procedures. As of now, the
most common approach to chronic wound treatment is regular
wound care including cleansing and covering using different
wound dressings. Some wounds may benefit from negative
pressure wound therapy (NPWT), also referred to as vacuu-
assisted wound closure therapy. The device entails placement
of an open cell foam or gauze dressing that is sealed with an
occlusive drape and connected to a pump that provides
negative pressure evenly across the wound bed. NPWT
reduces edema and promotes growth of granulation tissue
through a combination of macro and micro-deformation. In a
similar mechanism, hyperbaric oxygen tanks are used to
increase oxygen delivery to the patient’s wound for more
optimal healing conditions.1 Despite interventions, many
wounds remain nonhealed and can lead to a sequela of
complications that may result in amputation. Therefore,

studies have targeted more successful ways to regenerate
tissue and vascularization in diseased states.
Many efforts have been made to study and model the

physiology of the wound healing process using different
animals (e.g., rats, rabbits, and pigs) combined with the use of
a variety of techniques. Currently, there is no ideal model
available that effectively recapitulates the physiological or
pathological conditions in humans.
This paper will provide a comprehensive review of the

different species and models used to study wound healing. The
focus will be on translatability to humans by examining the
pros and cons of the specific uses of each model.

■ WOUND HEALING PATHOPHYSIOLOGY
Chronic wounds are due to prolonged or incomplete healing
processes and can arise from a variety of disease states
including diabetes mellitus, vascular insufficiency, and
inflammatory disorders.2 In the presence of these conditions,
an injury to the skin can cause a prolonged inflammatory
response with subsequent chronic, nonhealing wound develop-
ment. Although inflammation is necessary for wound healing,
prolonged or excessive states of inflammation can lead to an
imbalance of reactive oxygen species (ROS) so that their
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Figure 1. Normal wound healing vs. chronic wound healing. In the chronic wound, there is a delayed keratinocyte migration causing delayed re-
epithelization, excessive protein cleavage, and reactive oxygen species production resulting in tissue damage. There is also impaired EPC
recruitment leading to poor blood vessel formation as well as cell proliferation for the regenerative phase. Reprinted in part with permission from
ref 9. Copyright 2012 Wolters Kluwer Health, Inc.

Figure 2. Anatomical landmarks of the skin including the different layers, the appendages, and the capillary loops. BioRender is used for drawing
this scheme.
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production exceeds the rate at which they are broken down.
The resulting tissue damage may perpetuate wound chronicity
or result in exaggerated scar tissue.3

A persistent inflammatory response or prolonged prolifer-
ation phase may result in the formation of robust scar tissue.4

Hypertrophic scars are seen when there is injury to the deep
dermis followed by excessive collagen deposition. A hyper-
trophic scar appears as an elevated, red, and tense defective
tissue often leading to cosmetic dissatisfaction as well as
functional abnormality.5 Histological analysis of such scars
shows a flatted dermal−epidermal junction (DEJ) and scar
tissue throughout the dermis. The scars are also void of
epidermal appendages such as hair follicles, sebaceous glands,
and apocrine and eccrine glands sweat glands.6 Growth factor
expression suggests that there is an increased expression of
TGF-beta in hypertrophic skin tissue.7

In contrast, failure to re-epithelialize is another factor in the
development of chronic, nonhealing wounds. To obtain a new,
functional epidermis post injury, two things must happen: the
dermal−epidermal junction must reestablish itself to anchor
the epidermis to the dermis, and the keratinocytes must
terminally differentiate to provide the protective layer of
anucleate keratinized squamous cells.8 The major differences
between the normal and chronic wound healing processes are
summarized in Figure 1.

■ HUMAN SKIN ARCHITECTURE
Although the phases of wound healing across species have
many similarities, there are important differences including the
rates of wound healing, scar tissue formation, and the types of
cells recruited to the sites of injury.10 Many of these differences
are related to the distinct architecture of skin and how the
underlying structures facilitate the healing processes.
On the outmost surface of human skin is the epidermis

which is divided into five layers (Figure 2). From the base of
the epidermis to the most external portion, the layers are as
follows: stratum basale, stratum spinosum, stratum granulo-
sum, stratum lucidum, and stratum corneum. Details of each
layer are:

1. The stratum basale contains the epidermal stem cells
that mitotically divide and terminally differentiate into
keratinocytes as they migrate upward, a process known
as keratinization. This differentiation is important for the
production of keratin.11,12

2. The stratum spinosum contains keratinocytes with
cytoplasmic processes that look like spines and work
to attach adjacent cells by desmosomes. This layer also
contains Langerhan’s cells which phagocytose foreign
material and act as antigen-presenting cells to activate an
immune response.12,13

3. The stratum granulosum is composed of keratinocytes
with keratohyalin granules. Keratohyalin granules
contain keratin precursors which are released into the
cytoplasm to encourage the aggregation of keratin
tonofilaments into tonofibrils. The granules also release
lipids and other enzymes that create a lipophilic barrier
between the stratum granulosum and stratum cor-
neum.11 This serves to prevent fluid loss from the
body.12

4. The stratum lucidum is found only in thick skin such as
the palm of the hand or the sole of the foot. This

translucent layer consists of eleidin which is a derivative
of keratohyalin.12

5. Lastly, the stratum corneum, the most external layer
contains terminally differentiated keratinocytes without
any organelles; known as anucleate keratinized squ-
amous cells. These cells are important for their role in
secreting defensins to protect against pathogen entry.14

In this layer, cholesterol sulfate is also lost so that the
keratinized epithelium can slough off as dead tissue.12

Damage to the epidermis will stimulate the proliferation of
stem cells in the stratum basale.15,16 These stem cells will then
migrate upward and eventually terminally differentiate into
anucleate keratinized squamous cells, providing a barrier to
pathogen and water loss.17 Failure to re-epithelialize results in
loss of the barrier function of the skin which can then lead to
dehydration and serious infection.18

Just below the epidermis lies the dermal layer which is
sectioned into a superficial and deep layer known as the
papillary dermis and the reticular dermis, respectively (Figure
2).19 The papillary dermis is composed mainly of type 3
collagen which is thin with lower tensile strength while the
reticular dermis predominantly contains type 1 collagen and is
more dense with increased tensile strength.20 Since the stratum
basale is an avascular layer,21 the papillary dermis contains
many blood vessels to provide nutrients to the epidermis for
continued mitotic processes. The reticular dermis also houses
cells such as macrophages for stimulating immune responses,
and fibroblasts for collagen production.18 In addition,
epidermal appendages including sweat glands, hair follicles,
and sebaceous glands are located in the reticular dermis.11

These components are protective to the skin and important for
sensation and thermoregulatory processes.18

Together, the epidermis and the dermis function as a
protective barrier to the inner tissues and organs of the human
body. In order for the two layers to remain strongly connected,
the DEJ is established.22 The DEJ consists of hemidesmosomes
with keratin extensions that anchor the epidermis to the
dermis. Another way the DEJ is strengthened is via rete ridges
and dermal papillae. Rete ridges are downward epidermal
projections into the papillary dermis while dermal papillae are
portions of the papillary dermis extending up into the
epidermis. The formation of these ridges increases the surface
area of the DEJ.8 Each dermal papillae contains at least one
capillary loop to provide nutrients and blood to the epidermis.
After full-thickness injury, extending beyond the epidermis and
dermis, rete ridges fail to reform resulting in flattening of the
dermal−epidermal junction.8,22
Below the reticular dermis is the hypodermis (a.k.a

subcutaneous fat layer), composed mainly of fat cells.23 This
layer separates the skin from the underlying muscle and
provides insulation to the body.24,25 In wound healing, the
hypodermis is critical for pressure redistribution. For example,
those with thin subcutaneous tissue layers who become
bedridden are at higher risk of pressure ulcer development
because there is no fat pad to redistribute the weight of the
body. Conversely, those who are morbidly obese are also at
high risk of pressure ulcer development due to the weight of
the excess adipose tissue causing increased pressure between
the skin and bed.11
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■ WOUND HEALING PHYSIOLOGY IN HUMANS
The physiology of wound healing is an intricate process with
four separate but overlapping phases.11,19,26,27 The first phase
is hemostasis which begins immediately after injury and lasts
about 1−2 days. The inflammatory phase also begins after
injury, peaks 3−5 days post injury, and arrests around day 10.
Third, the proliferation or regeneration phase begins at day 1
post injury and completes at days 21−30. The last phase is
maturation and remodeling of the tissue which begins
simultaneously with the proliferative phase and can last up
to 2 years.11,19,26

In the hemostasis phase, vessel constriction allows the
activation of platelets via the binding of certain glycoproteins.28

Activated platelets release granules composed of a variety of
growth factors, cytokines, hormones, and other cells. One
function of the released cells is to induce vasodilation and
increase vascular permeability, allowing inflammatory cells to
enter the wound site.28−30 Additionally, activated platelets are
stimulated to aggregate and form a temporary “platelet
plug”.27,31 The clotting cascade concludes with the formation
of a more stable “fibrin plug”.27 The final clot releases growth
factors such as vascular endothelial growth factor (VEGF) and
platelet-derived growth factor (PDGF) to aid in the
proliferation of new cells for reparation of the vascular
endothelium and smooth muscle.14,32

Once the bleeding is controlled, the cytokines and growth
factors encourage chemotaxis of inflammatory cells such as
neutrophils and monocytes. The neutrophils predominate in
the initial inflammatory phase to remove any bacteria within
the wound via a respiratory burst mechanism. Meanwhile, the
monocytes fully differentiate into macrophages which will then
phagocytose the dead cells and bacterial particles left over from
the respiratory burst.27 Macrophages are also important in
releasing additional cytokines and growth factors important for
the third phase of the wound healing cycle; proliferation and
tissue regeneration. Defective macrophages are often seen in
patients with uncontrolled diabetes and thus interfere with the
progression of the inflammatory phase to the proliferative and
regenerative phase.11,27,33

As the cycle progresses to the proliferative and regenerative
phase of wound healing, the fibroblast becomes the dominant
cell type. Cytokines and growth factors chemotactically recruit
fibroblasts in the dermal layer of uninjured tissue.34

Specifically, PDGF, IL-1B, and TNF-α mediate fibroblast
localization to the wound and direct their orientation with
correct positioning around the wound.11 Upon activation,
fibroblasts synthesize collagen which is the predominant
component within the extracellular matrix of the dermis. In
addition to collagen synthesis, VEGF from the activated
platelets and endothelial progenitor cells (EPCs) from the
bone marrow promote angiogenesis so that new blood vessels
can become established as part of the regenerative process.34,35

It is suspected that in disease processes such as diabetes, EPC
recruitment is hindered because of deficiencies in substances
such as nitric oxide, VEGF, matrix metalloproteases (MMPs),
and insulin-like growth factor.11,36 Lastly, myofibroblasts have
an essential role in this phase by inducing contraction of the
wound edges to decrease the surface area of the defect.37

The wound healing process finalizes with the tissue
maturation and remodeling phase, mediated by the breakdown
of type 3 collagen and replacement with type 1 collagen.38 This
change in collagen type enhances the tensile strength of the

tissue. It is impossible for the wound to regain 100% normal
strength since much of the soft tissue has been replaced with
scar tissue. For this reason, the wound is typically noted to
have minimal tensile strength at about 21 days post injury
because there is still a predominance of type 3 collagen, and
60−80% tensile strength 2−3 months post injury when more
type 1 collagen has replaced the type 3 collagen.11 If there is a
problem in the breakdown of type 3 collagen or an
overproduction of type 1 collagen, a dysfunctional keloid
scar can result.39 On the other hand, if there are insufficient
amounts of type 1 collagen proliferation secondary to
chemotherapy, steroids, or malnutrition, then recurrent
wound breakdown can occur.11,40

■ WOUND HEALING PHYSIOLOGY IN RODENTS
Rodents have a much different tissue architecture than
humans. They have a panniculus carnosus which is a thin
layer of muscle that is only found in the platysma of the neck in
humans.41−43 This thin layer of muscle allows for the skin to
move independently of the deeper tissues, hence the term
“loose skin”.44,45 In contrast, human skin is attached to a much
thicker underlying hypodermis or subcutaneous fat layer that
lies above the muscle.25 The panniculus carnosus in rodents
allows for rapid wound contraction so the edges of the tissue
are brought back together for closure, whereas in humans, the
wound heals via re-epithelialization by keratinocyte differ-
entiation with a less significant amount of wound contrac-
tion.46 This difference can obscure the data collected on
wound healing and make certain data poorly translatable to
humans. On the other hand, if the rodents are being used to
study certain therapeutics in the skin, they can act as sufficient
models due to their similar dermal and epidermal layers.
Another limitation to using rodents is seen by the amount of

time that the wound healing process takes which is affected by
their different structural components. Rodents have remarkably
thicker concentrations of epidermal appendages including hair
follicles.43,47 The hair follicle cycles between three different
phases known as anagen, catagen, and telogen.48 Ansell and
colleagues performed a study showing the relationship between
the phase of the hair cycle and wound healing progression in
mice. The data suggested that wound healing was much more
prompt during the anagen or growth phase of the hair cycle.
Because of this finding, there must be a component of the hair
follicle that assists the process of wound healing which could
explain the faster healing processes seen in rodents.49 The
thickness of the epidermal layer may also play a role in the
speed of wound healing. Mice tend to have a thinner epidermis
and as a result have less keratinocyte layers explaining their
faster healing rate in comparison to rats.42 Mice can complete
the wound healing cycle within 7 days, whereas it takes about
12−14 days in rats and can take up to 2 years in humans.42
Furthermore, gender of the rodents contributes to wound
healing properties. Male rodents tend to have a thicker dermis
which explains why their skin is about 40% stronger than their
female counterparts who have a thicker epidermis and
hypodermis.50

There is controversy regarding whether the immune,
inflammatory, and genomic systems during wound healing
are similar in rodents compared to humans. A study by Seok
and colleagues, measured the responses of certain genes,
inflammation markers, and immune cells in mice compared to
human subjects post trauma, burns, and endotoxemia; the
results showed significant differences in all groups, concluding
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that wound healing studies in rodents are not translatable to
humans.51 This information has been cited in many papers.
Although, a repeat study done by Takao and colleagues
obtained completely opposite results, proving that murine
models and human responses are in fact similar. This
conclusion was reached by correcting for variables and using
the proper statistical analysis between species.52

All in all, rodents are the most used species due to the
availability, low cost, easy handling, and maintenance, as well
as the extensive knowledge on wound healing from abundant
past experiments. Even though they are the most widely used
species, we must be careful when translating data to humans.
Rodents have quite a different wound healing mechanism than
humans primarily due to the difference in skin architecture.
Thus, despite the many advantages of using rodents, they
should be carefully considered when the goal is to translate
wound closure research from rodent animal studies to humans.

■ WOUND HEALING PHYSIOLOGY IN PIGS
Pigs have been the superior models of wound healing processes
due to their anatomical and physiological similarities to
humans. Their skin structure allows for partial wound healing
by re-epithelialization, although, full-thickness wounds that
penetrate the dermis predominantly heal by contraction.44,47 In
a similar way, human wounds that breach the dermis also heal
with a greater degree of contraction leading to scar tissue
formation. The thickness of pig’s epidermis and dermis is
similar to humans as well, and they have less epidermal
appendages than the other animal models.42 Despite being
slightly coarser, the hair follicles of pigs are sparse and extend
into the lower portion of the dermis and the upper portion of
the hypodermal fat matching the architecture of human hair
follicles.53 Additionally, collagen, elastin, immune cells, and
growth factors respond in a similar fashion to human tissue.44

Unlike other animal models, the epidermal layer in pigs
contains ridges with an alkaline phosphatase cell population in
the epithelial cells, similar to rete ridges in human epidermal
tissue.47,54 This feature has been used to study the regeneration
of the DEJ after full- and partial-thickness wounds.8 A study
using Lanyu pigs, showed that full-thickness wounds resulted
in scar tissue while partial-thickness wounds allowed for
restricted rete ridge and papillary dermis regeneration. In this
study, alkaline phosphatase was completely absent upon full-
thickness wound healing yet present during partial-thickness
wound healing.55 The presence of alkaline phosphatase may
have clinical significance in wound healing thus, the
anatomically similar ridges in the pig model could provide
even more knowledge in future studies particularly explaining
the increased wound healing in partial-thickness wounds.
Despite the abundant similarities between pigs and human

tissue architecture and physiology, there are limiting differ-
ences. Porcine skin contains only apocrine sweat glands, with
the presence of eccrine sweat glands restricted to the snout,
lips, and carpal organs.53 In contrast, humans have an
abundance of eccrine sweat glands all over the body56 and
apocrine glands are found mainly in the armpits and groin
region, where they open into hair follicles.57 This difference
impacts the wound healing model because the eccrine sweat
glands appear to be an important source of epidermal stem
cells.58 Furthermore, pigs are not the species of choice in many
experiments due to their high cost, maintenance, and large
housing facilities that are not widely available.

■ WOUND HEALING PHYSIOLOGY IN RABBITS
Rabbits have been used as models for wound healing,
specifically punch biopsies in their ears due to the ability to
create multiple biopsies in one ear. The rabbit ear has an
epidermis and dermis, but the dermis is attached to a
cartilaginous layer below which prevents wound contraction
by splinting.44 This rather promotes wound healing by re-
epithelialization and granulation tissue formation, similar to
humans.42,59 This same idea of splinting to reduce contraction
has been employed in the rodent model by placing a tightly
adhered ring to the skin around the wound.60,61 However, the
rabbit ear having the architecture already present serves as an
advantage by decreasing the occurrence of infection from a
foreign body implantation.
The cartilaginous properties in the rabbit ear have also been

used to study the growth factors and proteoglycan contents
upon injury to the cartilage. These studies have been important
to learn more about human conditions such as osteoarthritis in
which cartilage degeneration occurs with limited restorative
properties.62 Another advantage to this model is in the study of
hypertrophic scar formation, which tends to occur post injury
to the deep dermis. Most animal models including pigs and
rodents do not tend to form hypertrophic scars and this is
thought to be due to the fibromuscular layer found under the
dermis of these species.6 Yet, models to create hypertrophic
scars in the ears of rabbits have been established allowing for
the study of pathogenesis and therapeutics.63,64

Most importantly, the rabbit ear model is well known for
studying the impact of ischemia. This species has significant,
large vasculature in their ears, amenable to manipulation by
ligating the vessels.65 Moreover, it has been found that the
vasculature in the ears of rabbits also tends to form collateral
circulation, making the induced ischemia reversible.44 This is
notable since humans also have this quality.
Despite their value in these specific examples, the use of

rabbits as a wound healing model is restricted due to their
limited genetic traceability and species-specific reagents.44

■ WOUND HEALING PHYSIOLOGY IN OTHER
ANIMALS

Other animal species that have been used for wound healing
models include guinea pigs and zebrafish. Guinea pigs are not
commonly used, but they are small and inexpensive.47 They
have a similar mechanism of wound healing to rodents in
which they heal mostly by tissue contraction; limiting data
translation to humans.44,66 A major use of Guinea pigs in
wound healing has been for the study of collagen synthesis.67

Collagen requires vitamin C as a cofactor for its synthesis.68

Many animal models are able to synthesize their own vitamin
C, making it challenging to study collagen synthesis in a
vitamin-deficient state. Guinea pigs, like humans, require
dietary vitamin C since they are incapable of making
endogenous vitamin C.44 This characteristic makes Guinea
pigs purposeful for a small subset of studies.
Zebrafish are unique in that they undergo each phase of

wound healing in a sequential, nonoverlapping process,
whereas in humans and many other species, the phases
overlap. The stepwise progression of hemostasis, inflammation,
proliferation, and remodeling allows for specific isolation and
research on each of these phases.69 For this reason, many
studies on the chemical and genetic effects have been carried
out in relation to the progression of each phase. Zebrafish heal
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by re-epithelialization similar to humans, although, they do so
extremely rapidly.44 This species has not been used much in
studies, therefore is less established than other animal species.
Overall, there is not one specific animal species that provides

completely translatable research to human wound healing in
any type of model. Each animal species provides different
components that make it more advantageous than another for
studying the effects of a certain type of wound (Table 1).

■ IN VIVO WOUND HEALING IN RODENTS
Aside from the study of wound healing in healthy tissue, it is
possible to create experimental models that are directed at
stimulating healing in impaired wound models such as those in
patients with diabetes, ischemia, or obesity. In these models,
the goal is to simulate similar pathophysiology in the animals
to that of human patients with chronic diseases. Then, the
models can be used to study the process of wound healing
under these certain conditions as well as the effects of
therapeutics on complicated wounds. This is a research field of
high interest right now due to the increasing burden on the
healthcare system of patients with chronic, nonhealing
wounds.70

Diabetic wounds are a complicated type of wound that can
lead to serious infection71 and subsequent limb amputation72 if
not cared for properly. For this reason, it is important that we
continue to study the healing process in the diabetic state.
Rodents have been used in many experiments to mimic type I
and type II diabetic patients.73,74 Type I Diabetes Mellitus
(DM) is an autoimmune process against the pancreatic β cells
leading to decreased production of insulin.75 In rodent models,
there are many ways to simulate this, but the most common
are chemical induction by high doses of streptozotocin or
alloxan or by obtaining genetically modified rodents.63,76,77

Type II DM is more commonly seen in the human population
and is due to a multifactorial process, including genetics and
environmental conditions.78 The exact pathophysiology of
Type II DM is not completely understood, although there is a
strong connection between poor diet leading to chronic
hyperglycemic states which results in pancreatic β cell
dysfunction and insulin resistance over time.78 A common
way to induce Type II DM in rodents is with the genotype db/
db, which causes progressively increased insulin resistance as
the rodent ages.79

Different induction methods have their advantages and
disadvantages. For example, chemical induction creates
immune destruction of pancreatic β islets cells, characteristic
of the pathophysiology of Type I DM. Although, there is
evidence that it is not completely representative of the process
that occurs in humans due to the adverse effects of the
chemicals. The induction of DM in rodents can cause them to
die prematurely, and for this reason, many experiments will
create injury to the animals only 1−2 weeks after a
hyperglycemic state has been established. This time frame
does not allow for the long-term effects of diabetes to
manifest.76 The long-term effects, such as cardiovascular
disease, decreased vasculature, neuropathy, etc all can affect
wound healing. Thus, this model may not be the most
appropriate when trying to study complicated wounds in
patients with a long-standing history of diabetes mellitus. In
contrast to chemical induction, genetically modified rodents
such as those with the genotype db/db represent a more
natural progression of the disease with prolonged hyper-

glycemic states and avoid some of the unwanted side effects
due to chemical induction.42

DM can lead to ischemic wounds secondary to long-term
small vessel disease. None of the diabetic rodent models
accurately simulate the long-term effects of diabetic ischemia.
Rather, surgically created ischemic models have been applied
in rodents to specifically study ischemic wound healing that
results from disease states such as diabetes, cardiovascular
dysfunction, or pressure ulcers.76 Mcfarlane and colleagues
developed the ischemic model in the rodent by making a skin
flap on the dorsal side of the rodent. This completely
dissociated the skin from the deeper tissues. After dissociation,
the flap was sutured back in place allowing revascularization to
occur. The process allowed specifically for the study of necrosis
and its prevention.80 In more recent years, this model has been
modified by adding a silicone sheet under the flap to prevent
revascularization and reduce contraction.81 By preventing
revascularization, the disease state is more closely mimicked.
Additionally, the silicone sheet prevents wound healing by
contraction which also allows for more translatable wound
healing physiology to humans.
Rat models have been used to mimic the state of obesity.

Obesity, which is typically due to a high-calorie diet, is one of
the five factors that makes up a condition known as metabolic
syndrome.82 Metabolic syndrome has become an overwhelm-
ing problem in our societies and has severe consequences
including cardiac disease, stroke, and diabetes.83,84 The effect
of obesity on wound healing is through a variety of
mechanisms and pathways known to increase the concen-
tration of circulating reactive oxygen species (ROS) in the
body, resulting in oxidative stress. Normally, ROS at
physiological concentrations are extremely important through-
out many phases of the wound healing cycle by directly or
indirectly promoting hemostasis, fibroblast proliferation,
angiogenesis, epithelialization, and more. However, when
ROS concentrations are significantly elevated, there is no
longer a manageable balance between ROS production and
detoxification. Therefore, wound healing becomes dysregulated
with increased cell apoptosis and prolonged inflammation.85

To study this process in animals, rats are fed high-fat diets for
1−2 months. This diet results in the elevation of nutritional
markers including blood glucose, triglycerides, and cholesterol,
as well as increased oxidative stress indicated by elevated
malondialdehyde (MDA) and decreased glutathione
(GSH).42,86 The nutritional markers suggest that the high-fat
diet in rats not only simulates the nutritional effects of obesity
but also the oxidative stress that results from obesity in
humans. For that reason, the model is practical for studying the
wound healing effects in an obese state. The only limitation is
that increased ROS has also been known to delay re-
epithelialization in human wounds and since rodents heal
mainly by contraction, this aspect of the healing would not be
translatable.87

Lastly, rodents have known use in the inoculation of bacteria
into a wound in order to replicate an infected model.76 The
infection can be from direct inoculation of organisms or
biofilm production added to the wound. For example, a study
by Brandenburg and colleagues added Pseudomonas aeruginosa
biofilms via a skin dressing to full-thickness wounds in rodents
and compared the wound healing time and properties to a
group without inoculation. They found that wounds that
harbored the infection had longer rates of healing, prolonged
inflammation, decreased re-epithelialization, and decreased
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collagen formation.88 Other studies have used varieties of
bacteria or other organisms to infect the wound and this is
extremely beneficial in the study of different therapies against
those organisms. Since biofilms have complicated virulence
factors that make organisms difficult to treat, this research has
been increasingly important. In rodents, this model can be
useful to investigate therapies targeted at killing the organism
or disrupting its virulence factors but may have poor
translatability to humans when comparing healing times and
tissue regeneration properties.
Rat Tail Model. One of the major limitations of rodent

models is wound contraction resulting in rapid healing which is
not in line with the physiological process in humans.
Therefore, a novel rat tail wound has been introduced, which
exhibits minor wound contraction and significant similarities
with human wound healing and hypertrophic scar.89

Typically, the wound is created as a rectangular excision on
the dorsal part of the tail. Interestingly, tail wounds usually

require 21 days for complete repair and healing compared to
conventional back dorsal wounds, which heal within a few
days. Consequently, the tail wound is suitable to test the
healing potential of proposed drugs and therapy with an
extended time course. Moreover, wounds on rat tails can be
followed and measured easily without killing the affected
animals.44

■ IN VIVO WOUND HEALING IN OTHER ANIMALS
Since rodents do have their own limitations, it is important to
consider what exactly the goal of the experiment is and what
animal species will reflect the most accurate and transferrable
information to a human patient.
One limitation to using rodents for studying wound healing

in a diabetic population was that the results were limited to the
early stages of diabetes.76 In order to overcome this, a study by
Wang and colleagues created a model in rabbits to more
appropriately show the effects of chronic hyperglycemia. DM

Figure 3. Example of various models used to study wound healing process. Models based on in vivo methods are (A) skin stripping model; (B) skin
blister model; (C) skin biopsy; (D) skin abrasive model; and (E) wound created by laser. Some models based on in vitro models are (F) a variety
of methods which includes disrupting the confluency of monolayer cells such as fibroblast using mechanical scratches; (G) trans-well assay for
evaluating the migration potential of cells; and (H) three-dimensional (3D) cell cultures using scaffolds. Other methods include (I) in silico
methods; (J) new technologies such as microfluidics; and (K) ex vivo wound healing models. BioRender is used for drawing this scheme.
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in the rabbits was chemically induced using alloxan, then
treated with insulin. The rabbits survived for up to a year and
showed the long-term effects of diabetes such as delayed
wound healing, kidney disease, and fatty liver disease.90 On the
other hand, diabetic models in pigs have been developed as
well since they have similar anatomy and pathophysiology to
humans. A study by Velander and colleagues showed that
diabetic pigs chemically induced with streptozotocin had
delayed re-epithelialization, little to no change in PDGF levels,
and decreased levels of TGF-beta as well as IGF-1; similar to
humans. The limitation of this study was that the pigs were
only kept alive for 18 days so the long-term effects of diabetes
could not be determined. The study did note that the pigs
tolerated the chemical induction well and other studies showed
low mortality and morbidity rates, so it seems as though the
pigs could have survived longer to better represent the adverse
effects of chronic diabetes.91

The flap method used in rodents to produce an ischemic
wound model has also been applied to pigs.76 This model is
beneficial to show the effects of ischemia on wound healing by
preventing revascularization, but there is still a chance for
infection or increased inflammation due to the foreign body
reaction that can result from the placement of the silicone
sheet between the flap and underlying muscle. Alternatively,
rabbits serve as a well-known species for the ischemic wound
model. Chien and colleagues designed a simple technique to
establish ischemia in the ears of the rabbits. The benefits of this
model are that they were able to create four ischemic wounds
and four nonischemic wounds in one rabbit by ligating vessels
in both ears. They also report that after using this technique on
80 rabbits, none of them suffered complications such as
bleeding, infection, or rupture in the skin incisions.92

Rabbits and pigs have both been used to simulate the
infected model. A study by Gurjala and colleagues used rabbit
ears to induce a punch wound and then subsequently
inoculated the wound with Staphylococcus aureus. Their
findings showed that S. aureus was able to form a mature
biofilm within just 24 h and this biofilm formation did in fact
impair wound healing.93 This type of study is useful in that it
spotlights the pathophysiology of an infected, chronic wound
and can help direct therapeutics in the future. Likewise, similar
studies have been done with pigs.94,95 For example, Hirsch and
colleagues induced diabetes in pigs and then compared
infected diabetic wounds to noninfected diabetic wounds.
Results showed that diabetic wounds developed a higher
inoculum count of S. aureus and had delayed healing. In
addition, this study looked at some of the systemic effects of
bacterial infection and found that the diabetic wounds caused
increased co-infection with endogenous bacteria, suggesting
that diabetic wounds are more prone to infection.96 A
drawback to this study was that DM was induced only 14
days prior to creating the wound so the long-term effects of
DM could not be established which may have altered the
wound healing processes.
Overall, there are many ways to model the various disease

states that affect in vivo wound healing. This paper only
touched on some of the most common techniques although
there is an abundance of others that have been used. In
general, it is important to consider the animal species and how
the induced disease state will mimic the pathophysiology seen
in humans for the most translatable results.

■ IN VIVO WOUND HEALING MODELS IN HUMANS
Wound healing models using humans have their own
limitations in that it may be hard to find willing participants
to obtain enough information or data. Although, it is essential
since animal models do not always provide the most
translatable results. Each of the methods below has been
used in different clinical settings and serves a great purpose to
study the different steps of wound healing.
Various wound healing methods and techniques are available

in the literature. These methods can be classified mainly into in
vivo, in vitro, and other methods such as in silico or new
technologies. Figure 3 shows a summary of these methods. The
detailed explanation of each method is described in the
following paragraphs.

■ SKIN STRIPPING USING ADHESIVE TAPE
This method works by applying adhesive tape to the skin of a
patient. Upon removal of the adhesive tape, the stratum
corneum, the most superficial layer of the epidermis, is
removed while the remainder of the epidermis remains
intact.59,97 The stratum corneum contains the keratinocytes
that have completely lost all organelles and desmosome
detachment, allowing for sloughing off of the dead tissue layers.
This layer is most protective against the entry of foreign
material and excessive water loss. Loss of this layer can cause
the tissue to become more susceptible to pathogen entry and
can cause dehydration which explains the use of this model to
collect data on the skin barrier function.98,99 Even though this
wound is very minimal, it still stimulates the proliferation of
keratinocytes from the stratum basale and promotes their
differentiation to anucleate keratinized squamous cells,
replicating a wound healing process.97

A study done by Muizzuddin and colleagues used the tape
stripping method to study the effects of marital stress on skin
barrier strength and healing by measuring the trans-epidermal
water loss (TEWL). They used as many tape strippings as
needed to reach a TEWL of 18 or higher which indicated that
the skin barrier was in fact disrupted. Then, recovery was
determined by the TEWL after 3 and 24 h. Their study found
no correlation between stress and the skin barrier strength.100

■ SUCTION BLISTER MODEL
The blister method is based on the idea of creating a clean
separation between the epidermis and the dermis. To do so, a
constant negative pressure of about 300 mmHg for a period of
1−4 h is applied to tissue resulting in a separation of the skin
without any chemical or thermal damage.97 The blister is filled
with fluid and cells which can be extracted via fine needle
aspiration. This is helpful in studying immune cells that can be
difficult to pick up on blood sampling. Holm and colleagues
performed a study in which patients were inoculated with
Mycobacterium tuberculosis, which caused T cells to leave the
lymph tissue, migrate to the site of antigen, and proliferate.
Then, using the suction blister method, antigen-specific T cells
were readily removed from the aspirate. This project provided
great insight as to how we can better study the adaptive
immune system with avoiding more invasive methods such as
lymphoid tissue biopsy.101 Another study used similar
techniques to look at the factors of psychological stress on
wound healing and measured the cytokine levels present at the
site of the blister during the course of healing.102
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After employing the suction blister method, the top layer of
the blister can be removed, and the overlying skin will heal
without scarring. For this reason, the method has been used to
study the changes in wound closure over a series of days to
compare wound healing effects of different topical agents or
environmental conditions.59,97 Furthermore, the trans-epider-
mal water loss can be measured to quantify the skin barrier
recovery.102

Overall, the suction blister method has many clinical uses
and is a great tool in the discovery of wound healing
pharmaceutical agents, extraction of inflammatory factors,
studying the adaptive immune system, and more.

■ ABRASIVE WOUND MODEL
A more invasive approach to studying the effects of wound
healing can be done with the abrasive wound model. This
procedure requires removal of the epidermis by continued
abrading of the skin with a surgical brush. The idea is that the
epidermis contains loose cell attachments making their
removal by abrasion possible while keeping the basement
membrane intact.97 Due to the preserved basement membrane,
the patient will heal completely without scar tissue formation.
This method and the suction blister method both result in
injuries of the same depth, but, the advantage to the abrasive
wound model is that it is more representative of a wound that a
patient may present with. In other words, the epidermal layer is
not removed in a perfect circular fashion, but it is rather rigid
as if someone scraped their arm on cement. Accordingly, this
method makes a useful resource for the study of different types
of wound dressings and their effects on re-epithelialization.
For example, a study done by Kuhlmann and colleagues

used the abrasive wound method and then observed healing
when an ointment was applied with a standard first aid
dressing, ointment with gauze covering, standard first aid
dressing alone, and an untreated area covered with gauze.
Their results showed that the use of the ointment allowed for
significantly faster re-epithelialization as well as more favorable
cosmetic outcomes.103 A different study by Wigger-Alberti and
colleagues used the same technique to study the differences in
wound healing when using a variety of products that are
commonly applied to wounded areas. Their results suggested
that hydrocolloid and polyurethane products had the best re-
epithelialization and cosmetic effects.104

■ LASER WOUNDS
The use of lasers to induce and subsequently study the wound
healing process is limited. One study done by Ferraq and
colleagues used laser and suction blister methods to induce
wounds and then compared the different depths of the wound
produced versus healing time. Results showed that Er:YAG
lasers created shallower wounds with a more uniform depth
than the suction blister method, but both methods resulted in
similar wound healing times.105

More frequently, lasers as well as microdermabrasions are
used therapeutically to promote resurfacing of skin tissue.97 By
using these technologies as a treatment, studies have been
done to compare laser-induced healing versus other methods.
For example, Hopkins and colleagues, compared natural
healing to the use of low-level laser therapy (LLLT) on
abrasions to the anterior forearm. Results suggested that the
laser group healed at faster rates via wound contraction. In
addition, untreated wounds on the patients that received LLLT

also healed with more contraction suggesting a potential
indirect effect of the laser therapy.106

Due to the cost of laser technology, this method is not
frequently used to study the effects of wound healing but is
more commonly used as a therapy for tissue regeneration and
skin resurfacing.107 Recent advances include resurfacing
photoaged skin or skin with scar tissue.108 Nevertheless, the
cost of equipment is also prohibitive for most research
laboratories.

■ SPLIT-THICKNESS AND FULL-THICKNESS
EXCISIONAL WOUNDS

The most invasive method to study the in vivo effects of
wound healing is by creating either split-thickness or full-
thickness excisions. A split-thickness excisional wound requires
the use of a sharp blade to cut parallel to the skin surface until
the full epidermis and only a portion of the dermis are
removed. To differentiate, a full-thickness excisional wound
can be created using the same technique as a split-thickness
wound, or with tools such as a punch biopsy or laser to remove
the entire epidermal and dermal layers.97 The split-thickness
model has been used in wound healing experiments to
determine re-epithelialization and different effects on this
process. A study performed by Holt and colleagues looked at
the effect of age on re-epithelization of post-split-thickness
wounds. The findings suggested that older individuals have
delayed re-epithelialization.109 In addition to studying re-
epithelialization, the model can be used to study different
topical agents and their effects on the timeliness of wound
healing. For example, Burusapat and colleagues studied the
effects of topical aloe vera gel in the healing of a split-thickness
biopsy. Data concluded that the aloe vera gel accelerated
healing although there was no significant pain relief.110

Since full-thickness wounds excise skin tissue down to the
subcutaneous fat, the dermal blood vessels and appendages are
disrupted. This type of model has been very useful in studying
the overall process of wound healing. After the excision is
performed and during the healing process, samples of the
injured area can be obtained for the histological determination
of tissue regrowth, cells involved, angiogenesis, appendage
regrowth or lack thereof, and much more.97 Like split-
thickness models, full-thickness models can be used to study
the effects of different topical agents on wound healing.
Furthermore, this model is more advantageous in that it can be
used to study the effects of all aspects of the wound healing
process. Many studies have used this model for researching the
process of angiogenesis and therapeutics to promote angio-
genesis post tissue injury.111,112

In summary, each method involves different tissue layers
allowing for the study of the phases of the wound healing cycle
and the study of different types of injuries as well as their
treatments. For general effects of wound healing and to look at
the entire process, a full-thickness biopsy would be best. In
contrast, for a model attempting to mimic a real-life abrasion
injury, the abrasive wound model would be best. All of these
methods may be limited by human participation leading to
insufficient data for broader generalizations.

■ IN VITRO WOUND HEALING MODELS
In vitro, in silico, and ex vivo models have been developed to
tease out the key mechanisms of wound healing. These models
provide the advantage of using human cells or tissue and can
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be used in high-throughput screening of potential therapeutic
agents. On the other hand, they lack the true physiological
complexity of skin organization, inflammatory components,
and surrounding cells that would be attracted by chemotaxis
and therefore may not correlate with the in vivo models and
results.113

Basically, in vitro models for wound healing are categorized
into two-dimensional (2D) cell monolayer models and 3D
models, which are more complex and realistic.
2D Cell Monolayer Models. In vitro wound healing assays

are usually conducted using the conventional two-dimensional
(2D) cell monolayer or single-cell model. Basically, in the 2D
in vitro wound healing model, cells in a confluent cell
monolayer are disrupted by removing cells via several
techniques, creating a region of “wounded” cells.114 The
wound cells’ healing potential in terms of the rate at which cells
divide and migrate into the wound area is then monitored and
evaluated. During the healing phase, the distance between
edges is measured and data are acquired using an optical
microscope, taking time-lapse images and videos of the
destructive area or assessing the expression of specific
indicators and molecules by fluorescence spectroscopy.
Moreover, evaluating the behavior of cells by nuclear staining
and predicting the cellular viability are further used to assess
the healing phase of the wounded area.114,115

Interestingly, the regrowth of the destructed cells can be
predicted in real-time by measuring the electrical impulses of
the cells instead of using the conventional microscopy method
to evaluate the healing potential. However, the attachment of
cells to the electrodes and the need for a very precise protocol
are expected downsides.116

The 2D cell monolayer model provides an effective means to
analyze numerous physiological processes involved in the
wound repair process, including cellular proliferation, differ-
entiation and viability,117 cell migration,118 angiogenesis,119

and gene expression and protein production.120 The 2D cell
monolayer models may use dermal fibroblasts which are
involved in extracellular matrix production.121,122

Introducing a wound to the confluent cell monolayer can be
performed using several techniques; creating the wound
mechanically by scratching devices like a pipette tip is the
most common method.113

Although the scratch test is a relatively simple protocol,
significant downsides such as irregular scratches, accumulation
of cells on the edges of the gap, and interfering with the
proliferation and cell migration following the scratch lessen its
practical application. Recommendations such as washing and
pre-treatment with Mitomycin C have been introduced to
improve the scratch assay’s reproducibility.123 Other limi-
tations of the scratch assay include its long duration and the
many cells and materials needed to conduct such an assay.124

Another crucial downside of this method and similar
methods is that the protocol relies upon creating a linear gap
in a monolayer cell. It is challenging to recapture the same
wounded area many times since the scratch is longer than the
field of view. Generating circular wounds has improved the
accuracy and reproducibility of evaluating the wound healing
process.125

Other mechanical in vitro wounding methods include
stamping,126 thermo-mechanical,127 electrical,128 and optical
wounding.129 In the stamping technique, a wound is generated
by forcing a stamp, automatically or manually, to mold against
a confluent cell layer. Like the scratch method, stamping

usually results in an irregular wound area and, consequently, an
inaccurate evaluation of the healing potential of the affected
cells.130 The thermo-mechanical method is commonly
employed as in vitro wound healing assay; however, the
transfer of heat into the adjacent cells and its impact on the
reproducibility of the assay could not be excluded.
The electrical wounding method applies an elevated current

pulse leading to electroporation and cell wounding. This
method is fully automated and provides a crucial advantage of
monitoring wounding and regrowth of the confluent cell layer
and ultimately provides highly reproducible and quantitative
data.130

On the other hand, wound generation in a confluent cell
monolayer could also be obtained optically by laser-beam-
induced cell ablation, where cells will be removed in a defined
circular area. Although optical wounding usually produces
reproducible results, acquiring a specific instrument for
conducting this technique is mandatory.114

Abundant scientific reports support using 2D cell culture
models since it is simple and relatively inexpensive.
Furthermore, it is considered the first step to understanding
several aspects of wound healing and evaluating the healing
potential of several compounds before in vivo testing and
clinical trials. However, numerous results from in vitro 2D
models have not translated into successful in vivo studies since
2D models do not represent the whole natural skin structure
and do not mimic the ECM remodeling phase and the complex
crosstalk interactions between different cells, which are key in
the wound repair process. Consequently, such methods lack
the ability to investigate cell signaling mechanisms, the role of
immunity, and metabolism.131 Therefore, other advanced
models have been introduced to better mimic the physiological
complexity and native organization and microenvironment of
skin structure.
Trans-Well Systems and Co-Cultured Cell Cultures.

The trans-well migration assay or Boyden chamber assay is
utilized to analyze the migratory potential of cell mass toward
chemotactic responses. It allows analysis of the keratinocyte-
fibroblast crosstalk and interaction better than monolayer
cultures.76 A variety of cell types can be used in this assay,
including epithelial, mesenchymal, cancer cell lines, and
primary cells.
Trans-well migration assays use two medium-containing

chambers separated by a porous membrane that allows
communication between the two cell types. After incubation,
the permeable membrane is removed, fixed, and stained. The
retained cells on the membrane are then counted to predict the
migration potential of cells.132 Incorporating collagen in this
assay will create a more complex and native physiological
environment to study the migratory behavior of fibroblasts.133

On the other hand, co-cultures usually provide more
insightful data on cell-cell interaction than standard monolayer
cultures. In particular, crosstalk between keratinocytes and
fibroblasts is utmost in wound healing and scarring. Never-
theless, because they are still a 2-D model, co-cultures lack the
native structural characteristics of skin where multiple cells
interact together. Immune or endothelial cells are not usually
incorporated into co-culture models.76

3D Wound Healing Assays. 3D wound healing models
include histocultures, skin equivalents, and bioengineered and
constructed skin to provide a complex biological environment
that features the true skin structure and to investigate the
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expected influence of potential agents or compounds on the
different phases of wound healing.131

Histocultures (i.e., three-dimensional tissues that are put
into growth medium either with a collagen gel support or
simply free floating)134 are developed as cultures of intact skin
cultures grown in growth media with or without the support of
ECM matrices such as collagen for a better presentation of skin
structure and responses and longer preservation of the
functions and physiology of the skin structures such as
epidermis, dermis and hair follicles.135

3D skin equivalent models have been created from skin cells
and ECM matrices that mimic the skin structure and produce
functional and structural skin substitutes as dermal equivalent,
epidermal equivalent, or constructed from both compart-
ments.136 Skin equivalent models are time and cost-effective
alternatives to the in vivo models for wound healing studies.
An example of such alternatives is a model for angiogenesis
studies where keratinocytes and other cells are combined with
ECM matrices, such as Matrigel and collagen, and endothelial
cells, which are responsible for creating capillaries in the
skin.137 Skin equivalents can also be engineered by specific
genetic modifications to the epidermis or dermis structures and
predict the impact of such alterations on skin cell responses.138

Artificial and natural polymers are usually included in the
skin equivalents to create scaffolds such as collagen, hyaluronic
acid, chitosan, fibrin, alginic acid, elastin poly (ethylene glycol),
polycaprolactone, poly(vinyl alcohol), or polylactic acid.139

The constructed full-skin model generally comprises a
scaffold of fibroblast layer representing the dermal structure
enclosed by another layer of keratinocytes to constitute the
epidermis-like layer and epidermal bilayer structure.140 It is
crucial to indicate here that the constructed skin could be
exogenous or endogenous in terms of its origin; the former
includes an exogenous scaffold to accommodate the skin cells,
while in the endogenous model, skin cells are induced to
synthesize their own ECM matrices.140 Wounding of 3D
models is commonly conducted using typical techniques or
punch biopsies.
3D models very closely mimic the physiological and

compositional cellular environment and contain stratum
corneum to better understand the diffusion and interactions
of several compounds through it. Likewise, 3D skin culture
models provide more extended use of cell culture. Never-
theless, 3D skin models are often strenuous and require high-
level technical skills.
Although constructed skin mimics the actual skin organ-

ization and allows us to understand the crosstalk interactions
between these two cells in 3D, it lacks other crucial systems,
such as immune and vascular systems and hair follicles.141

Additional types of cells, such as immune or cancer cells, could
be co-cultured with this system depending on the study aims
and complexity proposed. In this context, several immuno-
competent skin models have been developed for specific
studies; for example, melanocytes, Langerhans cells, and
dendritic cells have been incorporated with skin alternatives
for skin sensitization and allergic studies.142−144

For wound healing studies, incorporating macrophages and
T cells into the skin 3D models would remarkably improve the
relevance of the skin model to investigate the wound healing
phases and explore new potential therapeutic candidates.140

Implementing an immunocompetent skin model has been
conducted recently by incorporating T cells into in vitro skin

models. The infiltration of T cells into these models has been
validated by anti-CD3 immunofluorescence staining.145,146

■ EX VIVO WOUND HEALING MODELS
Ex vivo models are based on the organ culture of skin and
reflect the use of full or partial excised skin or biopsies that
resemble normal skin. Ex vivo models have been used
numerously to understand the pathophysiology and inflamma-
tion aspects of skin and to evaluate the healing potential of
various compounds and novel materials. For example, excised
human or animal skin has been utilized as models to
understand the interaction of nanoparticles and nanomaterials
with skin and their potential influence on the healing process
and potential modulation of numerous inflammatory and anti-
inflammatory factors.147−150 In addition, ex vivo models have
been used to investigate the wound repair potential of
antioxidants151 and photodynamic therapy.152 Ex vivo skin
models include normal or pathological skin biopsies, and they
provide a 3D representation of skin including cell-to-cell
crosstalk and the native microenvironment.
Several ex vivo human skin models have been developed to

study skin tissue repair and re-epithelization studies. For
example, incisional wounds in the skin or partial-thickness
biopsies are commonly used.153 Separation of skin layers
(dermal and epidermal) can be achieved by distinct methods
based on the aim of the investigation. For instance, the
separation of the dermis from the epidermis could be
performed by heat, chemical, or enzymatic separation to
disturb the electrolyte equilibrium or deactivate critical
molecules and compounds, mechanical force separation
method by stretching and suction techniques.154 The
mechanical separation method preserves the cellular structure
of the dermis and epidermis compartments.
Despite the attractiveness of this model to represent the real

complexity and microenvironment of skin structure, it lacks
innervation, migratory immune cells, and blood supply76 and
the standardization and reproducibility of these models are
uncertain. Other challenges are considerable variations in
methodologies, culture conditions, and limited availability due
to the need for fresh tissue. Consequently, its implementation
is limited to specific applications.

■ IN SILICO WOUND HEALING MODELS
Computer modeling is a powerful tool for better understanding
biochemical and biological processes. In silico models are
computational models derived from known and hypothesized
kinetics of the skin structure and provide opportunities to
understand cellular responses and phases of wound repair in
theory. Besides, they help explore and predict the possible
impact and outcomes of inflammation, hypoxia, and other
pathological conditions on the rate and success of wound
repair155 and are commonly employed to provide a multi-
factorial approach to potential compound screening. For
example, In silico screening has been utilized to select a
combination of phyto-constitutes that modulate several targets
like inflammatory markers in the wound healing process.156

Furthermore, in silico models have enabled the understanding
and modulating of angiogenesis as one of the key phases of
wound repair and the effect of therapeutic interventions and
vascular modulating agents on the angiogenesis process.157,158

For simulating angiogenesis in wound healing, continuum
models and cell-based models are utilized; besides, hybrid
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models can be used to describe the cellular and tissue levels in
studies related to wound healing and angiogenesis anal-
ysis.159,160 Moreover, in silico models provide an effective tool
for designing tissue substitutes for wound regeneration and
investigating the role of growth factors, fibroblasts, and stem
cells in epithelium regeneration.161

In silico models lack the physiological characteristics of
human skin and are usually confirmed by or combined with in
vivo or in vitro models.162 In silico mathematical models for
biological and biochemical studies also need close collabo-
ration between scientists and mathematicians, which could be
considered a challenge for such models.

■ NEW TECHNOLOGIES IN THE STUDY OF WOUND
HEALING

The in vitro conventional wound healing models and
approaches feature several limitations regarding reproduci-
bility, automation, matrix coatings damages, live cell imaging,
and variation. Therefore, advanced technologies have been
introduced as next-generation wound healing technologies to
improve the features of the current models, such as 3D models,
in response to the global trends toward miniaturization and
automation, and to lessen challenges related to variation,
consistency, and reproducibility.
Vascularized 3D Skin Equivalents. 3D organotypic skin

models and skin equivalents are commonly used in in vitro
wound healing studies; however, they lack the native dynamic,
complexity, and vascularization of real skin structure. There-
fore, various advanced dynamic models have been developed
that integrate skin equivalents with vasculature systems to
understand angiogenesis, wound healing studies, and/or cancer
research.163

Different vascularization techniques have been introduced
recently; for example, vascularization was induced by seeding
stem cells or endothelial cells into fibrin or collagen hydrogel
and then exposing it to vascular endothelial growth factor
(VEGF).164,165 Another research group mimicked a micro-
vasculature system into the skin equivalents by casting a
simulated vasculature in the collagen matrix using 3D-printed
molds.166 Mori et al. have created collagen matrix micro-
vasculature by using removable nylon threads that form
channels.163,167 Furthermore, 3D bioprinting has been utilized
to generate different skin layers into a perfusable 3D culture
system.168

Microfluidics and Skin-on-a-Chip Technologies. The
traditional 2D and 3D models cannot simulate in vivo blood
circulation due to lacking a vascular network to provide cells
with nutrients. Consequently, microfabrication technologies
have been introduced in response to the current downsides of
traditional 2D cultures and 3D organ models and led to the
development of organs-on-chips. These technologies are
micrometer-sized microfluidic devices that provide high-
throughput capacity and dynamicity of the system that mimics
with natural physiology of organs or tissues.169 In microfluidic
technology, small amounts of fluids are processed in hollow
channels, which exhibit laminar flow as specific physical
characteristics due to the channel’s small size. Therefore, a
small volume of fluids and the investigated materials or drugs
can be used, and fine control of the cellular environment in
terms of dynamic fluid flow and external factors can be
achieved.133,170

The merits offered by organ-on-chip technologies have been
exploited to develop skin-on-a-chip, a more dynamic and

reliable skin model cultured under control factors related to
chemical ingredients and biochemical parameters.
Skin-on-a-chip approaches are classified based on the

approach used to generate skin in the chip; transferred skin-
on-a-chip, which is based on the direct introduction of a skin
biopsy or a human skin equivalent in the chip of a microfluidic
system that is exposed to a direct flow of culture medium, such
system results in significant improvement in the life span of the
biopsies of skin equivalent for studying. The second one is
called in situ skin-on-a-chip, based on the in situ generations of
skin tissue directly inside the microfluidic system chip.133 The
first method consists of introducing a skin tissue/biopsy in a
microfluidic system equipped with a dynamic flow of cell
culture medium. This method substantially enhances the life
span of the skin tissue/biopsy for testing purposes. The second
method lies in generating the skin model directly inside a
microfluidic system.133 Another model of on-chip skin culture
with a vascular channel that is closely mimicking in vivo
conditions to study the vascular absorption of compounds is
developed by Mori et al.167

Furthermore, different skin components, such as immune
cells, vasculature, and hair follicles, were integrated into the
microfluidic system to improve skin-on-chip models’ reliability.
For example, vascular networks were built using 3D
bioprinting technology and incorporated into human skin
equivalent stem cells-derived endothelial cells.171 Ramadan and
Ting also developed the immune-competent skin-on-a-chip
model. It comprises a microfluidic channel platform of the
epidermis and immune systems represented by keratinocytes
and monocytes, respectively.172

A model representing the inflammation phase of a wound
just after the hemostasis phase has been developed by Biglari et
al. The model is composed of three compartments containing
three different cells: fibroblasts, endothelial cells, and macro-
phages. The different types of cells in the compartments
communicate with each other, where cytokines are released
from M1 macrophages and enhance the migration of
fibroblasts and endothelial cells. Then, key cytokines such as
TNF-α were produced upon transition of macrophages from
M1 to M2 and induced production of ECM, angiogenesis, and
differentiation of fibroblasts into myofibroblasts.173

3D Skin Bioprinting Technology. Bioprinting skin tissue
is one of the most promising approaches to developing models
that mimic tissues and organs and facilitate dermal drug
development, drug screening, skin physiology studies, wound
healing, and dermal toxicological research. Additionally, 3D
bioprinting technology is relatively affordable, conducted at
high speed, and scalable. Numerous 3D skin bioprinting
models have been developed, and several approaches
introduced to mimic the skin physiology and cellular
environment. for example, dermis bioprinting, full-skin
bioprinting, and bioprinting of blood vessel-containing skin
models based on the aim of the experiment and expected
data.174,175 Furthermore, the laser-assisted bioprinting techni-
que has been utilized for the bioprinting of fibroblasts and
keratinocytes on a stabilizing matrix where neovascularization
has been achieved.176

Other 3D skin bioprinting models have been introduced
based on Extrusion and Inkjet. A wide range of available cell
lines can be suitable for 3D bioprinting, such as fibroblasts,
keratinocytes, melanocytes, and hair follicles. Skin biopsies
could also be utilized; however, keratinocytes are the primary
cell types used for the bioprinting of skin cells.177 Apart from
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the advantages of 3D bioprinting, greater accuracy in
placement of cells and extracellular matrix, as well as having
the potential of embedding vasculature in the skin construct as
models for wound healing research, the system is quite
complex and requires high production costs and specialized
staff to conduct the production processes.178

Compared to traditional methods to construct skin tissues,
3D bioprinting offers many advantages including robustness,
flexibility, reproducibility, high resolution, and high-throughput
culture. These engineered skin models have a capacity to be
used in transdermal and topical formulation discovery and
dermal toxicity studies.

■ CONCLUSIONS
Each animal species has its own set of unique physiologic
wound healing characteristics that make it more advantageous
than others for human comparison. For example, pigs have a
very similar architecture to human skin making them great
models for studying tissue regeneration and re-epithelialization
while rabbits are well suited to study tissue ischemia as well as
hypertrophic scarring processes. Despite the similarities, there
are still differences that should be accounted for such as the
shorter duration of wound healing and tissue appendage
qualities and distribution. Although there is not a single species
that exactly replicates the physiology of human wound healing,
with careful consideration, there are certain species that are
more suitable than others for studying independent elements
of the wound healing process. Not only is it important to
choose the correct species to align with a physiologic process
but also to account for the best animal to induce a diseased
state similar to that in humans. Manuscripts should identify the
rationale for the choice of the animal model, the similarities
and differences from the human condition that is being
modeled, and sufficient detail for other researchers to replicate
the model.
The need to mimic the complexity of the human organism

for wound healing studies continues to evade researchers.
Model development requires close collaboration and commu-
nication between basic researchers and the clinicians who treat
human wounds. Skin is the largest organ of the body and is
exposed to a wide variety of potential impediments to healing.
As humans age, they accumulate a multitude of diseases that
impact wound healing. While the basic mechanisms of wound
healing can be identified and manipulated in cell culture,
translation to human wound healing remains limited. The
majority of animal models can only simulate acute wounds and
the attempts to recapitulate the human co-morbidities that lead
to chronic nonhealing wounds have had limited success. As
researchers strive to develop novel treatments for human
wounds, they should consider a progression of models, from
simple to complex. The simple models will verify that the
treatment impacts the targeted response, whether that be cell
migration, proliferation, angiogenesis or a specific molecular
pathway. Once that is verified, progression to a model of
increased complexity that mimics the targeted human
condition should be performed. For example, if studying
diabetic wound healing, the model animal should at least be
representative of “middle age,” with verification of long-term
elevated blood glucose, metabolic changes, and biomarkers
that demonstrate a correlation between the human disease
state and recapitulate the chronicity associated with human
nonhealing diabetic wounds.179 Although further development
of preclinical animal models will improve translatable

innovations in wound therapeutics, recent advances in
computer modeling and 3D models may provide better insight
with the opportunity to manipulate the environment to more
closely simulate the complex interactions between human skin
cells, the immune response and the critical orchestration of the
cytokine response. These models also allow for very high-
throughput screening of potential therapeutic molecules which
may then be tested directly in humans, bypassing the need for
preclinical animal models. This review highlights the need for
researchers to identify the most appropriate model for specific
therapeutic goals; however, in the end, the most clinically
relevant wound healing model remains the human, an elusive
and highly variable animal.
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