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Abstract

Wound healing is a complex process in tissue regeneration through which the
body responds to the dissipated cells as a result of any kind of severe injury. Dia-
betic and non-healing wounds are considered an unmet clinical need. Currently,
different strategic approaches are widely used in the treatment of acute and
chronic wounds which include, but are not limited to, tissue transplantation, cell
therapy and wound dressings, and the use of an instrument. A large number of
literatures have been published on this topic; however, the most effective clinical
treatment remains a challenge. The wound dressing involves the use of a scaffold,
usually using biomaterials for the delivery of medication, autologous stem cells,
or growth factors from the blood. Antibacterial and anti-inflammatory drugs are
also used to stop the infection as well as accelerate wound healing. With an
increase in the ageing population leading to diabetes and associated cutaneous
wounds, there is a great need to improve the current treatment strategies. This
research critically reviews the current advancement in the therapeutic and clini-
cal approaches for wound healing and tissue regeneration. The results of recent
clinical trials suggest that the use of modern dressings and skin substitutes is the
easiest, most accessible, and most cost-effective way to treat chronic wounds with
advances in materials science such as graphene as 3D scaffold and biomolecules
hold significant promise. The annual market value for successful wound treat-
ment exceeds over $50 billion US dollars, and this will encourage industries as
well as academics to investigate the application of emerging smart materials for
modern dressings and skin substitutes for wound therapy.
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Key Messages

« treatment of wound healing is currently considered an unmet clinical need

« currently heavily under research are growth factors and cytokines released
from platelets and leukocytes that have a significant effect on the cellular
functions such as migration, differentiation, and proliferation, so they can
regulate the wound healing process
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1 | INTRODUCTION

The skin protects us against the external environment
and microbial invasion. Any damage to the skin leads to
the entry of microorganisms into the body and may lead
to infection.' Loss of body fluids, electrolytes, and nutri-
ents occurs with severe skin damage which can be life-
threatening.” Wounds are caused by damage and any
kind of disturbance in the structure and function of the
healthy skin, which can often be as a result of mechani-
cal trauma and injury, diabetes, burns and heat damages,
genetic disorders or surgeries.>*

There are different types of wounds, and the treatment
approaches are different, depending on the hospital, clini-
cian, and healthcare staff (Figure 1). The majority type of
wound treatment is based on wound dressing. Recently,
modern wound dressings are on the rise, and often
designed in various types to offer different features. Also,
due to problems such as heterogeneity of existing products,
high cost and lack of standard protocols, their clinical appli-
cations are limited or not effective. Here, the results of clini-
cal trials are assessed, highlighting promising outcomes
that show substantial translation from bench to bedside.

Wound management costs include supplies and
dressings (15%-20%), nursing time (30%-35%), and
hospitalisation (more than 50%).>” Frequent dressing
changes increase the cost of wound care. Therefore, use
of dressings that reduce the need for cleansing and
debridement of wounds and are clinically more effective,
are of a priority. The aim of this research was to critically
review the current advancement in the therapeutic and
clinical approaches for wound healing and tissue regener-
ation. The aim of this research was to critically review
the current advancement in the therapeutic and clinical
approaches for wound healing and tissue regeneration
and to provide education and clinical guidance.

2 | WOUND HEALING PROCESS

In the wound healing process, the cells, growth factors, and
cytokines interact with each other to close the lesion. In fact,
this process consists of four stages that are briefly explained.
The first stage is haemostasis, in which the coagulation
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« there are many strategies for wound treatment, but wound dressing is lead-
ing, due to ease of application, economically cheaper and more effective

« an ideal wound dressing should be antibacterial, biocompatible, and non-toxic

« better undemanding the process of wound healing combined with smart
material as a scaffold, control release of the drug, growth factors and cells
may bring hope for treatment of wound

cascade is activated, and blood loss is prevented by the for-
mation of a fibrin clot. The second stage is the inflammation
phase which begins once the injury occurs, and it may last
up to 6 days. The onset of the inflammatory phase occurs
with the secretion of proteolytic enzymes and pro-
inflammatory cytokines from the immune cells at the
wound site. Inflammatory cells produce reactive oxygen spe-
cies (ROS) which are at higher levels in chronic wounds and
burns. ROS prevents the penetration of microorganisms and
bacteria. Also in the inflammatory phase, foreign particles
and tissue debris are removed by macrophages and neutro-
phils. The next phase is proliferation, which begins 4 days
after the injury and may last up to 14 days. In this phase, re-
epithelialization and granulation tissue formation occur and
finally, the extracellular matrix (ECM) is formed. The last
stage of wound healing is the remodelling (maturation)
phase, in which type III collagen is replaced by type I, and
the tensile strength of the newly formed tissue increases by
changing the composition of the ECM.® Figure 2 schemati-
cally illustrates the wound healing process.

3 | WOUND TREATMENT
METHODS

Wound healing is a complex and multifactorial physiological
process. Based on the type of the wound, various treatment
methods and modalities, with a wide range of costs, have
been provided, including swabbing for infection, cleaning
the wound bed from the tissue debris, transplantation, cell
therapy, applying wound dressing, and instrumental
methods. This shows that none of the methods used for the
treatment of the wound is ideal and 100% effective and
therefore it is still considered an unmet clinical need. In this
research, we critically reviewed the wound dressing and the
emerging technology including regenerative medicine for
wound healing. We also highlight in brief other techniques.

3.1 | Transplantation of skin or stem
cells/cells

This strategy is based on the transplantation of either
skin or cells or stem cells and its derivatives to regenerate
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tissue. Skin transplantation is primarily used for patients
with large burns and others for the wound.

3.1.1 | Skin transplantation

Epithelial repair in deep skin wounds slowly heals due to
the keratinocyte deficiency, hence in a matter of urgency
autograft, allograft or xenograft transplantation is rec-
ommended for tissue regeneration, replacement, or
repair.” Autograft has been suggested as the standard
treatment for severe burns including premature wound
debridement and incisions.? However, in extensive burns,
it is not possible to use autografts due to insufficient
access and scars that may remain due to the lack of
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FIGURE 1 Methodologies used for wound healing

dermis.'” Through this procedure, a thin layer of skin,
which includes the entire epidermis and part of the der-
mis (split-thickness graft), is separated from the donor
area by a dermatome and placed at the wound site.
Wound treatment by autograft depends on the thickness
of the dermis; the thicker the dermis, the faster the
wound heals and the less formation of scar. While this
transplant is taken from the patient's own tissue, there is
no risk of rejection.” However, if autograft is limited or
unavailable, allograft transplantation is considered where
the tissue is separated from a donor and transplanted to
the recipient person.

Transplantation from healthy tissue of donors (living
person or cadavers) is known as an allograft. Allograft is
being used clinically since World War II. Cadavers are
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FIGURE 2
healing process
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1. Hemostasis

usually used as allograft sources. For this purpose,
cadavers are stored frozen in skin banks and used as tis-
sue donors when needed.'' The use of cadaver's skin is
widely used in burn wound management in many burn
centres around the world. In addition, skin grafts can be
obtained from live donors. The main drawback of allo-
graft transplantation is that this replacement is tempo-
rary due to the possibility of immunogenic rejection by
the host's immune system and viral transmission.

Occasionally, xenografts are used as temporary bio-
logical wound dressings due to the scarcity or
unavailability of sufficient Autograft and Allograft tis-
sues.'? In fact, Xenograft exposes exogenous collagen to
the wounds, therefore helping to regenerate the skin and
can be especially suitable for surgical wounds."®> Bovine
or porcine xenografts are now available for use in large
sizes. However, in addition to possible rejection and the
immune response, there is a risk of cross-contamination
with bovine spongiform encephalopathy or porcine
endogenous retroviruses. There is no solution available
for proper xenograft screening to detect the presence of
these viruses, and they may even be a cellularized xeno-
graft. Some recent studies have reported that the implan-
tation of skin xenografts in mice does not cause
inflammation, while an increase in macrophages and
induced regenerative phenotypes was evident.'*"
Despite significant advances in skin harvest and trans-
plantation, the outcome would not always be successful.
It is depended on the angiogenesis of the newly
transplanted tissue and cell infiltration and if this does
not occur, the transplant will eventually fail.

In general, skin substitutes should be biosafe, bifunc-
tional, clinically effective, easy to use, and cost-effective.
Skin substitutes are divided into temporary and perma-
nent according to the duration used. It is not possible to
use an Autograft alone for large and deep burns, so sur-
geons often choose artificial skin substitutes which can
prevent death and, depending on its function, also affect
the appearance of the skin. Even in successful regenera-
tions cases, often the dermis and the epidermis, the sweat
glands and hair follicles are not completely repaired,
which causes the patient's body to not have complete
control of temperature or humidity. In this case, regular

3. Proliferation

4. Remodelling

2. Inflammation

use of protective cream is recommended. Table 1 lists the
commercially available permanent and temporary skin
substitutes with their corresponding characteristics.

3.1.2 | Stem cell or cell therapy

In wounds such as burns, removal of necrotic tissue and
closure of the wound bed in the shortest possible time is
necessary. As a matter of urgency, the burned area must
be removed and replaced by other parts of the patient's
skin. However, this is not possible due to the lack of
healthy skin in large burns. To solve this problem, part of
the patient's own skin is isolated, epidermis cells from
the skin are a culture for several weeks and then placed
on the patient's damaged skin. The method is mainly car-
ried out in teaching hospitals and not routine, due to the
cost and expertise required for cells proliferation as well
as the risk of infection. This procedure is very expensive
($ 800 per 50 cm?). Hence, this method is recommended
for patients with severe burns, who do not have enough
autologous viable skin.

Other available approach is the use of “minced micro-
graft” on the damaged area. In this method, a small area
of about 2 cm? of healthy skin (epidermis and dermis) is
obtained from the patient and is then cut into small
pieces, mixed with a hydrogel, and applied to the wound
area. This is a low cost and simple method which has the
ability to emulate the skin geometry.'®'” Also, the skin
graft meshing technique is another treatment method. In
this method, a small part of the skin is isolated using a
dermatome and placed on the wound area after prepara-
tion. The meshed grafts are usually extended up to four
times their original size. The lower the extent of the
meshed graft, the higher its cell density, and the more
likely it is to succeed. Also, the larger the damaged area,
the longer it will take for the wound closure, which
increases the risk of scarring.'®*°

The development and clinical use of in vitro cultured
autogenous keratinocytes or bioengineered skin substi-
tutes are recent advances in wound management. Nowa-
days, surgeons use autologous keratinocyte sheet for
repair, which has a wide range of repair capabilities, but
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TABLE 1 Commercial skin substitutes and their characteristics

Skin Duration

substitute  Structure/composition Description of use Wound type

Biobrane Bi-layer structure; a layer of nylon ~ Nylon fibres are coated with Temporary  Deep burns
mesh covered by a thin collagen -derived peptides to
membrane of silicon increase adhesion to the wound

bed. The silicone surface is
semi-permeable and prevents
fluid loss and microbial attacks.

Transcyte Bi layer, a nylon layer covered Fibroblasts accelerate the healing Temporary  Minor burns
with collagen containing process by producing ECM and
allogenic fibroblasts release of growth factors.

Apligraf Bi-layer bio-hybrid collagen gel in ~ The underlying layer produces Permanent  Chronic wounds; diabetic foot
which allogenic fibroblast cells ECM proteins. The upper layer ulcers, vascular ulcers
are cultured and coated with a is composed of keratinocytes
layer of allogenic keratinocytes that proliferate and differentiate

and reproduce the structure of
the epidermis.

Dermagraft A Poly (lactide-co-glycolide) This product accelerates the Permanent Severe skin injuries
scaffold on which allogenic epithelialization process of
fibroblasts are sprayed. wound edges.

Alloderm Separated cadaver skin After transplantation, it is Permanent Deep wounds and burns

replaced by host fibroblasts and
eventually integrated with the
healthy skin.
Integra A matrix made from bovine typeI ~ As skin cells migrate into the Permanent Burns

collagen by cross-linked
chondroitin-6-sulphate, the
other side of which is coated
with silicon

matrix, the collagen is slowly
absorbed and replaced with
collagen produced from the
person’s own cells.

there remains the challenge with the easy separation of
the epidermis layer from the dermis, which may cause
blistering on the repair surface and eventually disrupts
the healing process.

Recent researches in clinical applications include the
transfer of healthy cells in suspension form or the transfer
of cells cultured on the matrix to the wound bed.** With
this method, there is no problem of separating the epider-
mis from the dermis, and therefore, the cell adhesion on
the repair area is guaranteed. The repair time is shorter
than the use of keratinocyte sheets. This in turn reduces
the risk of infection as well as the cost of treatment.

Stem cells (SCs) are a recent approach in wound
treatment. SCs are self-renewal cells extracted from
embryonic or adult tissue. SCs with unlimited capacity
for self-renewal, longevity, and maintenance of homeo-
stasis play an effective role in the wound healing process.
SCs have been widely used in the healing process of burn
wounds, diabetic wounds, and bedsores.*! Epidermal SCs
is a widely used cell source in wound treatment and can
be obtained from the hair follicle, isthmus, infundibu-
lum, and interfollicular epidermis. However, it is unclear

how SCs balance proliferation, differentiation, and
migration during wound healing, and whether this
dynamic process of regeneration continues or not, and it
is not clear what the cell proliferation rate will be as the
process progresses. Previous reports confirm that the skin
epidermis repair does not cause a change in the cellular
hierarchy of SCs and progenitors, or alter the balance in
renewal and differentiation time.?? Therefore, SCs are
generally introduced with features such as an unlimited
capacity for self-renewal, long life, participation in tissue
repair and maintaining body haemostasis. Based on these
characteristics, SCs can play an effective role in wound
healing.”® The topical use of SCs to accelerate wound
healing has been studied clinically by various researchers
in recent years. Bone marrow SCs are known to acceler-
ate the healing process in a variety of wounds, including
burns, diabetic wounds, and bed sores. In addition to the
significant benefits of this method for wound healing,
there are some drawbacks: 1) the ideal mechanism for
the release and delivery of SCs is unknown, 2) the
amount of SCs required for wound healing is also not
standardised, 3) proper culture, expansion, and
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characterisation of SCs also take 3 weeks to 1 month in
the laboratory, leading to a significant delay in the
healing of large wounds. Focusing on rapid cell prolifera-
tion in vitro, maximising the number of resident progeni-
tor cells in the wound bed, effective release, and optimal
grafting are among the goals of promoting the use of SCs
in wound healing in the future. Since 2010, significant
attention is being given to the utilisation of adult SC-
based therapy, including adipose mesenchymal SC for
chronic skin lesions.”**” Adipose mesenchymal stem
cells are prepared by centrifugation, filtration, and frag-
mentation, with limitations such as difficulty in expan-
ding sufficient cells for human use, good manufacturing
practices, and the survival of expanded cells.”® Due to
these limitations, the clinical use of adipose mesenchy-
mal stem cells has not received sufficient attention.

3.1.3 | Platelet therapy

Platelets are blood components that originate in bone mar-
row megakaryocytes. These cells play an important role in
primary haemostasis, thrombosis, inflammation, and
wound healing. Platelets have secretory organelles such as
alpha granules, which can secrete cytokines, growth factors,
and ECM modulators. These factors can cause revasculari-
zation of damaged tissue, proliferation, and differentiation
of mesenchymal stem cells into specific tissue cell types, as
well as stimulation of migration, proliferation, and activa-
tion of fibroblasts, and connective tissue repair, thereby
accelerating wound healing. In addition to the above, plate-
lets play a protective role against microbes by secreting
chemokines and cytokines (which activate immune cells) as
well as microbicide proteins including kinocidins.**

A different perspective to wound treatment is the
utilisation of platelet therapy. Plasma constitutes a great
percentage of the blood, in which platelets can be found.
Platelets play a special role in blood coagulation and con-
tain growth factors that regulate homeostasis, fibrin clot
formation, and tissue repair.*"*>

The prepared platelet concentrates stimulate the regen-
eration process depending on the platelets number and
density, the type of leukocytes trapped in the fibrin mesh,
and the release of active molecules at the sites of injury.”
Platelet concentrates are prepared by centrifugation of
blood, which depending on the preparation protocol can be
first generation concentrates such as platelet-rich plasma
(PRP) and platelet-poor plasma (PPP) or second generation
such as platelet-rich fibrin (PRF), leukocyte-platelet-rich
fibrin (L-PRF) and advanced platelet-rich fibrin (A-PRF).**

PRP is a concentrated blood plasma that contains large
amounts of platelets as well as growth factors.”” In PRP,
the concentration of platelet is higher than the normal
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state of the blood, and generally the concentration of
platelets and growth factors in platelet therapy is 10 times
higher than usual. In platelet therapy, higher concentra-
tions of growth factors cause acceleration of wound
healing. PRP is usually obtained autologously from the
patient’s blood, therefore its use is low risk, and has been
clinically applied to heal chronic and acute wounds.***°
Protein substances such as cytokines and growth factors
present in PRP can improve the healing of diabetic foot
ulcers,* pilonidal sinus, maxillofacial surgeries,” plastic
surgeries, discogenic low back pain*? and skin and soft tis-
sue lesions. In general, PRP stimulates endothelial, epithe-
lial, and epidermal regeneration, as well as angiogenesis,
collagen synthesis, and tissue repair.** Production of dif-
ferent types of growth factors begins with the degradation
of platelet o granules in PRP, and it accelerates wound
healing. PRP contains seven different types of growth fac-
tors including platelet-derived growth factor (PDGFa and
PDGFb), vascular endothelial growth factor (VEGF),
transforming growth factor beta (TGF-f), insulin-like
growth factor (IGF), epidermal growth factor (EGF), and
connective tissue growth factor (CTGF).** The wound
healing process is highly dependent upon angiogenesis.
VEGF, which is widely found in PRP, is considered one of
the most effective growth factors for angiogenesis and is
also responsible for the production of factors such as
matrix metalloproteinases. The role of PRP in wound
healing is very important especially in the homeostasis
stage. Specific platelet components include anti-
inflammatory and pro-inflammatory cytokines that may
be responsible in part for activating wound repair.*’

PRP is a multi-antibacterial component that prevents
wound infection.*®*® Several studies have shown that
PRP has antibacterial activity against Candida albicans,
Cryptococcus neoformans, Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus),”” but it has no effect
on some bacteria, including Klebsiella pneumoniae
(K. pneumonia), Enterococcus faecalis (E. faecalis) and
Pseudomonas eruginosa (P. aeruginosa). Another applica-
tion of PRP is in the treatment of Epidermolysis bullosa
ulcers. Due to the lack of a certain cure for Epidermolysis
bullosa ulcers, advanced wound dressings based on sili-
cone foam are usually recommended, but their scarcity in
developing countries has led to overuse of paraffin gas,
which is not efficient enough. Recent studies have shown
that the use of autologous PRP can be effective in the
healing of Epidermolysis bullosa ulcers.*® Also, the treat-
ment of cutaneous leukocytoclastic vasculitis is another
application of PRP in the form of PRP gel which has been
shown to accelerate the wound closure and granulation
tissue formation. In general, using PRP can be a safe and
cost-effective method for different wound healings and it
can reduce the duration of treatment.*
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The use of platelet-rich concentrates (PRC) has also
been considered in various medical fields in the last two
decades due to its regenerative properties. PRF is actually
the second generation of PRCs that is prepared simply by
centrifugation of blood in tube.™

PRF can be used as an autologous biological additive
with long-term growth factor release. PRF is made up of
platelets surrounded by strong fibrin filaments. It con-
tains more than 75% platelets. Platelets trapped in PRF
could repair wounds by releasing growth factors.** Vari-
ous growth factors such as PDGF, IGF, TGF-f, and
VEGF can be released from PRF, which are very effec-
tive in angiogenesis and accelerate the wound healing
process.’’>® PRF also contains optimal amounts of
thrombin, which promotes the migration of endothelial
cells and fibroblasts and enhances angiogenesis. It has a
unique fibrin structure that traps blood SCs and also
can facilitate cell adhesion and spreading.>* In general,
low cost, non-stimulation of the immune response,
acceleration of tissue repair and simple and one-step
preparation are some of the advantages of using PRF.*>
Direct injection of growth factors in the desired location
in the body leads to destruction and unstable diffusion
of them and their use has more limitations than the use
of PRF. This means that PRF offers a more sustainable
release of growth factors. For this reason, the use of PRF
for the treatment of chronic wounds such as diabetic
foot ulcers and eye lesions has yielded promising
results.**>*%7

PRP is rich in growth factors and leads to accelerat-
ing the wound healing process. However, it has been
observed that PRF is more effective in healing than
PRP. PRF can also have a longer release of growth fac-
tors than PRP.>’ The polyvinyl alcohol scaffold con-
taining PRF by freeze-drying and stated that the release
of VEGF and PDGF growth factors from the prepared
wound dressing reduced the wound healing to 11 days
in a mouse model.”® The use of A-PRF is more rec-
ommended due to the development of all biological
properties required for wound healing, including the
release of high concentrations of growth factors and ves-
sels formation capability.*

Many centres around the world, especially private
clinics, used blood products such as PRP and PRF for
wound treatment. This is easily obtained from patient
blood and could consider the extraction of PRP as non-
invasive. However, will it work, this is a question. There
are several clinical trials, but none are multicentre and
non-conclusive. The mechanism of these products on
wound healing is not fully understood. In some cases, the
patients may be suffering from bleeding disorders or
hematologic diseases and so would not qualify for this in-
office procedure.

4 | WOUND DRESSINGS

The most common method of wound treatment is to
apply different types of wound dressing according to the
type, depth, location, and size of the wound. In general,
wound dressing is a physical barrier between the wound
and the external environment which can protect the
wound from further damage and against microorgan-
isms, and ultimately accelerate wound healing.60 The
presence of microorganisms, and their entry into the
wound, leads to delay and disruption in the wound
healing process. Therefore, one of the important features
of an ideal wound dressing is its antibacterial properties
to prevent wound infection and the formation of bacterial
biofilm. The presence of an antibacterial wound dressing
at the site of an injury can prevent bacteria and microor-
ganisms' penetration and, hence, enable natural healing
process (Figure 3). Table 2 highlight the ideal properties
of wound dressing product.®*

Wound dressings are generally classified into three
categories: 1- traditional, 2- passive and 3- modern
wound dressings. Traditional wound dressings were
applied in ancient times from the leaves of trees and
plants, spider webs and honey, which were used to pre-
vent bleeding and prevent any contact between the
wound and the external environment.®’ Passive dress-
ings (such as sterile gauze, cotton pads, and bandages)
which can only cover the wound surface and absorbs
exudates but may adhere to the newly grown granular
tissue and cause pain when removed. However, despite
the problems, due to the low cost and simple
manufacturing process, they are the most widely used
clinical dressings.

Modern wound dressings include foams, films, hydro-
colloids, and hydrogels. These wound dressings can be
based on highly biocompatible and biological materials
such as collagen, or synthetic materials due to their
greater durability and lower cost.®*®® Furthermore, great
attention has been given to wound dressing that contain
cells and growth factors such as Apligraf (Organogenesis
Inc, MA USA) produced from human neonatal
keratinocytes and fibroblasts,”® which is a two layers skin
substitute and is the first engineered skin approved by
the US Food and Drug Administration (FDA).

41 | Common materials for wound
healing constructs

Both synthetic and natural polymers can be used to make
suitable wound dressings. However, the biocompatibility
and biodegradability combined with the high level of bio-
mimicry and good physicochemical properties of natural
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Porous wound dressing
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Without wound dressing

Covered with porous wound dressing
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FIGURE 3

TABLE 2 Ideal properties of wound dressing product

. Antibacterial/bacterial resistance properties.
. Accelerating collagen synthesis and re-epithelialization.

. Promoting haemostasis.

. Control of wound bed pH.

1
2
3
4. Relieving pain.
5
6. Mechanical protection with sufficient flexibility.
7

. Proper adhesions to the wound surface and at the same time
no adhesion to the granulation tissue when replacing and
preventing secondary damage.

8. Maintaining the wound moisture—a moist environment
increases the activity of cells and enzymes and enhances the
proliferation of granular tissue.

9. Excess exudate absorption.

10. Dissolve the necrotic tissue and fibrin.
11. Permeability to water vapour and gases
12. Biocompatible degradation products.

13. Accelerating the healing process and formation of granular
tissue

biopolymers make them more attractive for wound dress-
ings owed to their structural similarity to extracellular
matrix (ECM). In biopolymer-based wound dressings, the
degree of degradation should be followed by the dynam-
ics of the wound healing process, and physiological
healing and, also, the release of active agents must be
guaranteed. In addition, the mechanical properties of a
suitable wound dressing should also be considered. These
include, but are not limited to, tensile strength, elastic
modulus, stiffness, stress stiffening effects, stress-
relaxation rate, and viscoelasticity.” Mechanical proper-
ties are among the most important and influential factors

Protection of wound against microorganisms by covering the wound by a porous wound dressing

in wound dressing design that can affect scar formation
and if the mechanical load transfer is carried out incor-
rectly, the growth of fibrous tissue are stimulated.”” Ten-
sile strength and flexibility are among the most
important mechanical factors to be considered for wound
dressing constructs. In order to avoid damage to the
underlying tissues, a wound dressing should be flexible
and have a low flexural modulus, as well as having as
tensile properties as skin.> Various natural polymers
have been used in the design of commercial wound dress-
ings (Table 3).

To date, most studies on wound healing have been
performed in vitro. Some studies have been carried out
on preclinical animal model evaluations, but clinical tri-
als constitute a small part of the many studies on wound
therapeutic approaches. During a general summary,
some clinical studies of the different wound treatment
methods are reported in Table 4.

The choice of treatment method is dependent upon
the patient's wound type, severity, and medical condition.
For example, burn patients, who are divided into grades
1, 2, and 3, have different treatment priorities, such as
saving the patient from death or relieving pain. While the
choice of treatment for cosmetic surgery is based on
wound healing without scar tissue and for diabetics,
treatment to prevent amputation is a priority. Therefore,
considering the patient's condition is an important
parameter in choosing the right treatment.

4.2 | Nanomaterials

Today, nanomaterials are widely used due to their unique
properties, including very large specific surface area and
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TABLE 3 Some commercial biopolymer based wound dressings

Polymer Trademarks
Chitin Chitipack P
Chitipack S
Chitoflex

Chitopack C

Chitosan

Chitopoly
Chitoseal
Clo-Sure
HemCon
Tegasorb
Syvek-Patch

Sodium Alginate Algicell

Guardix-SG
Kaltostat

Tegagen

Hyalogran

Tromboguard
Calcium Alginate AlgiSite M
Algivon
Comfell Plus

Fibracol
Sorbsan

SeaSorb

Fibrinogen Evicel/NPS MedicineWise

Collagen I Promogran/3M

Biopad/Ltd
Biostep/GmbH

high surface energy. In general, nanomaterials can play
an active role in haemostasis, inflammation, prolifera-
tion, and antimicrobial inhibition in the wound healing
process.'”” Metal nanoparticles such as silver, gold, zinc,
etc. are among the materials that have long been used in
wound dressings to prevent bacterial infections and
accelerate wound healing.'®® Also, in many studies, the
use of liposomes,'” mesoporous silica,'’® and drug-
containing nanomaterials''''* have shown promising
results. Recently, the use of carbon nanomaterials such
as carbon nanotubes, graphene, and graphene oxide
(GO) with unique physicochemical properties in modern

Applications

Large skin defects and defects difficult to suture

Surgical tissue defects and traumatic wounds

Severe bleeding

Regeneration of normal subcutaneous tissue and regular skin
Prevent dermatitis

Bleeding wounds

A pressure pad applied topically to wound healing acceleration
Bleeding control

leg ulcers, sacral wounds, chronic wounds.

Bleeding control

Diabetic foot ulcers, leg ulcers, pressure ulcers, donor sites,
traumatic and surgical wounds

Postoperative wounds

Pressure ulcers, venous ulcers, diabetic ulcers, donor sites and
traumatic wounds

Diabetic and infected wounds
Diabetic wounds, pressure sores, ischemic and necrotic wounds
Bleeding control, traumatic wounds and skin graft donor sites

Leg ulcers, pressure ulcers, diabetic foot ulcers and surgical
wounds

Necrotic wounds and wounds with odours

Venous leg ulcers, pressure ulcers, burns, donor sites,
postoperative wounds and necrotic wounds

Pressure ulcers, venous ulcers, diabetic ulcers and second-degree
burns

Arterial, venous, and diabetic leg ulcers, pressure ulcers, post-
operative wounds and donor site

Diabetic and leg pressure ulcers

Abrasions and superficial and partial-thickness burns
Diabetic ulcers, venous ulcers and Pressure ulcers
Burns and wounds

Pressure ulcers, diabetic ulcers, venous ulcers, donor sites,
abrasions, traumatic wounds

wound dressings have been investigated, which are
briefly discussed below.

Notable carbon nanotubes (CNT) properties such as
high electrical conductivity, mechanical strength, and
low density have expanded its application in the fabrica-
tion of tissue engineering scaffolds.''*''* To date, CNT-
based nanomaterials have been studied for use in bio-
medicine, biosensors, drug delivery, tissue engineering,
and wound healing applications. Functionalized CNT is
known as one of the most popular nanocarriers due to its
high specific surface area and it can be used for effective
drug delivery.'”® In addition, CNT can kill or suppress
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TABLE 4

Method
NPWT

Country

Instrumental
methodologies

Germany,
Belgium, &
Netherlands

Germany

USA France,
South Africa

United States

United States

HOT Japan

Finland

Netherlands

LLLT India

Summary of methodologies for wound treatment in clinical trials

No. of

patients  Clinical outcome

507 NPWT is an effective
treatment option for
subcutaneous abdominal
wound healing
impairment after surgery

10 Patients who received
NPWTi were found to
have decreased time of
hospitalisation and
accelerated wound
healing than patients
who received NPWT

200 Significantly fewer healing
complications were
noted in NPWT-treated
breasts

49 Initial investigation shows
that this could lead to a
significant decrease in
time to healing, without
a significant increase in
wound complications

3 NPWTi-d could be a viable
adjunctive tool for
management of
complex, infected
wounds

29 The response to HOT was
excellent in six patients,
good in 8, fair in 11 and
poor in 4.

26 Ulcer area and depth
exhibited superior
improvement in group
A, which treated with
HOT.

3 One patient had complete
healing of her perineal
wound; another patient
showed initial
improvement but had a
flare of luminal and
perineal disease at the
3-month follow-up, and
the third one showed
improvement solely in
the questionnaires

68 34 ulcers treated with
LLLT showed significant
reduction in percentage
wound area compared
with control group

P WiLEY-L ==

Type of wound Year

Subcutaneous abdominal 202073

wound

Lower limb acute 201674
traumatic and infected

wound

Bilateral reduction 20187°

mammaplasty wound

Class III or Class IV 20187°

surgical wound

Diabetic foot ulcer, 2019”7
dehisced abdominal
wound, upper torso and

axillary region wound

Different chronic wound 201478

Ischaemic diabetic foot 2018”7

ulcer

Metastatic perineal 2020%°

Crohn's disease lesion

Chronic diabetic foot ulcer ~ 2012%

(Continues)
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TABLE 4 (Continued)

Method Country

France

India

Tissue/cells Skin South Korea

transplantation transplant

Brazil

Canada

Iceland

Stem cells/ Iran
cells

United States

No. of
patients

24

40

1282

15

85

10

Clinical outcome

LLLT had not early effects
as an adjunctive therapy
to wound healing of
venous leg ulcers

LLLT-applied sites had
significantly improved
wound healing
compared with the
controls on the
postoperative 7th and
30th day

Patients with major burns
who underwent cadaver
skin allografting had a
lower mortality rate
than those who did not

Tilapia skin showed good
adherence to the burned
area and a lack of
antigenicity and toxicity,
promoting complete re-
epithelialization of the
wound

The use of either an
approximation or

overlapping technique of

constructing a skin graft
border at the margin of
normal skin does not
appear to affect the
quality of the mature
skin graft border scar in
adult burn patients

The results showed that
acute biopsy wounds
treated with fish skin
grafts heal faster than
wounds treated with
human amnion/chorion
membrane allografts

Burns treated with
allograft healed within
2 weeks, whereas burns
treated with silver took
3 weeks to heal

Fetal cell-based skin

substitutes were safe and

they were well tolerated
when applied to donor
sites in burn patients

Autologous skin cell
suspension was used

Type of wound

Chronic venous leg ulcer

Scalpel gingivectomy
wound

Burn

Superficial partial

thickness burn

Burn

Acute full thickness
wound

Partial thickness burn

Donor sites wound in burn

patients

Deep partial-thickness
facial burn

Year

2018%

2018%

2019%°

2019%

2020%7

2020%8

2019%°

2020%°
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TABLE 4 (Continued)

Method

Platelet
therapy

Chitosan
and
collagen

Wound dressing

Country

Iran

Czech Republic

The
Netherlands

Turkey

Mexico

Malaysia

India

Iran

Taiwan

No. of
patients

50

18

52

36

68

244

30

10

33

Clinical outcome

successfully to achieve
definitive closure of
facial burns containing a
confluent layer of dermis

Platelet dressing showed
significant
epithelialization and
granulation tissue
formation compared
with silver sulfadiazine
dressing

Less pain and earlier
discharge were observed
in patients received split
thickness skin graft with
autologous platelet
concentrate compared
with institutional
controls

The addition of PRP in the
treatment of burn
wounds did not result in
improved graft take and
epithelialization or
better scar quality

Epithelialization was
higher in the test groups
than the control group
in 14 days

The use of Chitosan and
isosorbide dinitrate
spray increased the
number of patients who
achieved complete
closure of the ulcer

There was no significant
difference in the mean
epithelisation percentage
between groups

It was proved that PRF can
be a good alternative to
v membrane for grafting
of the oral mucosal
surgical defects

All patients showed either
significant or complete
improvement after
8 weeks of therapy and
at 16 weeks post
treatment all cases were
completely cured

Type of wound

Burn wound

Deep burn wound

Deep dermal burn

Palatal wound

Diabetic foot ulcer

Superficial and abrasion
wound

Oral mucosal lesion

Lesions of cutaneous
leishmaniasis

Acute traumatic wound

P WiLEY-L ==

Year

2013

2014%%

2016%*

2020%*

2018%°

2018%

2018%7

2019%8

2019%°

(Continues)
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TABLE 4 (Continued)

No. of

Method Country patients

South Korea 30

Iran 61

India 60

Gelatin Italy 40

Egypt 36

Keratin New Zealand 26

New Zealand 1404

bacteria.''® CNT-based dressings have been shown

to increase fibroblast cells migration and proliferation
and also have a significant effect on angiogenesis
potential 1."'711®

421 | Graphene and GO

Graphene with a two-dimensional (2D) structure is
another carbon allotropy that has been proposed as a

Clinical outcome

Col-based composite
dressings promoted
better epithelialization
and healing than
antibiotic ointment
treatment

Collagen group provided a
more complete and
faster treatment than
control group

Chitosan/Collagen
hydrogel dressing used
in this study led to
acceleration of healing
process

Chitosan enhanced soft
tissue healing, improved
colour matching and
minimised scarring, as
compared with Collagen

The PRF treated group
showed a significantly

faster re-epithelialization

in comparison with
gelatin sponge treated
group

Alvogyl as a palatal
dressing can be

comparable with Gelatin

sponge in terms of pain
reduction, haemostasis
and re-epithelisation

Keratin wound dressing
significantly increased
epithelialization rate in
older patients

There were no significant
differences between the
groups on the primary
outcome

Type of wound

Diabetic foot ulcer

Diabetic foot ulcer

Facial soft tissue abrasion

Palatal wound

Palatal wound

Partial thickness wound

Venous leg ulcer

Year

2019

2020%!

2020102

2016'%

2020

2013'%

2020%°°

new carbon nanomaterial in tissue engineering. Its spe-
cial properties include high thermal and electrical con-
ductivity, excellent  mechanical strength, and
biocompatibility.''*'*' GO is one of the graphene-based
materials that have less thermal and electrical conductiv-
ity than graphene due to the presence of oxygen groups
and structural changes. The presence of carboxyl,
hydroxyl and carbonyl groups on GO has made it possi-
ble to interact with different types of materials, including
polymers.''® Therefore, the tendency of many researchers
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in the field of bioengineering has shifted to using GO
instead of graphene.

Generally, wound dressings containing graphene-
based nanomaterials are used for several basic reasons
including antibacterial activity, increasing mechanical
properties, wound moisture retention, biocompatibility
and promoting cell proliferation, adhesion, differentiation
and growth.'**'* Also, graphene-based nanomaterials
alone or in combination with biopolymers have been used
in various studies as a drug carrier.'*>'?°

5 | INSTRUMENTAL METHOD

Below is a short summary of instrumental methodology
used to treat wound.

5.1 | Negative pressure wound therapy
The negative pressure wound therapy (NPWT) system
consists of three main parts: a sponge, a semi occlusive
barrier, and a fluid collection system that exerts uniform
negative pressure on the wound surface. This method
accelerates wound healing based on several mechanisms
of action, including improving local blood flow, inducing
macro deformation, inducing granulation, and angiogen-
esis, reducing oedema and reducing bacterial
colonisation.?”!®

The NPWT controls the exudate by fluid removal and
thus prevents infection and cross-contamination
(Figure 4)."*° This method also reduces edema, stimulates
angiogenesis, helps to maintain wound moisture, and
finally promotes contraction of the wound edges. This
technique has been used for the treatment of acute and
chronic wounds, open wounds, burns, diabetic wounds
and also venous and arterial wounds."*°

Overall, although many patients have been treated
with NPWT, this include our own institute (Royal Free
Hospital, London), but there is no concrete evidence that
NPWT is significantly better than conventional therapy.
There were some clinical trials, but not conclusive, hence
a multicentre well organised clinical trial needs to verify
the effectiveness of the NPWT as instrument for wound
healing.

5.2 | Hyperbaric oxygen therapy

The presence of oxygen plays a major role in the healing
process of chronic wounds. The hyperbaric oxygen therapy
(HOT) treatment technique is based on the administration
of 100% pure oxygen in a completely closed chamber with

P - WiLEy-L»

a pressure of about three times the normal atmospheric
pressure, which is a non-invasive and relatively safe
method.””’ Many desirable physiological changes have
been reported in using HOT, such as enhancing angiogen-
esis, improving collagen deposition, activating leukocytes,
and reducing edema. However, a large clinical study with
6259 patients carried out with hyperbaric oxygen (HBO),
showed that the treatment did not improve the wound
healing, nor prevented amputation."** Perren et al”® used
the HOT method to treat Ischaemic Foot Ulcers in Type
2 Diabetes. Based on their results, the HOT treatment
improved the ulcer area and depth compared with the
control group. Lansdorp et al'*® investigated the effect of
HOT on perianal fistulas in Crohn's disease and significant
clinical, radiological and biochemical improvement was
observed in patients in the treatment group.

5.3 | Low-level laser therapy

Low-level laser therapy (LLLT) is one of the photo-
therapeutic modalities and uses different gas components.
Helium/neon, aluminium/gallium/indium/phosphide, gal-
lium/aluminium/arsenide and also gallium/arsenide are
the most common types of LLLTs that have different
wavelengths to target different depths of the tissue. In
addition to wavelength, power, pulse rate, pulse duration,
interpulse interval, total irradiation time, intensity (power/

RN
Vacuum
device

ﬁSuction port

Semi-permeable drape

Dressing foam

Negative pressure wound therapy

FIGURE 4 Schematic illustration of wound treatment by
negative pressure wound therapy
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area) and dose (power irradiation time/area irradiated) are
among the important parameters in LLLT. The mecha-
nism of action of this type of laser is through photothermal
effects; however, LLLT usually does not cause noticeable
temperature changes."**'*°

The exact mechanism of this method is not known,
but it seems that the technique reduces wound inflamma-
tion by reducing the number of chemicals produced by
the cells and reducing enzymes related to pain and
inflammation. The influential factors in this method are
the ideal wavelength, radiation dose, duration, and loca-
tion of the treatment. Application LLLT has been
reported that it is effective for acute, chronic, and postop-
erative wounds."*® There are clinical trials carried out
using LLLT for wound healing with a positive outcome,
at the same time clinical paper has been emerging that
the application of LLLT did not significantly improve the
wound healing.®

In summary, these three methodologies are interest-
ing and with their application, some improvement in
wound healing has been observed, however, none of
them significantly improved the process of wound
healing to replace the mode of the treatment. These
methodologies have mainly been used in the university
hospital and by clinical academics. It has not fully trans-
lated to general hospital clinical settings.

5.4 | Cold atmospheric pressure plasma

Cold atmospheric pressure plasma (CAP) is one of the
wound treatment methods based on inactivating micro-
bial pathogens and stimulating tissue regeneration. Cold
plasma is typically generated in special low-pressure reac-
tors (p < 133 mbar) through direct current, radio-
frequency, microwave or pulsed discharge systems.'*’
The mechanism through which the plasma affects wound
healing is not fully understood. However, the sterilising
properties of reactive oxygen and nitrogen species pro-
duced by cold plasma may be effective in accelerating
wound healing. Reactive species are said to be involved
in many cellular responses, such as cell differentiation
and apoptosis, and act as second messengers for treated
cells. Such cell-cell signalling events are involved in vari-
ous stages of wound healing as well as accelerating re-
epithelialisation.'*® It has been shown that CAP increases
the proliferation of fibroblasts and endothelial cells as
well as the growth of epithelial cells and activates the
integrin of fibroblasts and epithelial cells. It can be said
that these effects are similar to the activity of nitric oxide
and ROS during the wound healing process.*® Today,
the use of the CAP method in repairing many types of
wounds such as diabetic foot ulcers,"**'*' herpes

zoster,"** psoriasis,"** and warts'** has been studied and
acceleration of wound healing with this method has been
confirmed based on clinical results.

6 | FUTURE PROSPECT

Currently, treatment of wounds in general including dia-
betic wounds is considered an unmet clinical need.
Hence billions of dollars around the globe have been
spent to find a better treatment option. The various treat-
ment approaches highlighted in this review, and some
have shown promising outcomes, especially the bioactive
wound dressing products. The instrumentation tech-
niques are all interesting, but clinical trial showed not
significant improvement, hence require further develop-
ment. However, still many wound treatments considered
as unmet clinical need and it require multidisciplinary
approach for development of effective treatment. The
results of recent clinical trials suggest that the use of
modern dressings and skin substitutes is the easiest, most
accessible, and cost-effective approach for the treatment
of chronic wounds. So, the ultimate hope in this regard
would be to create a suitable wound dressing that is avail-
able off the shelf and in demand for the patients upon
need. In addition to the above, new technologies such as
personalization through 3D printing can lead to promis-
ing results in the future. There has been quantum leap in
development of advanced materials for all kinds of indus-
trial application including medical. Combination of new
smart biomaterials, antibacterial drugs, and nanoparticles
with possible stem cells/cells from patient extract in
clinic such as blood products or adipose stem cells/cells
with simple extraction in the clinic may be the solution
to the wound treatment. Therefore, an interdisciplinary
approach including clinician, scientist both materials and
biological as well as engineering is needed to develop
stem cell-based therapies or drug delivery systems to pro-
vide more effective and safer treatment for chronic
wounds in the near future.

7 | CONCLUSION

The wound healing process is a complex sequence of
events that begins with injury and leads to the formation
of granular tissue and regeneration of skin and finally
wound closure. Depending on the type of wound, treat-
ment may take time and in the worst case no response to
the treatment is observed and may result in amputation.
As highlighted in the review, there are many treatment
techniques, but none are 100% successful. Therefore, the
treatment of the wound is still considered an unmet
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clinical need and academic as well as industries are
searching for better techniques. Currently heavily under
research are growth factors and cytokines released from
platelets and leukocytes that have a significant effect on
the cellular functions such as migration, differentiation,
and proliferation, so they can regulate the wound healing
process. Wound dressings, as the most accessible and
cost-effective cases for wound treatment, are designed
depending on the type of wound and its location. An
ideal wound dressing should be antibacterial, biocompat-
ible, non-toxic, stable, hydrophilic, and swollen. Better
undemanding the process of wound healing combined
with smart material as a scaffold, control release of the
drug, growth factors and cells may bring hope for treat-
ment of wound.

Here, we like to introduce a new material, graphene,
it is one layer atom, it has high strength, elastic, and light
weighted, antibacterial, electrically and thermally con-
ductive, cheap, and make ideal scaffold for wound
healing. It is emerging into surgical implants and medical
devices (Figure 5). We strongly recommend researcher in
wound healing to consider the material. We have been
working on the use of the smart scaffold, using
functionalized graphene-based nanocomposite material
trade named “BioHastalex.”'*>'*® The scaffold has been
built up layer by layer by electrospinning with different
porosities using BioHastalex materials for control release
of growth factors and at the same time elutes nitric oxide
(NO).'*”*¥ Furthermore, using of adipose-derived stem

e“e_based Materié,,s i
———— . n

"
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‘ // '3
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R
. Skin

FIGURE 5
nanomaterials and their application in tissue engineering,

Schematic illustrator of graphene oxide

particularly in nerve, muscle, heart, skin, cartilage, dental field, and
other tissues
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cells is investigated seeding the scaffold. Effective treat-
ment of wounds is of huge interest to pharmaceutical
and medical devices companies. Currently, there is a race
for the development of effective treatment, as this is a
multi-billion-dollar industry.
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