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Abstract—The skin provides a protective barrier to the body
against the environment. Ineffective healing of damaged skin
can cause a chronic wound which would increase the risk of
infection and associated complications. The use of wound
dressings to protect the wound and provide an optimal
environment for wound repair is a common practice in the
burn clinic. While traditional wound healing dressings have
substantially changed the wound outcome, wound healing
complications are still a challenge to healthcare. Advance-
ments in tissue engineering, biomaterial sciences, and stem
cell biology led to the development of novel dressings that
not only dress the wounds but also actively contribute to the
process of healing. This review discusses the various prop-
erties of the emerging wound dressings that are designed in
attempts to improve wound care upon skin injury.

Keywords—Wound healing, Smart dressing, Tissue regener-
ation, Emerging dressings.

INTRODUCTION

The skin functions to provide a physical barrier
between the internal organs and the external environ-
ment, protecting the body from pathogens, radiation,
changes in temperature, and water loss.*!:#7:107:145.146
Damage to the skin can impair its function, which can
be caused by a variety of ways, including burns, trau-
ma, surgeries, or lacerations. Thus, proper wound care
is important to prevent infections and further associ-
ated complications, which may lead to impaired
wound healing and may increase morbidity and mor-
tality. Problems seen with wound healing are often
shown in chronic wounds, characterized as wounds
with slow or incomplete wound closure, which affect
over 2.5 million people in the United States alone.””''?
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Over several millennia, wound care has revolved
around washing the wound and applying a plaster to
allow the wound to heal.®”'** These plasters, which
were the equivalent of current day wound dressings,
were made of clay to allow the absorption of wound
exudate while providing a protective barrier from the
environment.'% Various methods were implemented to
cover the wound mostly through trial and error in ef-
forts to enhance wound healing. As early as 2500 BCE,
wounds have been cleaned with milk or water and were
treated with clay tablets during the Mesopotamian
era.” Other later treatments included using herbs,
honey, and oil as has been advocated by Hippocrates
of Ancient Greece.”>* Furthermore, some bandages
that were used to cover the wound consisted of various
materials, such as donkey feces, which naturally con-
tained antibiotics and were thought to improve healing
outcomes by protecting the wound from infection.”>'"”

Currently, wound dressings are still used to promote
a suitable environment for wound healing and protect
the damaged tissue from the environment and bacterial
infiltration. However, available commercial wound
dressings in use are mostly inadequate, expensive, or
may impair wound healing as in the case of adhesive
wound dressings which damage the skin upon
removal.**'** An ideal wound dressing should be non-
adhesive, removes exudate while maintaining a moist
environment for optimal healing, prevents bacterial
infection and biofilm formation, does not disrupt
healing, and ideally enhances healing without pro-
moting scar formation.’**® Despite millennia of
describing wound treatments and the high prevalence
of wound care centres around the world, we continue
to lack an efficient wound dressing that combines the
different properties of an ideal wound dressing. In this
review, we will examine some of the emerging wound
dressings that are being developed as potential clinical
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treatments to improve wound healing in injured
patients.

Skin Histology

Skin is made up of the epidermal, dermal, and
hypodermal (subcutaneous) layers. Each of these lay-
ers contains a different combination of cells that have
various functions in the body (Fig. 1).

Epidermis

The epidermis is the outermost layer of the skin,
commonly divided into four different strata (layers):
stratum basale, stratum spinosum, stratum granulo-
sum, and stratum corneum.’®'*? These layers consist
of mainly keratinocytes, which make up approximately
95% of the epidermis and play major roles in wound
healing.'*? The stratum basale, which is the innermost
layer, mainly harbors keratinocyte stem cells.”” These
mitotically active cells give rise to the keratinocytes in
the stratum spinosum which migrate superficially to
form the differentiated cells found in the stratum
granulosum and corneum.®’ Although keratinocytes
are involved in wound healing through cross-talking
with other cells such as fibroblasts and macrophages,
their main role involves the synthesis of keratin which
maintains the structure of the epidermis and prevents
the body from environmental damage and water
loss.''” Other cells found in the epidermis include
melanocytes, Langerhans, and immune cells.*

Dermis

Underneath the epidermis lies the dermis, which
consists of a system of dense fibrous connective tissue

allowing the penetration of vascular tissues and nerve
fibers, and provides elasticity and tensile strength to
the skin.®! Some of the main components of the dermis
include fibroblasts, macrophages and other immune
cells which may be recruited due to various stimuli.®!

Subcutaneous Layer

The hypodermis, or the subcutanecous layer, is
mainly made up of adipocytes and harbors larger
blood vessels and nerve fibers compared to the der-

mis.®!

Wound Healing

The process of wound healing is divided into three
overlapping stages: hemostasis/inflammation, prolif-
eration, and maturation (Fig. 2). The various emerging
dressings may be more appropriate for application
during different stages of wound healing for optimal
function.

Hemostasis|Inflammatory Phase

During the inflammatory phase, hemostasis is ini-
tiated as plasma platelets aggregate to form a clot at
the surface of the wound to stop bleeding.'*® This clot
allows for the migration of leukocytes and lympho-
cytes to the wound site to promote the initiation of
inflammation.”>'** Vasoconstriction is induced to
minimize blood loss at the injury site. Foreign particles
and cellular debris are removed by neutrophils,
monocytes, and lymphocytes.””!** These inflammatory
cells are recruited by cytokines that are produced at the
beginning of the inflammatory phase and enter the
wound through chemotaxis. Furthermore, monocytes
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FIGURE 1. The histology of the skin showing the epidermis, dermis, and the subcutaneous layer.
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FIGURE 2. The overlapping phases of wound healing over time.

function to promote vasodilation and the recruitment
of other phagocytes and fibroblasts by releasing
cytokines and growth factors, respectively.>>”® This
phase results in changes in pH which leads to the
observed swelling and pain asociated with wounds.'?
Consequently, the proliferation phase is initiated
whereby granulation, epithelialization, angiogenesis,
and contraction occur.

Proliferative Phase

During the proliferative phase, granulation tissue is
formed, which consists of the vasculature, fibroblasts
and inflammatory cells, and tissue matrix components
such as collagen and fibronectin.”' This granulation
tissue allows for the migration of the epithelial cells to
form an epithelial barrier from the environment during
epithelization. Furthermore, blood vessels are formed
that enter the granulation tissue to allow proper blood
flow and delivery of factors involved in wound heal-
ing."*" Myofibroblasts are in turn recruited to contract
the wound ultimately leading to wound closure.?’

Tissue Remodelling Phase

During the tissue remodeling phase, type III colla-
gen is replaced with type I collagen fibers which
crosslink and form an organized tissue, improving

@ RBC

Inflammation

Tissue maturation
—7 (wound healed)

Tissue Remodeling

@ Fibroblast
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tensile strength and decreasing scar size."** A disrup-
tion in the any of these phases can slow down the
process of wound healing and may result in a chronic
wound.”" For example, a buildup of exudate or tears in
the skin upon wound dressing removal can cause skin
maceration and skin damage which may impair wound
healing. Furthermore, infiltration of pathogens or
foreign substances into the wound may cause chronic
inﬂar?zmatory responses which could delay healing
time.

WOUND HEALING DRESSINGS

Traditionally, wound dressings have been used
mainly to protect the wound from contamination.'’!
They were commonly made of dry gauze (Fig. 3) or
cotton wool, which are adhesive and allow the
absorption of wound exudates.”>” Hence, they
required regular changes due to the excessive fluid that
is absorbed by the dressing. In addition, as the gauze
dressings become moist due to absorption, they adhere
to the wound, which results in wound damage and pain
to the patient upon frequent dressing changes.*>’"-140
Currently, wound dressings in the market are designed
to provide the wound with a moist environment, which
has been found to improve the process of wound
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FIGURE 3. Johnson & Johnson brand military first field
dressing from the National Museum of Australia. http://colle
ctionsearch.nma.gov.au/object/108860.

healing.'®® However, these wound dressings tend to fail
to combine the different properties favorable for an
ideal wound dressing; such ideal wound dressing is
described as non-adherent, antibacterial, cost-effective,
allow for oxygenation of the wound, less frequent
changing, protective of the wound, while maintaining a
moist environment for wound healing.”®> Here, we re-
view novel wound dressings which incorporate differ-
ent properties of an ideal wound dressing and classify
them based on their main functional purposes. Fur-
thermore, we classify the dressings as: (a) Concept (C),
to indicate that the dressing is in the preliminary stage
where no experiments in live animals were performed
(b) Preclinical (PC) to indicate that the dressing
underwent experiments in vivo (c¢) Clinical (CT) to
indicate that the dressing was tested in clinical trials
and (d) In practice (IP) to indicate that the dressing is
available for clinical use (Table 1).

Dressing as a Physical Barrier
Current Wound Dressings

Wound dressing equivalents, such as plasters, have
been used primarily as physical barriers to protect the
wound from the environment for several millennia.'®
Over time, the materials used in dressings have changed
to provide appropriate care for the wounds to ensure
optimal healing. Maintaining a moist environment for
the wound to heal has been established to be crucial for
wound healing which modern dressings, such as
hydrogel-based dressings, are designed to address while
providing a physical barrier to the wound.®'"¥
Hydrogels are made of crosslinked polymers with high

BIOMEDICAL
ENGINEERING
SOCIETY

water content, which allow them to maintain a moist
environment for the wound.**'?' In addition, their
physical structure allows for moisture transmission,
oxygen permeability, and exudate absorption.>®
Despite having several qualities of an ideal dressing,
hydrogels are low in strength, and therefore, are usu-
ally hybridized with other polymers through chemical
and physical interactions to achieve ideal wound
dressing properties.*” Hydrocolloids consist of cross-
linked gelatin, pectin, and carboxymethyl cellulose
which absorb water to form a gel."** Like hydrogels,
they maintain a moist environment which promotes
fibrinolysis, angiogenesis, and overall better heal-
ing.®%13* However, they are impermeable to oxygen
which has been suggested to increase epithelialization,
collagen synthesis, and decrease wound pH leading to
a reduction in bacterial viability.'*> However, it was
demonstrated that oxygen-impermeability may only be
advantageous in the early stages of healing but could
compromise healing during the later stages.”” Alginates
are natural polysaccharides extracted from brown
marine algae, consisting of linear copolymer of alpha-
L-guluronic acid and beta-p-mannuronic acid.® They
are highly biodegradable and have the least harmful
properties compared to other materials which make
them one of the safest materials to use in skin %7558
Alginates in dressings are usually crosslinked by cal-
cium ions, resulting in a biocompatible and relatively
inexpensive barrier.®” Further, the addition of calcium
and/or magnesium ions supports wound healing by
providing an anchor for cell adhesion.”*%5¥ Alginates,
especially when combined with calcium ions, have the
ability to absorb large amounts of wound exudate up
to 20 times their original size.'** They also allow for
the incorporation of other ions such as silver to pro-
vide antibacterial and antioxidant properties, and zinc
which increases the release of growth factors.>'*!
Other materials used in wound dressings include
collagen and chitosan. Collagen and materials derived
from collagen have been used recently to fabricate
modern wound dressings.”®%>!'* They are used in their
native form or after denaturation where they lose their
triple helical form.?” Although they play an important
role in hemostasis and promote wound healing, colla-
gen-based materials are permeable to bacteria and
other potential pathogens.’® Chitosan is a copolymer
polysaccharide of N-acetyl-pD-glucosamine and N-glu-
cosamine units distributed to form biopolymer
chains.® As one of the most available polysaccharides,
it can be used for a variety of dressings.”>*® Chitosan
also has the ability to form a surface layer to protect
the wound and increase water absorption in the form
of a gel.”>® Thus, chitosan provides an excellent
environment for angiogenesis by activating fibroblasts
and collagen deposition to increase healing rates of
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TABLE 1. Classification of the emerging wound dressings according to their properties.

:zjesaer;fw Dressing Properties
Multi-parameter glucose & pH sensing dressing A A
CaP-AgNP hydrogel wound dressing A
Quantitative indicator of wound pH dressing A
PGS membrane drug-releasing dressing A
Concept Stretchable LED array-containing hydrogel dressing AA
Colour changing microbe-sensitive wound dressing A
Cellulose-based self-healable polyelectrolyte film dressing A
Chitosan-containing hydrogel dressing A
Multidrug releasing self-assembled films bandage A
hADMSCs in human amnion/pig skin dressing A
Eggshell membrane dressing A
Soy protein-based nanofiber wound dressing A
Impedance sensing bandage A
Bamboo leaves-derived cellulose NC dressing A
Pre-Clinical Konjac glucomannan/AgNP composite sponge A
Growth Factor-Loaded HCD A
Growth factor/antibiotic textile dressing A
hUCMSCs-alginate Dressing AA
Fibronectin Nanofibers Dressing A
Injectable hybrid hydrogel for stem cell delivery A A
Clinical Trial  sjlverlon® A
UrgoStart Contact A
MicroMend™ A
Practice XSTAT® A
AQUACEL® Ag Extra™ A
Vliwasorb® Pro A
Procellera® A
A physical Barrier Anti-bacterial A Cell infusion

Exudate management

superficial wounds as shown in preclinical and clinical
trials,10-22:52.88.135

Cellulose is made up of stable microfibrils and is
readily available due to its obtainability from plants.’®
Studies have shown that cellulose elicits minimal im-
mune response and can stimulate growth factors such
as platelet-derived growth factor (PDGF), fibroblast
growth factor (FGF), and epidermal growth factor
(EGF) which increase granulation tissue formation,
vascularization, leading to enhanced wound heal-

ing-46,55,102

A Chemical Barrier

Growth factors

Foam and film dressings have been developed to
specifically control moderate amount of drainage of
deep and superficial wounds.'>'"® They protect the
wounds from external environment and can be shaped
to fit different body conformations.'*® Moreover, they
can be used with hydrogel or alginate dressings and
allow for the incorporation of antimicrobial drugs for
infected wounds.'**

All in all, newly developed dressings incorporate the
abovementioned and related materials of similar
properties with other novel materials in efforts to cre-
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TABLE 2. Advantages and disadvantages of common current wound dressing materials.

Material Advantages Disadvantages
Hydrogel Maintain moist environment?°-38:88 Ineffective barrier in injectable form
Maintain oxygen permeability®® Cell activities can interfere with hydrogel'464”
Exudate absorption®%88
Hydrocolloid Maintain moist and exudate-free wound*3:88 Ineffective in diabetic foot ulcers and highly
Impermeable to oxygen which is advantageous during early infected’ 4445
stages'?® Oxygen impermeability impairs healing over longer

Impermeable to microbes?®:88

times*®
Bad odours when disintegrating®

Foam and film  Effective for moderate and high levels of exudate drainage®®'*®  Not suitable for third degree burns
dressings Adijust according to body conformation®® Only last for about a week':>*
Chitosan and Biodegradable, low cost and non-toxic in nature®® Very sensitive to pH®2
derivatives Maintain the balance of cell architecture®® Requires frequent changes®2%8
Role in blood clotting®?€°
Cellulose Biocompatible®® Rigid, cannot be easily applied to uneven sur-
Excellent oxygen permeability and water absorbing qualities''® faces®102
Highly stable®® Can be degraded by bacteria and fungi”®'%?
Alginate Biodegradable and of fairly low cost®*88 pH-sensitive®®
Antibacterial and anti-oxidant properties®® Risk of degradation upon calcium loss®®
Cannot undergo effective degradation by skin pro-
teing®*88
Collagen Forms a major portion of extracellular matrix, biocompatible®*'°®  Since obtained from an animal source, can be
Forms stable structures, providing a good physical barrier and immunogenic'®%3

exudate management properties®®”®

Cannot be processed with ease and the degradation
rate cannot be controlled”®%3

Concerns about the disinfection process of colla-
gen88,93

ate innovative dressings that enhance the process of
wound healing (Table 2).

Novel Wound Dressings
UrgoStart Contact (IP)

Urgo Medical Laboratories developed a suit-
able dressing for diabetic wounds as evaluated by Ri-
chard et al. and Edmonds er al**°® The dressing is
impregnated with a lipidocolloid matrix containing
sucrose octasulfate potassium salt, which gives it flex-
ible and nonadherent properties.*® In a study carried
out in 43 hospitals with special diabetic foot clinics in
Europe on randomly assigned 240 patients, wound
closure was achieved in 48% of patients in the sucrose
octasulfate dressing group and 30% in the control
group, showing improved wound closure of neurois-
chemic diabetic foot ulcer by UrgoStart Contact
compared to control.*®

Fibrillar Fibronectin Nanofiber Wound Dressing ( PC)

Chantre et al. from SEAS and Wyss institute
developed a new wound dressing that uses fibronectin
protein extracted from fetal skin.'* The rationale was
that wounds appearing in fetus before the third tri-
mester leave no scars upon healing.”*'*® The authors
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described that this dressing recruits stem cells that play
a role in wound healing in a full-thickness wound
mouse model. It was found in vivo that wounds treated
with fibronectin dressing showed more than half of
tissue regeneration in 3 weeks compared with the
standard dressing. The researchers also found that the
healed wounds had recovered epidermis and dermis, in
addition to hair follicles and adipose tissue. Thus, the
authors believe that such dressings can play an
important role in regenerative medicine applications.

Soy Protein-Based Nanofiber Wound Dressing (PC)

The same group has also developed a wound
dressing that contains soy-based nanofibers with
estrogen-like molecules that increase cell growth.® As
estrogen helps in wound healing in pregnant women,
the authors believe that this role of estrogen can help in
wound healing in patients.*>®* In vitro, this new
dressing showed proliferation, migration, and infiltra-
tion of fibroblasts. In vivo, the dressing group showed
accelerated re-epithelialization and less scarring of the
wound compared to control.?

Eggshell Membrane Dressing (PC)

Guarderas et al., from the company Biovotec,
incorporated egg shell membranes in the manufactur-
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ing of wound dressings which have healing properties
similar to human placenta.*” They make use of the
large number of discarded eggshells and transform
them into wound dressings in a large volume due to the
high availability of these membranes. These chicken
egg membrane wound dressings showed 21% faster
healing compared to control in the early stages of
healing, but indistinguishable rates 5 days post-injury
in male Sprague-Dawley rats.*

MicroMend™ (IP)

The scientists at KitoTech Medical Inc. have made a
bandage called microMend™ that can replace stitches
and staples.”® It can easily be applied to wounds for
perfect closure. It is less painful, and there is less gap
between wound edges that decreases the rate of wound
infection and inflammation.”® As the bandage covers
the whole wound, no further strips are required and
they can easily be removed at home.”® In clinical trials,
microMend was rated more favourably by patients.
Furthermore, more than 80% surgeons reported mi-
croMend as a more convenient and faster way of
wound closure compared to suturing.

XSTAT® (IP)

XSTAT has been approved by the FDA as a device
to stop blood loss, which is a major cause of death on
the battlefield.®>!''* Hence, this hemostatic device
dressing is used in the military. It comes in the form of
syringe applicators containing more than 80 cellulose
sponges with absorbent coating.> The sponges are
injected through the applicator into the wound cavity
which swell up to fill the wound space and creates a
temporary physical barrier to arrest blood flow.®* This
dressing can be used up to 4 h which gives emergency
relief to wounded patients before arriving at a trauma
facility.®>

Dressing as a Chemical Barrier

Skin surface has an acidic environment under nor-
mal conditions, which provides an unfavourable envi-
ronment for bacterial growth.'® However, the pH of
the wound increases upon exposure to the underlying
tissue in the skin which buffers at a pH of 7.4.'°> This,
in turn, provides a suitable environment for the for-
mation of bacterial biofilms, which lead to a risk of
infection and delayed wound healing.'® Furthermore,
chronic wounds have been found to have a slightly
more alkaline pH 7.2-8.9 compared to the normal 6.5-
8.5 pH of open wounds.”® Thus, tracking changes in
pH could be useful in monitoring the progression of
the wound healing process. Novel dressings are being

developed to act as chemical sensors to the wound,
detecting not only pH, but also other variables such as
glucose concentration, bacterial infection, or temper-
ature.

Quantitative Optical Indicator of Wound pH Dressing
(C)

A wireless smart bandage for optical determination
of pH as an indicator of wound status was developed
by Kassal et al. (Fig. 4).”” The bandage was created by
immobilizing a pH indicator dye on a commercial
wound dressing and combining the pH sensing film
with a new radio frequency identification (RFID)-
based contact-less readout platform through a low-
cost optoelectronic interface.”” The electronics store
pH data quantitatively and can also transfer it wire-
lessly. These colour changes were compared with a
laboratory pH meter and showed similar pH values.
This technology is promising for the future as it is non-
invasive and inexpensive. The readings can also be
received on smartphones, allowing easy accessibility.

Multi-parameter Glucose and pH Sensing Dressing (C)

A novel system that uses fluorescent sensing to
monitor the wound status (Fig. 5), pH, and glucose
concentration during healing process was developed by
Jankowska er al®' By analyzing glucose concentra-
tions in the wound, the healing status of the wound can
be monitored as high levels of glucose concentration
are associated with delayed wound healing.'** A fluo-
rescent pH indicator dye sensitive to a pH range of 6—
8, carboxynaphthofluorescein, and a metabolite-sens-
ing enzymatic system were immobilized on a biocom-
patible polysaccharide matrix to develop wound
monitoring coating.”’ The metabolite sensing for glu-
cose was achieved by coupled enzyme reaction in

FIGURE 4. A representation of the pH and glucose
concentration-sensing wireless smart bandage. Reprinted
from Ref. 57, Copyright (2017), with permission from Elsevier.
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FIGURE 5. A schematic of the glucose and pH sensing wound dressing sending fluorescent signals upon activation. Reprinted

from Ref. 51, Copyright (2017), with permission from Elsevier.

which glucose oxidase and horseradish peroxidase
(HRP) react sequentially where glucose oxidase pro-
duces a substrate for HRP. Changes in concentrations
are converted into a fluorescent signal, which allows
for the monitoring of both the pH and glucose con-
centrations simultaneously. Fluorescence spectra con-
firmed that the coupled dye shows a strong change of
the fluorescence intensity in the artificial wound exu-
date. With change of fluorescence intensity between
pH 6.0 and 7.7, the dye showed a very strong fluo-
rescence dependency on pH in the desired pH range.”!
These findings illustrate the potential role that the
wound dressing can play in monitoring glucose con-
centration and pH of the wound in order to assess the
progression of wound healing. Moreover, the authors
suggest that these sensors can also be used for other
markers such lactate and uric acid.”’

Stretchable LED Array-Containing Hydrogel Dressing
(C)

Lin et al. at MIT developed a stretchable hydrogel
dressing that consists of temperature sensors, LED
lights, conductive wires, semi-conductor chips, and

Rigid Electronic
Component

Flexible Electronic
Componen

Hydrogel Matrix

Drug Delivery Reservoir

Drug Delivery Channel

Tough and Stretchable

drug-delivery components (Fig. 6).”® This dressing re-
leases drugs according to changes in temperature of the
wound and gives signal in the form of LED light when
the drug is low. The dressing has the quality of
stretching with the body so that the -electronics
embedded in the dressing remain functional.”> The
authors believe that this dressing can be used inside the
body in the form of glucose sensors and even neural
probes in the future.

Colour Changing Microbe-Sensitive Wound Dressing
(C)

Thet et al. developed a dressing that changes colour
when the wound becomes infected which can help in
identifying and treating infected wounds in time.'?®
The dressing is made up of agarose film with fluores-
cent dye spread within its matrix and secretes a fluo-
rescent dye from nanocapsules stimulated in reaction
to bacterial toxins in the wound (Fig. 7). It was tested
on an ex vivo porcine skin model of burn wound
infection. The study showed changes in colour within
4 h depending on the bacteria strains. The authors
believe that this dressing will help in timely detection

Tough Interfaces

Functional Electric
Component

Hydrogel

Stretching

FIGURE 6. A representative photo of the stretchable LED array in hydrogel dressing. Reprinted from Ref. 73, Copyright (2016),

with permission from John Wiley and Sons.
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FIGURE 7. Schematic of the microbe-sensing wound
dressing which changes color upon infection. Reprinted
with permission from Ref. 128. Copyright (2015) American
Chemical Society.

and treatment of wound infection.'”® Their team is
working with a healthcare company, Hartmann, to
develop the dressing for use in hospitals in the
upcoming years.

Impedance Sensing Bandage (PC)

Swisher et al. developed a smart bandage that de-
tects pressure ulcers as they are formed before the skin
is damaged.'?” The smart bandage picks up electrical
changes of the cell as it starts dying through its elec-
trodes, which detect electrical signals that leak out
from the injured cell membrane. The bandage was
tested on rat skins and was able to detect different
degrees of tissue damage consistently. As pressure ul-
cers are usually diagnosed late and cannot be cured,
such non-invasive dressing could help with early
detection and treatment of the pressure ulcers before
the injury becomes permanent.®!'?’

Dressing as a Device for Exudate Management

Excessive wound exudate is commonly found in
chronic wounds and remains a challenge in wound care.
In order to ensure proper wound healing without skin
macerations or bacterial growth, managing exudates
from the damaged skin is important. Traditional dress-
ings such as medical gauzes act to absorb the exudate
from the wound, causing not only undesirable adherence,
but also the dryness of the wound.>* Therefore, new
dressings are being developed which act to absorb
excessive wound exudate while maintaining an optimal
moist environment for the wound healing process.

AQUACEL® Ag Extra™ (IP)

AQUACEL is described as a hydrofiber-foam hy-
brid dressing (HFHD) which contains three layers. The

outermost layer is a waterproof layer that protects
against the exudate layer and bacterial migration while
the innermost layer is made up of sodium car-
boxymethylcellulose (NaCMC) fibres that form a gel
when it comes in contact with exudate and keeps the
environment moist.®> An increasing understanding of
the role of biofilm formations in delayed wound heal-
ing has led researchers to develop AQUACEL® Ag
Extra™. This dressing has a strong antimicrobial
activity due to the incorporation of ionic silver and
hydrofiber to manage exudates and the wound envi-
ronment.*? Multiple in vitro, in vivo, and clinical trials
showed the efficacy of AQUACEL® Ag Extra™ in its
role of enhancing wound healing through managing
exudates and decreasing the risk of infection.®!#%123

Viiwasorb® Pro (IP)

Vliwasorb is a non-adherent dressing that is capable
of absorbing exudate evenly from the skin wound.**
The dressing contains sodium polyacrylate that can
absorb huge amounts of exudates and can hold the
exudate in its core without leakage.**° The dressing
was evaluated to have good absorptive capacity. No
pain was observed during dressing changes as there
was no skin irritation and no adverse events were no-
ted. Such superabsorbent dressing is thought to reduce
and prevent complications of exudate formation and
wound healing.>* These types of superabsorbent
wound dressings increase patient comfort and provide
faster care with lower costs.

Dressing as a Device to Control Infection

Calcium Pectinate/Silver Nanocomposite (CaP-AgNP)
Hydrogel Wound Dressing (C)

The use of biologically derived material for medical
use has become more prevalent as seen in the designs
of novel wound dressings. Silver nanoparticles were
synthesized using plant extracts of Biophytum sensi-
tivum.” The nanoparticles were immobilized in calcium
pectinate frameworks for wound dressing application.
Moreover, these biocompatible dressings have high
anti-microbial properties. The use of pectin polysac-
charide is highly prone to microbes so the incorpora-
tion of AgNP in calcium pectinate wound dressing is a
new approach to overcome this problem. CaP-AgNP
hydrogel wound dressing is thought to help in wound
infection prevention, exudate management, and anti-
bacterial activity.” The dressing was shown to suc-
cessfully inhibit both Gram-positive (S. aureus) and
Gram-negative (E. coli) bacteria.” Due to the combi-
nation of exudate management and antibacterial
activity, this dressing has a great potential for wound

dressing applications.
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Cellulose-Based Self-healable Polyelectrolyte Film-
Containing Wound Dressing (C)

A wound dressing made of self-healable polyelec-
trolyte film was prepared using chitosan with modified
bacterial cellulose (BC).*® The film was prepared from
a grafting technique that works at physiological pH
levels (7.4) and was found to be non-toxic, flexible, and
biodegradable in addition to allowing anti-microbial
drug (curcumin) delivery.”® The anti-microbial activity
of these films was tested and observed on Gram-posi-
tive  strains—S. aureus and  Gram-negative
strains—E.coli.>® Pure chitosan and composite film
exhibited no significant antibacterial activity, but the
curcumin loaded film was able to inhibit the growth of
bacteria significantly in both strain types.”® Thus, self-
healable antimicrobial composite films could be
potentially used as an effective wound dressing.

Gelatin/Poly(glycerol sebacate) (PGS) Membrane
Drug-Releasing Dressing (C)

A membrane, which can be attached to wound
dressings, was developed by Shirazaki et al. that
delivers antibiotics at a controlled rate.''! Poly(glyc-
erol sebacate) (PGS) was prepared in gelatin and dis-
solved in acetic acid, where an antibiotic,
ciprofloxacin, was subsequently added to the solution
to fabricate the gelatin/PGS membrane using electro-
spinning.'"" Using UV-Vis spectrophotometry, the
cross-linked membrane showed a 50% release of drug
after 24 h and a total of 70% after 72 h, which is a
proper rate of drug release for the prevention of
infections.'"" These results show the potential for the
biodegradable gelatin/PGS membrane as an effective
antibacterial wound dressing.

Bamboo Leaves-Derived Cellulose Nanocrystals Dress-
ing (PC)

Singla et al. synthesized nanobiocomposite dress-
ings by inserting silver nanoparticles into a matrix of
cellulose nanocrystals (NC) isolated from bamboo
leaves.''® The study suggests that this composite can be
used for making wound dressings with anti-bacterial
properties. The composite has been tested on murine
wounds in vivo and showed decreased production of
proinflammatory cytokines, early vascularization,
increased fibroblasts proliferation, and faster epithe-
lialization.""” The dressing maintained a moist envi-
ronment for the wound and has shown enhanced
regeneration of cells and tissue repair. Furthermore,
when tested on diabetic wounds in vivo, the NC
dressing group showed full recovery within 18 days
through the regulation of growth factors and proin-
flammatory markers expression.''® Taken together,
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these results show the potential of the dressing to act as
an efficient method for rapid wound closure in diabetic
patients.

Procellera® (IP)

Bark et al. at Ohio State University WMC devel-
oped a bandage that uses weak electric fields to destroy
microbial biofilm, thus preventing infections and
assisting in healing of wounds (Fig. 8).° The scientists
incorporated silver and zinc to make a wireless elec-
troceutical dressing (WED) which produces an electric
field when it becomes wet. The dressing was shown to
disrupt biofilm formation by disrupting quorum sens-
ing and rescuing biofilm-induced E-cadherin loss.’
Furthermore, the dressing promoted faster wound
closure in animal wound models and in clinical dia-
betic patients.”'” The dressing can act against bacteria
that have been shown to be resistant to common
antibiotics.”” Thus, the dressing provides an innovative
method of controlling infection in wounds in addition
to promoting a proper healing environment for the
wound.

Chitosan-Containing Hydrogel Dressing (C)

Mozalewska et al. developed a wound dressing that
incorporates chitosan derived from shells of crus-
taceans into hydrogels which are commonly used to
manufacture wound dressings.** The dressing has
properties of a usual hydrogel dressing and antibacte-
rial properties due to the chitosan component. Upon
crosslinking, the hydrogel was found to retain its
function in addition to an increased water absorption
capacity, thus, enhancing the function of the dressing
in managing wound exudates.*” Preliminary data
showed antibacterial characteristics of the novel chi-
tosan-containing hydrogel dressing to Gram-positive

FIGURE 8. Procellera®: Antimicrobial electric bandage to
prevent wound infection. Ref. 59, by permission of Oxford
University Press.



Emerging Innovative Wound Dressings 669

bacteria.®® The authors believe that the dressing can be
used as a replacement for classic hydrogel dressings.

Silverlon® (CT)

Silverlon® is an antimicrobial dressing that has been
shown to prevent surgical site infections (SSI)."**1%* A
clinical study conducted on Silverlon®, showed that this
antimicrobial dressing decreases the rate of superficial
and deep prosthetic joint infections.'* Another clinical
trial showed similar protective effects following col-
orectal surgery.®* Thus, this dressing plays a role in
controlling wound infection post-surgery, decreasing
cost burdens and morbidities associated with SSIs. The
dressing is available for purchase, though additional
studies are being performed to show support for claims
that have not yet been cleared by the FDA.

Konjac Glucomannan/Silver Nanoparticle Composite
Sponge (PC)

Chen et al. developed a wound dressing using an
Asian plant called konjac in combination with silver
nanoparticles.'> This wound dressing helped accelerate
healing of wounds in rabbits and was found to have
anti-microbial properties.'> Furthermore, the dressing
is spongy which allows it to retain fluid and help in
managing excessive exudate from the wound. Histo-
logical studies show that the dressing promotes
epithelialization and fibroblast growth, the potential of
the dressing in enhancing wound healing."

Multidrug Releasing Self-assembled Films Bandage (C)

Bleeding and infection are two major causes of
death from skin injuries. The Hammond lab from the
Massachusetts Institute of Technology and colleagues
have developed a bandage that uses a combination of
two films, one of which is used for the delivery of a
hemostat (thrombin) to control bleeding and the other
is used for the delivery of anti-bacterial drugs (van-
comycin) to control infection.*® The films are com-
bined in a bandage in a bilayer design that allows for
multidrug delivery into the wound at appropriate
times.*® The authors showed that their novel bandage
released thrombin in few minutes and vancomycin over
24 h which reflect their functions in the hemostatic and
inflammatory phases of wound healing, respectively.*®

Dressing as a Device to Enhance Wound Healing via
Growth Factors

Stabilized Growth Factor-Loaded Hyaluronate-Colla-
gen Dressing (HCD) Matrix (PC)

Growth factors have several functions in wound
healing, such as recruitment of cells into the wound,

stimulating cell proliferation, and regulating extracel-
lular matrix deposition.**'*® However, growth factors
that are currently used show short half-lives in vivo.'®
Choi et al. developed a hyaluronate-collagen dressing
(HCD) loaded with stabilized epidermal (S-EGF) and
basic fibroblast (S-bFGF) growth factors and tested
for its ability to improve, otherwise, impaired wound
healing.'® S-EGF and S-bFGF showed longer half-
lives than existing EGF and bFGF, respectively, and
showed more than 90% of cell survival rate at all
concentrations.'"® In vivo studies on diabetic mice
showed that these S-EGF and S-bFGF loaded matri-
ces had no inflammatory response at day 7 and a slight
acceleration of wound healing overall.'® In another
study, Choi et al. showed that their HCD matrix loa-
ded with stabilized EGF and bFGF enhanced wound
healing in diabetic ulcers due to their stability at room
temperature, suggesting a potential role in enhancing
wound healing in diabetic patients.'’

Textile Dressing for Growth Factor|Antibiotic Drug
Delivery (PC)

Mostafalu et al. reported a wound dressing that
allows for drug delivery (VEGF and/or antibiotics) in
a temporally and spatially controlled pattern to allow
for optimal healing (Fig. 9).%” The dressing is made of
fibers coated with electrically conductive ink, in addi-
tion to a hydrogel-covered core electrical heater. The
dressing showed effective release of previously-loaded
antibiotics and VEGF in vitro, leading to angiogenesis
induction and effective control of infection.®” Fur-
thermore, the dressing showed increased granulation
tissue formation and faster wound closure in diabetic
mouse models.*’

Dressing as a Device to Enhance Wound Healing
Through Dynamic Infusion of Cells

Cell therapy provides an effective approach to
treating skin injuries and chronic wounds by acceler-
ating cellular proliferation and migration into the
wound by the host cells. #1147 Emerging wound
dressing designs aim to incorporate cell therapy to al-
low for a dynamic management of wound healing
though cell infusions such as keratinocytes or stem
cells to promote rapid wound healing with minimum
scarring.

Human Umbilical Cord Mesenchymal Stem Cells-Algi-
nate Dressing (PC)

An innovative wound dressing combines human
umbilical cord mesenchymal stem cells (hUCMSCs)
with an alginate complex in an effort to develop a device
that promotes effective wound healing."*” Human
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FIGURE 9. Textile dressing for controlled Drug delivery. A voltage is sent via a microchip that heats up the nanofibers releasing
VEGF into the wound. Reprinted from Ref. 87, Copyright (2017), with permission from John Wiley and Sons.

umbilical cord mesenchymal stem cells (hUCMSCs)
have the ability to differentiate into multiple tissues,
secrete growth factors while maintaining low-immuno-
genicity."?” The cells proliferated well and showed
VEGF secretion when cultured in alginate gel. Fur-
thermore, wound healing rates and neovascularization
were increased in the hUCMSCs-alginate dressing
group compared to control 15 days post-surgery in
Balb/c mice. However, the hUCMSCs showed little
migration in the alginate gel and did not reach the
wound which suggests that the enhancement of wound
healing could be in part due to paracrine signaling.'*’

Human Adipose-Derived Mesenchymal Stem Cells
in Human Amnion/Pig Skin Dressing (C)

Sanchez-Sanchez et al. developed two dressings using
human amnion and pig skin which have been commonly
used in burn and skin injuries.'®" Both dressings were
infused with human adipose-derived mesenchymal stem
cells (h ADMSCs) which are thought to be potential
factors in initiating tissue regeneration.*®'°’ Upon
seeding hADMSCs on human amnion and pig skin,
both scaffolds showed viable and proliferative
hADMSCs. The seeded cells secreted interleukin 10 (IL-
10) and interleukin-1p (IL-1f), which in combination
contribute to proper wound healing,?!:7%98:101.103

Injectable Hybrid Hydrogel for Stem Cell Delivery
(PC)

An injectable hydrogel was designed with
adjustable properties from hyperbranched multi-acry-
lated poly(ethyleneglycol) macromers (HP-PEGs) and
thiolated hyaluronic acid (HA-SH) as a stem cell
delivery system.'* The hydrogel system was found to
not only maintain the stemness of the incorporated
stem cells and their secretion ability, but also improve
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cell survival, angiogenesis and overall wound closure
in vivo.”” Furthermore, HP-PEG infused with adi-
pose-derived stem cells (ADSCs) lead to a thicker
dermis formation and faster healing compared to
control.'*® Showing enhanced wound healing in a
diabetic murine animal model, this injectable hydrogel
may be used for stem cell delivery for skin and tissue
regeneration applications.'*?

CONCLUSION AND PERSPECTIVES

Despite the drastic improvements during the last four
millennia, wound healing complications continue to be a
global burden with hundred thousands of deaths
annually and a financial challenge in health care.'®'?°
Considering the rapid advancements in the different
fields of optic physics, microfluidics, material sciences,
nanoengineering, and stem cells biology, they provide a
promising role in developing novel smart dressings that
act to not only serve as a passive dressing to cover
wounds but also play an active role to dynamically
contribute in healing. It is an exciting time to utilize these
various fields of science to manufacture dressings that
can combine mutliple properties and serve as physical
and chemical barriers, as devices for growth factor and
cellular delivery, and as antimicrobial barriers. With the
emergence of such technology, the future of wound care
seems promising and could significantly contribute to
reducing morbidities and saving more lives.
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