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Abstract This review covers the use of plasma technolo-
gy relevant to the preparation of dressings for wound
healing. The current state of knowledge of plasma treat-
ments that have potential to provide enhanced functional
surfaces for rapid and effective healing is summarized.
Dressings that are specialized to the needs of individual
cases of chronic wounds such as diabetic ulcers are a
special focus. A summary of the biology of wound
healing and a discussion of the various types of plasmas
that are suitable for the customizing of wound dressings
are given. Plasma treatment allows the surface energy and
air permeability of the dressing to be controlled, to ensure
optimum interaction with the wound. Plasmas also pro-
vide control over the surface chemistry and in cases where
the plasma creates energetic ion bombardment, activation
with long-lived radicals that can bind therapeutic mole-
cules covalently to the surface of the dressing.
Therapeutic innovations enabled by plasma treatment in-
clude the attachment of microRNA or antimicrobial pep-
tides. Bioactive molecules that promote subsequent cell
adhesion and proliferation can also be bound, leading to
the recruitment of cells to the dressing that may be stem
cells or patient-derived cells. The presence of a commu-
nicating cell population expressing factors promotes
healing.
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Introduction

The use of plasmas (ionized gases) to modify the surfaces of
materials used for medical applications is advancing rapidly.
Plasma surface modification is an effective tool to improve the
surface properties without affecting the bulk properties of a
material and, in its most general form, can be applied to any
material to modify mechanical properties, roughness, hydro-
philicity, hydrophobicity and surface chemistry. It is highly
efficient in its use of chemicals and, being a dry process, it
avoids the formation of liquid waste, resulting in an environ-
mentally friendly dry process which can be exploited to give
specific modifications (Parvizi et al. 2007) of physical, chem-
ical and biological properties. While plasmas have been found
to be especially useful in the modification of polymers of both
synthetic and biological origin for application in sterile pack-
aging, drug packaging and medical devices (Oehr 2003), the
application of plasmas to the production and improvement of
wound dressings is still in its infancy.

Wound dressings are used in treating wounds to prevent
infection and to accelerate healing. Dressings can be of natural
or synthetic polymers in the form of fibers, colloids, gels,
foam, gauze and films. Some wound dressings are required
to have good wettability and moisture retention to manage
wound exudates (Breitwieser et al. 2013), while others are
required to assist in the retention of moisture in dry wounds.
Dressings may also require mechanical strength for wound
protection and controlled adhesion. Some examples of useful
materials are natural and modified cellulose, alginates, chito-
san, collagen and hydrogels (Gupta et al. 2010; Le et al. 1997).
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Cellulosic materials have been used as medical dressings for
many different wounds because their micro-fibrillar structure
has excellent moisture-retaining properties. These cellulose
materials are subjected to pre-treatments such as bleaching,
mercerization, and alkaline washing with chemicals to in-
crease the moisture absorption capacity (Durso 1978; Fengel
and Wegener 1984; Freytag and Donz¢ 1983; Lewin 1984).
Unfortunately, some chemical treatments such as these cause
deterioration in the mechanical properties of the fabric as well
as causing ecological pollution (Vigo 1994).

Wound dressings are now tailored to suit a specific wound
repairing process, to the extent that there may now be more
than 1000 different types. This trend will continue as the best
route to healing an individual patient’s wound which requires
customized strategies. The challenge remains, however, of
finding more effective strategies for serious and chronic
wounds. To achieve this, dressings can be made up of a num-
ber of components, each of which is intended for a specific
wound healing process. “Smart” wound dressings with cus-
tomized functionalities find many applications, and industries
are developing to supply innovative dressings. For example,
PolyMem™ have developed a polyurethane-based multifunc-
tional dressing, Transparency™ have developed superabsor-
bent polymers, Lubrizol™ have developed a range of prod-
ucts based on thermoplastic polyurethane, XTRASORB™
have developed a hydrogel colloidal sheet, and DermNet
NZ™ have developed gauze-based dressings and paste ban-
dages such as zinc paste bandages as wound dressings. These
specialized products are already having an impact in treating
wounds where healing is delayed, as, for example, in diabetic
ulcers, and in the treatment of large wounds such as burns.
Plasma processes are ideally suited to the customization pro-
cess owing to their flexibility and diversity. As an example of
a commercial product that employs a plasma process,
MySkin™ is a 5-cm-diameter circular silicone disc with an
acrylic acid plasma polymer surface which allows prolifera-
tion of autologous keratinocytes, with the aim of returning the
patient’s own keratinocytes to the wound bed.

Several reviews and books exist on the plasma surface
modification of textiles (Zille et al. 2015), polymers for bio-
medical applications (Gomathi et al. 2008), biodegradable
polymers (Morent et al. 2011), polymeric biomaterials
(Desmet et al. 2009), medical implants (Bilek and McKenzie
2010), biocompatibility and controlled drug release (Yoshida
etal. 2013), biomolecule immobilization and cell colonization
(Siow et al. 2006), and for the attachment of bioactive com-
pounds (Goddard and Hotchkiss 2007). These reviews cover
the various plasma treatment techniques for specific applica-
tions. A number of reviews have also been published on
wound dressings and on wound-healing agents (Agrawal
et al. 2014) and systems (Mayet et al. 2014). Wound-healing
dressings and systems for drug delivery into wounds have
been reviewed by Boateng et al. (2008). The authors give a
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good general introduction and cover desirable characteristics
including physical and chemical characteristics of wound
dressings. Their article reviews different types of wound
dressings and novel materials for controlled drug delivery to
heal different types of wounds.

There are currently no reviews that cover recent develop-
ments in the role of plasmas for carrying out modifications for
wound dressings. There has been considerable progress in the
use of plasmas to create energetic ion bombardment of the
surface, and new knowledge has been gained concerning the
attachment of molecules and cells to surfaces that have poten-
tial in wound healing. Here, we focus on the science and
technology that underpins the plasma treatment of materials
for wound dressings. Current methods of modification as well
as the future challenges to develop eco-friendly and cost-
effective techniques are reviewed and discussed.

A summary of the biology of wound healing

Skin is the largest organ in the human body, serving as a
barrier against external stresses including pathogens. A wound
is any break or a disruption of the skin by a thermal, chemical,
mechanical or surgical injury. Healing of wounds is a natural
and complex process which involves several overlapping
phases. Depending on the healing time, wounds are classified
as acute or chronic (Dreifke et al. 2015). Acute wounds that
require intervention include mechanical abrasions, tear, surgi-
cal procedure, burns and chemical injuries. Chronic wounds
include diabetic foot ulcers, pressure ulcers and leg ulcers
(Boateng et al. 2008; Jauregui et al. 2009). In general, acute
wounds heal within 3 weeks while chronic wounds persist for
more than 12 weeks and often reoccur. The healing of wounds
is associated with factors specific to an individual’s age, obe-
sity status, medication and overall health (Guo and DiPietro
2010).

Wound healing involves complex biochemical and cellular
processes, comprising the dynamic overlapping phases of he-
mostasis, inflammation, proliferation or reconstruction and
maturation or remodeling (Boateng et al. 2008). Figure 1
shows a schematic representation of the phases of wound
healing. In this review, a summary only of the biology of
wound healing is presented, as a more detailed explanation
is available elsewhere (Aukhil 2000). Hemostasis is the ces-
sation of the flow of blood when there is an injury without
disrupting the normal blood flow, and is commonly included
as a component of the next, or inflammation, phase. Healing is
initiated by the formation of a platelet plug and strengthening
of the plug with the formation of a fibrin network. At the
beginning of the inflammation phase, white blood cells mi-
grate into the wound site. Within the first few days after the
injury, the body attempts to remove or isolate any bacteria,
damaged cells and debris present in the wound. White blood
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Fig. 1 Schematic representation
of the four phases of wound
healing, showing the processes
that occur and the cell types
involved
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cells (neutrophils) migrate from the blood stream through sur-
rounding tissue into the wound and engulf the bacteria. The
migration begins at the capillaries, which dilate and allow
blood cells to pass into the wound to form inflammation in
the wound site, surrounded by blood plasma. After a few days,
the neutrophils die off while white blood cells (monocytes)
migrate from the blood to the wound to continue clean-up.
The monocytes mature into macrophages and engulf the bac-
teria, debris and dead neutrophils. Macrophages play a key
role in wound healing by attracting and stimulating other types
of cells to accomplish reconstruction and to initiate the next
phase, the proliferation or reconstruction phase. In this phase,
granulation tissue consisting of fibroblasts invades the wound
site and creates tough fibers of collagen to provide strength to
the wound. Capillaries are also a part of the granulation tissue,
bringing oxygen and nutrients to the cells in the wound, and
carrying away many unwanted products during the healing
process. Subsequently, cells in the upper layer, the epidermis,
form a layer, and wound closure takes place while fibroblast
cells transform into muscle cells to assist the contraction of the
wound edges. The final phase of healing process is the matu-
ration or remodeling phase which takes days to months to
complete. During this phase, repairs carried out in the prolif-
eration stage are made stronger by replacing the early collagen
by a stronger form of collagen with a regular pattern. Finally,
the wound contacts and is covered with collagen-rich scar
tissue.

Specialty fibers suitable for wound dressings

Wound dressings are available in various forms including
gauze, films, hydrogels, hydrocolloids and fabric containing

fibers. Among the fiber-containing types, nanofibrous mate-
rials are sometimes preferred. Nanofibers are mainly prepared
by electrospinning using an electric field to assist the fiber-
drawing process. After spinning, these fibers can further be
modified to suit a particular application. Natural and synthetic
bio-polymers are usually prepared as wound dressings by
electrospinning because the small fiber diameters produced
by this method provide a large surface area. Zahedi et al.
(2010) have published a detailed review on the different types
of wound dressing, with an emphasis on electrospun
nanofibrous polymeric bandages. In this review, we focus on
woven and non-woven fiber structures which have their sur-
faces modified using plasma-based techniques.

Electrospinning of nanofibres

Electrospinning is a simple, effective and unique method
which utilizes electrostatic forces for the fabrication of poly-
mer fibers with diameters ranging from 2 nm to several mi-
crometers. Nanofibers are produced by applying a high volt-
age between the tip of a syringe loaded with the desired poly-
mer and the collector. Usually, the precursor of the polymer
will be in the form of a sol-gel or melt which is allowed to
flow at a low rate, forming a drop at the tip of the syringe.
When the voltage is increased, the repulsive electrical forces
distort the drop into a conical shape, known as a Taylor cone.
As the voltage reaches a critical value, the electrical forces
overcome the surface tension forces and a liquid jet begins
to flow from the Taylor cone, which reaches the collector.
During the travel of the fibrous jet, the solvent evaporates
and a nanofiber is formed on the collector surface. Figure 2
shows a schematic diagram of the basic electrospinning pro-
cess (Bhardwaj and Kundu 2010). The incorporation of drugs,
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protein, growth factors, DNA and RNA into electrospun poly-
meric nanofibers has been reviewed (Hu et al. 2014).

Plasmas for treatment of surfaces

The fourth state of matter, plasma, consists of partially ion-
ized, electrically neutral gas. Most plasmas contain neutral
atoms as well as charged species, and are a source of photons
emitted through recombination and excitation processes.
Because of the presence of charged particles, plasmas are
strongly responsive to electromagnetic fields. Plasmas can
be readily produced in the laboratory, and can be used to
modify a wide range of polymers, polymer fibers and textiles
through bombardment by the ions, electrons and photons pro-
duced by the plasma.

A plasma is created by application of electric fields to a
working gas, often at reduced pressure, as shown in Fig. 3a.
The plasma can be initiated by an external voltage applied to
electrodes, or through the application of electromagnetic fields
from an external source. The field may be constant or chang-
ing in magnitude and/or direction with audio, radio or micro-
wave frequencies. The surface to be modified is placed so that
ions, electrons, neutral species (reactive and non-reactive) and
photons generated in the plasma bombard the surface. In plas-
ma surface modification processes, the surfaces relevant to
wound dressing applications are usually electrically insulating
and, when placed in contact with the plasma, develop a neg-
ative self-bias with respect to the plasma, resulting from the
surface charge by attachment of electrons. Electrons are the
most mobile charged species in the plasma and develop neg-
ative charge on a nearby surface to allow equilibrium between
charges flowing to and from the surface. This negative self-
bias is usually of the order of a few volts to a few tens of volts
and attracts ions to the surface, giving them kinetic energy of a
few to a few tens of eV so that they bombard the surface,
causing physical and chemical changes. The design of the
plasma reactor for the treatment of insulating surfaces such
as wound-dressing materials can take various forms, depend-
ing on the way in which the plasma is created by the applica-
tion of electric fields, the composition of the precursor gases
and the relationship of the surfaces to the applied electric
fields. The different forms of plasma reactor differ in the type
and energy of the species that are incident on the sample. A
relatively recent innovation is the use of a plasma immersion
ion implantation (PIII), a process that operates by creating
more energetic ion impacts than previously available plasma
processes.

The type of plasma shown in Fig. 3 is known as a glow
discharge, where electrodes play an important role in sustain-
ing the plasma, which is not the case for some other types of
discharge, such as an inductively coupled radiofrequency
(RF) plasma where the applied electric potential that sustains
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Fig. 2 The electrospinning process as carried out in air using a high
voltage to extract a nanofiber from a solution. The extracted jet dries in
flight and is collected on a surface

the plasma is the result of a time-varying magnetic field. In the
case of a direct current (DC) glow discharge plasma, the po-
tential difference is constant in one direction but is not sym-
metrically arranged with respect to the electrodes and shows
two different regions of spatially varying potential as shown in
Fig. 3a. The region near the cathode is called the cathode
sheath or cathode dark space where the electric field is very
strong and across which the greater part of the applied poten-
tial difference appears. The ions are accelerated across this
sheath and collide with the cathode to produce secondary
electrons. The secondary electrons are in turn accelerated
across the sheath away from the cathode surface to collide
with neutral atoms, creating ionization which sustains the dis-
charge. The cathode sheath region appears to be dark as the
electron and ion densities are low and light emission from
recombination and excitation is small. In the glow regions,
collisions, excitation, ionization recombination and dissocia-
tion take place while the potential is changing only slowly
with distance. The region adjacent to the anode is called the
anode sheath, where the electrons travel towards the anode
(Bogaerts et al. 2002). A detailed description of the fundamen-
tals of plasma can be found elsewhere (Chapman 1980). The
location of the sample to be treated in a plasma is important in
determining the type of modification to which it is subjected.
The sample receives maximum ion bombardment when the
sample is placed near the cathode as it is exposed directly to
energetic ions from the plasma. When the sample is placed on
the anode, as shown in the Fig. 3a, the electron bombardment
is relatively more intense. If large amounts of the cathode or
anode surfaces are covered with insulating materials, the in-
sulating surfaces charge up and the discharge may be
extinguished. Applying a pulsed or alternating voltage to the
electrodes enables the plasma process to be sustained.
Plasma surface modification has gained attention in the
medical technology industry as a replacement for wet chemi-
cal, thermal and radiative processes (Chaivan et al. 2005;
Guimond et al. 2010; McCord et al. 2003; Wang et al.
2008). When plasma impinges on the surface of the material,
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it modifies the surface properties to a depth in the range 5—
50 nm without affecting the bulk properties (Abidi and Hequet
2004; Cai and Qiu 2006; Inbakumar et al. 2010; Kan et al.
2004; Vohrer et al. 1998). This ionized gas contains excited
atoms, free radicals, electrons, ions and molecules that interact
physically and chemically with the surface (Karahan and
Ozdogan 2008). These interactions can be exploited to im-
prove surface energy, roughness, permeability, hydrophilicity,
hydrophobicity, dyeability and adhesion to achieve the desired
finishing processes (Chen 1991; Ferrerro and Bongiovanni
2006; Hocker 2002; Pane et al. 2001; Samanta et al. 2009).
The advantages of plasma surface modification processes are
cost-effectiveness, high efficiency, and speed of processing.
The fact that it is a dry process is a further advantage as it
avoids liquid waste that requires suitable disposal to avoid
environmental damage (Wang et al. 2009).

We now distinguish two types of plasma modifications
according to the chemical composition of the plasma. These
are non-polymerizing plasma which modifies only by bom-
bardment, implantation and etching (Fig. 4) and polymerizing
plasma treatments which produce chemical groups that can
condense on a surface to form a coating (Fig. 5).

Non polymerizing plasmas

Gases that result in non-polymerizing plasmas may neverthe-
less produce chemically active fragments that, while they do
not aggregate on a surface to form a deposit, can take part in
reactions with the surface, resulting in etching, cleaning, ster-
ilization and activation of the surface (Fig. 4), resulting in turn
in a change in surface characteristics. Gases that have been
used to modify materials without producing a deposit on the
surface include nitrogen, argon, oxygen and helium. The re-
actions between the gas phase species and the surface may
result in the formation of functional groups, crosslinking,
and a concentration of stable free radicals on the surface and
subsurface. The usefulness of these changes in surface

characteristics is dependent on various parameters such as
treatment time, power and plasma composition. The stability
of the treatments is dependent on the storage conditions such
as temperature and atmosphere as well as the treatment param-
eters. The interaction of non- polymerizing plasma with the
surface leads to various modifications such as physical, chem-
ical, mechanical and antimicrobial properties as discussed lat-
er in “Property modifications induced by plasma”.

Polymerizing plasmas

These are types of plasma that convert a precursor gas to a
thin film coating, as shown in Fig. 5. Collisions with
electrons and ions in the plasma break down the precursor
gas molecules to form reactive species that accumulate on
a surface, forming a plasma polymer if the precursor gas
contains some hydrocarbon component (Dowling 2014).
The plasma polymer which is formed on the surface is
different from conventional polymers as it contains

Non polymerizing gas plasma

Fig. 4 Schematic showing the plasma interaction with the surface of a
non-polymerizing plasma consisting of ions (black) and electrons (e),
causing atoms to be implanted, damage to be created that might be asso-
ciated with radical formation in the surface (labeled R) and the surface to
be etched, releasing atoms or molecules of surface material (blue)
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Fig. 5 Deposition of a thin coating of plasma polymer onto a surface by
polymerizing plasma

crosslinked fragmented structures that are arranged in a
disordered manner. The choice of precursor affects the
composition and structure of the plasma-deposited coat-
ing. The degree to which the coating reflects the original
molecular structure of the precursor depends on the plas-
ma conditions. Energetic plasmas containing electrons or
ions have sufficient energy to break the precursor mole-
cules into smaller fragments before incorporation with the
coating, while low-energy plasmas preserve the precursor
structure to a variable extent. The thin polymer formed on
the surface usually adheres well to the substrate material
and the surface properties of the material are then changed
to reflect those of the thin film coating. Usually, polymer
films are chemically inert and resemble other strongly
crosslinked polymers in being physically stable and me-
chanically tough (Morent et al. 2011). These polymer
films find wide applications in different fields due to their
surface characteristics which can be designed to suit the
application. Free radicals are usually present on the sur-
face of plasma polymers because of their disordered na-
ture and can be utilized for specific functionalization or
grafting purposes (Ershov et al. 2014) .

Plasma polymerization can utilize almost all organic,
organo-metallic and heteroatomic organic compounds as pre-
cursors by breaking them down into reactive fragments. Only
small quantities of precursor compounds are needed to treat
large surface areas, making it a non-energy-intensive and eco-
nomical treatment method.

These two types of plasma interactions with the surface of a
material can be created using excitation methods such as DC,
RF, microwave, dielectric barrier discharge (DBD), capacitive
coupling and inductive coupling. These treatments are not
limited to modifying a two-dimensional object such as a sheet.
Recently, plasma immersion ion implantation techniques have
been used to modify the three-dimensional surfaces with com-
plex structures, as discussed in the next section.
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Plasma immersion ion implantation

PIII processes impart energies of more than a few tens of eV to
ions using applied electrical bias. In PIII, the object is placed
in the plasma and a negative bias potential applied to an elec-
trode placed behind or around the object. Referring to Fig. 3a,
this can be done, for example, by placing an object on the
cathode where it is subjected to bombardment by ions accel-
erated by the electric field in the cathode dark space. If the
electrode is placed behind the object, there are some con-
straints on the thickness of the object to maintain the bom-
bardment, while, if a cathodic electrode transparent to ions,
such as a mesh, is placed around the object, many different
shapes of object can be subjected to bombardment. PIII has
been used to modify the surface of polymers for several engi-
neering applications. Figure 6 shows a schematic diagram of
how a material is treated using PIII.

In a PIII process, the object is subjected to higher energy
ion impacts than possible using the self-bias that applies to
conventional plasma treatments. For insulating objects such as
polymers, ion implantation creates positive charge that limits
the amount of ion bombardment that can be achieved unless
neutralization is allowed for by pulsing or alternating the di-
rection of the applied voltage. Ion energies of up to 20 keV are
convenient using pulsed power supplies. As the ions implant
into a polymer material, they break bonds and lead to the
formation of crosslinks and to the formation of free radicals
in the surface and in the subsurface layers. The unpaired elec-
trons from the radicals form in an extended subsurface layer,
but can propagate to the surface where they may facilitate the
formation of new chemical bonds between the surface and any
adsorbed species present on the surface. The radical groups
formed in the PIII treatment have lifetimes ranging from mi-
nutes to years (Kosobrodova et al. 2012). Long-lasting radi-
cals formed in PIII are able to retain the ability of treated
polymers to form new covalent bonds for long periods. The
hydrophilic character of the surface helps retain the functional
conformation of any attached biomolecules for long periods
(Kosobrodova et al. 2015). PIII methods are proven to operate
in both non polymerizing plasma and polymerizing plasma
interactions. Recently, polymerizing plasma using PIII is im-
portant in creating active binding surfaces suitable for bio-
medical applications, as discussed later.

Post-discharge plasma treatments

In the plasma processes mentioned so far, the materials to be
treated are immersed in the plasma. If the materials for treat-
ment are placed outside the plasma, and are subjected only to
the products of the plasma process that are carried down-
stream in a gas flow, we refer to the process as a post-dis-
charge plasma treatment. An example of such a treatment is
the use of a microwave plasma to generate species from an Ar-
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Fig. 6 Shows two ways of Plasma Source
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CF, plasma (Canal et al. 2009) that are used to treat materials
some distance from the plasma source. Post-discharge treat-
ments are attractive because the materials under treatment do
not receive bombardment by energetic ions that, in high
fluences, may cause excessive carbonization and possible em-
brittlement of fibers. Another example of a pos- discharge
plasma treatment is the treatment of a surface using the
flowing stream produced by a plasma torch that operates at
atmospheric pressure (Encinas et al. 2010).

Plasma modification of internal surfaces of woven
and non-woven fabrics

Wound dressing materials that consist of woven or non-woven
fabrics and fibrous masses present a special challenge to plas-
ma processing, as it is usually desired to treat the internal
surfaces. Atmospheric pressure devices such as plasma
torches are essentially post-discharge plasma treatments in
the sense of the previous section, and can provide a solution
whereby the species produced by the plasma are able to flow
through the fibrous structure of the wound dressing, attaching
to the fibers from the flowing gas. Another solution is to
enable the plasma to enter the three-dimensional structure by
providing appropriate plasma conditions. To provide these
conditions, we draw upon the similarity parameter, the pres-
sure distance product (Pd). It has been found that the behavior
of plasmas is frequently similar at different pressures when
examined on an appropriate spatial scale which scales inverse-
ly with the pressure. Such a principle is employed in packed
bed plasma reactors where the dielectric discharge plasma
created by pulsed or alternating fields can penetrate a packed
bed of insulting beads provided that the pressure P and dis-
tance between the beads d is appropriate (De Geyter et al.

2006). Experimental observations in our laboratory shows that
a plasma can penetrate a space between insulators in a DBD
separated by 10 mm if the pressure is higher than 0.1 mbar in a
dielectric barrier discharge operating at 3 kV. This implies that
a plasma could penetrate and exist within a fibrous wound
dressing fabric with a spacing between fibers of 10 um if the
pressure is 100 mbar. This is in fact the case, as shown by Poll
et al. (2001), who studied the penetration of plasma into wo-
ven cotton textile fabrics and found that pressures of between
1 and 100 mbar gave optimum penetration of a plasma oper-
ating with the geometry of Fig. 3 at a frequency of 20 kHz in
air, oxygen or hydrogen. There is considerable experience
with the modification of textiles using plasmas. For example,
nylon (Tseng et al. 2009) and PET (Yang and Gupta 2004)
were made more hydrophilic by atmospheric plasma treat-
ments. Low-pressure plasmas are also used for this purpose
(Hochart et al. 2003). The book by Kan (2014) discusses the
considerable literature on the topic of textiles by plasmas at
atmospheric and reduced pressure plasmas.

Property modifications induced by plasmas

Examples of useful property modifications caused by plasma
treatments are discussed in the following sections.

Surface energy modification

The polar component of the surface energy of a material de-
termines the attractiveness of the surface to polar molecules
such as water. Without modification, polymeric materials for
the most part are not strongly hydrophilic, with water contact
angles in the mid- to upper range between 0 and 90°. Features
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that are required in a wound dressing may include moisture
retention, moisture repulsion, permeability and porosity as
well as antimicrobial action, all of which are impacted upon
by the water contact angle. If a wound dressing is required to
have a delivery function, for example, a drug, biomolecules or
cells to the site, then the water contact angle must then be
refined for the individual case.

The surface energy, or interfacial energy, is usually charac-
terized by the contact angle of water to determine the polar
component of surface energy and the contact angle of a non-
polar liquid to determine the non polar, or dispersive, compo-
nent. Contact angles are usually measured using a goniometer
by observing the profile of a liquid drop on the solid surface
(Kwok and Neumann 1999). The basic equation for a liquid
drop in contact with the solid surface is given by Young
(1805) . The relationship between the contact angle and the
interfacial surface energies is represented using Young’s equa-
tion (Kwok and Neumann 1999).

YLGCosOe = YsGg—YsL (1)

where vy g is the liquid—gas interfacial energy, 0. is the equi-
librium contact angle, ysg is the solid—gas interfacial energy,
and ys is the solid-liquid interfacial energy. The contact
angle can be measured by static drop micro-observation or
the dynamic testing method which uses Wilhelmy’s principle.
The dynamic contact angle method is used to study the surface
and interface tension between the solid, liduid and gas. It
measures the wetting force to estimate the contact angle
(Huang et al. 2006).

The roughness of a surface affects the apparent contact
angle. The contact angle is also affected by chemical hetero-
geneity, the presence of polar groups, adsorbed layers, poros-
ity, swelling, molecular orientation and yarn torsion (Maejima
1983; Perwuelz et al. 2001). Surfaces which have a water
contact angle of less than 90° when smooth develop stronger
hydrophilic behavior when rough, and surfaces that have a
water contact angle of more than 90° when smooth develop
stronger hydrophobic behavior when rough (Miwa et al.
2000).

The surface energy of materials can be increased or de-
creased with non-polymerizing plasma depending on the gas
used to form the plasma. For example, plasmas containing
gases such as CF,, Freon, SF¢ and hexafluoroethane decrease
the surface energy, making the surface water-repellent.
Sigurdsson and Shishoo (1997) modified the surface of PE,
PP and cellophane using CF, plasma to produce surfaces with
a low surface energy of 2-20 mJ/m?. Similarly, Hodak et al.
(2008) and Chaivan et al. (2005) have used a plasma to in-
crease the contact angle of silk in an hexafluoroethane atmo-
sphere. The latter found that there was a significant increase in
the contact angle of silk with a decrease in surface energy from
the natural value of 95-20 mJ/m?.
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Non-polymerizing plasma is widely used to modify the
hydrophilicity of materials by introducing functional groups
such as .COOH, —OH and NH, (Lai et al. 2006; Yang et al.
2009). Recently, Zille et al. (2015) have extensively reviewed
the use of plasmas for modification of textiles for mainly non-
medical applications. The review includes a table of the effect
of plasma treatments on contact angle for different polymeric
fibers such as PET, PE, PP, polytetrafluoroethylene (PTFE),
silk, polyamide, polyimide, nylon-cotton-elastane, wool,
hemp, carbon fibers, aramid, leather and cellulose. Ferrerro
and Bongiovanni (2006) have studied the effect of non-
polymerizing RF air plasma on wettability, adhesion and the
dyeing properties of a cellulose film. The wettability was test-
ed for different polar liquids and was found to increase with
plasma treatment.

Polymerizing plasma treatments have also been used to
increase the hydrophobicity of materials using, in particular,
polymerizing fluorocarbon gases like hexafluoropropylene
(Li and Jinjin 2007), hexafluoroethane (Sun and Stylios
2006) and tetrafluoromethane (Sigurdsson and Shishoo
1997), which have all been used to increase the hydrophobic-
ity of fabrics. Tsafack and Levalois-Griitzmacher (2007)
have introduced flame- and water-repellent properties to
cotton fabrics by plasma-induced graft polymerization.
They have found that multifunctional surfaces can be pro-
duced by plasma-induced graft polymerization. The review
by Zille et al.(2015) discusses the increase in hydrophobic-
ity using polymerizing plasma for different polymers, and
includes a table listing the contact angles obtained using
various monomer precursors. Plasma-polymerized surfaces
have been used for cell attachment and proliferation for
wound healing, as discussed later.

Huang et al. (2006) studied the surface roughness and
the dynamic contact angle of plasma-treated polypropyl-
ene fibers. Polypropylene fibers were treated with oxygen
and argon plasma at various powers. The surface rough-
ness was analyzed using AFM and the dynamic contact
angle was analyzed using Wilhelmy’s theory. The contact
angle measurements revealed that the advancing and re-
ceding contact angle decreased considerably after oxygen
or argon plasma treatment. AFM observations revealed
that etching of the fibers after plasma treatment increases
the surface roughness and concluded that the decrease in
the receding angle was due to the surface roughness while
the decrease in the advancing angle was due to the surface
properties of the fibers. The surface roughness influences
the wettability of the materials, is dependent on the inten-
sity of plasma and increases with plasma intensity
(Larsson and D’erand 2002), which is defined as the ratio
of discharge power to gas flow rate. The increase in sur-
face roughness increases the surface area of the material
and is also useful in facilitating cell attachment (Govindarajan
and Shandas 2014).
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The surface properties of five different (high density PE,
polystyrene, PTFE, PS, PP, PET) thermoplastic polymers
treated with argon plasma have been compared by
Reznitkovac et al. (2011). The contact angle as well as the
surface roughness were found to decrease with plasma treat-
ment. It was found that PS has the highest concentration of
oxidized structures when compared to other polymers and that
is correlated with enhanced hydrophilicity. Similarly, PP and
PET films were modified by DBD in air, argon and helium,
and the variation in contact angle with the gas type was stud-
ied. It was found that air plasma is more effective than argon
and helium plasma in introducing oxygen-containing func-
tional groups onto the surface, significantly decreasing the
contact angle (De Geyter et al. 2007).

Persin et al. (2013) modified wound-dressing materials
to increase the absorption of wound exudate and blood
from the wound site. They have investigated the absorption
properties of oxygen plasma-treated cellulose fabrics for
saline solution, exudate and blood. The sorption dynamics
on a macroscopic and microscopic scale were studied using
the Wilhelmy balance pendent drop method and optical
polarization microscopy. The aging effect of the treated
samples was studied in air, nitrogen and argon atmo-
spheres. The microscopic and macroscopic studies showed
increased absorption rates and capacity for saline and ex-
udate solutions. The aging effect was found to be small and
was independent of the atmosphere of exposure.

Pivec et al. (2014) describe the effect of a low-pressure
oxygen plasma on a non-woven cellulose textile. They found
that the plasma treatment decreased the contact angle to below
30° from the initial 90°. Similar reports (Nithya et al. 2015;
Persin et al. 2014b) have shown that oxygen plasma treatment
of polymers results in a decrease in the contact angle.
However, it is usually found that there is hydrophobic recov-
ery after treatment of polymer films (Bodas and Khan-Malek
2007; Lawton et al. 2005), fabrics and foils (Hossain et al.
2006; Morent et al. 2010) in which the contact angle progres-
sively increases again with time after treatment. Such an effect
has also been reported in polyethylene fibers treated in a He/
O, plasma. The initial reduction in contact angle was followed
by a recovery to a larger contact angles, as shown in Fig. 7.
The fibers treated with He +2% O, were found to be hydro-
phobic after 40 days of aging, while treatments with less ox-
ygen in the plasma recovered more slowly. The hydrophobic
recovery was attributed to the decrease in the surface oxygen
concentration for the treated fibers with storage time.

Hydrophobic recovery after plasma treatment sets a limit to
the shelf life of plasma modified dressings. In some special
cases, strategies have been devised to slow down the process,
as reported by Eddington et al. (2006). Samples of PDMS
were thermally aged and cured before oxygen plasma treat-
ment, and assessed for hydrophobic recovery rate over 14 days
by contact angle measurement. The mechanism for the

120

EEEEE— Control
—&—Pure He

1104 | —e—He+1%0,
—A— He+2% O,

100 4

Water contact angle (degrees)
- | ® o
o o o
+ | 1 1

-2
(=]
il
+

0 10 20 30 40
Storage time (days)

Fig. 7 The hydrophobic recovery shown as a plot of water contact angle
as a function of storage time for polyethylene fibers treated in a He/O,
plasma (Ren et al. 2008)

hydrophobic recovery was suggested to be the diffusion of
low molecular weight polymer chains from the bulk of the
plasma-treated PDMS to cover the unstable surface. Thermal
aging was found to delay the hydrophobic recovery ,and the
hydrophilic surfaces were stabilized if the samples were stored
in nitrogen atmosphere.

Chemical property modifications

Modification of the chemical properties of a polymer surface
by plasmas is facilitated by the formation of functional groups
including radical-containing groups. The presence of unpaired
electrons in radical groups is quantified by the method known
as electron paramagnetic resonance or electron spin resonance
(ESR) (Kosobrodova et al. 2012). Tasker et al. (1994) reported
that significant free radical concentrations can be created on
polymeric surfaces under cold plasma environments, regard-
less of the nature of the substrates or plasma gases. Ar, O,, N»,
H,, CO, CH,4 and CF, plasma-generated relative free-radical
intensities from cellulose fiber surfaces, such as cotton, linen,
viscose rayon and polynosic fibers, and also from wool, silk,
nylon 6 and poly(ethylene terephthalate) were measured by
ESR. The results obtained revealed that the trapped free rad-
icals can survive in the polymer matrix and that their concen-
trations can vary significantly with the nature of the fibers and
the plasma gases. The order of free radical concentrations was
established for various substrates and plasma gases in the or-
der: cotton > linen > mercerized cotton > nylon 6 > polynosic
fibers = viscose rayon, and CF, > CO >H, > Ar>CH,; >N, =
O,. It was also found that the longer the treatment time, the
higher the free-radical concentrations. X-ray photoelectron
spectroscopy (XPS) studies revealed that exposure to a CF,
discharge induces comparable relative surface atomic compo-
sitions regardless of the nature of the substrate. The stability of
active free radicals trapped in cotton fibers after exposure to
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0,, CF4 and CO plasmas at different temperatures was inves-
tigated by Wakida et al. (1989). The activated fibers were
conditioned at room temperature, and within a temperature
range of 120-200 °C. The relative free-radical concentrations
in the CF, and CO plasma-treated fibers decreased markedly
with an increase in temperature and exposure time to air,
whereas free-radical intensities of oxygen plasma-treated sub-
strates did not undergo substantial changes. Similar free-
radical instabilities were observed on argon plasma-treated
jute and cellulose by Sabharwal et al. (1993). Plasma immer-
sion ion implantation may assist in the preservation of the
hydrophilic modification by creating a deeper reservoir of
radicals that may diffuse to the surface and maintain a lower
contact angle (Bilek et al. 2011).

The surface chemistry changes of plasma-modified sam-
ples have been measured by techniques such as ATR-FTIR,
XPS which measure the changes in the population of chemical
groups, and chemical bonding states. Plasma treatment intro-
duces not only free radicals but also functional groups, such as
carboxyl and aldehyde groups (Nithya et al. 2011; Vosmanska
etal. 2015), C = O (Guruvenketa et al. 2004; Lai et al. 2006),
NH, (Chevallier et al. 2001; Schroder et al. 2001) and fluorine
(McCord et al. 2003; Woodward et al. 2003), containing func-
tional groups depending on the type of working gas and sub-
sequent environmental exposure that may be the result of the
reaction of the radicals with surface-adsorbed gases. Plasma
treatment of cotton fabric is characterized by the formation of
carboxyl groups and free radicals on the fabric surface, mak-
ing it more reactive by changing the surface chemistry and
morphology (Chen 1991; Ward et al. 1979). These free radi-
cals and the functional groups created using plasma can be
utilized to incorporate specific functionality to the surface as
discussed in later sections.

Mechanical property modifications

The mechanical properties of a wound dressing determine
whether the dressing is durable, stress-resistant, soft or elastic
(Khan et al. 2000). Surface mechanical property changes have
been measured using indentation equipment that measures the
force displacement responses of sharp tips of known tip radius
(Powles et al. 2007). Plasma modifications lead to a change in
the surface property, leaving the bulk at depths greater than
40 nm unaltered. However, some deterioration of the bulk
property of the polymer may takes place under extreme con-
ditions of plasma treatment (Hwang et al. 2005). A physical
modification like etching by a plasma may lead to changes in a
polymeric material which affect the fabric hand value (Sun
and Stylios 2005). Wong et al. (1999) found that the surface
roughness increase due to plasma etching affects the low-
stress mechanical property of the polymeric material. The ten-
sile strength of the fabrics was reduced due to the plasma
treatment conditions which affected the bulk molecular
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structure. However, there are also reports that showed an in-
crease in the tensile strength of some fibers after plasma etch-
ing (Hwang et al. 2003; Qiu et al. 2002). The tensile strength
and Young’s modulus of the treated fabrics were increased
with plasma treatment. Chen et al. (2001) studied the structur-
al and mechanical properties of UHMWPE by N+ ion implan-
tation. The results revealed that the implanted UHMWPE was
found to have higher hardness and Young’s modulus. Valenza
et al. (2004) have studied the effect of ion implantation of
various types of ions with a range of ion energies on
UHMWPE, and observed that the irradiated polyethylene
had graphite-like surface structures which showed improved
mechanical resistance of the polymer surface.

Air permeability modifications

Air permeability is a property in addition to fluid absorption
and moisture retention important to wound healing. However,
excessive permeability to gases and water vapor dries out the
wound, potentially leading to cell death and a negative impact
on healing (Khan et al. 2000; Maver et al. 2015). Literature on
the plasma treatment reports that the change in the air perme-
ability and water vapor transmission is dependent on the plas-
ma treatment conditions (Nema and Jhala 2015), substrate
thickness and the change in the surface morphology (Kan
and Yuen 2005; Yip et al. 2002). Plasma treatment increases
the air permeability of fabrics by surface etching and conse-
quent opening of the spaces between the fibers (Nithya et al.
2012; Pivec et al. 2014). Hwang et al. (2005) found that the
surface properties such as surface roughness, frictional
smoothness, and surface coefficient of friction increased with
plasma exposure time. Conversely, several authors have re-
ported a decrease in the air permeability of plasma-treated
fabrics (Kan and Yuen 2005; Yip et al. 2002). However, as
mentioned earlier, the change in the permeability depends on
the plasma treatment conditions and the thickness of the ma-
terials and whether they are fabric, film or foam. An optimum
gas and water vapor transmission rate to maintain a desired
moist environment in a wound can potentially be achieved by
tuning plasma treatment conditions.

Antimicrobial property modifications

Plasma surface modification may influence antimicrobial ac-
tivity of a dressing. Some studies (Canal et al. 2009; PerSin
et al. 2014a, c) have reported that gases like ammonia and Ar-
CF, show antimicrobial activity. An ammonia radiofrequency
plasma treatment increased the hydrophilicity and was antimi-
crobial against two Gram-positive bacteria (i.e. S. aureus and
E. faecalis) but not against two Gram-negative bacteria (E.
coli and P. aeruginosa). Persin et al. (2014c) studied the sur-
face chemical composition, wound-fluid handling properties
and antimicrobial activity of ammonia plasma-treated viscose
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fibers in air and argon atmosphere. The surfaces were found to
have good absorption of wound fluids and biostatic properties
against skin wound pathogens, irrespective of storage gas, for
30 days. Further, these authors (PerSin et al. 2014a) have stud-
ied the effect of storage gases on the durability of ammonia
plasma treatments on the biostatic activity and wound fluid
absorption. Canal et al. (2009) have studied the antibacterial
activity of wool, cotton and polyamide 6 fabrics treated with
Ar-CF, plasma post-discharge for wound dressing applica-
tion. They observed that the effective bactericidal effect is
due to the quantity of incorporated fluorine on the treated wool
and polyamide 6 surface. However, cotton samples did not
show antimicrobial activity due to the kind of bonding be-
tween the fluorine atoms and the surface. Functionalization
of surfaces with antimicrobial molecules may further enhance
activity against micro-organisms as discussed in the following
section.

Biomolecular functionalization of the plasma-treated
surfaces

There are two important reasons for providing a further
functionalization of the surface of a wound dressing with mol-
ecules, even after a plasma treatment has been used. The first
is to encourage the growth of the cells in the healing wound
and the second is to discourage the growth of bacterial cells
that may infect the wound. In this section, we will discuss the
functionalization of the modified surface with biocompatible
molecules and antimicrobial molecules.

Functionalization with molecules

Additional functionalization of the plasma-modified surface
with molecules can be carried out to enhance the interface
between healing tissues and the surface of wound dressing.
Covalent binding of these molecules may be assisted by prior
plasma processing. A summary of the types of molecules and
cells that have been used for functionalizing polymeric mate-
rials together with the significance of the findings is presented
in Table 1.

Some studies have reported the functionalizing of polymers
with molecules, both with and without plasma treatment.
Some strategies for functionalizing polymer fibers are shown
in Fig. 8, following Yoo et al. (2009). Plasma treatment is part
of the wider set of technologies for functionalizing the sur-
faces of polymer fibers. Wet chemical, surface graft polymer-
ization and co-electrospinning surface modification tech-
niques for electrospun nanofibers have been carried out, as
shown in Fig. 8.

These methods have been used to attach various molecules
to woven and non-woven wound dressings (Fig. 8). Molecules
may be attached using physical adsorption or chemical bonding

as for example, by a covalent bond. The strength of physical
adsorption is primarily affected by surface energy. The modifi-
cation of surface energy and its measurement by contact angle
has been discussed in “Property modifications induced by
plasma”. Covalent bonding is carried out using plasma grafting
when a polymer is covalently bonded with another. Chen and
Lee (2008) developed a polypropylene non-woven fabric
wound dressing by grafting collagen and poly (N-
isopropylacrylamide) chemically on plasma-induced graft po-
lymerization of acrylic acid. The authors have studied the phys-
ical, chemical and microstructure of the modified non-woven
fabrics and tested the samples for wound healing on Sprague
Dawley (SD) rats. The results revealed that water-absorbing
capacity was improved after plasma treatment and subsequent
grafting, which gives the material a potential use as a wound
dressing. The wound-healing test results showed a decrease in
wound area to 5% in 17 days for bi-grafted polypropylene
fabrics as compared to conventional gauze. Similarly, Chen
et al. (2012) have modified polypropylene non-woven fabric
using DC-pulsed oxygen plasma-induced graft polymerization
of acrylic acid to improve hydrophilicity. Chitosan was grafted
on to the polymerized surface and subsequently grafted with
poly (N-isopropylacrylamide) chemically to obtain temperature
responsive and easy strip-off characteristics from the wound.
The samples were then analyzed in vitro for cytotoxicity, anti-
bacterial activity and wound healing in SD rats. The results
revealed that the water-absorbing capacity increased after plas-
ma treatment and increased further when grafted with chitosan
and poly (N-isopropylacrylamide) which in turn increased the
absorbance of wound exudate. The antibacterial activity of the
chitosan-grafted samples were found to increase to 99.7% and
decreased slightly to 97.1% after grafting with poly (N-
isopropylacrylamide). The wound test results revealed de-
creased wound area of 4.9% after 17 days for the
polypropylene-bigrafted samples when compared to commer-
cial gauze. Histological observations revealed no inflammation
or infection in the wound site during the healing process.

Yin et al. (2009) investigated the immobilization of pro-
teins on a range of surfaces by means of deposition from
polymerizing plasmas containing acetylene and either nitro-
gen or argon or both. Plasma polymerization was carried out
onto silicon wafers with a pulsed power supply coupled to a
conductive sample holder. Horseradish peroxidase (HRP) was
immobilized on the plasma-polymerized surfaces and tested
for its activity. From the results, it was observed that the plas-
ma polymer surfaces were smooth with good mechanical
properties and had a high density of attachment sites for strong
immobilization of proteins. They also observed that the pro-
tein activity of HRP was preserved for a longer time after
immobilizing on the plasma polymer surfaces than when on
the untreated surfaces.

A different approach has been adopted by de Jesus
Martinez-Gomez et al. (2010) to immobilize «-
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Table 1 (continued)

Ref.

In vivo/in vitro ~ Significance to wound healing

Cell attachment

Treatment

Preparation method

Structure

Material

and proliferation for oxygen
plasma-treated samples
Increased cell attachment

Baek et al. 2008

Human articular In vitro

Microwave argon plasma

Nanofibrous  Electrospinning

Silk fibroin

and proliferation
Increased hydrophilicity, cell

chondrocytes
Human articular

scaffold

3D

In vitro Cheon et al. 2010

Microwave-induced

Electrospinning

Silk fibroin

attachment and proliferation

keratinocytes

argon plasma

nanofibrous

and

wool

scaffold
Membranes

keratose
Chitosan

Saranwong

F1 544 cells In vitro Increased surface roughness

RF Ar and nitrogen plasma

Chemical methods

etal. 2012

facilitating

cell attachment and migration

Increased cell adhesion

Kasalkova

Grafted with biphenyldithiol, In vitro

DC argon plasma

Granitol

Foil

Polyethylene

etal. 2012

Au nanoparticles

Ltd.,Czech Republic

Chymotrypsin on oxygen or argon plasma-treated polypropyl-
ene surfaces. The immobilization was carried out on the in situ
gas phase derivatised spacer chain molecules synthesized
from ethylene diamine, oxalyl chloride, and glutaraldehyde
after plasma treatment. The free radicals which are produced
by plasma treatment interact with the derivatised molecules to
form stable compounds on the surface. The in situ derivatiza-
tion was found to be advantageous, as the authors were able to
avoid the formation of undesired chemical compounds on the
surface which block the free radicals. The activity of such
immobilized enzymes was found to be high on the oxygen
plasma-modified polypropylene surface. These biomolecules
which are functionalized on the modified surfaces are proven
to last for longer times and can further facilitate the attachment
and growth of cells to accelerate healing in chronic wounds as
discussed in “Attachment and growth of cells on plasma treat-
ed surfaces”.

Antimicrobial functionalization

Functionalization of polymeric wound dressing materials with
antimicrobial agents is desirable to avoid infections. This
functionalization of the surface can be achieved using biolog-
ical or inorganic antimicrobial agents. Dastjerdi and Montazer
(2010) have reviewed the various approaches to the antimi-
crobial modification of textiles with a focus on inorganic
nanostructured antimicrobial agents. Some approaches in-
clude cytotoxic agents such as silver and other molecules
and agents that disrupt the ability of bacteria to form a biofilm
(this approach uses peptides and other biomolecules). Silver
has been used for a long time as an antimicrobial agent from
simple wound dressings to medical implants. Several studies
have been carried out using silver compounds on plasma-
treated surfaces for antimicrobial applications. PerSin et al.
(2014b) have followed two different procedures for improving
antimicrobial activity and also hydrophilicity. The authors
have modified the non-woven viscose fibers by two proce-
dures. The first is with alkaline or oxygen plasma treatment
and the second with ammonia plasma treatment to improve
the hydrophilicity followed by the incorporation of silver
chloride nanoparticles by a sol—gel method. A three-step mod-
ification of cellulose for antibacterial wound dressings was
studied by Vosmanska et al. (2015). The authors modified
the surface of cellulose with plasma, which increased the
amount of chitosan impregnated and in turn the precipitation
of silver chloride. The combination of the chitosan
impregnation and silver chloride precipitation increased the
antibacterial activity more than these treatments individually
applied. Pivec et al. (2014) modified viscose non-woven fab-
rics to increase the absorption capacity and antimicrobial ac-
tivity. Silver nanoparticle, alkali and oxygen plasma treat-
ments were carried out for viscose fabrics. The results re-
vealed that the combination of all the treatments modified
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Fig. 8 Schematic diagram
showing strategies for (a)
functionalizing the surfaces of
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the surface of fabrics and could impart many of the desired
characteristics of a wound dressing. Silver nanoparticle coat-
ings provided antimicrobial activity for the fabrics and alkali
treatment increased their breaking force and air permeability.
Plasma treatment was effective in increasing the water reten-
tion capacity and air permeability of the viscose non-woven
fabrics, both desirable characteristics of a wound dressing.
There are more examples of how a plasma can work syn-
ergistically with conventional methods. Annur et al. (2015)
prepared electrospun nanofibers chitosan/PEO acetic acid so-
lutions that were preloaded with silver nitrate. The nanofibers
were subjected to argon plasma treatment resulting in the de-
composition of silver nitrate to silver nanoparticles
immobilized on the surface. The antimicrobial activity against
E. coli increased with plasma treatment at different concentra-
tions of silver nitrate on the electrospun nanofiber. Zhang et al.
(2008) employed the PIII method to implant silver on poly-
ethylene to improve its antibacterial property as well as bio-
compatibility. They have also used N, co-PIII treatment to
prolong the antibacterial effects but had little effect on the
Ag distribution near the surface. The silver impregnation
using PIII treatment showed antimicrobial activity with bio-
compatibility and further enhanced the cell attachment.
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As mentioned earlier, there are also certain organic and
inorganic molecules which show antimicrobial activity
when functionalized with plasma-treated surface. Yao
et al. (2008) modified electrospun polyurethane nanofi-
bers with poly(4-vinyl-N-hexyl pyridinium bromide) in-
volving glow discharge plasma pretreatment.
Subsequently, the samples were UV-induced graft-
copolymerized followed by quaternization of the grafted
pyridine groups with hexylbromide. Polyurethane fibrous
membranes were treated with glow discharge argon plas-
ma at a power of 35 W and frequency of 40 kHz. The
mechanical properties of tensile strength, elongation at
breakage and Young’s moduli were all assessed. It was
found that there was a decrease in the tensile strength
and elongation at breakage with no significant change in
the Young’s modulus. The antimicrobial activity of the
modified nanofibers against E. coli and S. aureus were
effective, preventing biofilm formation on the modified
surface, attributed to the presence of quaternary ammoni-
um groups. The nature of the bacterial action is hypothe-
sized to be that the immobilized moieties disrupt the in-
tegrity of the cytoplasmic membrane to cause cell death,
similar to the mechanism of free biocides.
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Nithya et al. (2012) reported the synergistic effect of
plasma and cellulase enzyme treatment of cotton fabrics
for enhanced hydrophilicity and antimicrobial activity.
The authors carried out combinations of enzyme and plas-
ma treatments for enhancing the hydrophilicity, which
helps in the absorption of natural antimicrobial agents
extracted from the leaves of the neem tree. The synergistic
treatments were found to have improved hydrophilicity
and antimicrobial activity. Enzyme-pretreated plasma
samples were reported to have maximum antimicrobial
activity against bacteria and fungi and have found appli-
cations as a medical textile. Similar studies have been
carried out by other authors employing natural antimicro-
bial agents (Anitha et al. 2015; Vaideki et al. 2008).

Zhang et al. (2006) modified medical-grade PVC with
oxygen plasma treatment to improve the antibacterial per-
formance. These authors used PIII to coat PVC with tri-
closan and bronopal to enhance its antimicrobial proper-
ties. The results revealed that the triclosan- and bronopal-
treated samples showed antibacterial activity but was
found to decrease with time. Furanones are effective an-
timicrobial agents which can inhibit the growth of both
Gram-positive and Gram-negative bacteria. Plasma poly-
merization has been used by Hume et al. (2004) as a step
in the covalent binding of a furanone to a polymer surface
which can be used as catheters. These researchers found
that the furanone compound attached covalently main-
tained the stability and activity even after the sterilization
process. These furanones can also be used in wound
dressings as an antimicrobial agent. A variety of antimi-
crobial agents have been exploited, but challenges still
exist to prolong the antimicrobial activity in plasma-
treated surfaces especially for medical applications.

Attachment and growth of cells on plasma treated
surfaces

Recently, the wound care industry has focused on developing
wound healing using molecular and cellular therapies. A de-
tailed review on the molecular and cellular therapies for
wound care using functional biomaterials was published by
Piraino and Selimovic (2015). Healing of wounds depends on
various growth factors and interactions between cells as well
as with cells and matrixes. The therapeutic agents depend on
the type of wound and the tissue property to accelerate the
healing process. As cell attachment is influenced by surface
energy, surface chemistry and surface mechanical properties,
plasma treatments are used to modify these properties in
wound-dressing materials. In this section, we discuss the at-
tachment and proliferation of cells on plasma-treated surfaces
and on plasma-functionalized surfaces with bio-molecules
specific to wound healing.

Bioactive molecules to promote cell adhesion
and proliferation

Plasma surface modification enables the introduction of di-
verse functional groups on the polymer surface which have
significant effects on the attachment and growth of cells.
Alternatively, linker bioactive molecules can also be
immobilized on the plasma-functionalized surface to promote
the attachment and spreading of cells onto the surface of
wound-dressing material. For example, immobilization of
proteins such as laminin, collagen, gelatin tropoelastin and
fibronectin on the plasm- treated polymer surface enhances
cell adhesion and proliferation (Baek et al. 2008; He et al.
2005, 2006; Koh et al. 2008).

Plasma polymers can play an important role in wound
healing when they are tailored with specific surface properties
to enhance cell adhesion and proliferation. Haddow et al.
(1999) compared the proliferation and growth of human
keratinocytes on plasma copolymers and self-assembled
monolayers. Cell attachment and subsequent proliferation
was studied on plasma copolymers of acrylic acid/1, 7
octadiene with tissue culture poly (styrene) (TCPS), a hydro-
carbon PP, collagen I, a methyl-terminated SAM, and a pure
gold surface as reference surfaces. Plasma copolymerization
was carried out in RF plasma. Plasma copolymer surfaces
with a low concentration of carboxylic acid were found to
attach, proliferate and promote the growth of human
keratinocytes when compared to hydrocarbon surfaces.
DNA assays confirmed that the number of cells on the acid-
containing surfaces were higher than the collagen I surfaces.
Mitchell et al. (2004) studied the deposition of films using
isopropyl alcohol plasma for cell attachment and proliferation
of human fibroblast cells in the absence of carboxylic acid
groups. Isopropyl alcohol plasma incorporated C-OR and car-
bonyl groups increased the oxygen species in a polystyrene
surface, which increased the hydrophilicity with no significant
changes in the surface roughness. Cell-patterning experiments
revealed that cell attachment occurred on the hydrophilic sur-
faces and was found to extend to hydrophobic surfaces, show-
ing the ability of 1BR.3 N cells to facilitate the attachment and
proliferation.

Nanofibrous materials acting as a scaffold for the attach-
ment and controlled delivery of cells to wound sites benefit
from plasma treatments. Plasma-modified nanofibrous surface
were found to be more beneficial in cell behavior than untreat-
ed ones. Nanofibers made of synthetic biopolymers such as
poly(glycolic acid), poly(l-lactic acid), or poly(lactic-co-
glycolic acid) were modified by oxygen plasma with in situ
polymerization of acrylic acid for surface activation introduc-
ing carboxylic acid (Park et al. 2007). The study revealed
plasma modification facilitates the fibroblast adhesion and
proliferation without affecting the bulk and mechanical prop-
erties. Similarly, studies on plasma-modified, silk and
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chitosan nanofibrous materials for cell attachment and
proliferation have been reported, as these materials find
application in wound healing. Jeong et al. (2009) treated silk
fibroin nanofibers in oxygen and methane plasmas to increase
their hydrophilicity and to study the cellular activity of normal
human epidermal keratinocytes (NHEK) and fibroblast
(NHEF). Contact measurements showed that the hydrophilic-
ity of oxygen plasma-treated silk fibroins increased but meth-
ane plasma-treated nanofibers showed hydrophobic behavior.
Cell attachment and spreading were analyzed for treated and
untreated samples in vitro. The results revealed that the oxy-
gen plasma-treated silk fibroin nanofibers showed good cell
adhesion, spreading and activity for both NHEK and NHEF.
Microwave-induced argon plasma was used by Baek et al.
(2008) to treat the surface of silk fibroin. Nanofibrous silk
fibroin scaffolds were treated with 2.45GHz, waveguide-
based microwave plasma with argon as a working gas. Cell
behavior studies revealed that the cell attachment and
proliferation onto the scaffolds were significantly higher
than for untreated samples. The density of attachment of
human articular chondrocytes was significantly increased by
the plasma treatment. The chondrocytes formed a single layer
coverage and their natural shape was preserved. Similarly,
Cheon et al. (2010) blended silk fibroin and wool keratose
into a three-dimensional nanofibrous scaffold by
electrospinning. The blended scaffolds were then treated with
microwave-induced argon plasma to improve the attachment
and proliferation of neonatal human articular keratinocytes.
The scaffolds were treated with a waveguide-based micro-
wave-induced argon plasma at a frequency of 2.45 GHz for
12.4 s at atmospheric pressure. The water contact angle was
found to decrease after plasma treatment. The formation of
nanoscale texture by argon plasma treatment has facilitated
the increase in hydrophilicity, cell attachment, growth and
proliferation.

Saranwong et al. (2012) modified the chitosan with argon
and nitrogen PIII for human skin fibroblast F1 544 cell
attachment. The authors found that the argon plasma
treatment showed enhanced cell attachment while nitrogen
plasma had an inhibiting effect. It is reported that the argon
plasma increased the surface roughness by providing the cells
with a large surface area to attach and to migrate. Zhu et al.
(2005) studied the effect of RF argon plasma treatment on
human skin-derived fibroblasts on chitosan membranes. The
plasma treatment was carried out at a power of 200 W for a
period ranging from 30 s to 10 min. The argon plasma treat-
ment caused the chitosan surface to become bipolar. that is,
having acidic and basic regions which enhanced the adsorp-
tion of proteins like fibronectin and vitronectin from serum
proteins. They have observed that the increase in surface en-
ergy, polarity and hydrophilicity of the surface-promoted cell
attachment. SEM and MTT assay tests revealed that there is an
optimum range of acidity and basicity of the surface that
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encouraged the cells to attach and proliferate. Silva et al.
(2008) carried out characterization and preliminary cell stud-
ies on RF plasma-treated chitosan membranes. The results
revealed that the surface roughness and surface energy in-
creased due to plasma etching. The cell viability of chitosan
membranes increased for plasma-treated samples when com-
pared to untreated ones. The authors proposed that the plasma
treatment could facilitate cell attachment and proliferation
which can be exploited in wound dressings and tissue
engineering applications. As an extension of the work, Luna
et al. (2011) modified the chitosan-based membrane using
argon and nitrogen RF plasma in optimized conditions to
study the surface roughness, hydrophilicity, hydrophobicity
and cytotoxicity. In vitro cell studies were carried out to study
the cell attachment and proliferation of L929 cells on plasma-
treated chitosan membranes. The results revealed that plasma
treatment improved the cell adhesion and proliferation due to
the presence of oxygen and nitrogen groups on the treated
surface when compared to the untreated membranes. Zhou
et al. (2008) prepared a biocompatible composite nanofibrous
membrane by electrospinning carboxymethyl chitosan/
polyvinyl alcohol aqueous solution. In vitro studies were car-
ried out using mouse fibroblasts 1.929 and indirect cytotoxic
assessment were carried out on the electrospun mat for L929
cells. It was evident from the results that the electrospun mats
showed no cytotoxicity for the growth of cells and the cells
were found to attach and proliferate on the mat.
Plasma-treated polymers were grafted with metallic nano-
particles to study the cell behavior. Svoréik et al. (2009) stud-
ied the attractiveness of Ar plasma-treated polyethylene
grafted with Au nanoparticles on the adhesion and growth of
vascular smooth muscle cells (VSMC) and mouse embryonic
3 T3 fibroblasts. The DC glow discharge plasma was carried
out on the high-density polyethylene samples and grafted with
Au nanoparticles. The Au nanoparticles were found up to a
depth of 100 nm from the surface of the samples, with a
change in the surface roughness and hydrophilicity. The con-
tact angle was found to decrease and then increase with plas-
ma exposure time, it was observed that the hydrophilicity
increased for an exposure time of 50 s for gold-grafted sam-
ples and then became hydrophobic when the exposure time
increased. They have also observed that the surface roughness
decreased for plasma-treated samples after exposing it to wa-
ter. The Au-grafted plasma-treated samples significantly
increased the attractiveness of VSMC and NIH 3 T3 fibro-
blasts. As an extension of the work, Kasalkova et al. (2012)
stabilized the gold nanoparticles on the DC argon plasma-
treated polyethylene by grafting with biphenyldithiol.
When biphenyldithiol is grafted onto the plasma-treated
surface, cell adhesion was increased and proliferation also
increased but not by as much for plasma treatment alone.
When plasma-treated samples were grafted with
biphenyldithiol and Au nanoparticles. the surface electrical
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charge was modified, as evident from the zeta potential.
The presence of biphenyldithiol and gold nanoparticles in-
fluenced the adhesion and proliferation of VSMC.

Instead of attaching the cells directly on to the plasma-
modified surface, a bed of biomolecules may be first applied
to facilitate attachment and spreading. For example, PIII
plasma pretreatment could be used to covalently attach
protein to the delivery surface. These types of treatments can
be exploited in the wound dressings to accelerate healing with
specific cell delivery to the wound site. Bax etal. (2011b) have
studied the covalent binding of tropoelastin to the PIII-treated
PTFE. The PIll-treated covalent binding of proteins was
found to exhibit cell activity for a long storage period (Bax
etal. 2011a). This work shows how important it is to correctly
orient covalently bound molecules on a surface. If a molecule
such as tropoelastin is covalently bound with its cell-binding
domain tethered to the surface, steric hindrance will prevent it
being recognized by cells. Bax et al. (2012) also investigated
the covalent binding of the proteins, tropoelastin and collagen
I on PIII-modified surfaces of the electrically conducting poly-
mer polypyrrole without using chemical linker molecules. The
authors observed that the proteins were successfully able to
bind covalently with a PIll-treated surface. A BSA (bovine
serum albumin) blocker was used which promoted the attach-
ment and spreading of cells. PIll-treated samples were found
to regulate the surface retention of ECM (Extra Cellular
Matrix) proteins.

Cell delivery to wounds

New delivery methods use functionalized surfaces to carry
cells including stem cells for wound healing, especially dia-
betic ulcers. There are several papers reporting cell delivery to
the wound sites (Machula et al. 2014; Rho et al. 2006); how-
ever, they have not deployed plasma-treated surfaces which
makes it out of the scope of this review. As the use of plasma
technology in wound dressings is in its infancy, the cell deliv-
ery to wounds from plasma-functionalized dressings have on-
ly been tested by a research group, as detailed below.
Haddow et al. (2003) were the first to investigate the use of
plasma-polymerized surfaces which can attach and proliferate
human keratinocytes, and showed that cells may be transferred
to a wound bed model. Further, the authors have examined the
functions of the surface after ethylene oxide sterilization. Acrylic
acid and 1, 7-octadiene were polymerized on the surfaces of
polyhydroxybutyrate followed by collagen I coating. The cell
transfer from plasma-polymerized surfaces to de-epidermalized
dermis was found to be higher for the carboxylic acid-containing
(21%) surfaces. Later, Haddow et al. (2006) have developed a
cell therapy product with past decades research contributions for
non-healing diabetic foot ulcers. The research group has inves-
tigated cell attachment studies over a range of plasma polymers,
and subsequently selected an acrylic acid plasma polymer

surface which can proliferate and can be transferred to a wound
bed model. The study found that 20.6% acid polymer surface
was effective in delivering the cells to the wound which forms
the active part of the product. They have transferred their tech-
nology from the laboratory by developing the product named
MySkin™ for the treatment of diabetic foot ulcers, venous leg
ulcers, burns and surgical wounds.

The use of adult mesenchymal stem cells (MSC), embry-
onic stem cells and induced pluripotent stem cells are being
considered for delivery by scaffold-based systems that could
be incorporated into wound dressings. Of these, MSCs are
especially promising as an additive to wound dressings, since
the therapeutic benefit appears to arise from the transmission
of mediators into the wound rather than the direct injection of
cells into the site. Therefore, the presence of a population of
healthy stem cells incorporated into the wound dressing may
give benefit. A review of this field has recently appeared
(Duscher et al. 2016). Wound dressings that may also be de-
scribed as bio-scaffolds made from materials such as collagen
and hyaluronic acid incorporated into a hydrogel have proven
effective (Rustad et al. 2012). An alternative to a hydrogel
may be a plasma-treated polymeric fiber to which such mole-
cules could be covalently bound to the surfaces of fibers with-
in wound dressings. Machula et al. (2014) were the first to
report the use of a tropoelastin-based biomaterial as a vehicle
for the delivery of adipose-derived stem cells to treat dermal
wounds. In their study, the authors have electrospun the re-
combinant human tropoelastin and crosslinked it with glutar-
aldehyde and, after sterilization, seeded it with adipose-
derived stem cells. The authors were able to observe rapid
proliferation of the cells on the scaffold-secreting extra-cellu-
lar matrix protein covering the entire scaffold. The stem cell-
seeded tropoelastin scaffold when used on splinted wounds
was found to have greater rates of closure and restoration of
normal epithelium.

Future developments
Functionalization with antimicrobial peptides

There are many peptides known to have antimicrobial ac-
tion, created by interaction with the membranes of bacteria-
causing lysis. A review on the principles of action of various
types of antimicrobial peptides has been given by Koczulla
and Bals (2003). Plasmas can be used to assist in the prep-
aration of the surface of a wound dressing so that it has
suitable properties for binding and delivering peptides.
Antimicrobial peptides are especially useful in treating
polymicrobial infections which occur in diabetic wounds.
Peptides are likely to become increasingly important in the
treatment of infected wounds where there is resistance to, or
a reluctance to use, conventional antibiotics.
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Fig. 9 Flow chart to illustrate
how plasma treatment can act as a
platform technology for
customizing wound healing to the
specific needs of the patient
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Antimicrobial peptides act through several possible mech-
anisms, including prevention of initial attachment, membrane
perturbation and the blocking of quorum-sensing molecules.
Quorum sensing is used by bacteria to coordinate the growth
of biofilms and in developing antibiotic resistance. The
cathelicidin family of antimicrobial peptides inhibits the pro-
tease cathespin-L (Duplantier and van Hoek 2013) and is es-
pecially promising for treating polymicrobial infections. Since
biofilm formation is significant in diabetic wounds, strategies
to minimize biofilm formation should be considered as an
important part of approaches to dressings for these wounds.
New approaches for treating staphyloccocal biofilm infections
have been reviewed by Kiedrowski and Horswill (2011). The
authors have discussed in detail the molecule inhibitors like
DNA, RNA and protein synthesis which are effective against
staphylococci. Many new approaches to treat biofilms like
enzyme treatment, quorum sensing, immunotherapy or using
small molecules are also discussed. As an example of a
quorum-sensing inhibitor, the RNA III inhibiting peptide has
been shown to be effective in the treatment (Balaban et al.
2007) and prevention of biofilm infections (Balaban et al.
2005). Antimicrobial peptides have been found to be useful
antimicrobial agents in treating wounds. One of these, a syn-
thetic peptide D2A21, has been found to be effective in
treating infected burns and did not have any deleterious effect
on keratinocyte growth (Chalekson et al. 2003).

RNA delivery
MicroRNA and siRNA (small interfering RNA) are small

noncoding RNA molecules with therapeutic potential for
wounds that are resistant to conventional healing approaches
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(Banerjee and Sen 2015). MicroRNA is known to play a sig-
nificant role in various phases of wound healing. siRNA have
been used to turn off gene expression pathways in targeted
molecules and have been used in cancer therapies, but not as
yet for wound healing to any extent. However, there is
potential for the treatment of wounds using siRNA where
there is suspected involvement of cancer cells. The
expression levels and types of microRNA are found to be
different for normal and chronic wounds. Lai and Siu (2014)
have reviewed the different patterns of microRNAs used for
the treatment of chronic wounds. Madhyastha et al. (2012)
have observed a significant increase in the rate of migration
of fibroblasts to the wound site in diabetic wounds when a
specific microRNA sequence is delivered. The authors have
reported that the microRNAs exhibited dysregulation in dia-
betic wounds. A number of microRNA sequences were found
to regulate the wound-healing process as detailed in the re-
view by Fahs et al. (2015). There is a rapid development in the
use of microRNA targeted therapies in wound healing.
Plasma-modified surfaces have been shown to be capable of
binding single- and double-stranded DNA and DNA se-
quences without affecting the ability of the sequences where
single-standed bind to their complementary sequence (Tran
et al. 2016). Plasma-treated dressings, therefore, have the po-
tential in incorporating and transferring microRNA to the
wound site.

Plasma treatment as a platform technology for customized
wound dressings

The role of plasma treatment as an enabling technology for a
powerful set of patient-specific wound healing strategies is
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illustrated as a flow chart in Fig. 9. The stages of customiza-
tion begin with the plasma treatment of the basic dressing
fabric, assumed to consist of some form of polymeric fibrous
material. The plasma treatment is specified by the degree of
penetration of the material by plasma, the treatment intensity
and the chemical changes induced in the surface by implanta-
tion, etching and polymerization. The most penetrating treat-
ments are achieved by pressure optimization to create plasma
inside the network of void spaces between the fibers. The
extent of implantation, etching and polymerization is deter-
mined by the chemical composition of the plasma and the
energetics and type of bombardment, determined by the bias-
ing level and polarity. The dressing may be ready for use at
this stage, having been customized for a high level of sterili-
zation or its ability to absorb water from or to encourage its
retention in the wound, or to increase or decrease the exchange
of air by opening or closing void spaces by etching or depo-
sition, respectively. Alternatively, the dressing can pass to the
second stage where the surface chemistry changes induced by
the plasma are used to attach molecules to the surface. The
attaching of molecules is assisted by the hydrophilicity or
hydrophobicity increases or the provision of reactive radical
groups or other functional groups such as amine, amide or
carboxyl. The molecules can be drugs or therapeutic biomol-
ecules, consisting of polypeptide or nucleobase sequences,
selected according to the intended therapy. Some therapies
are delivered by living cell populations which may be encour-
aged to attach and/or proliferate by the choice of molecule that
has been made.

Conclusions

Wound healing is one of the major challenges in the medical
industry. Dressings accelerate healing by controlling the mois-
ture, chemical and biological environment of the wound.
Plasma surface treatments have been proven as a means of
controlling the wettability, water and air permeability and an-
timicrobial action of wound-dressing materials. Plasma treat-
ments have emerged as an effective tool for not only modify-
ing the surfaces of the dressings but also for incorporating
molecules and cells to give specific assistance to the healing
process. The provision of suitable proteins on the surfaces of
dressings has been shown to assist in the healing of wounds.
Plasma activation offers the opportunity for covalent binding
of the proteins. Research on cell attachment and the prolifer-
ation on plasma functionalized surfaces has shown a strong
growth in the medical field and has given rise to opportunities
for wound healing. New approaches for healing chronic
wounds are being developed, such as the delivery of stem cells
and SiRNA and targeting mRNA molecules to the wound site.
These approaches would benefit from the ability of plasma
treatments to improve the binding of the healing agent to the

surface of the dressing. Several promising strategies involving
plasma techniques need to be developed further to produce
novel wound-dressing materials which can deliver molecules
and drugs such as microRNA and antimicrobial peptides to
the wound environment with a potential to heal chronic and
even cancerous wounds.
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