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Wound dressings have experienced continuous and significant changes since the ancient times. The development
starts with the use of natural materials to simply cover the wounds to the materials of the present time that
could be specially made to exhibit various extraordinary functions. The modern bandage materials made of
electrospun biopolymers contain various active compounds that are beneficial to the healing of wounds.
These materials are fibrous in nature, with the size of fibers segments ranging from tens of nanometers to
micrometers. With the right choices of biopolymers used for these fibrous materials, they could enhance the healing
of wounds significantly compared with the conventional fibrous dressing materials, such as gauze. These bandages
could be made such that they contain bioactive ingredients, such as antimicrobial, antibacterial, and anti-
inflammatory agents, which could be released to the wounds enhancing their healing. In an active wound dressing
(AWD), the main purpose is to control the biochemical states of a wound in order to aid its healing process. This review
provides an overview of different types of wounds, effective parameters in wound healing and different types of
wound dressing materials with a special emphasis paid to those prepared by electrospinning. Copyright © 2009 John

Wiley & Sons, Ltd.
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INTRODUCTION

From the ancient times, for effective healing of a wound, a
suitable material had to be used to cover the wound in order to
prevent any infection. Historically, honey pastes, plant fibers, and
animal fats were used as wound dressing materials."’ Nowadays,
with new biopolymers and fabrication techniques, a wound
dressing material is expected to have extraordinary properties
which enhance the healing process of a wound. For an effective
design of a functional wound bandage, characteristics of the
wound type, wound healing time, physical, mechanical, and
chemical properties of the bandage must be taken into
consideration. Ultimately, the main purpose is to achieve the
highest rate of healing and the best aesthetic repair of the
wound.

Electrospinning is a simple and effective method for producing
fibers from tens of nanometers to micrometers.! In this process,
a polymer solution from a reservoir is ejected to a small opening
of a capillary by means of Coulombic repulsion of charges that are
accumulated at the tip of a pendant droplet as soon as an
electrical potential applied between the capillary and a collecting
device increases beyond a critical value! As the charged jet
travels to the collector, it readily dries out, forming nonwoven
fibrous mats depositing on the collector. Due to the ability of
fibrous mats and their porous nature, electrospun fibrous webs
could be excellent functional wound dressing materials.”! The
porous nature of these mats is highly suitable for the drainage of
the wound exudates and, allows appropriate permeation of
atmospheric oxygen to the wound. They can be specially made to
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prevent the attack of microbes, thus refraining the wound from
possible infections, which would ultimately result in delayed
healing.”™

The aim of this review paper is to discuss and summarize the
basic principles pertinent to the healing of a wound and to give
an overview of recent developments in different wound dressing
materials with an emphasis on electrospun polymeric mem-
branes used for this purpose. Standard tests for characterizing
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parameters which influence the final properties of a wound
dressing material relevant to the physiological environment of a
wound are also addressed.

WOUNDS AND WOUND HEALING PROCESS

Definition and types of wounds

A wound is defined as an injury or tear on the skin surface
by physical, chemical, mechanical, and/or thermal damages. A
more scientific definition of a wound is a disruption of
normal anatomic structure and function of the skin.®! On the
basis of wound healing processes, there are two types of wounds:
acute and chronic wounds. Acute wounds are caused by traumas,
but the wounds are usually healable within 8 to 12 weeks.!”)
These wounds can be caused by mechanical damage induced
by sheer, blunting, and/or stabbing action of hard objects.
Acute wounds can also be formed by exposure to extreme heat,
irradiation, electrical shock, and/or irritated with corrosive
chemicals. Cares for these wounds depend on the severity of
the wounds.

Chronic wounds are those injuries which are produced as a
result of specific diseases such as diabetes, tumors, and severe
physiological contaminations.”® Healing of these wounds could
take more than 12 weeks™ and recurrence of the wounds is not
uncommon."” In addition to the above wound types, one can
classify wounds according to their appearance. Figure 1(a-d)
shows epithelializing (clean, medium to high exudates),
granulating (clean, exudating), slough-covered and necrotic
(dry) wounds, respectively.!""!

Principles of wound healing

Wound healing is a special biological process which is related to
physiological parameters. Selection of a suitable wound dressing
material for a specific type of wound requires comprehensive
knowledge of the wound healing process. There are numerous

Figure 1. Types of wounds based on their appearances: (a) epithelializ-
ing (clean, medium to high exudates), (b) granulating (clean, exudating),
(c) slough-covered, and (d) necrotic (dry).

Hosta and

Inflammation phases

Proliferation phase

Remodelling phase

Figure 2. Schematic representation of different phases of wound heal-
ing (a) infiltration of neutrophils into the wound area (b) invasion of
wound area by epithelial cells (c) epithelium completely covers the
wound (d) many of the capillaries and fibroblasts, formed at early
stages have all disappeared. (Reprinted from Reference [16], Copyright
(2008) Wiley-Liss, Inc. and the American Pharmacists Association).

published reports in the open literature describing the various
biological and physiological stages of the healing process of a
wound.">"®! These can be summarized into five consecutive
cascades of events of hemostasis, inflammation, migration,
proliferation, and maturation. These phases of wound healing are
shown in Fig. 2 (a-d), respectively.

The first stage includes hemostasis and inflammation which
occurs soon after there is damage to the skin. Fibrinogen, which is
one of the major components of the skin’s connective tissues
(Table 1), leads to the coagulation of exudates (blood without
cells and platelets), and together with the formation of a fibrin
network, produces a clot in the wound which stops.l'”! Therefore,
both hemostasis and inflammatory stages play an important role

Table 1. Cells and components of vascularized connective
tissue

Neutrophils
Monocytes
Eosinophils
Lymphocytes
Basophils
Platelets
Mast cells
Fibroblasts
Macrophages
Lymphocytes
Collagens
Elastin
Proteoglycans
Fibronectin
Laminin

Intravascular (blood) cells

Connective tissue cells

Extracellular matrix components (ECM)
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in the healing process of a wound."® The inflammatory phase
occurring simultaneously with the hemostasis phase usually
takes more than 24 h. At this stage, blood neutrophils followed by
phagocytes enter the wound medium and penetrate inside the
dead cells, (Fig. 2 (a)). In the migratory phase, the new and live
cells called epithelial move towards skin injury to replace dead
cells, (Fig. 2 (b)). The proliferation stage consists of the complete
coverage of wound by epithelium. At this stage, new stromas
usually known as granulating tissues are formed after about
4 days. Microphages, fibroblasts, and blood vessels move toward
the wound environment and form a single unit!" The
completion of this stage takes about 2 weeks. According to
Figure 2 (c) during the growth of migration phase, a reduction in
the inflammatory phase of the wound is gradually observed. The
final stage in the healing process of a wound is tissue remodeling.
At this stage fibroblasts completely cover the surface of the
wound as a new layer of the skin and there is no evidence of
the wound. This stage is also known as maturation phase in the
healing process of wounds (Fig. 2 (d)).

WOUND DRESSINGS AND THEIR
PROPERTIES

For years, man has used different materials such as linen, honey,
animal fats, and vegetables fibers®>?" for wound dressing.
Continuous developments have led to extensive use of new
bandages with improved performance. Today’s wound dressing
materials are usually based on synthetic polymers.

Classification of wound dressings

Wound dressings can be classified from different aspects.22-2%

The main classifications are as follows:

Passive products which are ordinary dressings, such as gauze
and tulle, merely act as a common cover on a wound so that
the wound can rehabilitate underneath. The second types of
wound dressings are interactive materials containing polymeric
films, and/or foams which are transparent and permeable to
water vapor and atmospheric oxygen. These materials, such as
hyaluronic acid (HA), hydrogels and foamed covers, are good
barriers against permeation of bacteria to the wound environ-
ment. The last types of wound dressings are bioactive materials or
in other words active wound dressing materials (AWD) such
as hydrocolloids, alginates, collagens and chitosan (CS).[25'28]
Table 2 and Fig. 3 show different types, appearances, and
properties of the passive, interactive, and bioactive wound
dressing materials.

The conventional wound dressing materials are not suitable for
acute and chronic wounds as far as rapid healing of a wound is
concerned. For this purpose functionalized biological and
biochemical bandages were developed. One of the main
advantages of using bioactive wound dressing materials is the
modified chemical environment facing the physiological con-
ditions of wound for more rapid healing. Additionally, longer
periods are needed for their change. They are also more
successful in clinical results as compared to the conventional
wound dressing materials. The bioactive wound dressing
materials are produced from a variety of biopolymers such as
collagen, HA, CS, alginate, and elastin, etc. Recently, biopolymers
containing active ingredients, such as antimicrobials and
antibiotics, were used in wound dressing materials against
contaminations and infections. A vast range of antibiotics, such as
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gentamicin in collagen foams,™” ofloxacin in silicone gel

sheets™®*% and minocycline in CS, have been used which can
be released from such wound dressing materials.”® Also, new
antimicrobial wound bandages with dry and cold fibrins for the
release of tetracycline are used.”" Other ingredients are also
used for accelerating the inflammation stage of a wound in new
wound dressing materials. These ingredients have a direct
influence on the proliferation stage and activation of fibro-
blasts.”? Different growth parameters in a wound healing
process are as follows:

Epithelia growth factor (EGF), platelet derived growth factor
(PDGF), fibroblasts growth factor (FGF), transforming growth
factor (TGF), insulin-like growth factor (IGF), and human growth
hormone and granulocyte-macrophage colony-stimulating
factor (GM-CSF).”>*¥ The other important active compounds
in the healing of a wound are vitamins A, C, E; zinc, and copper
minerals.>!

Vitamin A in collagen synthesis is helpful for epithelial cell
differentiation. Vitamin C is an essential compound for the
intercellular matrix of tissues such as skin and other connective
tissues.>® Vitamin E and C have been reported to be helpful for
acceleration of a wound healing process.”) In addition, vitamin E
is reported to have antioxidant and anti-inflammatory activity™™®
which reduces scaring.*!

The other ingredients of high importance in a wound dressing
materials are nanosilver particles (nanoAg) used as antimicrobial
in hydrocolloids, alginates and a hydrofibrous materials produced
by electrospinning process.*® On the other hand, besides
nanoAg, iodines have also found increasing uses in electrospun
nanofibrous bandages for wound dressing.®® Table 3 shows
commercial antibacterial wound dressing materials containing
these bioactive materials.®’’ Recent developments in wound
dressing materials and their production methods as well as the
ingredients used have been reviewed.[®*7°!

Desirable properties of a wound dressing material

Depending on a wound type and its healing, the most suitable
wound dressing system must be used. Usually for a rapid wound
healing, different types of wound dressing materials can be used.
Because of unique properties of nanofibrous bandages such as
high surface area to volume ratio of the nanofibers, the
applications of these materials on various types of wounds are
abundant with respect to other modern wound dressing
materials, such as hydrocolloids, hydrogels, and so forth. The
following properties are generally considered for all modern
wound dressing materials:

Maintain the most suitable environment at the wound/
dressing interface, absorb excess exudates without leakage to
the surface of a dressing, provide thermal insulation, mechanical
and bacterial protections, allow gaseous and fluid exchanges,
absorb wound odor, be nonadherent to the wound and easily
removable without trauma, provide some debridement action
(remove dead tissue and foreign particles) and be nontoxic,
nonallergic, nonsensitizing (to both patient and medical staff),
sterile and nonscaring.

Economical aspects of modern and conventional wound
dressing materials

Payne et al. "% carried out evaluation studies on the uses of
wound dressing materials based on modern polymeric foams

www.interscience.wiley.com/journal/pat
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Table 2. Wound dressing types and their descriptions

Dressing types Products name

Descriptions

Reference

Gauze

Passive

Tulle

Interactive Semi-permeable films

Semi-permeable foams

Amorphous hydrogels

Bioactive Hydrocolloids

Alginates

Collagens

Hydrofibers

Gauze is manufactured as bandages, sponges, tubular bandages, and
stocking. These dressings can stick to the wounds and disrupt the
wound bed when removed. Therefore, these are suitable for minor
wound, e.g. Multisorb. (Fig. 3a)

Greasy gauzes consisting of Tulle gauze and petroleum jelly. This
dressing does not stick to the wound surface and is suitable for a flat
and shallow wound with minimal to moderate exudates, e.g. Jelonet.
(Fig. 3b)

Semi-permeable, polyurethane membrane which has acrylic adhesive.
These are transparent for allowing wound check and are also suitable
for shallow wound with low exudates, e.g. Tegaderm. (Fig. 3¢)

Soft, open cell, hydrophobic, polyurethane foam sheet 6-8 mm thick.
These dressing are designed to absorb large amounts of exudates.
They are not used for low exudating wounds as they will cause dryness
and scabbing, e.g. Allevyn. (Fig. 3d)

Amorphous gels are not cross-linked. They are used for necrotic or
sloughy wound beds to rehydrate and remove dead tissue. They are
not used for moderate to heavily exudating wounds, e.g. Intrasite.
(Fig. 3e)

These are semi-permeable polyurethane film in the form of solid
wafers; contain hydroactive particles as sodium carboxymethyl cellu-
lose that swells with exudates or forms a gel. Depending on the
hydrocolloid dressing chosen they can be used in wounds with light to
heavy exudate, sloughing, or granulating wounds. For example Dou-
DERM. (Fig. 3f)

Calcium alginate which consists of an absorbent fibrous fleece with
sodium and calcium salts of alginic acid (ratio 80:20). They are good for
exudating wounds and helps in debridement of sloughing wounds.
They are not used on low exudating wounds as this will cause dryness
and scabbing. Dressing should be changed daily, e.g. Kaltostat.
(Fig. 39)

Collagens are dressings which come in pads, gels or particles and
promote deposition of newly formed collagen in wound bed. They
absorb exudates and provide a moist environment. (Fig. 3h)
Hydrofibers are soft nonwoven pad or ribbon dressing made from
sodium carboxymethyl cellulose fibers. They absorb exudates and
provide a moist environment in a deep wound that needs packing, e.g.
Aquacel. (Fig. 3i)

[29,30]

[31]

[25,26,32]

[33]

[34,35]

[36-39]

[40-43]

[44,45]

[46]

such as polyurethane (PU) and traditional materials like gauze.
They also made a comparison between the relative costs of these
two types of wound dressing materials for patients with a stage |l
pressure ulcer. The wound dressing materials were used for
4 weeks on 36 patients (men and women). It was concluded that,
although the cost of foamed wound dressing materials is higher
than that of the traditional gauzes, the foamed bandages have
advantages such as time saving for nurses who change these
wound dressing materials, a reduction in preparation and healing
time process of the wound and their effectiveness. Their
calculations showed that general preparatory costs for each
patient, including materials and nurse’s time consumption for the
foamed PU and gauze wound dressing materials, are 5667 and
12,500 US dollars, respectively. Their studies also showed that the
total costs during a period of 28 days for each patient bandaged
by PU foam and gauze are 315 and 781 US dollars, respectively.

www.interscience.wiley.com/journal/pat
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This means that using a modern foamed wound dressing material
makes a saving of about 466 US dollars.

ELECTROSPINNING OF NANOFIBERS AND
THEIR USE IN PRODUCTION OF WOUND
DRESSING MATERIALS

In 1934, Formhals patented his first invention about an
instrument for production of synthetic fibers using electrical
power. Electrospinning is a unique approach using electrostatic
forces to produce nanofibers. These fibers have very fine size
pores and high surface area. Figure 4 shows schematic
presentation of an electrospinning process. A high potential
difference between the head of a syringe needle (with a flat end)
and the collector including a foil sheet produces a jet from a

Polym. Adv. Technol. 2010, 21 77-95



polrmers
advanc

ed
REVIEW ON WOUND DRESSINGS technologies

polymeric solution for the formation of nonwoven nanofibrous
webs on the surface of the foil.”””®! Table 4 shows a number of
polymers which can be electrospun.’® The wound dressing
materials produced by electrospinning technology have special
properties as compared to the dressings produced by conven-
tional methods. These properties are as follows:!'%"
Hemostasis: Nanofibrous wound dressings with their small holes
and high effective surface area can promote hemostasis phase.
The promotion of this phase is due to nanofibrous structure of
the dressing material without using any hemostatic agent.
Absorbability: Due to the high surface area to volume ratio of
the nanofibers, they exhibit water absorption of 17.9-213%
whereas typical film dressings only show water absorption of
23%.1"% Thus, if hydrophilic polymers are employed, the
nanofibrous dressings will be able to absorb wound exudates
more efficiently than the typical film dressings.
Semi-permeability: The porous structure of a nanofiber dressing
is excellent for the respiration of cells which does not lead the
wound to dry up. This indicates an appropriate control of a moist
environment for the wound. Also, the small pore size can
effectively protect the wound from bacteria infection. Electro-
spun nanofibrous membrane wound dressings can also meet the

Figure 3. Different types and appearances of passive, interactive, and
bioactive wound dressing materials: (a) gauze, (b) tulle, (c) polyurethane
membrane, (d) polyurethane foam, (e) hydrogel, (f) hydrocolloid,
(g) alginate, (h) collagen, and (i) hydrofiber. This figure is available in
colour online at www.interscience.wiley.com/journal/pat

Table 3. Examples of antimicrobial dressings (from Reference [61])

lonic silver and
activated charcoal

Actisorb Silver 220

Silver impregnated activated
charcoal cloth

Antimicrobial
Dressing name ingredient Dressing format Manufacture
Acticoat absorbent lonic silver Calcium alginate Smith & Nephew, Inc, Largo, FL, USA

Johnson and Johnson Wound Management,
Somerville, NJ, USA

Arglaes lonic silver Transparent film or powder Medline Industries, Inc, Mundelein, IL, USA
Aquacel AG lonic silver Hydrofiber Convatec, Skillman, NJ, USA

Contreet H lonic silver Hydrocolloid Coloplast Corp, Marietta, GA, USA

Contreet F lonic silver Foam Coloplast Corp, Marietta, GA, USA

lodosorb Molecular iodine Gel or paste HealthPoint Ltd, Ft. Worth, TX, USA
Silvasorb Antimicrobial lonic silver Hydrogel sheet or Medline Industries, Inc, Mundelein, IL, USA
Silver Dressing amorphous gel

Kerlix AMD Gauze PHMB Gauze Tyco Healthcare/Kendall, Mansfield, MA, USA

Collector Screen l
% Ameneter

Figure 4. Schematic of electrospinning process. (Reprinted from Reference [79], Copyright (2005) Wiley Periodicals, Inc.). This figure is available in colour
online at www.interscience.wiley.com/journal/pat

High Voltage =

Source
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Table 4. List of polymers and their solvents for electrospinning

P. ZAHEDI ET AL.

Polymer Solvent Reference
Polystyrene (PS) Dimethyl formamide (DMF) and diethyl formamide [80-82]
Poly (3-hydroxyl butyrate-co- poly (3-hydroxyl valerate)  Chloroform (831
Polycaprolactone (PCL) Dichloromethane/DMF (541
Polyethylene oxide (PEO) and polyethylene glycol (PEG) Water/chloroform (85:86]
Poly (methyl methacrylate) (PMMA) Toluene/DMF 871
Cellulose acetate Acetone (8]
Nylon 6 (PA6) DMF, m-cresol, formic acid [89:90]
Polyvinyl chloride (PVC) DMF, tetra hydro furan (THF) o1
Gelatin Glacial acetic acid (AA), AA/2,2,2-triflouroethanol (TFE), (921
AA/dimethyl sulfoxide (DMSO), AA/ethylene glycol (EG),
AA/formamide (F)
PEO, polycarbonate (PC) and polyurethane (PU) Isopropyl alcohol (IPA), DMF and THF (93]
Polyacrylonitrile (PAN) DMF (941
Poly (ethylene terephthalate) (PET) Mixture of dichloromethane and triflouro acetic acid (TFA) 77
PET and poly (ethylene naphthalate) (PEN) O- chlorophenol/o-chlorobenzene [95]
Poly(ethylene-co-vinyl acetate) (PEVA), Chloroform 1961
Polylactic acid (PLA) and PEVA/PLA.
Dextran (Dex) Water (571
Poly-L-lactide (PLLA), (PC), Polyvinylcarbazole Dichloromethane (DCM) 98]
Silk and silk like polymer with Formic acid/hexafluoro isopropanol (99,1001
Fibronectin functionality (SLPF)
Poly (vinyl alcohol) (PVA) Water (1011021
Chitosan (TFA) [103-106]

Polybenzimidazole (PBI)

PLA/poly (glycolic acid) (PGA) DCM

requirement of high gas permeation apart from providing
effective protection of wound against infection and dehydration.

Conformability (3 D-dressing): Conformability or the ability to
conform to the contour of wound is one of the parameters that
needs to be clinically assessed for the flexibility and resiliency of
the medical dressings. In the textile industry, it is widely
recognized that the conformability of a fabric is closely related to
the fiber fineness. Finer fiber fabrics are easier to fit to
complicated 3-D contours. Therefore, dressing materials made
of ultra fine fibers can provide excellent conformability and thus
result in a better coverage and protection of the wounds from
infection.

Functional ability: Multifunctional bioactive nanofibrous
dressings are readily available because of the ease of
incorporating therapeutic compounds into the nanofibers via a
co-spinning process. Depending on the stage of treatment and
the intended functionality of the drugs, active components
including pharmaceutical compounds such as antiseptics,
antifungal, vasodilators (e.g. minoxidil used to promote wound
epithelialization and neovascularization), growth factors (e.g.
FGF, EGF, and TGF), and even cells (e.g. keratinocytes) can be
integrated into the same nanofibrous substrate. Another
advantage of using electrospinning is that, unlike other
commercial dressings, which use multilayer configuration to
attain desired objectives and different functions such as
medication, growth factors, and so forth, such functionalities
can be achieved by electrospinning various functional materials
into one blended layer to obtain an all-in-one wound dressing.
This brings an extra benefit of reduced frequency in changing
dressings which may disturb the regeneration of neotissue.

www.interscience.wiley.com/journal/pat

N,N-dimethyl acetamide (DMACc)
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[1071
[108]

Scar-free: Ultimately, nanofibers also hold a promise of healing
wounds without leaving scars. Although this is hard to achieve,
nevertheless researchers and clinicians seek to heal a wound with
as little scar as possible. For example, Coffee!"' used
electrospinning technique to make fibrous dressings on a
wound. He believed it would encourage normal skin to grow
immediately instead of scarring because the biodegradable
fibrous scaffolds would give the skin cells a better road map for
self-repair. From a tissue-engineering point of view, biomimically
adopting nanofibrous structure has good cell conductivity and
can improve blood and other tissue fluid compatibility, which will
facilitate wound healing and skin regeneration.

In the following sections the polymers used for production of
wound dressing materials, which can be spun by electrospinning
process, the preparation of nanofibrous membranes, their
treatment and finally standard tests carried out on these
wound dressing materials for evaluation of their compatibility
with biological environment of a wound, the identification
of their microscopic, thermal and mechanical properties are
discussed.

Materials

Since, a wound dressing material has to be placed in the
physiological and biological environment of a wound, the use of
biopolymers capable of electrospinning process becomes
inevitable. Table 5 shows some natural and synthetic biopoly-
mers. Many of these biopolymers have an essential potential
usage as an electrospun nanofibrous bandages for the
wounds. Generally, biodegradable polymers can be used in in

Polym. Adv. Technol. 2010, 21 77-95
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vitro and in vivo systems. Table 5 gives the names and some
information about these natural and synthetic biopolymers.l''?!
Only few polymers such as polycaprolactone (PCL), poly (L-lactic
acid) (PLA), polyvinyl alcohol (PVA), CS, and gelatin have
been studied in electrospinning process for wound dressing
applications.!'™

Preparation of wound dressing mats

As mentioned before nanofiber mats are produced by the
electrospinning process as a result of potential gradient between
needle tip and collector. Most of the biopolymers used for the
production of nanofibrous membranes are usually in solution for
wound dressing applications. Therefore, the choice of an ideal
solvent is highly essential. In order to obtain accurate control in
producing nonwoven webs from nanofibers, the concentration of
the solution must be kept in its threshold point. Usually, an
Ostwald-type viscometer is used for the determination of the
solution viscosity of biopolymers.l''* The next stage in producing
an electrospun wound dressing material is stabilization of
nanofibers structures against the aqueous environmental
solubility and physiological medium of the wound with the
appropriate methods such as heat,”' ' and use of glutaraldehyde
(GA) as a bifunctional crosslinker.!"'®!

In order to produce an active wound dressing material, in
addition to structural control of electrospun nanofibrous mats,
loading suitable drugs is a significant parameter which must be
considered. As previously mentioned, these drugs can be organic
or inorganic. Materials such as vitamins, antibiotics, growth
factors for increasing proliferation, anti-inflammatory agents and
other materials have been used. One of the most applicable
additives is the nanoAg particle which is incorporated to
biopolymeric electrospun membranes. This will cause the wound
environment to have an antibacterial property which prevents it
from infections (Table 3). When nanoAg particles are added to
polymeric solution, due to precipitation of Ag® ions on the
needle tip of the syringe or the surface of metallic collector,
the electrospinning process might stop by the closure of the
syringe needle tip. Therefore, using usual methods such as aging,
the Ag™ ions are converted to Ag® species. In a research work
reported by Hong!"'”! UV light was used for Ag™ ions reduction in
electrospun PVA webs loaded with nanoAg particles. Also,
Rujitanaroj et al.''® used the aging process for the preparation of
antimicrobial gelatin nanofibers from AgNOs in polymer solution.
In this work Ag™ ion is reduced to Ag® element in several steps.
The formation of elemental Ag (nAg) nucleus from interaction
between Ag™ ions with -COOH, -NH, or both on the main
collagen chain is the reason for this conversion (Scheme 1). The
simple binding between the lone electron pairs on O or N atoms
in the —-NH, and -COOH groups with Ag™ ions is believed to be
responsible for formation of nAg nucleus. The other treatment on
the nanofibrous membranes for using in biological environment
of a wound is the crosslinking of these materials to get a better
drug release process and to reduce their solubility. Usually, the
wound environment is aqueous and some biopolymers such as
collagen, dextran and PVA are soluble in these media and gels are
formed. In order to prevent this situation, these mats must be
crosslinked. For this purpose heat or crosslinking agents such as
GA, acetaldehyde (AA), formaldehyde (FA), glycidylmethacrylate
(GMA), and other chemicals are used. Usually, these methods
form chemical crosslinks which are not suitable for wound

Polym. Adv. Technol. 2010, 21 77-95
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dressing. Yao et al!''® have suggested that the post-spinning
treatment with methanol has led to replacement of the residual
water in the fibers thus allowing PVA-water hydrogen bonding to
be replaced by hydrogen bonding between PVA chains. This is
expressed as an increase of crystallinity. The strong hydrogen
bonding in the crystallites serves as physical crosslinks. Figure 5
(a—c) shows scanning electron microscope (SEM) micrographs of
spun PVA nanofibers with no treatment, treated with methanol
and heat treated samples, respectively. It can be seen that the
PVA nanofibers produced by the heat treatment method have a
separate and fine structure and could preserve their web
structure better than the nanofibers produced by the other
methods.

Characterizations of wound dressing mats with some
standard tests

For characterization of a wound dressing material usually
standard test methods are used and the results need to be
confirmed by official compendia such as British and US
Pharmacopoeia; national test standards such as British Standards
and American Standards for Testing and accredited laboratories
such as the Surgical Materials Testing Laboratory (SMTL). These
tests are carried out on different wound dressing materials such
as hydrocolloids, alginates, PUs, and hydrogels. These tests are
usually about antibacterial, cellular properties such as prolifer-
ation, culture, adhesion, healing of a wound and quantitative
measurements such as histology, water vapor permeability
(WVP). Various other tests, such as differential scanning calori-
metry (DSC), thermogravimetric analysis (TGA), X-ray diffraction
(XRD), and mechanical properties, are also performed on modern
wound bandages.

Antibacterial evaluations by releasing drug

The growth rate of bacteria in a wound is highly dependent on
the rate of drug release from the nanofiber surface in a wound
dressing material. Hong et al."'"*! investigated the release rate of
from Ag™ ions nanofibers of PVA/AgNOs. They found that when
heat and UV radiation treatments are used for PVA nanofibers,
the release rate Ag™ ions is considerably reduced and some Ag™
ions are converted to Ag’. The release rate of Ag™ ions under
these two conditions are shown in Fig. 6 (a and b). It is seen that
after 15 h, a steady state is reached for PVA/AgNO3 nanofibers
which are heat treated only. The nanofibers treated with heat and
UV has about 40% release rate of the heat treated samples. The
antibacterial activity of gelatin nanofibers containing AgNOs on
aerobic bacteria which are produced on wounds from burning
were investigated.”''® The rate of stoppage for bacterial growth
for E-coli (ATCC-25922), Pseudomonas aeroginosa (P. aeroginosa)
(ATCC-27853), Staphylococcus aureus (ATCC-2503), and methicil-
lin-resistant S. aureus (MRSA) (ATCC-20627) by gelatin nanofibers
filled with silver drug and without that and also the situation
when these nanofibers were crosslinked for 1-3h and then
washed with glycine were investigated. These studies were based
on standard disc penetration tests which are defined by US
Clinical and Laboratory Standards Institute (CLSI). In these
investigations, the antibacterial drug vancomycin was used for
bacteria MRSA and S. aureus and antibacterial gentamicin was
used for E. coli and P. aeroginosa bacteria. The obtained results
are given in Table 6. These results show that P. aeroginosa,
S. aureus, E. coli, and MRSA bacteria show the most highest
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Table 5. Biopolymers classification and their properties

P. ZAHEDI ET AL.

Natural biopolymers

Group Name

Description

Polysaccharides Cellulose and derivatives

Alginates

Dextran

Chitosan

Hyaluronic acid

Bacterial polyesters Poly (B-hydroxy butyrate),
(polyhydroxy alkanoates) (PHB). Poly (B-hydroxy
valerates), (PHV).

Proteins Collagen

Fibrin

Cellulose is a polysaccharide based on glucose. Cellulosic com-
pounds are primarily used as wound dressings. Hydroxyalkyl
celluloses and carboxymethyl celluloses (CMC) are used as
matrices for drug delivery

The family of alginates is composed of a great number of poly-
saccharide type polymer chains that are composed of glucuronic
and mannuronic acids. Alginates are primarily used as absorbing
wound dressings. Because they easily form hydrogels by com-
plexation with calcium ions. Alginates have been proposed as
suitable materials for drug delivery and for cell entrapping

The family of dextrans is composed of polysaccharides based also
on glucose but the sugar building blocks are linked together via
a-1-6 bonds with some other secondary linkages leading to
branching. They are used as isotonic plasma substitutes in order
to regenerate the volume of body fluids after great loss of blood
The family of chitosan-type polymers is composed of macromol-
ecules of the glycosaminoglycan-type derived from chitin, an
alternating copolymer of acetylated glucosamine and glucose.
Chitosan polymers have inherent antibacterial activity which are
obtained by deacetylation of chitin. Their properties depend very
much on the degree of deacetylation. However, some members
have been found hemotoxic, probably because of the presence of
protonated amino groups along the chains. Whether chitosan
polymers are totally biodegraded in an animal body is still not
known

Hyaluronic acid is a glycosaminoglycan found in conjunctive
tissues of any vertebrate. The macromolecule is composed of
N-acetyl glucosamine and glucuronic acid. At concentrations
higher than 0.2g/l, a gel is formed. Hyaluronic acid can also be
cross-linked. The resulting compounds are used as temporary
prostheses for sinovial fluid to treat arthrosis. Hyaluronic acid is
rapidly biodegraded in a human body where it is normally
regenerated

Some micro-organisms, especially bacteria, can synthesize
aliphatic polyesters of the poly (8-hydroxy acid)-type, namely poly
(B-hydroxyalkanoates) (PHA). This compound is used by the
micro-organisms to store carbon and face a starving situation.
Of course, this biopolymer is biodegradable and bioassimilable by
microorganisms to recover the use of the stored carbon. From the
viewpoint of biomedical applications, PHAs are biocompatible
Collagen is probably the most common protein in the field of
biomaterials. Actually, 19 different kinds of collagen have been
identified. Collagen is used in soft tissue and plastic surgery to fill
up tissue defects. Nowadays, collagen is regarded suspiciously
because of the risk of protein-associated disease transmission.
Collagen can be cross-linked by the glutaraldehyde (GA) method
and by using other cross-linkers

Fibrin is primarily used to make the so-called biological glue that
is used in different surgical applications to control bleeding and
provide air and fluid tightness. Fibrin glue is based on two
components derived from plasma. The thrombin and the fibrino-
gen components are isolated from plasma pools of healthy
donors

(Continues)
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Synthetic biopolymers

Group Name

Description

Aliphatic polyesters Poly (i-lactic acid) (PLLA)
Poly (glycolic acid) (PGA)

PLGA copolymers

Poly (B-malic acid)- copoly-
mers (PMLA)

Polycaprolactone (PCL)

Aliphatic polyamides Poly(L-lysine citramide),
(PLCA). Poly(L-lysine

citramide- imide) (PLCAI)

Poly(amino serinate) (PAS)

Polydioxanone Polydioxanone (PDS)

Poly (ortho esters) 2,2-diethoxytetrahydrofuran
3,9-bis(ethylidene-
2,4,8,10-tetraoxaspiro{5,5}-

undecane) (DETOSU)

Polyanhydrides Bis-(p-carboxyphenoxy
propane) and sebacic acid
derivaties (Trade name is

Gliadel)

Polyphosphazenes Aryloxyphosphazenes

activity in the cultivated environment while wound dressing
materials without silver particles, before and after glycine
washing, had no activity against bacteria. Samples containing
Ag in absence of glycine are more effective against S. aureus and

Polym. Adv. Technol. 2010, 21 77-95
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Poly (glycolic acid) (PGA), poly (lactic acid) (PLA), and their copo-
lymers are the most widely used synthetic degradable polymers in
medicine. Alternative sutures composed of copolymers of glycolic
and lactic acids are currently marketed under the trade names
Vicryl and Polyglactin 910. Whereas PGA is highly crystalline,
crystallinity is rapidly lost in PGA-PLA copolymers. Thus, copoly-
mers tend to degrade more rapidly as compared to PGA and PLA
In order to make a water soluble polymer and to enlarge the
bioresorbable polymer family on the basis of the same strategy,
carboxylic acid-bearing polymers derived from malic acid, namely
(poly(B-malic acid) or PMLA, were synthesized for the first time
many years ago

Poly (e-caprolactone) (PCL) is aliphatic polyester that has been
intensively investigated as a biomaterial. The discovery that PCL
can be degraded by microorganisms led to evaluation of PCL as a
biodegradable packaging material. PCL has low glass transition
temperature of —62°C, low melting temperature of ~57°C and
high thermal stability

Bioabsorbable water soluble polyamide-type polymers have been
synthesized from citric acid and L-lysine. Various derivatives that
are based on poly (L-lysine citramide), (PLCA), and poly (L-lysine
citramide imide), (PLCAI) backbones have been synthesized. Drugs
can be embedded within these carriers.

This polyamine is a potential carrier for oligonucleotides and DNA
fragments. It can make bioresorbable polyelectrolyte complexes
where drugs could be easily entrapped for some time

The poly (ether-ester) polydioxanone (PDS) is prepared by a
ring-opening polymerization of p-dioxanone. PDS has gained
increasing interest in the medical and pharmaceutical fields due
to its degradation to low-toxicity monomers in vivo. PDS has a
lower modulus than PLA or PGA, thus it became the first degrad-
able polymer to be used to make a monofilament suture

Poly (ortho esters) are a family of synthetic degradable polymers
that have been under development for several years. Devices
made of poly (ortho esters) can be formulated in such a way that
the device undergoes “surface erosion”. Because surface-eroding,
slablike devices tend to release drugs embedded within the
polymer at a constant rate, poly (ortho esters) appear to be
particularly useful for controlled-release drug delivery
Polyanhydrides were first investigated in 1932 and considered in
the 1950s for possible applications as textile fibers. A comprehen-
sive evaluation of the toxicity of the polyanhydrides shows that, in
general, the polyanhydrides have excellent in vivo biocompatibil-
ity. The most immediate applications of polyanhydrides are in the
field of drug delivery

Aryloxyphosphazenes and closely related derivatives have also
been extensively studied. One such polymer can be cross-linked
with dissolved cations such as calcium to form a hydrogel matrix
because of its polyelectrolytic nature

MRSA as compared to samples containing Ag and glycine.
On the other hand, stoppage of the growth rate of E. coli and
P. aeroginosa bacteria by Ag samples washed with glycine was
better.
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H2N—COOH + AgNO3 «» HN—COOAg + HNO;, (1)
H;N—COOH + AgNO3 «» AgHN—COOH + HNO3, ()

Scheme 1. lonic interactions between Ag ions and either —-NH,
or —COOH groups, or both, on gelatin chains. (Reprinted from Reference
[116], Copyright (2008) Elsevier Ltd. All rights reserved.).

Proliferation, culture, and adhesion of cell assays

Duan et al.l"" carried out cell proliferation test on PCL nanofibers

containing Ag loaded zirconium phosphate nanoparticles
(nanoAgZ). They used primary human dermal fibroblasts (HDF)
for seeding on the sterilized neat PCL and nanoAgZ loaded PCL
nanofibers, placed in the 24-well tissue cultivating dishes. The
nanofibers were remained in the cultivating environment for 1, 3,
5,and 7 days. Using methylthiazolydiphenyl-tetrazolium bromide
(MTT) in order to stain the surface of these samples, colorimetric
tests were carried out according to a procedure reported
elsewhere.l'?” |n Fig. 7 proliferation information for the dermal
fibroblast culturing in vitro environment is plotted. It is seen that
by the addition of nanoAgZ particles to PCL electrospun
nanofibers, the topography of the surface, which is one of the
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Figure 5. SEM images of (a) as-spun, (b) methanol treated, and
(c) heat-treated PVA/AgNOs; nanofibers after water immersion at
37.8°C for 5 hr. (Reprinted from Reference [115], Copyright (2006) Wiley
Periodicals, Inc.). This figure is available in colour online at www.
interscience.wiley.com/journal/pat
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Figure 6. Release profiles of Ag ions from (a) the PVA/AgNO; nanofibers
after heat treatment and (b) the PVA/AgNO3 nanofibers after heat treat-
ment and subsequent UV irradiation. (Reprinted from Reference [115],
Copyright (2006) Wiley Periodicals, Inc.).

effective parameters in adhesion and propagation of the cells,
changes as a result of proliferation phase in the cell tissues.
Because of this change the PCL nanofibers containing nanoAgZ
have higher rate of cell proliferation than the neat samples. Zhou
et all'®" studied the adhesion extent and growth of mouse
fibroblasts (L929) on the blend of crosslinked nanofibers of
carboxyethyl chitosan (CECS) and PVA (CECS/PVA). After steriliz-
ing the nanofibers with phosphate-buffered saline (PBS), the
CECS/PVA mats were placed in 24-well culture plates containing
mouse fibroblasts with 1.5 x 10%cell/ml spreading. Fortyeight
hours later the produced cell structure were studied by SEM. Prior
to the microscopic studies, the samples were dehydrated with
ethanol and dried in air. Figure 8 (a-d) shows the SEM
micrographs of the crosslinked nanofibers made from CECS/
PVA (50/50) blend. These images were used to study the adhesion
behavior, rate of propagation and interaction of fibroblasts
mouse cells (L929). Due to a high surface area to volume ratio of
nanofibers, tendency of cells for adhesion to the surface of
nanofibers, reproduction and growth along the nanofibers are
very high leading to epithelialization in the cultivation
environment.

Wound healing and histology

Along with in vitro situations, the in vivo environment is
considered to be very important as far as wound dressing
properties on healing and qualitative observations are con-
cerned. Usually, wound healing tests are carried out on an animal
model, such as Sprague-Dawley (SD) rats."'?? In this test, a wound
with sufficient thickness and 2 cm x 2 cm surface area is cut from
the back of the SD rat and then the wound dressing material
under investigation is placed on the wound to cover it
completely. After the necessary predetermined time, the
reduction of wound surface is recorded. Chen et all'** used
nanofibrous membranes of collagen/CS for these investigations.
For two other types of wound dressing materials, namely gauze
and commercial collagen sponge, were also used. The perform-
ance of all these three wound dressing materials was investigated
after they were placed for 3, 7, 10, 14, and 17 days on the wound.
Figure 9 shows the healing rates of these three wound dressing
materials which were placed on similar wounds produced on the
back of SD rats. The rate of wound healing, i.e. the increase in the
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Table 6. Antibacterial activity of the gelatin electrospun nanofibrous mats in presence and absence of AgNOs, after having been
crosslinked with GA for 1-3 h with or without washing with glycine, against some usual bacteria on burned wounds (from Reference

[116])

Antibacterial activity in terms of disc diffusion method reported as
inhibition zone diameter (cm)/sample diameter (cm)

Sample types P. aeroginosa 27853 S. aureus 25023 E. coli 25922 MRSA 20627
Neat gelatin nanofibrous mats
1 h-crosslinking without glycine washing 1.60/1.60 1.50/1.50 1.50/1.50 1.50/1.50
1 h-crosslinking with glycine washing 1.60/1.60 1.50/1.50 1.50/1.50 1.50/1.50
3 h-crosslinking without glycine washing 1.65/1.65 1.50/1.50 1.50/1.50 1.50/1.50
3 h-crosslinking with glycine washing 1.50/1.50 1.50/1.50 1.50/1.50 1.60/1.60
AgNO; containing gelatin nanofibrous mats
1 h-crosslinking without glycine washing 2.00/1.50 2.20/1.60 2.40/1.50 1.87/1.50
1 h-crosslinking with glycine washing 2.07/1.60 2.43/1.60 2.43/1.50 2.03/1.60
3 h-crosslinking without glycine washing 1.77/1.50 2.37/1.60 2.43/1.60 2.17/1.60
3 h-crosslinking with glycine washing 2.20/1.60 2.47/1.50 2.27/1.60 1.93/1.60
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Figure 7. HDFs proliferation on neat PCL nanofibers, and nanoAgZ-
containing composite fibers. (Reprinted from Reference [119], Copyright
(2007) Wiley Periodicals, Inc.).

rate of reduction in the wound surface with respect to time, is
much higher for nanofibrous collagen/CS than those of the gauze
and commercial collagen sponge.

Use of histological methods for qualitative observations of
wound tissues and their heating rate from inflammatory to
granulating phases are very important."?* Khil et al'*' used
histology test for the investigation of different phases of wound
healing. Two different wound dressing materials were used; one
was electrospun PU nanofibers and the other was commercial
Tegaderm™. 1cm x 1 cm wounds were cut on the back of male
adult guinea pigs. Then the wounds were completely covered
with these wound dressing materials. The wound dressings
were changed every 3 days. The process of wound healing after
3, 6, and 15 days was recorded for histology test. For sample
preparation, at predetermined time intervals, sections of the
wound tissues were dissected and immersed in a 10%
phosphate-buffered formalin (PBF) solution and then embedded
in paraplast. About 5-6 pm of these embedded samples were cut

Polym. Adv. Technol. 2010, 21 77-95
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by a rotary microtome and stained with hematoxylin and eosin
(HE). Microscopic studies were carried out on the prepared
samples using a Leica DMRBE microscope. Figure 10 (a—f) shows
histological images of these wounds after 3, 6, and 15 days. Figure
10 (@ and b) shows the wound status after the third day post
operative for two groups of wounds covered by Tegaderm™ and
PU nanofibers membrane, respectively. As can be seen from
Fig. 10 (a), the wounds have severe percolations of inflammatory
phase cells with a thick scab. In Fig. 10 (b) these percolations of
inflammatory phase cells are more moderate with a thin scab.
However, as can be seen in the images there are no signs of
epithelialization. Again after 6 days post wounding, the wounds
were carefully inspected. Figure 10 (c and d) shows the wounds
covered by the PU nanofibers membranes. It is observed that the
wounds have granulation tissues along with cells rich from
inflammation phase and neovascularization. Some cells rich
from collagen were also seen. Finally after 15 days inspections
were made from Tegaderm™ (Fig. 10 (e)) and PU membranes
(Fig. 10 (f)) wound dressing materials. The epithelialization
process is seen in both images, but still some traces of
inflammation phase cells for the Tegaderm™ group can be
observed. For PU nanofibers membranes, the rate of epithelia-
lization process is higher and dermis is formed.

Wettability, water-uptake capacity, and water vapor
permeability (WVP)

Wettability or fluid affinity is a very important parameter for the
studies on the rate of fluid absorption of a wound dressing
material especially for exudates wounds. As a result of fluid
absorption, rehydration of necrotic tissues of a wound is
facilitated, and hence autolytic debridement of the wound is
promoted.!'?®

Water-uptake or fluid retention is a gravimetric test for the
determination of the maximum amount of fluid absorption and
fluid retention on the wound for a wound dressing material. The
fluid retention of a wound determines the performance of a
wound bandage under very severe conditions in an in vivo
environment. Especially, the weight increase of a wound

www.interscience.wiley.com/journal/pat
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Figure 8. SEM images of L929 cell seeded on nanofibrous membrane of CECS/PVA (50:50) after 48 h culture. (Reprinted from Reference [121], Copyright
(2008) American Chemical Society). This figure is available in colour online at www.interscience.wiley.com/journal/pat

dressing material after fluid absorption and swelling during a
defined time is taken as an indication of water-uptake and
retention. Though the above tests represent a meaningful
means of characterizing different wound dressing materials, they
are mainly based on the structure of the base polymer
(hydrocolloid, alginate, or hydrogel) rather than the perform-
ance of the wound dressing materials. As a result, these tests
have some limitations in predicting a dressing’s performance in
in vivo environments.

In WVP or moisture penetration tests, usually wound dressing
materials such as hydrocolloids in a sheet or film form are
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Figure 9. Wound healing tests of (O) gauze, (W) commercial collagen

sponge, and (@) collagen/chitosan electrospun membranes. (Reprinted
from Reference [123], Copyright (2007) Elsevier B.V. All rights reserved.).

Figure 10. Histological findings of wound (a) at 3" day post wounding
of the control group; (b) at 3 day post wounding, polyurethane-
membrane group; (c), (d) at 6™ day post wounding of the polyuretha-
ne-membrane-treated group; (e) at 15 day post wounding of the
control group; (f) at 15" day post wounding of the polyurethane-
membrane-treated group. (Reprinted from Reference!'?”), Copyright
(2003) Wiley Periodicals, Inc.).
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used."*”) The WVP is officially referred to as the Moisture Vapor
Transmission Rate (MVTR) of permeable film dressing in the
British Pharmacopoeial’® and it is a measure of the amount of
water vapor lost through a dressing to the atmosphere from the
wound bed over defined time periods.

Xu et al’®” prepared wound dressing materials using CS/HA
and studied the effect of HA concentration on the wettability,
water-uptake, and WVP. In wettability test, the static contact
angles of the film samples are determined by contact angle
measurements. For determination of water-uptake capacity, the
hybrid CS/HA films were immersed in distilled water at room
temperature and the weight of wet films after 24h were
measured (W). The water-uptake of these samples was calculated
as a ratio of weight increase (W—W,) to the initial value (W;). They
also carried out WVP test for the hybrid CS/HA films by a modified
ASTM standard test.'>>"3% Briefly, the films were fixed at the
circular opening of a permeation bottle (3 cm diameter and 5cm
height), which were stored in desiccators at a relative humidity of
40%. Then the weight of the bottle with water was measured at
different time intervals. The WVP of a hybrid film is defined as

—AW
WVP = x At M
where, AW is the change in the amount of the water weight, A is
the exposure area of the film and At is the exposure time.
Because of the great importance of water loss control for an
open and wet wound, controlling of this factor is a very critical
property for a wound dressing material. To determine this
factor the water-uptake and WVP tests during the wound-
healing period in an environment containing PBS and an
in vitro environment were carried out. After placing neat CS and
CS/HA films under the above conditions, it was found that by
adding HA the water-uptake of the films increases and the
highest values were obtained for CS/HA films in the ratio of
50:50 (Fig. 11). As a result, it can be concluded that the rate of
water-uptake has a direct relation with the hydrophilic
properties of the films. This is confirmed by wettability test
and contact angle measurements (Table 7). Usually, for normal
skin, WVP is about 0.85mgcm™2h™" and for an injured skin it is
1.16-21.41mgcm 2h~". A wound dressing material must have
a suitable WVP in order to prevent additional dehydration
reaction and also exudates build up. Therefore, a wound
bandage with WVP in the range of 8.33-1042mgcm 2h™ ' is
suggested.'*" Figure 12 shows weight variations of permeation
bottle as a function of time in 40% relative humidity (RH) and
24+ 1°C conditions. The corresponding WVP values of different
kinds of films are calculated and summarized in Table 8. As
compared to the blank control sample (without film), all the
films show reduced WVP values. Because of the high water
absorption potential and HA retention, HA incorporation can be
very effective in the reduction of WVP of a film.

Differential scanning calorimetry (DSC)

Zhou et all'® studied thermal analysis of electrospun

carboxyethyl chitosan (CECS)/PVA fibers using a DSC technique.
Figure 13 shows the DSC thermograms for CECS, PVA and CECS/
PVA nanofibers. As can be seen from this figure, pure PVA samples
exhibits a large and sharp endothermic peak at 194°C. As the PVA
content in the CECS/PVA electrospun nanofibers is reduced, the
maximum related to crystalline melt gets smaller and broader.
This is due to reduced crystallinity which in turn is related to the
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Figure 11. The effect of HA ratio on the water-uptake ability. (Reprinted
from Reference [67], Copyright (2007) John Wiley & Sons, Ltd.).

higher amounts of CECS in the nanofiber composition. On the
other hand, because of the high rate of solidification in the
electrospinning process the elongated chains of CECS/PVA
nanofibers do not have a chance for crystallization.

Thermogravimetric analysis (TGA)

Rujitanaroj et al''® studied the heat resistance of gelatin

electrospun and crosslinked (1-3 h) nanofiber mats with and

Table 7. Water contact angle of the chitosan (CS)/HA com-
posite films (from Reference [67])

Samples Pure CS  (CS84/HA16 (CS67/HA33 CS50/HA50
Water 88.1+15 862+03 849+09 738+1.6
contact

angles
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Figure 12. The weight loss of permeation bottle as a function of

incubation time. The RH was controlled at 40%. (Reprinted from
Reference [67], Copyright (2007) John Wiley & Sons, Ltd.).
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Table 8. Water vapor permeability of the CS/HA composite
films (from ref. [67])

Cs84/ (CS67/ CS50/
Samples Blank Pure CS HA16 HA33 HA50
WVP 11.37 9.07 8.86 8.58 8.01
(mgecm2hr™ ")
40% RH

without Ag by a TGA technique. The TGA thermograms are
presented in Fig. 14. In all the TGA thermograms a two-stage
weight loss is evident. The first stage of weight loss is due to the
moisture present in the samples and the second one is because of
gelatin degradation. The moisture loss for these samples occurs
over a temperature ranges of ~25°C to ~90°C to ~150°C with
moisture content of ~9 to ~14%, with the values for the
uncrosslinked ones being the greatest (i.e. ~14% for the pure
gelatin fiber mat and ~12% for the gelatin fiber mat containing
AgNO:s). It is also seen that crosslinking of samples extends the
temperature range of the weight loss to about 150°C and at the
same time the weight loss due to moisture content drops to
lower values. This indicates that the crosslinked samples have
higher moisture retention ability. The onset of thermal
degradation temperature (Ty, onset) for uncrosslinked pure gelatin
fibers is about 269°C, while it is about 206°C for the uncrosslinked
samples containing Ag; Ag promotes the degradation process of
the gelatin electrospun nanofiber mats to some extent. For
samples without Ag which are crosslinked for 1 and 3 hr, the
Ta onset is 350°C and 354°C, respectively, while the
samples containing Ag and crosslinked for the similar periods
show the T onset @t 326°C and 360°C, respectively. Consequently,
crosslinked samples have relatively higher char content as
compared to the uncrosslinked ones. These results indicate that
the crosslinking increases the thermal stability of the gelatin
nanofiber mats.

P
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Figure 13. DSC curves of CECS, PVA, and the nanofibrous membranes
with different CECS/PVA weight ratio: (a) CECS; (b) 50/50; (c) 40/60; (d) 30/

70; (e) 20/80; (f) 10/90; (g) PVA. (Reprinted from Reference [121], Copyright
(2008) American Chemical Society).
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X-ray analysis

A quantitative determination of nanoparticle distribution is
possible by X-ray diffraction (XRD). Hong'"'”! studied the silver
nanoparticle distribution in PVA nanofiber mats before and after
thermal treatment. The related XRD patterns are shown in
Figure 15. Both samples show the original peak with 26=20°
which is related to the 101 plane of crystalline structure of
PVA."32! The intensity of the peak for PVA film with thermal
treatment is higher and shows a shift towards higher angles as
compared to the PVA film without thermal treatment. Also, for the
PVA films with thermal treatment, a new peak at 260=12° and
another peak at 20 =23° are observable which can be related to
changes in crystallization of PVA as a result of the thermal
treatment.

In the energy dispersive X-ray (EDX) test, the traces of elements
in polymers can be detected. Duan et al' ' studied the presence
of elements in PCL nanofibers containing nanoAgZ. Figure 16
shows EDX spectrum and the conductive EDX mapping. EDX
curves from nanoAgZ particles show the presence of silver,
phosphorus, and zirconium in PCL fibers which contain nanoAgZ
particles. Also, EDX curve for silver has a uniform distribution in
the samples.
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Figure 14. Thermogravimetric spectra of the electrospun fiber mats
from (a) the base gelatin solution and (b) the AgNOs-containing gelatin
solution aged for 12 h, after having been cross-linked with moist vapor
of glutaraldehyde for 1-3 h. (Reprinted from Reference [116], Copyright
(2008) Elsevier Ltd. All rights reserved.).
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Figure 15. XRD patterns of the pure PVA films; (a) heat treated at 155°C
for 3 min, (b) no heat treatment. (Reprinted from Reference [117], Copy-
right (2006) Society of Plastics Engineers).

The surface layer with a depth of 3-5 nm from the electrospun
mats made from CS/PLA and quaternized CS derived (QCS,
Scheme 2) N, N, N-trimethyl chitosan iodide blended PLA (QCS/
PLA) nanofiber was analyzed by X-ray photoelectron spec-
troscopy (XPS).L'*3) Figure 17 shows the XPS spectra of
these electrospun mats in the presence of the following
solvents respectively: dichloromethane (DCM), triflouro acetic
acid (TFA), dimethyl sulfoxide (DMSO), and dimethyl formamide
(DMEF). In the case of electrospun CS/PLA nanofiber mats in TFA/
DCM (70/30 vol%), four elements viz. carbon (285 eV, C;¢), oxygen
(532.5eV, Oy), nitrogen (399.6 and 401.6eV, N;,) and fluorine
(687.9eV, Fqs) were characterized which are shown in Fig. 17
(a—d), respectively. The XPS curves for QCS/PLA nanofiber mats in
DMF/DMSO (60/40 vol%) confirmed the presence of the
following elements: carbon (285 eV, C;;), oxygen (532.3 eV, Oy),
nitrogen (400 and 402.6 eV, N;s), and iodine (618.5 and 630eV,
I30)- These elements are shown in Fig. 17 (e-h), respectively. With
respect to the XPS curves related to the carbon (285 eV, C,,) of CS/
PLA nanofibers (Fig. 17 (a)), four peaks corresponding to —C — H
or —C— C from PLA and also, —C — NH, from CS in binding
energy 285eV (45%), -C—0, -C—OH and —-C—-N-C=0
from CS and also, —C — O from PLA with binding energy 286.8 eV

8}

f Na)‘ll Ag
LA W n
] 2 4 3 R 10 12 14 16 18 20

Full Scale 3395 cts Cursor. 0.000 Ke¥

Figure 16. EDX spectrum and EDX mapping of nanoAgZ containing
composite PCL fibers. (Reprinted from Reference [119], Copyright (2007)
Wiley Periodicals, Inc.).
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Scheme 2. Quaternized chitosan (QCS) chain sequence. (Reprinted
from Reference [133], Copyright (2009) WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim).

(35%), —-O—-C—0 and —N—-C=0 from CS with binding
energy 288.4¢eV (8%) and finally, —O — C =0 from PLA with
binding energy 289.1eV (12%) are evident, which have good
correlation with the information obtained from the litera-
ture.l'34135] For the rest of elements there is a similar behavior
which can be seen in Table 9. Also, the binding energy of similar
elements in QCS/PLA and CS/PLA nanofibers can be compared
with each other.

Mechanical properties

Tensile strength measurements were used for characterization
and controlling the performance of pharmaceutical films
and packaging materials.’*® A general knowledge of the
mechanical properties for wound dressing materials is
very important because these materials need certain tensile
strength, sustainability, flexibility, bending, and elastic
properties. Additionally, replacement of a wound dressing
material must be carried out easily without trauma or any
possible damage to new epithelial tissues.l'*”! These desired
properties and a reasonable balance between flexibility and
hardness can be determined by tensile test. During this test, a
sample (usually dumbbell shaped) is placed under elongation up
to ultimate break."">® The usual mechanical properties which can
be determined by this test are elongation at break, tensile
strength at yield or at break, elastic modulus and compression
test.

CONCLUSIONS

In the present review, new and necessary information about
wounds of acute type, and their healing stages were discussed.
In the classification of the wounds, two types of acute and
chronic wounds are considered. In acute wounds, physical,
chemical, and thermal parameters are involved, while the
chronic wounds are mainly caused by some diseases, such as
diabetes etc. In the healing process of a wound the following
five phases were explained: hemostasis, inflammation,
migration, proliferation, and remodeling. Also the role of
fibrinogen in blood clotting and phagocytes in the epithelializa-
tion process was discussed. In the next section of this paper,
conventional and modern wound dressing materials used for
rapid healing and less infection were reviewed. In a general
classification of wounds, the wound dressing materials are
divided to passive, interactive, and bioactive types. Technologi-
cal progress, such as wound dressing materials containing a
nanostructure material, has led to new developments in this
field. Electrospinning is a process which can be used for the
production of biopolymeric nanofibers containing different
ingredients for the control of the surface and healing process of

www.interscience.wiley.com/journal/pat
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Figure 17. XPS peak fittings for electrospun CS/PLA mat (CS/PLA (50:50 wt%)) [C;s (a), Os (b), Ny (c), and Fq (d)] and for electrospun QCS/PLA mat
(QCS/PLA (30:70 wt%)) [Cys (e), Oqs (f), Nys (g), and I34 (h)]. (Reprinted from Reference [133], Copyright (2009) WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim).

a wound. Electrospun polymeric membranes are the most
advanced and efficient wound dressing materials compared to
other modern bandages such as hydrocolloids, hydrogels, and
alginates. These membranes, due to their very high surface area
to volume ratio, have extraordinary abilities such as controlled
release of drugs, cultivation in the physiological environment of

the cells, a very high increase in the reproduction and growth of
live cells, etc. All these characteristics have highly extended their
applications on different wounds as compared to traditional
wound dressing materials. In the next stage of this work,
standard tests which are directly related to wound dressing
materials were explained. The results of these tests can be used
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for the evaluation of antibacterial wound dressings in contact
with common bacteria on the surface of the burned wounds
such as E. coli, P. aeroginosa etc. Also, proliferation tests of cells,
culture, and adhesion of cell in the cultivating environment
could be elucidated. In the next section of this paper,
quantitative observations are made by histological images
showing the healing process of a wound covered with different
wound dressing materials. Also, the methods for determination
of WVP, which is a highly important factor in the moisture
control and keeping the wound wet under the nanofibrous
wound dressing materials, were discussed. The results showed
that the rate of moisture and oxygen release from the surface of
a wound must be in the range of 8-10mg/(cm?hr). Finally,
various tests which are carried out depending on the use of a
wound dressing material in different environments were
discussed. The tests such as DSC, used for determination of
crystallization rate of nanofibers and their flexibility, TGA, which
is done for measurements of heat resistance of crosslinked
nanofibers, and X-ray diffraction patterns for study of dispersion
state of nanoparticles in electrospun nanofiber mats were
explained. Ultimately, the mechanical properties such as tensile
strength, elastic modulus, and elongation at break were
discussed briefly.

This paper provides detailed basic information about wound
dressing materials and summarizes the latest developments in
this field. The results show that the combination of nanotechnol-
ogy with electrospinning process can open up new doors for
development of the next generation of wound dressing materials
with highly desirable properties.
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