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Abstract: In order to overcome the shortcomings related to unspecific and partially efficient
conventional wound dressings, impressive efforts are oriented in the development and evaluation of
new and effective platforms for wound healing applications. In situ formed wound dressings provide
several advantages, including proper adaptability for wound bed microstructure and architecture,
facile application, patient compliance and enhanced therapeutic effects. Natural or synthetic,
composite or hybrid biomaterials represent suitable candidates for accelerated wound healing,
by providing proper air and water vapor permeability, structure for macro- and microcirculation,
support for cellular migration and proliferation, protection against microbial invasion and external
contamination. Besides being the most promising choice for wound care applications, polymeric
biomaterials (either from natural or synthetic sources) may exhibit intrinsic wound healing properties.
Several nanotechnology-derived biomaterials proved great potential for wound healing applications,
including micro- and nanoparticulate systems, fibrous scaffolds, and hydrogels. The present paper
comprises the most recent data on modern and performant strategies for effective wound healing.
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1. Introduction

Wound healing represents a highly complex physiological response of a living system to physical,
chemical, mechanical or thermal injury [1]. It involves a cascade of cells, matrix components
and other biological factors to act together in order to facilitate the healing and restore the tissue
integrity. The wound healing process unites several overlapping phases: homeostasis, inflammation,
proliferation/granulation, and remodeling/maturation. Still, when the healing course deviates from the
normal path, the healing does not advance past the inflammatory phase. The deficiency of normal
healing can be caused by burns, infections, or even complications arising out of pathological states [2].

To aid the wound care and the healing process, a suitable wound dressing must be applied at
the wound site to protect the injury site from further external mechanical and microbial stress [3].
The customary wound dressings like cotton, bandages, and gauzes are dry, failing to provide a moist
and active environment proper to the wound healing. Additionally, due to wound drainage, dressings
tend to stick to the wound bed, and, when removed, they cause pain for patients [4]. To deal with
these drawbacks, substantial efforts have been made to discover new protection that promotes wound
healing and the repair of damaged tissue.

Since the first definition of the term “tissue engineering” in the late 1990s, biomaterial-based
scaffolds have entered this domain in order to provide structural stability and suitable environment
for cellular regeneration therefore “imitating” native tissue in functionality [5]. 3D scaffolds have
been assessed for an extensive variety of applications ranging from bone [6], nerve [7], muscle,
tendon/ligament [8] regeneration, and many more.

To produce these scaffolds, many synthetic and natural polymers have been examined. Appropriate
selection of the material used to fabricate tissue-engineered scaffolds is a serious step concerning the
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success of the scaffold. Although natural polymers were among the earliest scaffold materials to be
applied in clinical practice, due to their interactions with various cells and absence of an immune
response, synthetic polymers were later applied due to their lower cost and a better functionality
(regardless of the possible immune response to them or toxicity) [9]. Among synthetic polymers,
poly(glycolic acid) (PGA) [10], polyethylene glycol (PEG) [11], poly(caprolactone) (PCL) [12], and
poly(lactic-co-glycolic) acid (PLGA) [13] stood out for the creation of scaffolds. Synthetic polymers are
also utilized in combination with natural ones, to improve/resolve concerns related to hydrophilicity,
cell attachment, and biodegradability [9]. Various naturally derived polymers have been used as
tissue scaffolds including collagen, chitosan, fibrin, gelatin, hyaluronic acid (HA), and silk. The use of
synthetic and natural biomaterials generated scaffolds in the form of nanofibers, hydrogels, mats, 3D
structures, sponges, foams, membranes, and nanogels [9]. Up to now, numerous strategies have been
implemented to fabricate wound healing scaffolds, such as extrusion, molding, freeze-drying, rapid
prototyping, and electrospinning. From these, electrospinning technique remains one of the most used,
due to its simplicity, cost efficiency, flexibility, and scalability [14].

An ideal scaffold for wound healing applications should consist of these key features: fitting
physical and mechanical properties, and excellent physiological background to enable cell adhesion,
proliferation and/or differentiation. Furthermore, a scaffold should present a high porosity, a large
surface area to volume ratio, an interlinked geometry, and to be flexible enough to accommodate
the shape of the wound. Preferably, the scaffold must be biocompatible and biodegradable, with a
degradation profile that is concomitant to the wound healing period of time. Another ideal characteristic
of the scaffold must be to maintain a moist environment to provide essential cues to facilitate cellular
adhesion, growth and migration, instigate angiogenesis, hurry granulation tissue formation, and
facilitate re-epithelialization [15]. Moreover, scaffolds can be functionalized with many agents to
enhance cellular responses and to boost the wound healing process.

In the following sections we will illustrate some aspects about wound healing phases, wound types
and wound management. Additionally, we will talk about various natural and synthetic polymers, to
produce scaffolds in the field of skin tissue regeneration, together with conventional and advances
techniques for producing high-quality scaffolds.

2. Wound Types and Wound Healing Processes

The largest organ in the human body is the skin. It is composed from three layers: the epidermis,
dermis, and the fat layer, also known as hypodermis. The epidermis (the external layer of the skin) has
the crucial role of maintaining the homeostasis of the body’s internal environment and at the same time
protects the body from the external environment and from potential pathogenic bacteria. The inner
layer, dermis, provides tensile strength for the skin through the support of the extracellular matrix
(ECM). The dermis is where all blood vessels, nerves, hair follicles and sweat glands are situated. In its
native state, skin is dry and acidic in nature (pH between 4 and 6.8) [16].

Destruction of the skin can weaken its function, which can be produced by a variety of means,
including burns, trauma, surgeries, or lacerations. Consequently, correct wound care is imperative
to avoid contaminations and additional complications, which may further result in impaired wound
healing and in many morbidity and mortality cases.

When an individual has a severe injury to large areas of skin (such as burns), he is “open” to
reduced local function, which can result in dehydration and infections and sometimes even death [17].
A wound can be described as a defect or a break in the skin caused by physical, chemical or thermal
damage or as a consequence of a medical condition which would disturb the normal function of the
skin [18]. The impairment of skin integrity may be caused by some systemic aspects, for instance the
nutritional status of the individual, vascular and heart conditions, diabetes, or to extrinsic incidents
(accidents, pressure, and surgical procedures). The skin impairment can range from simple breaks in the
epithelium to deeper underlying such as tendons, muscles, even organs and bones [19]. An overview
of wound types can be found in Figure 1.
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Figure 1. Wound classification.

An entirely healed wound can be defined as a wound which has returned to a normal anatomical
structure, role, and appearance of the tissue, within a normal period of time [20]. Wounding, regardless
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of the cause and form, damages and disturbs the local environment. The wound healing is a multistep
process which comprises complex biological sequences aiming to reestablish the skin function (Figure 2).
Even though healing process is constant, it can be arbitrarily distributed into four main phases: (i)
hemostasis, (if) inflammation, (iii) proliferation or granulation, and (iv) remodeling or maturation. Still,
skin regeneration and wound healing can be slow and can result in chronic inflammation, especially in
patients with burn injuries [21].

Wound

Epinephrine
Platelets
TGF-B Inflammation Prolonged inflammation

Neutrophils
Macrophages Proliferation or Granulation oS
()] ROS c
[<Ys) MMPs v ) o
© L Fibroblasts ©
TNF !
5 VEGF EMn’ac'a::enal cells Q
i IL I
PDGF
TNF
VEGF
TGF-B
KGF
Remodeling or Maturation
Fibroblasts
Collagen
Fiber cross-linking
TGF-B
MMPs

Minutes

2 4 6 8 10 (days) 6 (months)

Figure 2. Wound healing phases.

The various stages of wound healing involve manifold cell populations and the action of mediators
like growth factors (cytokines) (Table 1).

Table 1. Cells and Growth Factors Involved in Wound Healing Phases.

Cells Functions in Wound Healing Ref.

Thrombus formation
Rich reservoirs of inflammatory mediators
) . : [22]
(including cytokines)
Stimulus for inflammation

Platelets

First cells to infiltrate the injury site [23]

Neutrophils Phagocytosis and intracellular killing of invading bacteria

Clear debris and necrotic tissue, phagocytose and killing of
invading bacteria
Rich reservoirs of inflammatory mediators
) . . [24]
(including cytokines)
Stimulate fibroblast division, collagen production and
angiogenesis

Macrophages
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Table 1. Cont.

Cells Functions in Wound Healing Ref.

Produce many components of the ECM (e.g., collagen,
Fibroblasts fibronectin, hyaluronic acid, etc.) [25]
Synthesize granulation tissue

Growth factors

VEGF Stimulates the angiogenesis in granulation tissue
(Vascular endothelial growth . 8108 & . [26]
Stimulates endothelial cell proliferation
factor)
FGFS Proliferation of fibroblasts and epithelial cells, matrix

deposition, wound contraction, angiogenesis [27]

Fi 1 h £ . S
(Fibroblast growth factors) Accelerates the formation of granulation tissue

KGFS

(Keratinocyte growth factors) Proliferation and migration of keratinocytes [28]

Mitogenic for both endothelial cells and fibroblasts
PDGF Chemoattractant for neutrophils and fibroblasts
(Platelet-derived growth factor)  Fibroblast proliferation and collagen metabolism
The only growth factor currently approved by the FDA

[24]

Differentiation, proliferation, migration and adhesion of
keratinocytes [24]
Formation of granulation tissue

EGF
(Epidermal growth factor)

IL-1 Neutrophil chemotaxis

(Interleukin-1) Fibroblast proliferation [24]

Mitogenic for fibroblasts
Chemotactic for macrophages [24]
Indirect stimulation of angiogenesis and collagen metabolism

TGF-B
(Transforming growth factor-3)

After the appearance of a wound injury, the first two stages, hemostasis and inflammation, start
almost immediately. In these two phases, cytokines, growth factors, and reactive oxygen species (ROS)
are formed in order to recruit cells to the wound’s site [20]. The interruption of the epidermal barrier
takes place together with the discharge of the stored IL-1 and tumor necrosis factor-oc (TNF-c) from
keratinocytes. These factors signal adjacent cells to barricade the damage. The formed clot induces
hemostasis and offers a ground for the invasion of inflammatory cells. The growth factors secreted
by platelets, such as EGF, PDGEF, and TGF-f3, stimulate the enrolment of inflammatory leukocytes
to the damaged site. Soon after, the contaminating bacteria are removed by neutrophils, which, in
turn, are phagocytosed by engaged macrophages. The interactions at the wound site make monocytes
undergo differentiation into macrophages. Macrophages cells have a central part in expanding the
inflammatory reaction and also advancing the granulation tissue and release of different growth factors
(EGF, TGF-$, and PDGF) [24]. Moreover, macrophages are stimulated by growth factors to produce
matrix metalloproteinases (MMPs), reactive-oxygen species (ROS), and other growth factors such as
PDGE, TGF-$3, VEGF, and FGF [28].

The proliferative phase begins at about day 3 from the occurrence of injury and has a duration
of 2—4 weeks. This stage is characterized by new tissue formation by endothelial, fibroblasts, and
keratinocytes cells and the establishment of granulation tissue. The formation of granulation tissue
starts at the wound’s site at ~4 days after damage [20]. Granulation is the effect of fibroblasts and
macrophages providing a permanent source of VEGF and FGF essential to encourage angiogenesis and
fibroplasias [29]. Fibroblasts are then phenotypically changed into myofibroblasts which themselves
have effects on ECM borders in order to generate a constrictive force, enabling wound closure.
The establishment of granulation tissue provides a sustenance matrix for epithelial cells to cover
the wound surface in a process identified as reepithelialization. This stage generally implicates
keratinocytes, which are major cell types found in the epidermis [30]. Additionally, blood vessels
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that are formed pass in the granulation tissue to allow blood flow and delivery of factors involved in
wound healing [31].

The remodeling phase is the last of wound healing processes and mainly occurs from day 21 up to
one year or even longer after the injury [20,29]. In the course of this phase, the formation of granulation
tissue ends as fibroblasts either die by apoptosis or differentiate into myofibroblasts. This phase mainly
implies the collagen refinement and its associated ECM. The resorption of the vascular capillary linkage
marks the existence of mature scar tissue [32]. Under normal physiological conditions, the maturing
scar presents balanced anabolic and catabolic processes that eventually will favor the maturation of the
scar in a connective tissue.

Even though processes involved in wound repair start almost immediately, not all wounds
go through this cascade. For example skeletal tissue and eye go through different pathways [19].
In diabetic wound healing, inflammation can be prolonged, causing the wounds to become chronic.

Furthermore, there can appear modifications of tissues over time which can disturb the complete
regeneration. Wound healing time can be diverse and some wounds may take >1 year to completely
heal [19]. For example, systemic and local factors may interfere with the course of healing by causing
instabilities in the repair processes, resulting in chronic, nonhealing wounds [19]. If the inflammation
stage increases in time, it could lead to the dysfunctions of the early migratory effect and to the delay in
healing. Besides, sustained chronic inflammatory reaction leads to ECM collapse and the establishment
of necrotic sites. The failure to suitably change from the proliferation stage can lead to hypertrophic or
excessive scarring [33].

3. Wound Management

The wound management goal is to complete the healing in a rapid manner, with functional and
esthetic outcomes [34].

For many years, wound management was based on covering the wound and the materials used
for had a passive action in encouraging the healing process. However, in recent years, the wound
management has been updated due to a greater understanding of the molecular and cellular processes
involved in wound healing and preventing the wound from healing. Accordingly, the design and
functionality of wound dressings has evolved in the direction of multi-functionality.

As mentioned above, wounds are unalike in terms of nature and features and are dependent on a
diversity of factors such as the etiology, individual’s health condition, setting, and the manifestation of
infections. Consequently, requirements of a wound dressing strongly depend on the type of wound.
Nevertheless, some common features can be differentiated (Table 2).

Table 2. Features of Wound Dressings.

Physical Chemical Technological

Maintain proper moisture at the
wound bed
Permeable to water and gas
Ability to absorb exudates and

blood at wound site . Blocompatlble Economical process of preparation
. . Suitable degradation rate . I
Mechanical protection Non-toxic High reproducibility
Adaptability to wound type and . Mechanical stability
Non-inflammatory e
body shape Non-allereenic Easy sterilization
Protecting/acting against & Long shelf life

. ; Antimicrobial action
infectious agents

Maintaining temperature
To be easily applied and removed
with minimal frequency

Most of the mentioned characteristics depend on intrinsic features of the materials from which
they are manufactured. The critical necessities of modern wound dressings include biocompatibility,
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no cytotoxic effect, no antigenic or inflammatory stimulation, a rate of biodegradability directly
proportional with the rate of formation of new tissue, a release of incorporated bioactive constituents
(drugs), and the control of possible infections [15,35].

Some of the key characteristics required for wound dressings/scaffolds, especially for burn wounds,
are the water content and water-retaining properties. For these types of lesions, it is necessary to
maintain the wound hydrated, to absorb exudates and to hurry the healing process by avoiding cellular
dehydration and promoting collagen synthesis and angiogenesis [36]. An appropriate moisture control
increases the healing rate, protects the wound from infection and reduces pain [37]. It is well known
that exudates cause separation in the tissue layers of the wound, resulting in a slower healing. For
that reason, exudates must be eliminated from the wound site with a dressing holding an appropriate
drainage capacity.

However, it is essential for the wound to maintain some level of hydration, necessary for
the healing process. The ability to preserve the humidity also prevents dressings to stick to the
wound, therefore protecting the tissue from exposure and reducing the pain during the dressing
exchange [38]. Dry wounds need dressings with a low vaporization rate, and exuding wounds the
opposed. Therefore, the dressing needs to balance the absorption and release of liquids. Additionally,
the dressings must allow the liberation of drugs and other bioactive compounds impregnated in
the dressing material [39]. On the other hand, the complete limitation of fluid evaporation is to be
avoided, as the fluid accumulation under the dressing may result in maceration and lastly in the
establishment of infection. It has been found that the water vapor transmission rate (WVTR) from
the skin is dependent on the wound type and healing stage. For example, for normal skin, WVTR
is increasing from 204 g m™2 day™! to 278 and for 1st-degree burns and granulating wounds is of
5138 + 202 g m~2 day~! [40]. A dressing is considered to be moisture retentive when its MVTR is
<840 g/24 h/m? [41]. High water vapor permeability increases the speed of dehydration at the wound
site, therefore causing scar formation. In contrast, low water vapor permeability contributes to the
deposition of exudates, delays wound healing process and consequently, predisposes the wound to
infection [42]. Therefore, the chemo-physical (e.g., porosity, morphology) properties of the dressing
must be adjusted to the wound type and to the grade of exudation.

The dressing/scaffold must maintain a normal tissue temperature which improves the blood
flow to the wound site, encouraging epidermal migration [18]. The optimal cellular function is
kept by maintaining a temperature comparable to that of the human body. Hypothermia results in
vasoconstriction, further leading to a reduction of oxygen delivery to phagocytes, which diminishes
the mitotic activity and growth factors liberation [43]. Oxygen is a critical element for wound
healing. Under hypoxic conditions, wound healing is hindered as a result of reduced granulation and
epithelization processes. Therefore, a desirable porosity and morphology of wound dressings and
the ability to maintain moisture at the wound site are essential to accelerate and improve the wound
healing [44].

A further required property is the ability to prevent colonizing infectious microorganisms or
to fight against already installed ones. In healthy individuals, infection is avoided by triggering
the immune system: macrophages cell induce the migration to the wound site and then perform
phagocytosis of pathogens [45]. Nevertheless, if the immune system cannot eliminate pathogens,
infection follows. This causes the deterioration of granulation tissue, growth factors, and ECM
components (collagen, elastin, and fibrin), thus interfering with the normal wound healing process [45].
Therefore, the structure of desired dressings must offer a competent platform for drug delivery to the
wound, controlling the release both spatially and temporally [46].

The technological factors are also needed to be taken into consideration, to ensure cost effectiveness
of wound dressings and tolerate the change frequency. An adequate shelf life, suitable mechanical
properties and the variation in degradation must match with the topical application and the timeline
of healing processes.
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All the above mentioned issues suggest the difficulty in finding a single ideal dressing, comprising
all desirable features and capable of application to all wound types.

4. Current Polymeric Materials in Wound Healing

When choosing a material to be used in wound treatment applications, it must possess particular
properties. Of highest importance is the biocompatibility of the material. Is essential for the selected
material to induce a proper response within the host organism. Up-to-date research recommended
the integration of bioactive materials contrasting those that are inert, since bioactive materials usually
interact with biological surroundings and impact the activities of cells [47].

Polymers are common used materials in wound dressing applications owing to their flexibility for
chemical modifications, resulting in a chemical composition suitable for creating defined 3D structures
and customized surface functionality [48]. Polymers are suitable as drug delivery systems as they
have an unlimited variety in topology, dimensions, and chemistry. Taking into account the interest for
wound management, polymers can be used as skin substitutes [15].

4.1. Natural Polymers

Natural polymers are mostly obtained from natural sources such as animal, microbial, and
vegetable. In health-related applications, natural polymers have a number of advantages when
compared with synthetic ones, such as biocompatibility, biodegradability, and/or biological activity.
The origin of these materials make them suitable for the substitution of natural ECM structural
components and skin cellular background [17]. Furthermore, natural-derived polymers share a
chemical structure, rich in groups that can be adjusted with some derivatives, which results in
the creation of versatile materials suitable for various tissue engineering requirements. Another
key characteristic of natural biopolymers is that when subjected to enzymatic degradation, they
produce by-products that are generally well tolerated by living organisms without triggering toxic
reactions. Unfortunately, the high degradation rates/processes of natural polymers are quite difficult
to control [26,49]. The most used natural polymers in wound healing applications are mentioned in
Table 3.

Table 3. Natural Polymers.

Polymer Advantages Disadvantages Role in Wound Healing Ref.
B}ocomp.atlblfe . Ability to absorb fluids Maintains
Resistance in acidic .
. wound moist
media Overstimulation of Promotes granulation tissue
Alginate Biodegradable . & . [50,51]
. fibroblasts formation
Relative low cost .
. Stimulates monocytes to produce
Low toxicity .
. . elevated levels of cytokines
Gelling properties
Major protein Contamination by viral ~ Indispensable structural supportive
component of the ECM Difficult to process role in connective tissue
Good biocompatibility High cost when Cell adhesion properties as it binds —
Collagen . . . . - . [52,53]
High mechanical resulting from with extracellular integrin receptors
strength recombinant through arginine/glycine/aspartate
Good cell recognition technologies binding sites
Improves fibroblasts, macrophages,
. . and inflammatory cells functions
Biocompatible . g .
Biodegradable Antimicrobial activity
Chitosan/ . . . Rapid bone regeneration at initial [49,50,
o Nonantigenic Poor stability
Chitin . stages 54]
Nontoxic .
s Enhances the granulation of wound
Oxygen permeability

Its degradation products take part in
the makeup the ECM and cartilage
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Polymer Advantages Disadvantages Role in Wound Healing Ref.
Biocompatible
The most abundant N Stimulates PDGE, FGF and EGF,
molecules in nature Expensive purifying e o e
Cellulose L which increase granulation tissue [50,55]
Plant origin cellulose processes . -
. . formation and vascularization
can be isolated with
cheap procedures
Biocompatible
Colloidal Accelerates polymerization of fibrin
Hydrophilic in vivo
Dextran (Dex) Inert in biological Limited solubility Stimulates the structure of the fibrin [56,57]
systems clot
Hardly affects the cell Stimulates macrophages
viability.
High mechanical Clot formation
strength excellent Contributes to bleeding stopping
S e Biocompatibility Inflammation The basis for cells migration during -
Fibrin/fibroin Minimal adverse Degradation wound healing [50]
effects on the immune Substrate for platelets, endothelial
system cells, fibroblasts, and macrophages
Denatured form of tt d1§solves asa
collagen colloidal sol at or
. Excellent above 37 °C, and gels Facilitates cell adhesion and -
Gelatin . - near room temperature . . [58]
biodegradability - proliferation
L Gelatin is frequently
Non-antigenicity . .
Cost efficienc cross-linked/combined
y with other polymers
Forms a smaller part of
the ECM Rapid enzymatic Stimulates fibroblast proliferation and
HA Biocompatible degradation in collagen deposition [59,60]
Soluble in water physiological media Enhances keratinocyte proliferation
Nonallergenic

4.2. Synthetic Polymers

When compared with natural polymers, synthetic polymers have the advantage to be synthesized
and adjusted in a controlled mode to possess constant and homogenous physico-chemical properties as
well as stability. Nevertheless, they are biologically inert; consequently they do not offer a therapeutic
advantage as is seen in natural polymers [5]. They do not enclose impurities, are usually mechanically
stable and they degrade in a controlled manner. However, they present an associated risk of toxicity.
Widely used in wound healing applications, they can be categorized as hydrophobic and hydrophilic.
Table 4 comprises synthetic polymers most commonly used in wound healing applications, as well as

their properties.
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Table 4. Properties of Commonly Used Synthetic Polymers for Wound Healing.

Biocompatible
Nontoxic
Hydrophilic
Water soluble
pH sensitive

Polyvinyl alcohol
(PVA)

Biocompatible
Biodegradable
The degradation products are absorbed by the body through natural metabolic pathways
Nontoxic
Hydrophobic
Structurally stable

PLA

Biocompatible
Biodegradable (by hydrolysis; it produces CO, and lowers the local pH leading to cell and
PGA tissue necrosis.
More hydrophilic than PLA
High tensile strength

Biocompatible
Polyurethane Degradation rate can be adapted
(PU) Potential side effects of degradation products
Tough and durable

Biocompatible
PLGA Biodegradable
Degradation rate can be controlled by adjusting monomer ratios

Biocompatible
Biodegradable
Slower degradation rate than other polyesters
Hydrophobic
Semicrystalline
Good elastic properties

PCL

Biocompatible
Nonbiodegradable
PEG Bioinert
Hydrophilic
Resistant to protein adsorption

Bioinert
Nonbiodegradable
Compatible with blood
Polydimethylsiloxane Low toxicity
(PDMS) Hydrophobic surface
Antiadhesive properties
Exceptional elasticity when lightly cross-linked
Good thermal stability

Non-toxic
Polyethylen Biocompatible
oxide Non-immunogenic
(PEO) Hydrophilic
Flexible

Biocompatible
Biodegradable
Polyvinyl Environmental stability
pyrrolidone Low cytotoxicity
(PVP) High chemical and thermal resistance
Affinity to complex hydrophilic and hydrophobic substances
Very good solubility in water and organic solvents
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5. Engineered Scaffolds for Wound Healing

Even though wound dressings typically used in clinical practice (e.g., gauzes, absorbent cotton,
bandages) are economical, they can provide a simple physical protection and are limited in terms of
influencing/accelerating wound healing and preventing/treating infections.

The multidisciplinary association between tissue engineering and regenerative medicine includes
aspects from engineering, biology, and material science and results in the progress of viable alternatives
for organs and tissue regeneration/replacement. As an alternative treatment of wounds, tissue
engineering has recently suggested a range of solutions, such as the introduction of scaffolds, to manage
the treatment process.

Scaffolds, 3D structures, not only offer sustenance for tissue formation, but also can shield a
wound, becoming an efficient “fence” against external contamination. It is of high interest that scaffolds
need to provide physical support and interaction with cells to initiate physiological processes (cell
adhesion, proliferation, and differentiation), leading to cell assembly into functioning units. Scaffolds
should be both porous and biocompatible since cells need to adhere and travel through their networks.
These characteristics must be considered when designing a scaffold for wound healing applications,
while keeping its fabrication at high productivity with low costs [11].

Typically, a scaffold for wound healing can assist one of the following functions [61]: (i) It supports
the delivery and retention of cells and different biochemical factors; (ii) It lets cells interact and connect
by facilitating proper cell attachment and migration; (iii) It permits the flow of vital cell nutrients and
released products; (iv) It modifies cells behavior by exerting mechanical and biological stimuli; (v) It
mimics the ECM-like microenvironment in 3D space [62].

The fabrication and processing techniques have a high impact on the properties of resultant
scaffolds. Ranjna C. Dutta et al. categorized these techniques into conventional and advanced
(Table 5) [62].

Table 5. The Most Commonly Used Methods for the Fabrication of Scaffolds.

Conventional Advantages Disadvantages Suitable Materials Ref.
Residual solvents and
Solvent Control over porosity and limited mechanical PU
casting/particulate crystallinity features PCL [63,64]
leaching Minimal material needed Pores not PLA
interconnected
It uses pastes/pallets PCL
. Control over porosity and a volatile solvent PLA
Extrusion Obtaining 3D scaffolds High temperatures or Calcium [65,66]
pressure needed phosphates
High temperature for HA
Molding Control over porosity nonamorphous PLGA [64]
polymer Gelatin
Freeze-dryin, s?liﬁaizrif;iﬁ?re ;de Lower porosity than in PLGA [63]
ymg p &P other methods PGA
not mandatory
Free of harsh organic Limited mechanical
Gas foaming solvents and control over  features and poor pore PLGA [63]
porosity interconnectivity
Controllable cellular
structure and exemption of
toxic organic solvents
The blowing agent is
Supercritical fluid non-toxic, non-flammable, Time consumin PVA [67,68]
processing chemical stable & PEG !

Its low critical temperature
can protect heat-labile
compounds from thermal
degradation
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Conventional Advantages Disadvantages Suitable Materials Ref.
Fiber bonding ngh surfac.e to volurpe Limited application to PGA [63]
ratio and high porosity some polymers
Corr:(l;(r)l Ezleé poze;ls(,ilze, Temperatures used are
Fused deposition morp &Y, a generally too high for PCL
. interconnectivity . . [69]
modeling . . the inclusion of cells or TCP
Can havea linear print bioactive molecules
speed of 10-50 mm/s
ADVANCED
Rapid prototyping PCL
- 3D plotting Limited application to
. PLGA
- 3D printing Excellent control over some polymers and the PVA [63]
- Stereolithography geometry and porosity use of expensive PEEK ’
-Sele.ctlve' laser equipment PDLLA
sintering
Control over porosity and PCL
. . . . Collagen
A crystallinity; diameter and ~ Pore size decrease with
Electrospinning ) . . . . PLA [63]
orientation of fibers can be fiber thickness EVOH
manipulated Chitin
Spatial and temporal
control over
polymerization, fast curing Biological sensible
rates (< a second - few
minutes) at room or molecules can degrade Polyurethane
In situ . . Limited material PEGMA
- physiological . [64,70]
photopolymerization . choice PHBV
temperatures, and minimal .. . .
; Limited mechanical Polyacrylamide
heat production hydrogels .
. properties of scaffolds
can be created in situ from
aqueous precursors
To form complex shapes
High internal phase High processing Biodegradable )
. Good pore morphology temperatures [64]
emulsion (HIPE) .. polymers
Limited polymers
. . RAD16-11
Compatlé)i«let;\; let? mn vitro The use of expensive RAD16-1
Self-assembling . materials EAK16-1I )
peptides Peptldes can be ass embled The scaffold size is KLD12 [64,71]
into complex architectures -
(fib heet heres) limited P11-4
ibers, sheets, spheres MAX1

Even though all fabrication methods are suitable, some matters associated to the scale-up, and
cost attractiveness for realizing made-to-order scaffolds with distinct tissue specifications, remain to
be addressed.

The ideal wound healing scaffold should provide: suitable physical and mechanical features
to prevent infections and a physiological environment to facilitate cell adhesion, proliferation,
and/or differentiation.

5.1. Physical and Mechanical Properties of Scaffolds for Wound Healing

The ability of tissue engineered scaffolds to absorb significant amount of fluid whilst maintaining a
moist environment to the wound bed is crucial for wound healing and for skin regeneration. Generally,
the fluid holding capacity of commonly used cotton pads is limited to ~6—7 times their dry weight.
An excellent absorbent dressing/scaffold is compulsory for surgical wounds in order reduce pads
replacement during the surgical intervention and for applications in chronic wounds which produce
high amounts of exudates. To develop an ideal dressing envisioned for absorbing exudates, high
absorbency characteristics (by means of channeled pores), satisfactory MVTR, and superior fluid
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retention/swelling are vital. For example, cinnamon (cin) was loaded into PCL/gelatin (PCL/Gel)
nanofibrous for wound healing applications [42]. The results on water-uptake capacity of the obtained
PCL/Gel scaffolds showed a capacity of 12.86 + 0.32% and by adding cinnamon to the mat, the
water-uptake capacity was increased. For PCL/Gel/1%cin, PCL/Gel/5%cin, and PCL/Gel/25%c, the
water uptake capacity was of 13.63 + 0.15%, 13.91 + 0.5%, and 14.42 + 0.6%, respectively. The study
conducted by Shyna S. et al. involves the development of a blend from chitosan and PVA by a
controlled freeze-drying process, thus giving it channeled pores [41]. Porosity of the scaffolds is critical
for oxygen and nutrient transport into the wound site. It was emphasized that the best porosity for
wound dressing is in the range of 60-90% [72]. The pore size on the top of the above mentioned
dressing was of (17.25 + 4.29) um, and the bottom surface possessed pores with a size of (72.80 +
17.93) um. The MVTR of obtained dressings was of 200 g/m?/day for an 8-mm-thick dressing of 2:1
chitosan-PVA and was considered to be moisture retentive.

Besides taking up wound exudates, scaffolds must possess appropriate mechanical properties to
accommodate different types of skin wounds. In the scientific literature, it was found that Young’s
modulus of the skin varies from 10 kPa to 50 MPa, therefore, the scaffold must fit in this range [73].
The mechanical strength of scaffolds is considered to overcome the rapid degradation by enzymes and
environmental changes. In this respect, Xin Zhao et al. developed electrospun 3D fibrous scaffolds for
accelerated wound healing using a photocrosslinkable hydrogel based on gelatin methacryloyl (GeIMA),
that fit in above mentioned Young’s modulus range. GeIMA scaffolds displayed typical stress-strain
curves for viscoelastic materials owing to the gelatin segments having linear elastic behavior at low
stress and non-linear region at higher stress [74]. M. Shu et al. reported the design and construction of
physical polyelectrolyte complex hydrogel networks using chitosan and Heparin sodium (HS), aiming
at achieving a wound scaffold (CS/HS) of high strength, toughness, and considerable flexibility [75].
CS/HS scaffolds showed superior strength and toughness (8.53 MPa and 11.32 k] m~2), excellent
extensibility (133.7%), and good self-recoverability. The integrity of dressings/scaffolds must be
evaluated to prevent the contamination of the wound bed from dressing fragments. If the dressing
is not very stable, it can lose its absorptive capacity during use and, hence, cannot be placed on
wounded sites for longer periods of time [76]. Visual examination of freeze-dried chitosan PVA
scaffolds showed that after conducting the dispersion test, all configurations of wound dressings did
not display dispersion and maintained the integrity of the dressing, which ensured an easy removal
after application [41].

Mechanical properties such as soft elasticity are of high importance for tissue engineered skin
application, as elastic deformation of the scaffold material is known to regulate cell responses via
biomechanical transduction [77]. Low fiber stiffness supports active recruitment of nearby fibers by
cells, which facilitate cell migration [78]. In tissue engineering, studies have showed the status of
matrix compliance in respect to cellular migratory capacities—soft 3D matrices stimulated a faster cell
migration as paralleled to stiff ones. It is assumed that cells “sense” their way in a softer background
which encourages cell migration [79].

5.2. Healing Properties

In addition to the importance of material selection, the inclusion of proper biochemical and/or
biophysical stimuli could contribute to wound healing. Studies showed that local administration
of therapeutic agents (such as antibiotics, antimicrobials, anti-inflammatory substances, cells, etc.)
through the wound dressings/scaffolds can advance the wound healing process and can fight against
wound infections.

As discussed in the introduction section, hemorrhage control is a crucial step for wound healing.
Natural polymers (e.g., collagen, elastin) are particularly attractive wound dressing materials owing
to their bioactivity, biocompatibility, and unique ability to bind specific growth factors and proteins,
such as fibrinogen (Fb)—a plasma protein with a role in clot establishment through its activated form,
fibrin. In this respect, Yuan et al. obtained by electrospinning a novel nanofibrous chitosan—Fb
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scaffold, proficient for PDGF sustained release, with submission to fibroblast migration and fast
wound healing [80]. The authors showed that PDGF maintained functional activity throughout the
electrospinning process. Still, the released PDGF was operative at encouraging fibroblast migration
equivalent to a single 50 ng/mL dose of PDGF. A novel nanofiber composed from TEMPO-oxidized
NFC and PEG, having different porosity (100 um for 5% PEG and 200 pm for 10% PEG) was used
to loading ZnO nanoparticles [81]. The obtained results displayed a reduced bleeding time in the
case of the 5% PEG scaffold as compared to the 10% PEG one. In another study [82], an electrospun
nanofibrous hybrid wound-dressing from PCL/collagen for sustained delivery of insulin into the
wound bed was obtained. Insulin plays a crucial part in glucose uptake by skin cells and can stimulate
keratinocytes and fibroblasts proliferation and migration. The structure of the wound healing scaffold
demonstrated a slow release of insulin and enhanced mouse fibroblasts proliferation, as shown by the
MTT assay.

Prevention of infection at the wound site is the primary goal of wound management strategies,
which otherwise can delay normal healing progression. The use of polymeric fibrous scaffold
constructs with encapsulated or attached antiinfectious components (such as antibiotics, nanoparticle,
essential oils, antimicrobial peptides, etc.) has shown great potential as wound dressings to accelerate
the wound healing process and to fight against wound infections. In this respect, A. Song et al.
prepared three-dimensional synthetic cell-adhesive polypeptide hydrogel with antibacterial activity.
The obtained data showed that higher weight ratios between the polypeptide and the PEG in the
hydrogel composition were proper for cell adhesion and proliferation. Moreover, the obtained lysine
gel displayed significant antibacterial activity against E. coli JM109 and S. aureus ATCC25923 microbial
strains [83]. In a recent study, PCL-gelatin electrospun nanofibers, with average diameters of (725.943 +
201.965) nm enriched with quercetin and ciprofloxacin hydrochloride (CH) were prepared. The in vitro
antibacterial and antioxidant properties of scaffolds were evaluated by film-diffusion against S. aureus
and DPPH assay; scaffolds had reduced the S. aureus growth on the agar plate and scavenged >50%
DPPH (100 uM) in methanol [84]. Microfibrous constructs with Ag nanoparticles were obtained by
single capillary electrospinning method. The in vitro diffusion study exhibited a controlled release
of Ag nanoparticles from constructs. Similarly, the in vitro assessment of antibacterial activity of
obtained scaffold demonstrated a high antibacterial activity and an inhibitory effect on the growth
of both S. aureus and E. coli bacteria (antibacterial activity was dramatically increased, from 36.67
to 100%, after combining Ag nanoparticles with PCL, as compared to constructs without Ag) [85].
Biocompatible PCL/gelatin hybrid composite mats loaded with natural herbal extract from Gymnema
sylvestre plant were prepared by Ramalingam et al. in order to prevent bacterial colonization [14].
The electrospun mats promoted cellular attachment, spreading and proliferation of human primary
dermal fibroblasts and cultured keratinocytes, which are crucial parenchymal cell-types involved in
the skin recovery process. Furthermore, the herbal extract loaded scaffolds possess all pre-requisite
physical and biological properties to encourage the attachment, spreading, and proliferation of the
fibroblasts and keratinocytes with potent antimicrobial behaviour against commensal pathogens such
as S. aureus or S. epidermidis.

Excessive inflammation and reduced angiogenesis are two major difficulties for wound healing
and skin regeneration. Therefore, treating the inflammation represents another crucial factor that
needs to be taken into consideration. All through primary stages of inflammation, inflammatory cells
secrete pro-inflammatory cytokines and boost phagocytosis to eliminate dead cells and injured tissue
debris together with pathogens. Afterwards, anti-inflammatory cytokines are formed to diminish the
inflammatory response and to stimulate tissue regeneration. As mentioned in the previous sections,
macrophages have a crucial role in inflammation and immune responses. In this respect, Tanaka et
al. developed uniform fibrin hydrogel scaffolds combined with SEW2871a monocyte/macrophage
recruitment agent [86]. The culture conditions of the scaffold reduced the secretion of tumor necrosis
factor-o« (TNF-a)—a pro-inflammatory cytokine, and increased the secretion of interleukin-10—an
anti-inflammatory cytokine, in mouse bone marrow-derived macrophages. The majority of cells
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that infiltrated the engineered scaffolds were macrophages expressing CD163, CD204, and CD206
anti-inflammatory macrophages markers, both in mice and human cells. In another study, Peng et
al. reported on the fabrication of an advanced hydrogel from chemically modified HA, Dex, and
3-cyclodextrin (3-CD) incorporating resveratrol and VEGF as anti-inflammatory and pro-angiogenic
components for burn wounds. The obtained scaffold accelerated the splinted excisional burn wound
healing, by obstructing inflammation response and encouraging microvascular formation while
being biocompatible [87]. In another article, PU/SF (Antheraea mylitta) scaffolds were fabricated by
blending and immobilization techniques. Dermal fibroblast NIH3T3 cells were seeded on EGF treated
and untreated scaffolds. Fibroblast seeded PU/SF scaffolds were investigated for anti-inflammatory
response in wound recovering potential, in comparison to the comercial Acticoat™ in third degree
burn of streptozotocin induced diabetic rats. At 16th, 24th days, promising healing was achieved with
faster granulation, enhanced collagenization, patterned re-epithelialization by EGF treated cellular
immobilized PU/SF in normal, hyperglycemic burn. Inflammatory cytokines and immunoglobulins
like IL-6, IL-8, IL-10 were examined, suggesting the anti-inflammatory role of PU/SF [88].

6. Conclusions and Future Prospects

The global wound care dressing market is expected to increase to $4.4 billion by 2019, from $3.1
billion in 2012, growing at an average annual rate of 5.7% [89]. As a consequence, the statistical data
suggests that the wound care market forms a large segment of biomedical market.

Several aspects discussed in this paper concerning wound healing processes and the effects of
exudate and mechanics on wounds could permit a profounder understanding of wound healing
mechanisms. New techniques for the design and fabrication of wound dressings/scaffolds with
advanced properties, suitable for keeping a moist environment while absorbing exudates, barrier
against pathogens, drug delivery systems, healing agents, and matrixes for cells growth and anchoring,
were briefly discussed.

Nowadays, there are still many problems encountered by healthcare professionals with the
growing number of patients with microbial infections, wounds, and burns.

The next generation of wound healing scaffolds will involve the use of theranostic materials that
will combine interactive and bioactive means together with therapeutic and diagnostic functionality
into a single scaffold. It is envisioned that new technologies will integrate target biomarkers into
scaffolds to monitor wound healing.

Author Contributions: I.N., G.D. and V.G. designed and wrote the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by Romanian Ministry of Education and Research, under Romanian National
Nucleu Program LAPLAS VI-contract no 16N/2019.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Helary, C.; Abed, A.; Mosser, G.; Louedec, L.; Letourneur, D.; Coradin, T.; Giraud-Guille, M.M.;
Meddahi-Pellé, A. Evaluation of dense collagen matrices as medicated wound dressing for the treatment of
cutaneous chronic wounds. Biomater. Sci. 2015, 3, 373-382. [CrossRef] [PubMed]

2. Wang, X.; Cheng, F,; Liu, J.; Smatt, J.H.; Gepperth, D.; Lastusaari, M.; Xu, C.; Hupa, L. Biocomposites of
copper-containing mesoporous bioactive glass and nanofibrillated cellulose: Biocompatibility and angiogenic
promotion in chronic wound healing application. Acta Biomater. 2016, 46, 286-298. [CrossRef] [PubMed]

3.  Karahaliloglu, Z,; Kilicay, E.; Denkbas, E.B. Antibacterial chitosan/silk sericin 3D porous scaffolds as a wound
dressing material. Artif. Cell. Nanomed. Biotechnol. 2017, 45, 1172-1185. [CrossRef] [PubMed]

4. Radhakumary, C.; Antonty, M.; Sreenivasan, K. Drug loaded thermoresponsive and cytocompatible chitosan
based hydrogel as a potential wound dressing. Carbohydr. Polym. 2011, 83, 705-713. [CrossRef]

5. Zhong, S.P; Zhang, Y.Z.; Lim, C.T. Tissue scaffolds for skin wound healing and dermal reconstruction.
Wires. Nanomed. Nanobi. 2010, 2, 510-525. [CrossRef] [PubMed]


http://dx.doi.org/10.1039/C4BM00370E
http://www.ncbi.nlm.nih.gov/pubmed/26218128
http://dx.doi.org/10.1016/j.actbio.2016.09.021
http://www.ncbi.nlm.nih.gov/pubmed/27646503
http://dx.doi.org/10.1080/21691401.2016.1203796
http://www.ncbi.nlm.nih.gov/pubmed/27396677
http://dx.doi.org/10.1016/j.carbpol.2010.08.042
http://dx.doi.org/10.1002/wnan.100
http://www.ncbi.nlm.nih.gov/pubmed/20607703

Polymers 2020, 12, 2010 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Kampleitner, C.; Changi, K; Felfel, R.M.; Scotchford, C.A.; Sottile, V.; Kluger, R.; Hoffmann, O.; Grant, D.M.;
Epstein, M.M. Preclinical biological and physicochemical evaluation of two-photon engineered 3D biomimetic
copolymer scaffolds for bone healing. Biomater. Sci. 2020, 8, 1683-1694. [CrossRef] [PubMed]

Wang, J.; Cheng, Y.; Chen, L.; Zhu, T, Ye, K;; Jia, C.; Wang, H.; Zhu, M.; Fan, C.; Mo, X. In vitro and
in vivo studies of electroactive reduced graphene oxide-modified nanofiber scaffolds for peripheral nerve
regeneration. Acta Biomater. 2019, 84, 98-113. [CrossRef]

Sensini, A.; Cristofolini, L.; Zucchelli, A.; Focarete, M.L.; Gualandi, C.; De Mori, A.; Kao, A.P.; Roldo, M.;
Blunn, G.; Tozzi, G. Hierarchical electrospun tendon-ligament bioinspired scaffolds induce changes in
fibroblasts morphology under static and dynamic conditions. J. Microsc. 2020, 277, 160-169. [CrossRef]
Jafari, M.; Paknejad, Z.; Rad, M.R.; Motamedian, S.R.; Eghbal, M.].; Nadjmi, N.; Khojasteh, A. Polymeric
scaffolds in tissue engineering: A literature review. J. Biomed. Mater. Res. Part B 2017, 105, 431-459. [CrossRef]
Zhang, J.; Song, C.; Han, Y.; Xi, Z,; Zhao, L.; Cen, L.; Yang, Y. Regulation of inflammatory response
to polyglycolic acid scaffolds through incorporation of sodium tripolyphosphate. Eur. Polym. ]. 2020,
122,109349. [CrossRef]

Rubio-Elizalde, I.; Bernaldez-Sarabia, J.; Moreno-Ulloa, A.; Vilanova, C.; Juarez, P.; Licea-Navarro, A.;
Castro-Cesefia, A.B. Scaffolds based on alginate-PEG methyl ether methacrylate-Moringa oleifera-Aloe vera for
wound healing applications. Carbohydr. Polym. 2019, 206, 455-467. [CrossRef] [PubMed]

Joseph, B.; Augustine, R.; Kalarikkal, N.; Thomas, S.; Seantier, B.; Grohens, Y. Recent advances in
electrospun polycaprolactone based scaffolds for wound healing and skin bioengineering applications.
Mater. Today Commun. 2019, 19, 319-335. [CrossRef]

Lee, C.H.; Hung, K.C.; Hsieh, M.].; Chang, S.H.; Juang, ].H.; Hsieh, I.C.; Wen, M.S,; Liu, S.J. Core-shell
insulin-loaded nanofibrous scaffolds for repairing diabetic wounds. Nanomed. Nanotechnol. Biol. Med. 2020,
24,102123. [CrossRef] [PubMed]

Ramalingam, R.; Chetna, D.; Leung, C.M.; Ezhilarasu, H.; Prasannan, P.; Ong, S.T.; Subramanian, S.;
Kamruddin, M.; Lakshminarayanan, R.; Ramakrishna, S.; et al. Poly-e-Caprolactone/Gelatin Hybrid
Electrospun Composite Nanofibrous Mats Containing Ultrasound Assisted Herbal Extract: Antimicrobial
and Cell Proliferation Study. Nanomaterials 2019, 9, 462. [CrossRef] [PubMed]

Talikowska, M.; Fu, X.; Lisak, G. Application of conducting polymers to wound care and skin tissue
engineering: A review. Biosens. Bioelectron. 2019, 135, 50-63. [CrossRef]

Boer, M.; Duchnik, E.; Maleszka, R.; Marchlewicz, M. Structural and biophysical characteristics of human
skin in maintaining proper epidermal barrier function. Postep. Dermatol. Alergol. 2016, 33, 1-5. [CrossRef]
Portela, R.; Leal, C.R.; Almeida, P.L.; Sobral, R.G. Bacterial cellulose: A versatile biopolymer for wound
dressing applications. Microb. Biotechnol. 2019, 12, 586-610. [CrossRef]

Boateng, ].S.; Matthews, K.H.; Stevens, H.N.E.; Eccleston, G.M. Wound Healing Dressings and Drug Delivery
Systems: A Review. ]. Pharm. Sci. 2008, 97, 2892-2923. [CrossRef]

Velnar, T.; Bailey, T.; Smrkolj, V. The Wound Healing Process: An Overview of the Cellular and Molecular
Mechanisms. J. Int. Med. Res. 2009, 37, 1528-1542. [CrossRef]

Enoch, S.; Leaper, D.J. Basic science of wound healing. Surgery (Oxford) 2005, 23, 37—42. [CrossRef]

Rowan, M.P; Cancio, L.C.; Elster, E.A.; Burmeister, D.M.; Rose, L.F.; Natesan, S.; Chan, R.K.; Christy, R.J.;
Chung, K K. Burn wound healing and treatment: Review and advancements. Crit. Care 2015, 19, 243.
[CrossRef] [PubMed]

Etulain, J. Platelets in wound healing and regenerative medicine. Platelets 2018, 29, 556-568. [CrossRef]
[PubMed]

Wilgus, T.A.; Roy, S.; McDaniel, ].C. Neutrophils and wound repair: Positive actions and negative reactions.
Adv. Wound Care 2013, 2, 379-388. [CrossRef] [PubMed]

Kondo, T.; Ishida, Y. Molecular pathology of wound healing. Forensic Sci. Int. 2010, 203, 93-98. [CrossRef]
[PubMed]

Darby, I.A.; Laverdet, B.; Bonté, F.; Desmouliére, A. Fibroblasts and myofibroblasts in wound healing.
Clin. Cosmet. Investig. Dermatol. 2014, 7, 301-311. [CrossRef]

Bao, P,; Kodra, A.; Tomic-Canic, M.; Golinko, M.S.; Ehrlich, H.P.; Brem, H. The role of vascular endothelial
growth factor in wound healing. J. Surg. Res. 2009, 153, 347-358. [CrossRef]

Werner, S. A Novel Enhancer of the Wound Healing Process. Am. J. Pathol. 2011, 179, 2144-2147. [CrossRef]


http://dx.doi.org/10.1039/C9BM01827A
http://www.ncbi.nlm.nih.gov/pubmed/31984995
http://dx.doi.org/10.1016/j.actbio.2018.11.032
http://dx.doi.org/10.1111/jmi.12827
http://dx.doi.org/10.1002/jbm.b.33547
http://dx.doi.org/10.1016/j.eurpolymj.2019.109349
http://dx.doi.org/10.1016/j.carbpol.2018.11.027
http://www.ncbi.nlm.nih.gov/pubmed/30553345
http://dx.doi.org/10.1016/j.mtcomm.2019.02.009
http://dx.doi.org/10.1016/j.nano.2019.102123
http://www.ncbi.nlm.nih.gov/pubmed/31711999
http://dx.doi.org/10.3390/nano9030462
http://www.ncbi.nlm.nih.gov/pubmed/30897714
http://dx.doi.org/10.1016/j.bios.2019.04.001
http://dx.doi.org/10.5114/pdia.2015.48037
http://dx.doi.org/10.1111/1751-7915.13392
http://dx.doi.org/10.1002/jps.21210
http://dx.doi.org/10.1177/147323000903700531
http://dx.doi.org/10.1383/surg.23.2.37.60352
http://dx.doi.org/10.1186/s13054-015-0961-2
http://www.ncbi.nlm.nih.gov/pubmed/26067660
http://dx.doi.org/10.1080/09537104.2018.1430357
http://www.ncbi.nlm.nih.gov/pubmed/29442539
http://dx.doi.org/10.1089/wound.2012.0383
http://www.ncbi.nlm.nih.gov/pubmed/24527354
http://dx.doi.org/10.1016/j.forsciint.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20739128
http://dx.doi.org/10.2147/CCID.S50046
http://dx.doi.org/10.1016/j.jss.2008.04.023
http://dx.doi.org/10.1016/j.ajpath.2011.09.001

Polymers 2020, 12, 2010 17 of 19

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Staiano-Coico, L.; Krueger, J.G.; Rubin, J.S.; D’limi, S.; Vallat, V.P.; Valentino, L.; Fahey, T.; Hawes, A.;
Kingston, G.; Madden, M.R. Human keratinocyte growth factor effects in a porcine model of epidermal
wound healing. J. Exp. Med. 1993, 178, 865-878. [CrossRef]

George, A.].; Thomas, W.G.; Hannan, R.D. The renin-angiotensin system and cancer: Old dog, new tricks.
Nat. Rev. Cancer 2010, 10, 745-759. [CrossRef]

Singer, A J.; Clark, R.A.F. Cutaneous Wound Healing. N. Engl. ]. Med. 1999, 341, 738-746. [CrossRef]
Pastar, I.; Stojadinovic, O.; Yin, N.C.; Ramirez, H.; Nusbaum, A.G.; Sawaya, A.; Patel, S.B.; Khalid, L.;
Isseroff, R.R.; Tomic-Canic, M. Epithelialization in Wound Healing: A Comprehensive Review.
Adv. Wound Care. 2014, 3, 445-464. [CrossRef] [PubMed]

Tonnesen, M.G.; Feng, X.; Clark, R.A.F. Angiogenesis in Wound Healing. |. Invest. Dermatol. Symp. Proc.
2000, 5, 40-46. [CrossRef] [PubMed]

Hardy, M. A. The Biology of Scar Formation. Phys. Ther. 1989, 69, 1014-1024. [CrossRef] [PubMed]

Parrish, W.; Roides, B. Phisiology of blood components in wound healing: An appreciation of cellular
co-operativity in platelet rich plasma action. J. Exer. Sports Orthoped. 2017, 4, 1-14. [CrossRef]

Jannesari, M.; Varshosaz, J.; Morshed, M.; Zamani, M. Composite poly(vinyl alcohol)/poly(vinyl acetate)
electrospun nanofibrous mats as a novel wound dressing matrix for controlled release of drugs. Int. .
Nanomed. 2011, 6, 993-1003. [CrossRef]

Day, R.M. 6-Functional requirements of wound repair biomaterials. In Advanced Wound Repair Therapies;
Farrar, D., Ed.; Woodhead Publishing: Cambridge, UK, 2011; pp. 155-173.

Field, C.K,; Kerstein, M.D. Overview of wound healing in a moist environment. Am. J. Surg. 1994, 167, 25-6S.
[CrossRef]

Agarwal, A.; McAnulty, ].E; Schurr, M.].; Murphy, C.J.; Abbott, N.L. Polymeric materials for chronic wound
and burn dressings. In Advanced Wound Repair Therapies; Farrar, D., Ed.; Woodhead Publishing: Cambridge,
UK, 2011; pp. 186-208.

Ovington, L.G. Advances in wound dressings. Clin. Dermatol. 2007, 25, 33-38. [CrossRef] [PubMed]
Howe, L.M. Soft Tissue Surgery, An Issue of Veterinary Clinics of North America: Small Animal Practice, 1st ed.;
Elsevier: Amsterdam, The Netherlands, 2015.

Elsner, ].J.; Shefy-Peleg, A.; Zilberman, M. Novel biodegradable composite wound dressings with controlled
release of antibiotics: Microstructure, mechanical and physical properties. J. Biomed. Mater. Res. Part B 2010,
93, 425-435. [CrossRef]

Shyna, S.; Shanti, K.A.; Prabha, D.N.; Lynda, V.T. A nonadherent chitosan-polyvinyl alcohol absorbent
wound dressing prepared via controlled freeze-dry technology. Int. J. Biol. Macromol. 2020, 150, 129-140.
[CrossRef]

Salehi, M.; Niyakan, M.; Ehterami, A.; Haghi-Daredeh, S.; Nazarnezhad, S.; Abbaszadeh-Goudarzi, G.;
Vaez, A.; Hashemi, S.F.; Rezaei, N.; Mousavi, S.R. Porous electrospun poly(e-caprolactone)/gelatin nanofibrous
mat containing cinnamon for wound healing application: In vitro and in vivo study. Biomed. Eng. Lett. 2020,
10, 149-161. [CrossRef]

Abdelrahman, T.; Newton, H. Wound dressings: Principles and practice. Surgery (Oxford) 2011, 29, 491-495.
[CrossRef]

Ruszczak, Z. Effect of collagen matrices on dermal wound healing. Adv. Drug. Deliv. Rev. 2003, 55, 1595-1611.
[CrossRef] [PubMed]

Simoées, D.; Miguel, S.P.; Ribeiro, M.P.; Coutinho, P.; Mendonga, A.G.; Correia, L]. Recent advances on
antimicrobial wound dressing: A review. Eur. |. Pharm. Biopharm. 2018, 127,130-141. [CrossRef] [PubMed]
Catanzano, O.; Boateng, J. Local Delivery of Growth Factors Using Wound Dressings. In Therapeutic Dressings
and Wound Healing Applications; John Wiley & Sons, Ltd.: Chichester, UK, 2020; pp. 291-314.

Paul, W,; Sharma, C. Chitosan and Alginate Wound Dressings: A Short Review. Trends Biomater. Artif. Organs
2004, 18, 18-23.

Sill, T.J.; von Recum, H.A. Electrospinning: Applications in drug delivery and tissue engineering. Biomaterials
2008, 29, 1989-2006. [CrossRef]

Kamoun, E.A.; Kenawy, E.-R.S.; Chen, X. A review on polymeric hydrogel membranes for wound dressing
applications: PVA-based hydrogel dressings. J. Adv. Res. 2017, 8, 217-233. [CrossRef]

Bianchera, A.; Catanzano, O.; Boateng, J.; Elviri, L. The Place of Biomaterials in Wound Healing. In Therapeutic
Dressings and Wound Healing Applications; John Wiley & Sons, Ltd.: Chichester, UK, 2020; pp. 337-366.


http://dx.doi.org/10.1084/jem.178.3.865
http://dx.doi.org/10.1038/nrc2945
http://dx.doi.org/10.1056/NEJM199909023411006
http://dx.doi.org/10.1089/wound.2013.0473
http://www.ncbi.nlm.nih.gov/pubmed/25032064
http://dx.doi.org/10.1046/j.1087-0024.2000.00014.x
http://www.ncbi.nlm.nih.gov/pubmed/11147674
http://dx.doi.org/10.1093/ptj/69.12.1014
http://www.ncbi.nlm.nih.gov/pubmed/2479956
http://dx.doi.org/10.15226/2374-6904/4/2/00156
http://dx.doi.org/10.2147/IJN.S17595
http://dx.doi.org/10.1016/0002-9610(94)90002-7
http://dx.doi.org/10.1016/j.clindermatol.2006.09.003
http://www.ncbi.nlm.nih.gov/pubmed/17276199
http://dx.doi.org/10.1002/jbm.b.31599
http://dx.doi.org/10.1016/j.ijbiomac.2020.01.292
http://dx.doi.org/10.1007/s13534-019-00138-4
http://dx.doi.org/10.1016/j.mpsur.2011.06.007
http://dx.doi.org/10.1016/j.addr.2003.08.003
http://www.ncbi.nlm.nih.gov/pubmed/14623403
http://dx.doi.org/10.1016/j.ejpb.2018.02.022
http://www.ncbi.nlm.nih.gov/pubmed/29462687
http://dx.doi.org/10.1016/j.biomaterials.2008.01.011
http://dx.doi.org/10.1016/j.jare.2017.01.005

Polymers 2020, 12, 2010 18 of 19

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

Skorkowska-Telichowska, K.; Czemplik, M.; Kulma, A.; Szopa, J. The local treatment and available dressings
designed for chronic wounds. J. Am. Acad. Dermatol. 2013, 68, e117—e126. [CrossRef]

Almazrooa, S.A.; Noonan, V.; Woo, S.-B. Resorbable collagen membranes: Histopathologic features. J. Oral
Surg. Oral Med. Oral Pathol. Oral Radiol. 2014, 118, 236-240. [CrossRef]

Maged, A.; Abdelkhalek, A.A.; Mahmoud, A.A.; Salah, S.; Ammar, M.M.; Ghorab, M.M. Mesenchymal
stem cells associated with chitosan scaffolds loaded with rosuvastatin to improve wound healing. Eur. J.
Pharm. Sci. 2019, 127, 185-198. [CrossRef]

Rezaii, M.; Oryan, S.; Javeri, A. Curcumin nanoparticles incorporated collagen-chitosan scaffold promotes
cutaneous wound healing through regulation of TGF-1/Smad? gene expression. Mater. Sci. Eng. C 2019, 98,
347-357. [CrossRef]

Aljghami, M.E.; Saboor, S.; Amini-Nik, S. Emerging Innovative Wound Dressings. Ann. Biomed. Eng. 2019,
47, 659-675. [CrossRef] [PubMed]

Kennedy, J.E; Knill, C.J.; Thorley, M. Natural polymers for healing wounds. In Recent Advances in
Environmentally Compatible Polymers; Kennedy, ].E,, Phillips, G.O., Williams, P.A., Eds.; Woodhead Publishing:
Cambridge, UK, 2001; pp. 97-104.

Hwang, M.R;; Kim, J.O.; Lee, ] H,; Kim, Y.I; Kim, ].H.; Chang, SW.,; Jin, S.G.; Kim, J.A.; Lyoo, W.S;
Han, S.S; et al. Gentamicin-Loaded Wound Dressing With Polyvinyl Alcohol/Dextran Hydrogel: Gel
Characterization and In Vivo Healing Evaluation. AAPS Pharm. Sci. Technol. 2010, 11, 1092-1103. [CrossRef]
[PubMed]

Sell, S.A.; Wolfe, PS.; Garg, K.; McCool, ].M.; Rodriguez, I.A.; Bowlin, G.L. The Use of Natural Polymers
in Tissue Engineering: A Focus on Electrospun Extracellular Matrix Analogues. Polymers 2010, 2, 522-553.
[CrossRef]

Price, R.D.; Berry, M.G.; Navsaria, H.A. Hyaluronic acid: The scientific and clinical evidence. |. Plast. Reconstr.
Aesthet. Surg. 2007, 60, 1110-1119. [CrossRef] [PubMed]

Li, H.; Xue, Y; Jia, B.; Bai, Y.; Zuo, Y.; Wang, S.; Zhao, Y.; Yang, W.; Tang, H. The preparation of hyaluronic
acid grafted pullulan polymers and their use in the formation of novel biocompatible wound healing film.
Carbohydr. Polym. 2018, 188, 92-100. [CrossRef] [PubMed]

Bracaglia, L.G.; Smith, B.T.; Watson, E.; Arumugasaamy, N.; Mikos, A.G.; Fisher, ].P. 3D printing for the design
and fabrication of polymer-based gradient scaffolds. Acta Biomater. 2017, 56, 3—13. [CrossRef] [PubMed]
Dutta, R.C.; Dey, M.; Dutta, A.K.; Basu, B. Competent processing techniques for scaffolds in tissue engineering.
Biotechnol. Adv. 2017, 35, 240-250. [CrossRef]

Eberli, D. Tissue Engineering, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2010.

Lanza, R.; Langer, R.; Vacanti, ].P. Principles of Tissue Engineering, 4th ed.; Elsevier: Amsterdam,
The Netherlands, 2013.

Davila, J.L.; Freitas, M.S.; Neto, P.I; Silveira, Z.C.; Silva, J.V.L,; d’Avila, M.A. Fabrication of PCL/ p-TCP
scaffolds by 3D mini-screw extrusion printing. J. Appl. Polym. Sci. 2016, 133. [CrossRef]

Hamid, Q.; Snyder, J.; Wang, C.; Timmer, M.; Hammer, J.; Guceri, S.; Sun, W. Fabrication of three-dimensional
scaffolds using precision extrusion deposition with an assisted cooling device. Biofabrication 2011, 3, 034109.
[CrossRef]

Liu, P; Chen, W.; Liu, C.; Tian, M.; Liu, P. A novel poly(vinyl alcohol)/poly(ethylene glycol) scaffold for
tissue engineering with a unique bimodal open-celled structure fabricated using supercritical fluid foaming.
Sci. Rep. 2019, 9. [CrossRef]

Tsai, W.C.; Wang, Y. Progress of supercritical fluid technology in polymerization and its applications in
biomedical engineering. Prog. Polym. Sci. 2019, 98, 101161. [CrossRef]

Tsang, V.L.; Bhatia, S.N. Three-dimensional tissue fabrication. Adv. Drug Deliv. Rev. 2004, 56, 1635-1647.
[CrossRef] [PubMed]

Nguyen, K.T.; West, ].L. Photopolymerizable hydrogels for tissue engineering applications. Biomaterials 2002,
23, 4307-4314. [CrossRef]

Wu, E.C.; Zhang, S.; Hauser, C.A.E. Self-Assembling Peptides as Cell-Interactive Scaffolds. Adv. Funct. Mater.
2012, 22, 456-468. [CrossRef]

Zhu, X.; Cui, W.; Li, X; Jin, Y. Electrospun Fibrous Mats with High Porosity as Potential Scaffolds for Skin
Tissue Engineering. Biomacromolecules 2008, 9, 1795-1801. [CrossRef]


http://dx.doi.org/10.1016/j.jaad.2011.06.028
http://dx.doi.org/10.1016/j.oooo.2014.04.006
http://dx.doi.org/10.1016/j.ejps.2018.11.002
http://dx.doi.org/10.1016/j.msec.2018.12.143
http://dx.doi.org/10.1007/s10439-018-02186-w
http://www.ncbi.nlm.nih.gov/pubmed/30542783
http://dx.doi.org/10.1208/s12249-010-9474-0
http://www.ncbi.nlm.nih.gov/pubmed/20607628
http://dx.doi.org/10.3390/polym2040522
http://dx.doi.org/10.1016/j.bjps.2007.03.005
http://www.ncbi.nlm.nih.gov/pubmed/17466613
http://dx.doi.org/10.1016/j.carbpol.2018.01.102
http://www.ncbi.nlm.nih.gov/pubmed/29525177
http://dx.doi.org/10.1016/j.actbio.2017.03.030
http://www.ncbi.nlm.nih.gov/pubmed/28342878
http://dx.doi.org/10.1016/j.biotechadv.2017.01.001
http://dx.doi.org/10.1002/app.43031
http://dx.doi.org/10.1088/1758-5082/3/3/034109
http://dx.doi.org/10.1038/s41598-019-46061-7
http://dx.doi.org/10.1016/j.progpolymsci.2019.101161
http://dx.doi.org/10.1016/j.addr.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15350293
http://dx.doi.org/10.1016/S0142-9612(02)00175-8
http://dx.doi.org/10.1002/adfm.201101905
http://dx.doi.org/10.1021/bm800476u

Polymers 2020, 12, 2010 19 of 19

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Jin, G.; Prabhakaran, M.P.; Ramakrishna, S. Stem cell differentiation to epidermal lineages on electrospun
nanofibrous substrates for skin tissue engineering. Acta Biomater. 2011, 7, 3113-3122. [CrossRef]

Zhao, X.; Sun, X.; Yildirimer, L.; Lang, Q.; Lin, Z.Y.W.; Zheng, R.; Zhang, Y.; Cui, W.; Annabi, N.;
Khadembhosseini, A. Cell infiltrative hydrogel fibrous scaffolds for accelerated wound healing. Acta Biomater.
2017, 49, 66-77. [CrossRef]

Shu, M,; Long, S.; Huang, Y; Li, D.; Li, H,; Li, X. High strength and antibacterial polyelectrolyte complex
CS/HS hydrogel films for wound healing. Soft Matter. 2019, 15, 7686-7694. [CrossRef]

Uzun, M.; Anand, S.C.; Shah, T. In Vitro Characterisation and Evaluation of Different Types of Wound
Dressing Materials. |. Biomed. Eng. Technol. 2013, 1, 1-7. [CrossRef]

Yang, T.-L. Chitin-based Materials in Tissue Engineering: Applications in Soft Tissue and Epithelial Organ.
Int. J. Mol. Sci. 2011, 12, 1936-1963. [CrossRef]

Baker, B.M.; Trappmann, B.; Wang, W.Y.; Sakar, M.S.; Kim, L.L.; Shenoy, V.B.; Burdick, J.A.; Chen, C.S.
Cell-mediated fibre recruitment drives extracellular matrix mechanosensing in engineered fibrillar
microenvironments. Nat. Mater. 2015, 14, 1262-1268. [CrossRef] [PubMed]

Soman, P; Kelber, J.A.; Lee, ]JW.; Wright, T.N.; Vecchio, K.S.; Klemke, R.L.; Chen, S. Cancer cell migration
within 3D layer-by-layer microfabricated photocrosslinked PEG scaffolds with tunable stiffness. Biomaterials
2012, 33, 7064-7070. [CrossRef] [PubMed]

Yuan, T.T.; Foushee, AM.D.; Johnson, M.C.; Jockheck-Clark, A.R.; Stahl, ].M. Development of Electrospun
Chitosan-Polyethylene Oxide/Fibrinogen Biocomposite for Potential Wound Healing Applications. Nanoscale
Res. Lett. 2018, 13, 88. [CrossRef] [PubMed]

Shefa, A.A.; Taz, M.; Hossain, M.; Kim, Y.S.; Lee, S.Y.; Lee, B.T. Investigation of efficiency of a novel, zinc
oxide loaded TEMPO-oxidized cellulose nanofiber based hemostat for topical bleeding. Int. . Biol. Macromol.
2019, 126, 786-795. [CrossRef]

Ehterami, A.; Salehi, M.; Farzamfar, S.; Vaez, A.; Samadian, H.; Sahrapeyma, H.; Mirzaii, M.; Ghorbani, S.;
Goodarzi, A. Invitro and in vivo study of PCL/COLL wound dressing loaded with insulin-chitosan
nanoparticles on cutaneous wound healing in rats model. Int. ]. Biol. Macromol. 2018, 117, 601-609.
[CrossRef]

Song, A.; Rane, A.A.; Christman, K.L. Antibacterial and cell-adhesive polypeptide and poly(ethylene glycol)
hydrogel as a potential scaffold for wound healing. Acta Biomater. 2012, 8, 41-50. [CrossRef]

Ajmal, G.; Bonde, G.V,; Mittal, P; Khan, G.; Pandey, VK,; Bakade, B.V.; Mishra, B. Biomimetic PCL-gelatin
based nanofibers loaded with ciprofloxacin hydrochloride and quercetin: A potential antibacterial and
anti-oxidant dressing material for accelerated healing of a full thickness wound. Int. ]. Pharm. 2019,
567,118480. [CrossRef]

Bhullar, S.K.; Ruzgar, D.G.; Fortunato, G.; Aneja, G.K.; Orhan, M.; Saber-Samandari, S.; Sadighi, M.;
Ahadian, S.; Ramalingam, M.A. Facile Method for Controlled Fabrication of Hybrid Silver
Nanoparticle-Poly(-caprolactone) Fibrous Constructs with Antimicrobial Properties. J. Nanosci. Nanotechnol.
2019, 19, 6949-6955. [CrossRef]

Tanaka, R.; Saito, Y.; Fujiwara, Y.; Jo, ].-I.; Tabata, Y. Preparation of fibrin hydrogels to promote the recruitment
of anti-inflammatory macrophages. Acta Biomater. 2019, 89, 152-165. [CrossRef]

Wang, P.; Huang, S.; Hu, Z.; Yang, W.; Lan, Y.; Zhu, J.; Hancharou, A.; Guo, R.; Tang, B. In situ formed
anti-inflammatory hydrogel loading plasmid DNA encoding VEGF for burn wound healing. Acta Biomater.
2019, 100, 191-201. [CrossRef]

Sen, S.; Basak, P; Sinha, B.P.; Maurye, P; Jaiswal, K.K.; Das, P.; Mandal, T.K. Anti-inflammatory effect of
epidermal growth factor conjugated silk fibroin immobilized polyurethane ameliorates diabetic burn wound
healing. Int. ]. Biol. Macromol. 2020, 143, 1009-1032. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.actbio.2011.04.017
http://dx.doi.org/10.1016/j.actbio.2016.11.017
http://dx.doi.org/10.1039/C9SM01380F
http://dx.doi.org/10.12691/jbet-1-1-1
http://dx.doi.org/10.3390/ijms12031936
http://dx.doi.org/10.1038/nmat4444
http://www.ncbi.nlm.nih.gov/pubmed/26461445
http://dx.doi.org/10.1016/j.biomaterials.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22809641
http://dx.doi.org/10.1186/s11671-018-2491-8
http://www.ncbi.nlm.nih.gov/pubmed/29611009
http://dx.doi.org/10.1016/j.ijbiomac.2018.12.079
http://dx.doi.org/10.1016/j.ijbiomac.2018.05.184
http://dx.doi.org/10.1016/j.actbio.2011.10.004
http://dx.doi.org/10.1016/j.ijpharm.2019.118480
http://dx.doi.org/10.1166/jnn.2019.16641
http://dx.doi.org/10.1016/j.actbio.2019.03.011
http://dx.doi.org/10.1016/j.actbio.2019.10.004
http://dx.doi.org/10.1016/j.ijbiomac.2019.09.219
http://www.ncbi.nlm.nih.gov/pubmed/31647938
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Wound Types and Wound Healing Processes 
	Wound Management 
	Current Polymeric Materials in Wound Healing 
	Natural Polymers 
	Synthetic Polymers 

	Engineered Scaffolds for Wound Healing 
	Physical and Mechanical Properties of Scaffolds for Wound Healing 
	Healing Properties 

	Conclusions and Future Prospects 
	References

