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Abstract

Introduction: Years of tissue engineering research have clearly demonstrated the potential
of integrating growth factors (GFs) into scaffolds for tissue regeneration, a concept that has
recently been applied to wound dressings. The old concept of wound dressings that only
take a passive role in wound healing has now been overtaken, and advanced dressings
which can take an active part in wound healing, are of current research interest.

Areas covered: In this review we will focus on the recent strategies for the delivery of GFs
to wound sites with an emphasis on the different approaches used to achieve fine tuning of
spatial and temporal concentrations to achieve therapeutic efficacy.

Expert opinion: The use of GFs to accelerate wound healing and reduce scar formation is
now considered a feasible therapeutic approach in patients with a high risk of infections and
complications. The integration of micro — and nanotechnologies into wound dressings could
be the key to overcome the inherent instability of GFs and offer adequate control over the
release rate. Many investigations have led to encouraging outcomes in various in vitro and
in vivo wound models, and it is expected that some of these technologies will satisfy clinical

needs and will enter commercialization.
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Article highlights

e Polymeric wound dressings and scaffolds have the potential to serve as platforms for
delivering growth factors directly to chronic wound sites.

e Direct delivery of growth factors has the potential to shorten the healing time for chronic
ulcers and eliminate or significantly reduce scar formation after healing.

e Direct delivery of plain growth factors to wounds still face the challenge of achieving
effective therapeutic doses due to dilution by exudate and enzymatic degradation.
Therefore, encapsulation using micro-and nano- particles before loading into dressing
matrix in the form of a composite system, represent a viable approach to overcome this
limitation.

e Blood derived products such as platelet-rich plasma, platelet-rich fibrin and platelet lysate
represent an important reservoir to enable delivery of multiple growth factors in a single
administration.

e New technologies such as electrospinning and 3D printing represent a novel approach
that can overcome the problem of achieving the correct spatiotemporal delivery of growth

factors to mimic their physiological performance in vivo.

1. Introduction

1.1. Overview

As the outermost barrier of the body, the skin is the organ most challenged by a range of
external stress factors (physical, chemical, thermal or radiation), resulting in frequent tissue
damage. Every animal species can regenerate their tissue after injury, but not all organisms
regenerate in the same way. Fish and amphibians, such as zebrafish and salamanders, can
perfectly regenerate complex tissues without scar formation, and this happens even in cases
of extensive damage such as the loss of their limbs [1]. Higher animals, such as mammals,
are generally incapable of complete tissue regeneration and have developed a complex
response to injury, which is characterized by four stages (i.e., hemostasis, inflammation,
proliferation, and remodeling) to restore the integrity of damaged tissue [2]. In humans,
perfect tissue regeneration has only been described in fetal skin [3]. In adults however,
tissue repair commences immediately following tissue injury and, with few exceptions,
results in the formation of an acellular fibrotic matrix (i.e., scar tissue) [4]. The replacement
of functional tissue with fibrous connective tissue leads to a loss of original tissue structure

and function, which alters the microarchitecture of the whole organ, eventually resulting in
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failure [5,6]. Fibrosis is a major pathological feature of many chronic diseases, and it has
been estimated that it is associated with 45% of non-accident related casualties in the USA
[7]. The wound healing process after skin injury involves a complex cascade of cellular and
biochemical events between the different cellular constituents of the skin and its extracellular
matrix (ECM). If this normal repair response is interrupted for some reason, two major
outcomes can occur: i) an ulcerative skin defect (chronic wound) and ii) an excessive
formation of scar (hypertrophic scar or keloid). Despite the enormous impact of chronic
wounds and fibrosis on human health, there are currently no effective treatments to
counteract these pathological challenges. The cellular and molecular mechanisms that
underpin tissue repair and its failure to heal are still poorly understood, and this has affected
the development of new treatments. Exogenous therapeutic biological molecules, such as
growth factors (GFs), have great potential, however, inherent difficulties in reaching
therapeutic concentrations at the wound site and effectively targeting the interconnected
and complex signal pathways that drive the wound healing process are major clinical
challenges. As the new generation of products, bioactive dressings are made of materials
which play an active role in the healing process and can also deliver incorporated GFs
represent the new frontier in wound repair. This review aims to discuss the most recent
advances in the design, characterization, and evaluation of innovative wound dressings
loaded with GFs. Many papers have been published over the years, confirming the potential
of exogenous application of GFs in wound healing, but very few of them focused on
integrating GFs into 3D constructs for wound dressings. After a brief overview of the role of
GFs in the wound healing process, we will discuss the various strategies for integrating GFs
into wound dressings and summarize the different approaches for their direct delivery
towound sites. Specific examples of such delivery systems and how they can be used to
accelerate the healing of chronic wounds and reduce scar formation in the process are also
reported.

1.2. The complexity of the wound healing process

As explained in-depth in many reviews published so far, the wound healing process consists
of a series of carefully and precisely regulated steps and events that are initiated
immediately after injury. The purpose of these events is not only to restore the skin barrier
and homeostasis functions, but also to reduce the risk of infection and further complications
[4,5,8,9]. Despite being a continuous event, wound healing can be divided into different

phases to help understand the physiological processes taking place in the wound bed and
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the surrounding tissue [5]. In adults and healthy humans, wound healing can be divided into
a sequence of four time dependent phases: hemostasis, inflammation, proliferation, and
remodeling (Figure 1). Each of these sequential, overlapping, and precisely programmed
phases involves coordinated interactions between diverse immunological and biological
systems, and any interruption or deregulation of one or more steps of the wound-healing
process leads to nonhealing (chronic) wounds. Platelets, neutrophils, monocytes/
macrophages, fibroblasts, lymphocytes, granulation tissue cells, and epidermal cells are
among the cells that make their appearance in the wound bed. These cells release a series
of biological macromolecules, such as GFs, cytokines, chemokines, antibodies, proteases,
lipids, carbohydrates, collagen and nucleic acids [10]. The development of molecular biology
and biotechnology has helped us better understand the role of these biological molecules
during the distinct phases of the healing process, prompting interest in the use of exogenous
biological molecules as therapies for skin wound healing. As previously discussed, wound
healing is a highly efficient process in which, multiple physiological factors contribute to
wound resolution. In healthy individuals, the resolution of acute wounds (which are typically
traumatic or surgical in origin) goes through the normal stages of wound healing and results
in a time-dependent but predictable and orderly pattern of tissue repair [12]. However, such
a complex response can easily give rise to abnormal alterations (generally due to underlying
pathological conditions), resulting in insufficient healing rate (chronic wounds) and/or
excessive healing (formation of scar tissue). Impaired production of GFs, insufficient
keratinocyte and fibroblast migration and proliferation, abnormal granulation tissue and
collagen accumulation, inadequate angiogenic response and impaired balance between the
accumulation of ECM components and their remodeling by matrix metalloproteinases
(MMPs) are just some of the known deficiencies in pathologic wound healing [4—6,9]. A
chronic wound occurs when there is an inability to proceed through an orderly and timely
reparative process to restore the anatomic and functional integrity of the injured site [13].
Chronic wounds can be mainly classified into vascular ulcers (e.g., venous and arterial
ulcers), pressure ulcers, and diabetic ulcers. Almost all chronic wounds can generally be
assigned to one of these three clinical categories depending on the underlying cause.
Vascular ulcers are frequently (>70%) due to venous deficiencies caused by a sustained
level of high blood pressure in the lower leg due to inadequate venous return. Other
underlying causes of leg ulcers include arterial disease (reduced arterial blood supply to the
lower limb), vasculitis and skin malignancies. Pressure ulcers (PUs), also known as

decubitus ulcers or bed sores, often occur in hospitalized or bedridden patients and are
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caused by a combination of persistent direct pressure and/ or shear/friction forces over a
bony prominence that obstructs blood flow to the tissue. Diabetic foot ulcers (DFUs) are a
complication that has been estimated to occur in 15 to 25% people with diabetes and are
caused by neural and vascular complications [14]. Despite differences in etiology, a
persistent inflammation state is a crucial feature common to all chronic (non-healing)
wounds. Repeated tissue injury, the existence of persistent infection (particularly in the form
of biofilms), local concentrations of GFs and ECM fragment molecules higher than normal,
stimulate the excessive recruitment of inflammatory cells to the wound bed, and traps the
wound in a chronic inflammatory state which fails to progress [5,15]. Compared to acute
wounds, the levels of pro-inflammatory cytokines IL-1, IL-6, and TNF-a in chronic wounds
are higher [16,17]. Conversely, the decrease in tissue inhibitors of MMPs leads to faster
degradation of GFs and their receptors and destruction of ECM. The proteolytic destruction
of ECM not only prevents the wound from moving forward into the proliferative phase, but
also attracts more inflammatory cells, thus amplifying the inflammation cycle (Figure 2)
[18,19]. Moreover, phenotypic abnormalities in the epidermis — and dermis-derived cells,
such as the lower density of GF receptors and reduced mitogenic potential, have been found
on cells derived from chronic wounds [20-23]. These abnormalities prevent the resident
cells from responding properly to wound healing signals [24]. The alteration of the GFs that
regulate cell proliferation and ECM production also profoundly impacts the progression
orregression of scar formation. Excessive healing is manifested in humans as a keloid or a
hypertrophic scar, characterized by overproduction of ECM and hyperproliferation of
fibroblasts [25,26]. The pathogenesis of these scars is closely connected to delayed wound
healing because of a prolonged inflammatory phase caused by chronic inflammation or
infection. Several studies have proven that the risk of developing into hypertrophic scar is
higher for wounds that take more than three weeks to heal [27,28]. This persistent
inflammatory response often leads to increased vessel and cell numbers as well as
excessive collagen deposition [29]. It is precisely these mediators of continuous
inflammation that have an essential role in excessive healing. Cytokines such as IL-1, TNF-
a, IL-6, SDF1 (also known as CXCL12), and IL-10, as well as GFs such as TGF-3, CTGF,
PDGF, and bFGF, have a profound impact on the progression or regression of scar
formation [29-31]. They execute and modulate a complex signaling network and when
altered, could lead to hypervascularity and excessive (pathological) deposition of ECM
components. Fibroblasts and myofibroblasts are the main cell types involved in scar
pathogenesis [30,32]. However, other cells, such as keratinocytes and mast cells, actively
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participate in the progression or regression of scars, resulting in the production of massive
amounts of collagen, which favors the accumulation of ECM below the dermis, leading to
scar formation [32-34]. The growing evidence of GF involvement in scar formation is
opening new avenues for the development of innovative therapeutic approaches for the
prevention and treatment of pathological scars. Local delivery of GFs, for example, could be
used as an adjuvant to surgery or radiotherapy, an approach which is already considered

more effective than surgical or pharmacological therapy on their own [32].

1.3. Critical aspects in the use of GFs in wound healing

To correctly treat chronic wounds, it is essential to directly target the underlying systemic
and metabolic disorders, such as infection or vascular insufficiency, which are responsible
for the onset of the deleterious cycle of inflammation resulting in repeated and prolonged
tissue insults. There has been an evolution of the concept of wound treatment (traditionally
based only on debridement and infection prevention strategies), with the introduction of
biological therapies. Therapeutic biological molecules represent the cutting-edge of
biomedical research. Their use in wound healing is currently emerging as an effective way
to enhance wound closure in difficult-to-heal wounds, by restoring the optimal
microenvironment required for correct wound healing progression [4,10,10,35— 37]. Their
ability to perform complex functions by interacting with other biomolecules, coupled with
reduced risk of side effects and low immunogenicity, provide inherent advantages for
biological drugs over small molecule drugs [38]. Besides, they can be easily manufactured
by biotechnological processes using cell bioreactors. The impact of exogenous GFs on the
wound microenvironment is significant even at low concentrations, leading to rapid
increases in cell migration, proliferation, and differentiation [39]. It is now well established
that deficiency in GFs is one of the critical factors that contributes to the development of
chronic wounds [40-43]. Therefore, exogenous GFs can potentially be used in wound
therapy to accelerate chronic wound healing and reduce scar formation. The rationale
behind their use is based on the principle of replacing critically deficient components which
support the standard wound healing process. GF deficiencies, including reduced levels of
bFGF, PDGF, VEGF, and TGF-B, have been reported in chronic PUs when compared with
acute wounds, suggesting that GF deficiencies are responsible for wound chronicity [39,44].
The introduction of modern biotechnology techniques, which made it possible to produce
large quantities of chemically pure GFs at relatively low costs, has revolutionized the
treatment of difficult to heal wounds. This notwithstanding, new challenges have emerged
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for pharmaceutical scientists. The chemical and physical instability and the reduced
tissue/cell transport require the development of effective strategies for delivery of GFs to the
target site. Moreover, it is worth emphasizing that these molecules tend to be heat-sensitive
and susceptible to microbial contamination, which necessitates the implementation of
aseptic principles during manufacturing. Wound treatment using exogenous GFs could have
significant beneficial effects, however, certain essential requirements must be satisfied.
Firstly, GFs used in wound therapy act on the body’s own ECM cells, therefore their
pharmacological activity relies on the ability of these cells to respond to the exogenous GF
stimuli. For this reason, only wounds that can synthesize a functional ECM could achieve
optimal benefit from this application [45]. Secondly, the therapeutic response to exogenous
GFs is strictly dependent on their spatial and temporal distribution within the wound [46].
The treatment of wounds with exogenous GFs is often ineffective since GFs rapidly diffuse
from the administration site and are readily digested or deactivated by enzymes such as
proteases in the wound area [47]. The low permeation of GFs through the outermost skin
layer surrounding the lesion is another factor that limits the success of topical administration
of exogenous GFs in wound therapy. Furthermore, their rapid elimination by exudation from
the wound bed significantly reduces the efficacy of GFs following topical application [39].
Consequently, high doses and/or repeated administration over a long period are required to
support and sustain tissue regeneration, leading to supra-physiological exposure to GFs
which can lead to serious side effects (including oncogenesis), as well as greatly increasing
the total cost of the therapy. The systemic infusion of GFs into the vascular circulation
generally results in their reduced accumulation in the target tissue and fast degradation in
the blood compartment. Moreover, in chronic wounds and severe burns, the destruction of
the surface blood vessels results in insufficient blood supply, requiring high doses of
systemically administered drugs to achieve local therapeutic effects [10]. As previously
discussed, a critical feature of chronic wounds is the generation of a proteolytic environment,
due to the persistent inflammatory state caused by inflammatory cells infiltrating the wound
site and prolonged up-regulation of pro-inflammatory cytokines and chemokines. This
proteolytic environment enhances the degradation and sequestration of the locally produced
GFs and cytokines, thus inhibiting their physiological functions and further slowing normal
wound healing progression [41]. Significant deficiencies in GFs, including reduced levels of
bFGF, PDGF, EGF, and TGF-B, have been reported in PUs compared with acute wounds
[48]. In particular, PDGF expression is shown to be lower in chronic dermal ulcers than in
acute surgical wounds [44].
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1.4. Topical administration of GFs

Due to the large exposed surface area of the wound, the local application of GFs to the
wound site in the form of intralesional injection or topical application is accepted as a
standard delivery approach, even if various technological and biological challenges strongly
limit its clinical relevance. For example, hypodermic injection of aqueous solutions of GFs,
often result in an elevated concentration of the drugs outside of the therapeutic window,
causing unwanted side effects and reducing therapeutic efficacy. Moreover, injections are
quite unfavorable as they are painful and require professional assistance. The selection of
a suitable area of delivery is another factor that affects the outcome of topical application of
GFs. Chronic wounds are usually covered with a layer of non-viable tissue filled with
proinflammatory cytokines and MMPs that must be crossed to reach the target cells.
Therefore, if not adequately protected, a significant fraction of the active molecules may get
deactivated before reaching the target. Besides, the significant exudate production in
chronic wounds can dilute and further reduce the rate of penetration of topically administered
GFs. As already mentioned, the local injection of GFs in chronic wounds is a straightforward
way to deliver these molecules to compensate for their deficiency in chronic wounds.
Subcutaneous injection of recombinant human GM-CFS (rh- GM-CFS) [49] and EGF [50]
into the wound base and contours have proved useful to increase vascularization,
granulation tissue growth, and wound closure. However, the need for continuous injection
by highly trained staff and the intrinsic disadvantage of this administration route (local
irritation and pain, difficulty in controlling the rate of absorption, frequent change of the
injection site) make this approach challenging to use in clinical practice. Topical
administration of GFs loaded in creams, gels, or ointments is another delivery option widely
explored to promote wound healing [51]. Products containing some GFs such as PDGF,
EGF, and bFGF are already approved for human use, and they are available on the market
as preparations for external application onto wounds (Table 1). The formulation of GFs in a
topical delivery system facilitates their therapeutic application in the clinical management of
non-healing wounds such as DFUs, by providing a continuous exposure of residual
epidermal cells to GFs that can significantly increase the wound healing rate [52]. For
example, several randomized clinical trials have shown the ability of Becaplermin (brand
name Regranex. Gel), which contains recombinant PDGF, to accelerate wound closure in

DFUs and significantly reduce amputations [53—-56]. Moreover, pharmacoeconomic studies
have reinforced the cost-effectiveness of Becaplermin as an adjunct to proper wound care
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even if the treatment with this topical gel is expensive and requires frequent dressing
changes. Topical formulations of GFs are indicated for external post-traumatic injury,
postoperative surgical wounds, burns, venous ulcers, PUs, and DFUs that are recalcitrant
to traditional interventions. Clinical evidence showed that topical formulations loaded with
GFs could also be used for the enhancement of skin grafts [57]. It is important to emphasize
that topical therapy with GFs must always be used along with other standard procedures of
chronic wound management, including debridement, infection control, pressure off-loading,
and revascularization. Without adhering to these essential principles, the administration of
an active substance is unlikely to result in improved healing. Moreover, an increased risk of
malignancy is assumed with these treatments. A 20-month follow-up study from two
randomized controlled trials revealed an increased cancer risk compared with the control
group for patients who had been treated with more than three tubes of Becaplermin [54,62].
However, the higher prevalence of cancer among diabetic patients makes these studies
difficult to interpret, and further research is needed to provide a better understanding of the
risks of these treatments. Often, topical formulations are not effective enough for delivery of
GFs to chronic wounds because creams and gels can rapidly absorb fluids, lose their
rheological characteristics (become mobile), and subsequently being absorbed by the
secondary dressing [63].

2. Wound dressings for local delivery of growth factors
2.1. Wound dressings as GF delivery platform

Modern wound dressings are traditionally used to protect the wound from contamination,
and only take a passive part in the wound healing process. In addition to protecting the
wound, these dressings are designed to generate the appropriate environment for healing
through control over moisture, drainage of excess fluid or infections. The latest generation
of dressings (bioactive dressings) have functions that go beyond being a physical barrier by
actively improving the wound healing rate, enhancing the full regeneration of the skin while
reducing the formation of resulting scars [64]. Dressings can also be exploited as a platform
to deliver active pharmacological agents (medicated dressings) directly to the healing tissue.
A straightforward strategy to apply GFs relies on preparing more complex tissue-engineered
constructs to mimic the cell bulk and intricate structures of native tissue. Wound dressings
are therefore an ideal delivery platform for GFs, making possible a controlled delivery in the
proximity of the wound, avoiding or reducing side effects and exposure of non-target sites.
Furthermore, proper engineering of the scaffolds also makes possible a temporal patterning,
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where the concentration of signaling molecules is maintained within a therapeutic range for
periods that depends on the specific timing of repair. The proper delivery of GFs to the
wound bed in time and space has recently become a vital issue in wound healing and has
led to an explosion of interest in developing biological wound dressings. The control of the
local dose and finely tuned spatiotemporal release of GFs, which reproduces their natural
physiological presentation to cells, is essential to achieving a successful wound healing
outcome [65]. Finally, the integration of GFs into advanced biomaterialbased wound
dressings could meet the requirements for achieving successful healing of the injured tissue
while protecting the macromolecules from degradation in the harsh wound environment. In
this context, bioactive natural (e.g., sodium alginate, gelatin, hyaluronic acid, collagen, and
chitosan) and synthetic [e.g., poly (lactic-co-glycolic acid) (PLGA), polyethylene oxide
(PEO), polyvinyl alcohol (PVA), polyurethane] polymers have already been processed using
different technologies to obtain advanced wound dressings incorporating a variety of GFs.
These biomaterial-based biological delivery systems include, but are not limited to,
hydrogels, electrospun nanofibrous scaffolds, injectable gels, and 3Dprinted polymeric
scaffolds, which can be used to deliver biological molecules and even cells. Single or
multiple GFs can be loaded in these systems using two main strategies: i) prepare the
dressing and then load GF(s) or ii) incorporate GF(s) before shaping the dressing. Direct
blending into the polymeric matrix (into the whole matrix or preparing a core-shell construct),
conjugation through covalent surface chemistry, entrapment of loaded micro/nanoparticles
into scaffolds, and combination of these techniques, have been explored for the delivery of
therapeutic biological molecules to wounds. The design and technological development of
wound dressings loaded with GFs take advantage of the progress made in biomaterial
engineering and continuing advances in understanding the underlying biology of tissue
repair and regeneration [66]. The research on this topic can be divided into two main areas:
i) the selection of the proper scaffold based on physicochemical properties (e.g., base
material, porosity, stiffness, cell recruitment and growth) and ii) the development of
procedures to load GFs into a defined matrix (non-covalent integration and covalent
immobilization). The conjugation of these strategies can provide a new generation of
advanced GF-loaded wound dressings to treat otherwise difficult-to-heal wounds. The
strategy of immobilizing GFs in the dressing through covalent bonding will not be covered

in this review.

2.2. Strategies to integrate GFs in wound dressings
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Wounds are dynamic environments, and the proper timing of administration of active
compounds is crucial. The control of the time — and space-dependent levels of morphogen
cues released from a 3D construct is a critical factor in developing tissue-engineering
strategies [67]. This concept, together with the constant development of scaffold processing
technologies, is the driving force behind the development of advanced systems for wound
healing which provides more efficient treatment options for difficult-to-heal wounds
compared to traditional dressings. The incorporation of free GFs in preformed dressings is
perhaps the simplest preparation method and has the significant advantage that optimized
dressing properties are not substantially affected by the presence of biomolecules (as these
are typically loaded in low doses). In these types of systems, desorption is the primary
process controlling the delivery rate, although dressing composition and the
physicochemical properties of the GFs are also of utmost importance. In the case of
incorporating GFs before dressing production, it is essential to consider the nature of the
material. When dealing with hydrophilic materials, the choice of the crosslinking method is
the most important formulation challenge. A crosslinking procedure that does not involve
steps potentially detrimental to stability of GFs should be used to prepare hydrogel-based
dressings. lonic crosslinking is one of the most popular methods in this sense. It is much
more difficult to entrap free GFs into a non-gel-like scaffold of hydrophobic polymers such
as biodegradable polyesters, where specific processing methods are used to provide the
needed features (e.g., porosity). In most cases, these methods work in the presence of an
organic/aqueous solvent interface (e.g., emulsion techniques), elevated temperatures (e.g.,
polymer melt processing), or high mechanical stress, which are all conditions that are
unfavorable for the stability of biological molecules. For this reason, mild fabrication
techniques, such as gasfoaming or electrospinning, have been extensively investigated for
preparing GF-loaded wound dressing to provide a reservoir of active molecules for
controlled local delivery to the wound. A further challenge in producing these dressing is the
control of morphology, i.e., generating a proper pore size distribution for exudate
management, gas exchange, polymer degradation, and cell recruitment. Although the
dispersion of GFs in a polymeric matrix presents several shortcomings such as low loading
efficiency, high burst release, protein aggregation, and denaturation, it has been widely
explored in the literature [68—74]. Simple dispersion of GFs does not always offer the
necessary control over kinetics and extent of release even when it is possible to modify the
release rate from the scaffolds via the interaction between GFs, and specific biopolymers or
biomolecules [75]. Though a rapid release from the dressing is advantageous to provide fast
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therapeutic effect in specific cases, (e.g. antimicrobials) it is necessary to provide finer
control over temporal release patterns if the final goal is to act on specific molecular
mechanisms chronologically. Incorporating micro — and nano-sized particles in wound
dressings is a powerful means to overcome these shortcomings. These systems promise
new wound-healing strategies since they show excellent formulation versatility and the
advantage of protecting bioactive cargo and controlling its release rate [76]. Different
polymers can be used to prepare microspheres (MPs) and nanoparticles (NPs) for wound-
healing applications [77]. PLGA is a copolymer commonly used to prepare NPs and MPs
given the ease of modulating the release rate of the bioactive cargo by varying the monomer
ratio, the molecular weight of the polymers and the chemistry of the end groups. PLGA is
biocompatible and completely biodegradable, and interestingly the lactate released during
its degradation has been shown to promote wound healing [78,79]. In the field of wound
healing, particular emphasis was given to the use of PLGA NPs and MPs to enhance
angiogenesis through sustained VEGF release from biocompatible matrices [78,80].
Chitosan is another polymer frequently used as a base material to prepare NPs and MPs
releasing biological macromolecules. In addition to its biocompatibility and biodegradability,
the main advantage of chitosan for wound healing lies in its antimicrobial properties due to
interaction with the negatively-charged microbial cell membrane, leading to alterations in
cell permeability [81]. Many other synthetic copolymers such as poly(lactic acid) (PLA), and
poly(e-caprolactone) (PCL), as well as natural polymers such as gelatin, alginate, and
hyaluronic acid, are among the materials that have been investigated to prepare MPs and
NPs for wound delivery [77,82,83]. By altering the composition, concentration, molecular
weight of the components, or drug loading method, it is possible to release single or multiple
GFs in a temporally controlled fashion and adjusting the release kinetics of each entrapped
GF. An interesting example of the multiple possibilities offered by micro — and
nanotechnologies was reported by Vijayan and coauthors. They prepared a multi-cargo
delivery system where two GFs (VEGF and bFGF, both involved in the proliferation of
various cell types associated with the healing process) were entrapped inside PLGA NPs
by the solvent diffusion method, and an antimicrobial peptide (K4) was conjugated to the
NPs by carbodiimide chemistry [84]. The integration of NPs and advanced dressing in a
single composite system offers a further improvement, because it is possible to control the
temporal gradients by placing one or more delivery systems in a predetermined position of
the dressing to provide pre-programmed signal cues. In this context, cutting-edge dressing
preparation technologies have made possible the preparation of a new class of dressings
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where the creation of well-defined spatiotemporal gradients allows a precise stimulation of
physiological repair mechanisms at the molecular level (Figure 3).

2.3. Wound dressings loaded with GFs

Advances in development of biomaterials have enabled significant progress in biology and
medicine, leading scientists and clinicians to rethink many of the clinical strategies
previously used [66]. Wound dressings are a clear example of how a medical device
traditionally considered only for wound protection can be engineered to exert a wound
healing enhancement action. Modern dressings are designed to protect the wound and
generate the appropriate environment for healing through control over moisture, drainage of
excess fluid or infections. They are also promising platforms for drug delivery to the wound,
especially in the case of chronic wound management, where prolonged exposure to the
bioactive molecules is necessary, and the healing occurs typically over long periods.
Hydrated wound dressings (hydrogels) and dry wound dressing (sponges, foams, films, and
scaffolds), on the other hand, provide superior exudate management and prolonged
residence at the wound site [63,64]. These two characteristics alone already improve the
management of chronic wounds, but the further possibility of loading these dressings with
bioactive molecules, makes them suitable for use as in situ delivery platforms. However, it
is essential to carefully select the loading strategies as they have a significant impact on the
spatial and temporal release kinetics of these molecules and their stability. Table 2 shows a
summary of GF-loaded dressings and corresponding strategies for GF encapsulation.

2.3.1. Wound dressings loaded with free GFs

As already discussed, free GFs can be directly incorporated within the dressings during the
fabrication process, generally mixing the GFs with the polymer(s) before formulating the
dressing. The main challenge of this approach is to ensure that the processing conditions
do not significantly affect the stability of GFs while still ensuring their sustained release [96].
GF-loaded wound healing scaffolds were prepared by mixing free GFs with different
biocompatible materials, such as gelatin [97-99], alginate [100,101], dextran [102],
polyurethane [70,103], hyaluronic acid [71,104,105], and chitosan [106,107] (Table 2). Their
hydrophilic nature makes a homogeneous dispersion of GFs simple to obtain, whereas the
crosslinked network makes the scaffolds handy and easy to apply on wounds, even in the
presence of exudate. The local concentration and the spatiotemporal gradients of a

molecule depend upon a delicate balance between the transport properties of the scaffold,
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the binding and degradation rate of the molecule and its release rate [65]. The design of
wound dressings loaded with free GFs must consider that the release profiles are mainly
related to the morphological properties of the dressing. The typical release profiles of a GF
incorporated into hydrogels without any further modification show a rapid burst release
during the initial swelling phase, eventually followed by the extended release of the GF due
to viscous resistance of the resulting gel network [108]. Due to the relatively small size of
the GFs compared with the pore of the polymeric network, the simple dispersion in a
hydrogel-like scaffold does not always offer the necessary control over release kinetics and
extent of release. Alternatively, an extended release can be achieved with the immobilization
of the GFs within the biodegradable hydrogel, making the release of the immobilized factor
controlled by the degradation rate of the hydrogel [109][105,110,111]. The fabrication of
more tunable polymeric scaffolds using hydrophobic polymers such as biodegradable
polyesters can provide the drug release flexibility needed in wound healing. However, these
materials often involve the use of organic solvents, high electric voltage, or high mechanical

stress for their processing, which may inactivate GFs.

2.3.2. Wound dressings loaded with encapsulated GFs

Micro and nanoencapsulation can be a valid option to protect GFs during dressing
formulation and to achieve the long-term exposure required for the delivery of GFs to chronic
wounds [76,112]. The incorporation of GFs into micro — and nano-sized particles offers
excellent versatility in their application, boosting the development of innovative wound-
healing dressings. For example, the delivery of GFs can be finely regulated by using GFs
loaded in microencapsulated systems [98], or by a combination of encapsulated and free
GFs [113] to implement temporal and spatial control of the actions of these biomolecules,
mimicking the physiological action sequence and providing the most effective outcome.
Using these approaches, various innovative polymeric wound dressings capable of
controlled release of GFs have been developed and tested using in vivo and in vitro models
(Table 2). A delivery system based on a heparin-based coacervate loaded with FGF-2 was
developed by Wu et al [114]. The FGF2 coacervate was successively loaded into a
poly(ethylene argininylaspartate digylceride) matrix and showed prolonged release, with
only 60% of the GF being released in 17 days, which can support longterm delivery of the
GF to the wound environment. Recently, a new integrated wound healing platform
integrating EGF-coated lysozyme microbubble was developed [115]. GFs can also be
coencapsulated with another active component (e.g., the antioxidant curcumin, as described
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by Li et al. [116] or the anti-inflammatory diclofenac sodium as described by Lin et al. [117])
to achieve a dual-release drug delivery system which can improve wound healing by acting
through different mechanisms. Despite the promising studies in vitro and in vivo, large
clinical trials involving the wound delivery of GFs from these integrated platforms have often
failed to demonstrate results of clinical significance. The application of GFs in wound healing
has mostly focused on delivering a single dose, although the combined action of different
GFs improved the healing process in the wounded skin of diabetic mice better than single-
agent treatment [118]. A representative example of how the temporal aspects of GF release,
is the key role exerted by VEGF and PDGF, respectively, in the earlier and later stages of
angiogenesis [119]. In this case, careful manipulation of the physical and chemical
properties of the core-shell microcapsules entrapping the GFs, modified their release to
closely mimic the wound physiological scenario and improve angiogenesis, compared with
the traditional bolus administration [120]. Based on the same concept, Losi et al. developed
a poly(ether)urethane—polydimethylsiloxane/ fibrin-based scaffold containing PLGA NPs
loaded with VEGF and bFGF [121]. The scaffold application on fullthickness dorsal skin
wounds significantly accelerated wound closure on day 15 compared to scaffolds without
GFs or containing unloaded PLGA NPs. However, the closure rate was similar to that
observed in mice treated with scaffolds containing free VEGF and bFGF. A similar
combination of VEGF and bFGF was used by Vijayan and coworkers to obtain a PEG cross-
linked cotton-like chitosan scaffold able to constantly deliver both GFs and attain stability
after 7 days1oe. The application of a dextran hydrogel loaded with a combination of EGF and
VEGF encapsulated in electrosprayed chitosan microparticles was shown to promote faster
wound healing with no signs of local or systemic inflammatory response [102]. Interestingly,
a single application per week of the hydrogel loaded with GFs reduced the wound area faster
than the application of free EGF and VEGF every two days.

2.3.3. Nanofibrous structures as wound dressings

A very popular approach to develop novel multifunctional platforms for the local delivery of
GFs to the wound is the production of nanofibers by electrospinning [122—-125]. These
nanofibers can control and guide the wound healing process by integrating controlled
release strategies within scaffold materials and can be very useful for the development of
innovative wound dressings. By adjusting the fiber diameter, drug-to-polymer ratio, and/or
porosity or selecting the most appropriate polymers for the production of these scaffolds, it
is possible to finely tune the release rate to meet specific clinical applications [126]. As a
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result, electrospinning is now recognized as a straightforward, facile, and versatile method
to prepare nanostructured drug delivery systems [123]. Various electrospinning techniques,
such as blending, specific or nonspecific surface modifications, coaxial electrospinning,
emulsion electrospinning, and combination of electrospinning with other conventional
techniques, have been applied for the development of GF-loaded wound dressing yielding
various levels of success [127,128]. The incorporation of GFs in the polymeric solution
before the electrospinning process is the simplest way to produce drug-loaded nanofibers.
Blend electrospinning was successfully used to prepare several electrospun membranes
functionalized with GFs for use as wound dressings [124]. These membranes have a drug
release profile dependent on the diffusion coefficient of the single molecule, often resulting
in a significant burst release with consequent reduction of effective treatment time [72].
However, to extend the drug release period, it is possible to prepare multilayer structures
consisting of multiple drug-loaded layers, rate-controlling barrier layers, and cover layers
that can be assembled to prepare complex delivery systems where the drug release rate
from the dressing can be easily tailored by tuning the properties of the layers containing the
drugs and the barrier layers [129]. Using a combination of encapsulated and free GFs, it is
possible to implement temporal and spatial control of drug release as reported by Xie et al.
They conceived a biomimetic nano-fibrous scaffold with the fast release of VEGF-loaded
PLGA NPs followed by a later release of a beta PDGF dimer (PDGF-BB) dispersed into the
polymeric matrix, achieving an accelerated wound healing of a full-thickness rat skin wound
model [113]. Antimicrobial agents such as silver sulfadiazine (SSD) can also be loaded into
one of the nanofibrous mat layers and released together with GFs to obtain a multilayer
wound dressing with multiple effects in chronic wounds. Surface immobilization through
covalent bonds with polymeric chains is another way to control GF release [130]. These
modified and functionalized nanofibers have a slow and prolonged release, thus overcoming
the problems of initial burst release, preserving functionality of the GFs and enhancing
wound healing. Moreover, surface immobilization can be used to prepare a dual release
system as in the nanofibrous scaffold prepared by Dwivedi and coauthors, with the
antibacterial gentamicin sulfate loaded into the electrospun fibers and rhEGF covalently
immobilized on the scaffold surface [131]. Coaxial electrospinning can be considered an
evolution of electrospinning, which uses two concentrically aligned capillaries which allows
the formation of fibers with a core-shell structure [132]. The coaxial electrospinning process
allows a one-step encapsulation of fragile, water-soluble bioactive agents, including GFs,
DNA, and even living organisms, into core-shell nanofibers, eliminating the damaging effects
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due to direct contact of the agents with organic solvents or harsh conditions during
emulsification. Compared to blend electrospun fibers, coaxial electrospun fibers have a
more uniform structure, homogenous protein distribution in the core of the fibers, and they
better preserve the protein activity, resulting in a longer sustained release [129,133].
Furthermore, coaxially electrospun nanofibrous scaffolds easily allow the integration of
multiple GFs. For example, coaxial electrospun fibers were used for the dual release of EGF
and bFGF, with bFGF loaded into the core of the core-shell fibers, while EGF was chemically
immobilized on the shell surface [134]. The different release rates (fast release in the first
12 hours for bFGF, and a sustained release up to 7 days for EGF) caused a temporal
distribution of the GFs, allowing bFGF to act in the initial stages of healing, promoting cell
migration and proliferation, whereas the EGF effect was more sustained over the healing
process. The in vivo studies undertaken on burns created on diabetic C57BL/6 female mice
clearly showed that the controlled release of EGF and bFGF from nanofibers further
accelerated the proliferation of epidermal cells and wound closure than controls, EGF-
loaded nanofibers, and bFGF-loaded nanofibers. Animals treated with EGF/bFGF
nanofibers improved collagen and keratin accumulation better than the controls [134].
Electrospun composite nanofibers can also be designed with a staged release of more than
two GFs for sequential release at the wound site. According to Lai and coauthors [135],
multiple GFs, including bFGF, EGF, VEGF, and PDGF, can be encapsulated either in
nanofibers or in NPs and released over 1 month via gradual degradation of nanofibers/
nanoparticles simulating the temporal release of regulatory factors in the normal wound
healing process [135]. The initial delivery of bFGF and EGF bio-mimics the early stage of
the wound healing process, whereas slow controlled release of VEGF and PDGF-BB
imitates the late stage of skin reconstruction promoting re-epithelialization, dermal
reconstruction and formation of mature vasculature as confirmed by in vivo studies on
streptozotocin-(STZ)-induced diabetic rats. Emulsion electrospinning is a relatively simple
technique to fabricate nanofibers that allow a more controlled release of GFs from a
nanofibrous mat. Bioactive compounds can be well incorporated in either water-in-oil (W/O)
or oil-in-water (O/W) emulsions and electrospun to directly encapsulate hydrophilic or
hydrophobic compounds into core-shell fibers, respectively. By dissolving the GFs in the
water phase of the W/O emulsion, it is possible to protect them from the harsh solvent
required to dissolve the polymer. However, when compared with coaxial electrospinning,
this method lacks well-defined control over the location of the therapeutic agent within either
the core or shell of the structure [136]. Several studies have proven that emulsion-based
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electrospun nanofibers can enhance the encapsulation efficiency, stability, and
bioavailability of bioactive compounds and achieve targeted delivery and controlled release
[137]. Emulsion electrospinning has proven successful in preparing novel nanofibrous
dressings for wound healing applications, and with this technique, core— sheath nanofiber
dressings loaded with bFGF [138], EGF [139-139- 141] and VEGF [142] were developed.
After years of research on this topic, there is no doubt that electrospun nanomaterials can
play an important role in biomedical applications. The flexibility and versatility of the
electrospinning process make this technology very useful in wound dressing application,
however, unfortunately, it has certain limitations in clinical practice. Due to its conventional
setup which is usually quite bulky and requires high-voltage supply, special laboratories are
needed to prepare the dressings, which will then be applied to the patients. To overcome
these limitations, a battery-operated portable handheld electrospinning apparatus (BOEA)
was recently developed, replacing the typical high-voltage generator with a high-voltage
converter making the apparatus no longer dependent on the electrical supply (Figure 4A).
This small and lightweight (about 120 g) apparatus can work with two AAA batteries and
has the ability to electrospin different polymers, such as PCL, PLA, polyvinylpyrrolidone
(PVP), polystyrene, and polyvinylidene fluoride (PVDF), into fibers. The development of this
kind of portable battery-operated handheld apparatus could lead to consideration of
electrospinning for practical day-to-day applications such as personal healthcare devices,
especially in biomedical fields such as skin damage, wound healing and rapid hemostasis
[143—-145]. Melt electrospinning writing (melt electrospinning combined with moving
collectors) is another relatively new processing technology for producing fibrous materials
from polymer melts, and it can be considered as a type of 3D printing technology (Figure
4B) [146,147]. With this technology, it is possible to fabricate complex 3D structures with up
to millimeter thickness based on the accurate deposition of small fibers upon each other,
leading to flexible constructs that enable even relatively rigid polymers to be fabricated as
soft, compliant structures. Moreover, the process avoids the use of toxic solvents with
obvious advantages. Finally, by combining 3D printing and electrospinning, it was possible
to prepare hybrid hierarchical scaffolds consisting of alternating layers of 3Dstructured/
microsized polymer strands and nanofiber webs, which improved the final biological
properties of the scaffolds [148]. According to the authors, such scaffolds would avoid the
shortcomings of conventional 3D dispensed structures with electrospun fiber webs, such as
pore size being too large relative to the seeded cells, unfavorable conditions for initial cell
attachment, and low mechanical properties to support a 3D structure.
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2.4. Blood derived products as GF reservoir for wound dressings

2.4.1. Platelet-rich plasma (PRP) and platelet-rich fibrin (PRF)

Blood derived products have demonstrated the capacity to enhance healing and stimulate
the regeneration of different tissues. In 1979, Ross et al [149]. were the first to describe the
use of platelets as a reservoir of GFs, and since then topical treatments with platelet
derivatives have been increasingly described as having the capability to accelerate wound
healing and to aid in tissue repair [150,151]. Upon degranulation, platelets release a pool of
GFs and proteins involved in tissue regeneration such as PDGF, PDEGF, EGF, VEGF, FGF,
TGF-B, IGF, IL-8, TNF-a. For this reason, platelets can be considered as a potential source
of multiple GFs, and PRP and PRF have been proposed in the clinical management of
wounds. PRP is an autologous preparation that concentrates platelets in a small volume of
plasma through centrifugation [152,153], while PRF is a fibrin clot rich in platelets obtained
without addition of thrombin. The main advantage of therapy with PRP and PRF gels is the
ability to release multiple GFs in their biologically determined ratios, in a similar way to the
natural wound healing process via degranulation of a-granules [154,155]. For each
treatment, autologous PRP or PRF gels must be prepared right before the application using
laboratory procedures, causing potential intra-batch differences with variable therapeutic
effects after application. However, the use of standardized commercial kits for the
autologous PRP or PRF gel preparation, such as the AutoloGel™ System (Cytomedix, Inc.,
Rockville, MD, USA), greatly reduces these intra-batch differences, and they are currently
indicated for use in DFUs [154,156]. PRP and PRF provide a sustained release of high
concentrations of platelet GFs, reducing the early inactivation and degradation of GFs by
the numerous hydrolytic enzymes at the wound site, and therefore enhancing healing and
vascularization [157]. Although they have demonstrated interesting wound healing activities
[158-160], their efficacy critically depends on how they are made available to the injured
tissue. PRP therapy is considered an advantageous and costeffective treatment for DFUs
even when compared with treatment using advanced wound dressings [161,162], and acts
as a tissue sealant and sustained delivery system for GFs. However, when applied in vivo,
the efficacy of the PRP therapy is very limited for a variety of reasons including, but not
limited to, preparation methods, donor heterogeneity, and rapid clearance from the site of
interest [153,163,164]. Moreover, its low mechanical strength and fast degradation rate limit
its applications in tissue regeneration, especially in large and deep wounds [165]. Sustained
release of PRP using hydrogels has been demonstrated to be a highly potent and effective
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modality to deliver GFs directly to the wound site. Qiu and coworkers successfully prepared
an injectable thermosensitive in situ forming hydrogel of poly(D,L-lactide)-poly(ethylene
glycol)- poly(D,L-lactide) (PLEL), in which PRP was homogeneously incorporated. When
used to treat full-thickness skin defects in rodents, the platform showed a significantly higher
ability to raise the number of newly formed and mature blood vessels than the control, PLEL
and PRP groups. Furthermore, the PRP/PLEL-treated group displayed faster wound
closure, better re-epithelialization and collagen formation [166]. In the design of biologically
active dressings, the combination of PRP with materials and techniques with well-known
effects on wound healing can also offer a further advantage, as demonstrated for chitosan
films [167], collagen/PCL biocomposites [168], electrospun meshes [169] or acellular dermal
matrix [170]. PRP was also engineered to prepare a hydrogel glue through the addition of
photo-responsive hyaluronic acid which generates aldehyde groups upon light irradiation
and subsequently reacts with amino groups of autologous PRP [171]. This hydrogel glue
could be conveniently and rapidly prepared in situ, forming a robust cytocompatible hydrogel
scaffold with strong tissue adhesive ability, an associated control over GFs release and
better therapeutic efficacy when compared with thrombin activated PRP gel in hyaline
cartilage regeneration. A gelatin dressing impregnated with PRP releasate (the active
soluble part was isolated following platelet activation of PRP) has also been proposed as a
sustained release system for the delivery of GFs to wound sites [172]. The use of PRP
releasate allows easy control over the concentration of GFs and, at the same time, provides
a controlled release to the wound, resulting in a reduction of the wounded area after 21 days
compared with the PRP alone. PRF is a fibrin clot rich in platelets with no thrombin, prepared
from centrifuged blood without biochemical blood handling, which belongs to the second-
generation of platelet concentrates. The progressive or relatively slow polymerization
occurring during centrifugation (as opposed to the rapid polymerization caused by the high
thrombin levels needed to prepare PRP) increases the incorporation of the circulating
cytokines in the fibrin meshes of the PRF. Furthermore, the autologous GFs are released
from PRF in a controllable, relatively slower fashion, and therefore has a more robust and
durable effect on cell proliferation and differentiation [173]. Similar to PRP, PRF can also be
used as a source of GFs to be included in a wound dressing, and once embedded in a
gelatin gel, it can promote angiogenesis, granulation tissue formation, and repair of full-
thickness skin defects [174]. A recent case study presented by Sun and coworkers showed
that the application of a 3D-printed scaffold fabricated with poly(L-lactide acid) (PLLA) and
gelatin which are absorbable materials, in combination with PRF, is a highly effective way
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to repair difficult-to-heal wounds [175]. Interestingly, this kind of system demonstrated ease
of application and complete absorption without the need to be removed or changed, two

features that increase comfort for patients involved in the study.

2.4.2. Platelet lysate

Platelet lysate (PL) is a hemoderivative obtained by platelet destruction through freeze-
thawing of a PRP sample in the presence of an anticoagulant. It was shown to recapitulate
activities of different cell types involved in wound healing [176,177]. The possibility of using
allogeneic PL, minimizes individual variability and therefore represents an advantage
compared to patient derivatives such as PRP or PRF. Different controlled-release systems
were developed to provide sustained PL delivery to wounds, including sponge-like dressing
[178-180], mucoadhesive gel [181], contact lenses [182], and eye drops [183]. Mori and
coworkers proposed a powdered alginate dressing for the combined delivery of PL and an
antibiotic drug (vancomycin hydrochloride) in chronic skin ulcers [184]. The alginate powder
particles, once applied to the wound, were able to absorb wound exudates to form a gel
and, simultaneously release the active drugs. In vitro studies showed that the alginate
particles were able to modulate the release of two different therapeutic agents and, at the
same time, enhanced fibroblast proliferation. As previously mentioned, the combined
delivery to skin lesions of multiple actives offers major advantages in wound healing,
especially if one of these molecules is an anti-infective drug able to eliminate infections, the
most likely single cause of delayed healing. Following this concept, a dressing made of
hyaluronic acid particles coated with a calcium alginate shell embedded in an alginate
matrix, was proposed for the combined delivery of PL and vancomycin hydrochloride to
chronic skin ulcers [185]. A more complex dressing containing silver sulfadiazine as an anti-
infective drug, alpha tocopherol as an antioxidant agent, and loaded with autologous PL was
proposed by Bonferoni et al. for the treatment of chronic skin wounds [186].

2.4.3. Fibrin-based delivery strategies for GFs

Fibrin is an insoluble macromolecule essential for hemostasis and wound healing, where it
plays a major role as a provisional matrix for cells and local reservoir for the sequestration
and spatiotemporal release of GFs and cytokines in the wound area [187,188]. Fibrin is
derived from fibrinogen, a soluble protein produced by the liver and found in blood plasma,
by the action of the serine protease thrombin, which is activated by a cascade of enzymatic
reactions triggered by vessel wall injury, activated blood cells, or a foreign surface. After
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injury, the natural fibrin hydrogel (clot) that is created effectively manages hemostasis, and
at the same time forming a 3D matrix for the proliferation and migration of cells into the
wounded area. Moreover, fibrin has a selective chemotactic activity for endothelial cells
(ECs), and it also has an intrinsic angiogenic activity. The colonization of cells in the fibrin
clot is an important event in wound healing as the entrapped cells release a pool of GFs
with local activity that drives neovascularization and subsequent remodeling of the wound
bed. The structural and mechanical characteristics, as well as the inherent biological
features of fibrin hydrogels, have drawn attention to the potential of this material in the
rapidly expanding field of tissue engineering and regenerative medicine. Fibrin-based
sealants (fibrin glues), based on fibrinogen/FXIIl and thrombin concentrates that form a fibrin
hydrogel upon mixing, have been marketed and used for a long time to effectively manage
hemostasis and wound healing during surgical interventions. However, more recently, fibrin
hydrogels have been further exploited to develop some strategies for delivering therapeutic
biomolecules to the wound site [189]. Fibrin can be used for wound delivery simply by the
incorporation of (one or several) therapeutic molecules into a fibrinogen/thrombin
formulation, which can be subsequently applied to acute or chronic wounds. Alternatively,
fibrin can be incorporated into diverse structures such as MPs or NPs, to finely control the
release kinetics of the delivered molecule [190]. Both these strategies have turned out to be
very promising for the delivery of therapeutic biomolecules, particularly GFs, to sustain their
release and protect them from rapid deactivation in the hostile wound environment
[189,191]. The GF release profile from a fibrin matrix depends principally on the mechanical
properties of the matrix, the fibrinolytic activity in the area of application and the mode of GF
interaction with fibrin. Many different approaches have been attempted to alter the release
kinetics by either modifying the biophysical properties of the fibrin matrix (such as the
amount of cross-linking and the density of the gel) or modifying the substance of interest in
such a way as to alter the interaction between the two. A detailed discussion of these
strategies was reported by Whelan and coworkers in a review and the reader is referred to
this for further information [191]. The feasibility of fibrin to deliver GFs for the treatment of
acute and chronic wounds has been demonstrated by many studies. Initially, the research
was focused on the delivery of GFs able to stimulate an angiogenic activity, taking
advantage of the ability of fibrin and its degradation products to intrinsically stimulate
angiogenesis. Many angiogenic GFs, such as bFGF, PDGF-A, PDGF-B and VEGF [165]
have been incorporated into fibrin matrices and successfully delivered to enhance new

vessel formation [104,121,121,192— 195]. Interestingly, the natural affinity of these GFs for
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fibrin slows down their release from the matrix as they will primarily be released upon cell
infiltration and subsequent matrix degradation [191]. At the same time, fibrin hydrogels have
also been employed as delivery vehicles for a range of nonangiogenic GFs associated with
wound healing such as KGF [196,197] and EGF [198]. Despite several attempts and the
encouraging pre-clinical data, the clinical translation of fibrin hydrogels is very limited. The
main issue is the quick passive diffusion of GFs out of the matrix within the first few hours
upon application to the injured site. The rapid fibrin degradation in vivo, and the weak binding
of some GFs to fibrin leads to a burst release of GFs, resulting in supraphysiological doses
whereas a slower and more controlled release is required to induce optimal therapeutic
efficacy. Various approaches have been investigated to alter the release kinetics of GFs
from fibrin matrices [189], including alteration of the composition of the matrix, incorporation
of heparin, encapsulation of GFs into micro or nanosystems, and the use of recombinant
proteins or bi-domain peptides (synthesized peptides which can be functionalized to bind
both fibrin on one end and GF on the other) (Figure 5). The different natural binding affinities
of GFs or the combination of two or more of these strategies to alter the GFs release from
a fibrin matrix can be further exploited to achieve the sequential release of two or more
bioactive molecules. For example, Wong and coauthors used the different fibrin affinities of
GFs to achieve a sequential release of bFGF (highest fibrin affinity), VEGF1es (high fibrin
affinity) and VEGF21 (low fibrin affinity), from a biomatrix prepared using fibrin sealant
product components [199]. The same concept was applied by Briganti et al. who used
heparin to modify the release of VEGF and aFGF [200] and by Drinnan et al. who used
PEGylated fibrin to achieve sequential release of PDGF-BB (entrapped in fibrin) and TGF-
B (bound to a homobifunctional PEG linker) [192]. Layman et al. reported a sequential bFGF
and G-CSF delivery system using GF-loaded albumin microspheres embedded in fibrin
[201,202]. The results of all these studies, indicated that the combined sequential release
of multiple GFs constituted an improvement over the delivery of individual GFs for enhancing
neovascularization in in vivo models. Finally, the combined delivery of GFs and cells to
support tissue formation and functionality have been explored, and shown very promising
results [189,191]. In this respect, it is worthwhile to mention the works of Mogford et al. who
showed beneficial effects of dermal fibroblasts in fibrin gels loaded with PDGF-BB on a
rabbit ear cutaneous wound healing model [203], and Gwak et al. who observed a faster
and more pronounced epidermal regeneration in mice when a combination of keratinocytes

and EGF in fibrin was sprayed into full-thickness wounds compared to single controls [204].
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3. Conclusions

Polymeric (synthetic, semisynthetic, or naturally derived) dressings are potentially an ideal
delivery platform for integration of single or multiple GFs, making possible controlled delivery
in the proximity of the wounded area thus avoiding side effects and exposure of non-target
sites. The versatility offered by the different materials used and formulation methods allows
the fine control of the delivery of GFs both spatially and temporally, a crucial factor in their
effective and safe use as regenerative medicines in clinical practice. The ability to deliver
multiple GFs simultaneously to the wound site allows an ideal multitargeted approach to
chronic wounds, which are generally not caused by a single factor but involve multiple
complications. The advantages of GF-loaded wound dressings are now well established at
the laboratory scale or small production suites, but as often happens, their translation into
the clinic is still very limited due to the high production costs, difficult storage conditions, and
poor stability of biologically active molecules. The incorporation of micro — and nano-sized
particles in wound dressing could be a powerful tool to overcome these shortcomings but
additional research should be undertaken to explore increasingly reliable techniques to
improve the preparation methods and quality control. In conclusion, the potential of GF-
loaded wound dressings is well-founded, and novel delivery technologies could significantly
contribute to improving human health. These products do more than just covering and
concealing of the wounds, and can also play an active role in tissue regeneration and
remodeling, enhance full regeneration of skin while also reducing the formation or size of
the resulting scars. These unique advantages make them appealing platforms for the future
treatment of chronic wounds, an increasingly important and debilitating disease worldwide.

4. Expert opinion

The direct delivery of GFs to chronic wound sites and other difficult to heal wounds, using
dressings (either currently on the market or novel designs) is a feasible therapeutic approach
that is expected to accelerate wound healing and reduce scar formation especially in
patients with a high risk of infections and complications, as is the case for DFUs. Extensive
development and innovations are ongoing in the field of medicated dressings, using different
polymers, (both natural and synthetic), for effective delivery of GFs supported by the
advances in tissue engineered scaffold technologies. The development of scaffolds based
on biopolymeric matrices such as collagen and hyaluronic acid, together with the application
of advanced and more sophisticated manufacturing technologies such as electrospinning,

nanoencapsulation and 3D printing, have significantly enhanced the opportunities for more
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targeted delivery. In addition, there has been significant interest in blood-derived products
such as PRP, PRF, PL, and fibrin, which contain appropriate levels of multiple GFs, driven
by the advances in biotechnological techniques comprising bioengineering and biomedical
science collaborations, which enable high throughput and industrial scale-up capabilities.
The advantages of incorporating antimicrobials within wound dressings to fight infections
typical of a wound site are now well established, even in clinical practice. However, in the
case of GF-loaded wound dressings, significant additional barriers and limitations remain
that need to be overcome before routine delivery of GFs using dressings can become a
reality in clinical practice. These include the poor physical, chemical, and biological stability
of GFs to various conditions such as temperature (during formulation and processing), and
protease enzymes (within exudate and the wound bed), which makes it difficult to achieve
effective therapeutic doses able to trigger efficient and timely wound healing. Another
challenge is the need to control the correct spatiotemporal release of the active ingredient
from the dressing to mimic the chronological release profiles of GFs that occur in real
physiological situations. The complexity of the wound healing process and differences
between the types of chronic wounds require a tunable multi-targeted approach, where
various biologicals are delivered simultaneously to target different phases of wound healing.
For this reason, research in this field has evolved toward a more interdisciplinary approach,
involving pharmaceutical technology, clinical physiology and pathology, reconstructive
surgery, and biomedical engineering for the development of more sophisticated wound
dressings, which take advantage of two or more drug delivery strategies, with the ultimate
aim of developing novel therapies applicable in clinical settings. The integration of MPs and
NPs into wound dressings could be critical to overcoming the inherent instability of GFs,
while simultaneously offering an adequate control over the release rate. Many investigations
have led to encouraging outcomes in various in vitro and in vivo wound models, and it is
expected that in the future, some of these technologies will satisfy clinical requirements and
become commercially available. Other encouraging outcomes have involved the use of 3D
printing and 3D bioprinting which have the potential to achieve the accurate spatiotemporal
deposition of GFs to achieve more efficient targeted delivery to the wound site. Furthermore,
the more gentle processing makes it well suited for preparing medicated dressings
comprising single or multiple GFs as is the case for PRP, PRF and PL as well as enable the
embedding of cells that have the potential to produce specific GFs without being destroyed
during manufacture. In addition, 3D printing can allow the incorporation of chemical and bio-
sensors, that could control the delivery of the target GFs at the appropriate stage of the
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wound healing process. This will enable smart delivery via remote sensing, able to detect
when a specific dose of the GF is needed in response to biochemical signals such as pH,
temperature, osmolality, ionic strength, and specific enzymes within the wound bed. Finally,
for the clinical application of these types of dressing, we must not underestimate the impact
of regulatory barriers and the higher cost of GF-loaded dressing compared to the
corresponding plain moist wound dressing. The registration process needed for the
commercialization of GF-loaded wound dressings is probably one of the most critical phases
in the development of these delivery systems, due in part to the absence of reliable cheap
animal wound models. In general, the regulatory approval process is complicated by safety
issues, specific storage requirements, and short shelf lives. GFs, either synthesized or
extracted from natural sources, are very expensive and therefore likely to increase the unit
cost per dressing. However, over the course of treatment to complete healing, the
anticipated rapid healing is expected to make it cost-effective overall, compared to standard
moist wound dressings. The prospects are therefore still exciting as they present the
potential to treat patients’ wounds in a more personalized and targeted way, to improve
healing outcomes and potentially reduce the duration of healing, hospital stays, as well as
significantly reduce complexities such as severe infections, amputations and ultimately
fatalities. Overall, this will reduce the costs to patients and health providers, enhance patient
quality of life with ultimate economic and social benefit through avoiding indirect costs from
loss of working hours and personal income. On the other hand, the safety of these systems
is still a major challenge, as the direct and continuous administration of GFs presents
potential serious adverse effects including the uncontrolled growth of normal healthy cells
when in contact with GFs and therefore an increased risk of tumors and cancers. Given the
constant research in the area of wound healing biomaterials, the improvements in our
understanding of skin biology and the physiological processes of wound repair, it is safe to
predict that these biological-based, biomaterial-delivered therapies will become prominent
in routine wound care management. We believe that in the next 5 to 10 years, GF-loaded
dressings will provide a highly tunable treatment for difficult to heal chronic wounds such as
DFUs, PUs and leg ulcers where standard therapies have failed. Wound dressings prepared
using the new manufacturing technologies, such as 3D printing or bioelectrospraying/
spinning, in combination with a well-defined mixture of GFs and/or living cells, will be a
cheaper and safer alternative to skin grafts (painful and need to create a fresh wound) and
tissue engineered skin substitutes (expensive and require expert health personnel to
administer) for the treatment of difficult to heal chronic wounds. Moreover, considering
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genetic variability, wound type, and the patient’s clinical and metabolic features, it will be
possible to offer more patient specific and more effective therapies, potentially moving

toward an era of personalized clinical care.
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minutes. (3) The electrospun fibrous membrane has good flexibility and compactness. The inset is the SEM image of the electrospun fibers. Reproduced from Xu et al
[144] . with permission from The Royal Society of Chemistry; B) Novel direct writing melt electrospinning platform with dual voltage power supplies for improved
fiber deposition control. The negative power supply attached to a moving collector plate is the defining difference in this system compared to traditional systems.
An X-ray microtomography (uCT) of a scaffold obtained by melt elec inning with an x-y fiber spacing of 500 pm is reported in the inset as an example

(reproduced from Ristovski et al [147). with permission from American Vacuum Society).
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Figure 5. Modes of GF release from fibrin matrices. GFs can be (i) entrapped into fibrin (burst release), (i) bound via natural affinity or heparin complexation (slower
release) or (iii) covalently bound via bi-domain peptide or fusion protein technologies (sl lease). Furth , microspheres carrying drugs or GFs can be
incorporated into the fibrin matrix for sustained release. GF: growth factor, H: heparin, PLG: plasminogen, K1/4: kringle domain 1/4, FN: fibronectin, Thr: thrombin.

Reproduced from Heher et al [189] with permission from Elsevier.




Table 1. Topical products containing GFs approved for human use and currently available on the market [11]. Reproduced with permission from john wiley and

sons.
Growth factor  Inter | nonproprietary name (INN) Brand name Company Fe I Ref.
PDGF Becaplermin Regranex® Smith & Nephew Topical gel [53,56)
bFGF Trafermin Fiblast® Kaken Pharmaceutical Co. Spray solution [58,59]
EGF Nepidermin Heberprot-P® Heber Biotec SA. Lyophilized powder [57]
EGF Nepidermin Easyef6 Daewoong Pharmaceutical Co., Ltd.  Spray solution or ointment [60]
EGF Nepidermin Regen-D 60/150 Bharat Biotech International Ltd. Topical gel [61]
Table 2. Summary of GF-loaded wound dressings and method of GF loading.
Type of dressing Growth factor Drug loading method” In vitro model In vivo model Main findings Ref.
; I Mixing Cell proliferation assay using Balb/3T3  Full-thickness wound (10 mm The structurally stabilized GFs have a higher purity and  [68]
Iyophilized matrix stabilzed and NIH/3T3 fibroblasts diameter) in type | and type Il stability for long periods at room temperature
EGF and diabetic mice compared to the normal GFs. When loaded onto
bFGF a hyaluronate-collagen matrix they were able to
promote wound healing in a diabetic ulcer modd
Crosslinked PVA/alginate EGF Mixing Cell proliferation assay using Balb/3T3  Excisional wound (1.3 x 1.3 cm) The EGF-containing hydrogel had a prolonged and (69]
hydrogel fibroblast on the back of diabetic rats sustained release of bioactive EGF enhancing the
therapeutic potential
Polyurethane hydrogel FGF-2 Mixing Antimicrobi| efficacy tested on Full-thickness wound (0.785 cm2 The polyurethane hydrogel incorporting FGF-2 70]
P. aeruginosa and §. aureus circular area) on the back of accelerates wound healing and reduced scar formation.
rats The polyurethane hydrogel was easier to strip off than
commercial wound dressing, which prevents additional
injury to the wound during dressing change
Hyaluronic acid/collagen EGF (in Mixing Cytokine production by fibroblasts was Excisional wound (1.5 cm The EGF/vitamin C-wound dressing had a strong potential  [71]
sponge association assessed in a wound surface model %2.0 cm) on the dorsal region to enhance the in vitro production of both VEGF and
with using a fibroblast-i {0 of ically modified type Il HGF. In the diabetic modd, the EGF/VC-wound dressing
a vitamin C collagen gel sheet diabetic mice effectively promoted granulation tissue formation
derivative) associated with angiogenesis
Gelatin Film EGF Mixing Cell poliferation assay on NIH3T3 Partial-thickness skin wounds Wound closure in wounds treated with EGF-containing  [97]
fibroblasts and PAM212 made on dorsa of hairless dogs gelatin sheets was accelerated when compared to the
keratinocytes wounds treated with control dressings. Earlier re-
epithelialization of the epidermis and highly regulated
repair of ECM in the dermis were also found
Light<cured glycol chitosan  PDGF-BB and Mixing Cell proliferation assay using 1929 Fulkthickness skin wound (S5cm The crosslinking by visible light imadiation of modified  [85]
hydogel VEGF murine fibroblasts diameter) in Balb/C mice glycol chitosan improved the physical property of
hydrogels and showed a combined sustained reease of
PDGF-BB and VEGF, significantly accelerated the wound
healing process facilitating the angiogenesis
Hyaluronic acid sponge EGF Mixing - Excisional wound (30-mm EGF-free-dressing and EGF-dressing decreased wound size  (86]
diameter) on the abdomen of and promoted granulation tissue formation associated
rats. with angiogenes more effectively than a commercially
Excisioral wound (1.5 cm available alginate dressing
%20 cm) on the dorsal region
of genetically type Il diabetic
mice
Pluronic/chitosan EGF Mixing Human primary keratinocytes were Dorsal burn wound (8-mm The application of pluronic/chitosan hydrogel containing  [87]
hydrogels used to measure the effects of diameter) on (57BL/6 female EGF significantly enhanced the keratinocyte
released rhEGF on in vitro mice proliferation of epidemal cdls, increasing the wound
differentiation healing rates
Methylcellulose hydrogel IGF-1 Mixing - Excisional steroid-su ppressed In steid-treated rats, IGF-| baded dressing enhanced (8]
dressing wound healing model in rat excisional healing, stimulating SMA - as well as PCNA-
expression and increased the formation of granulation
tissue
Layer-by-layer chitosan/ EGF Mixing Cytotoxkity on L929 murine - The smart nanopolymeric membranes were capable of  [89]
alginate films fibroblasts using the agar overlay a burst release of EGF in the presence of lysozyme
assay
Chitosan-silver hydrogels bFGF (in Mixing E. coli and S. aureus to evaluate the Full-thickness wounds in a mouse  The immobilization of silver in the hydrogel not only  [90]
association antibacterial property mo reduced the side effects of silver on the bioactivity of
with Silver bFGF, but also allowed elution of bFGF in a controlled
ions) release manner
(Continued)
Table 2. (Continued).
Type of dressing Growth factor Drug loading method® In vitro model In vivo model Main findings Ref.
Chitosan film EGF Mixing - Full thickness wounds in white Although continuous release of EGF in chitosan film 91
pigs accelerates epithelialization, the benefit of the
combination of EGF in chitosan over the use of chitosan
alone could not be determined
Chitosan/alginate EGF Mixing Cell proliferation assay using L-929  In vivo wound closure assay using The porous 3D architecture of the chitosan/alginate [100]
hydrogek mouse fibroblasts a rat's tail vein bleeding model  hydrogek enabled sufficient loading and release of EGF,
and an in vivo deep second- improved cell proliferation, and efficient in vivo incised
degree scald wound rat model wound closure and scald wound healing.
Polyurethane foam EGF Mixing In vitro cytotoxicity and cell migration  Full-thickness excisional wound ~ The polyurethane foam could release EGF in a sustained [103]
assay in HaCal keratinocytes and (2x2cm) on the back of male manner increasing the cell proliferation rate in vitro.
CCD986-skin fibroblasts diabetic rats These dressings were found to be effective in enhancing
the regenerative process following skin injury in
a diabetic rat model by stimulating skin regeneration
Chitosan-crosslin ked FGF Mixing Cell proliferation assay using 3T3 cells Skin trauma model (1.8 cm) The dressing containing FGF had the shortest healing  [106]
collagen sponge or NRKS2E celk produced through deep Il scald time, the quickest tssue collagen generation, the
on the back of type 1 diabetic earliest and highest TGF-B 1 expression and dermal cell
@t proliferation (PCNA expression), compared to the
control treatment
Chitin film Modified bFGF Mixing Cell proliferation assay using Balb/3T3  Subcutaneous implantation in  The modified bFGF could be localized longer at the surface [107]
fibroblast healthy Sprague Dawley male of chitin films compared to bFGF, and retained the FGF
rats biological activity in inducing fibroblast proliferation,
inducing cellularization and vascularization
Poly(ether)urethane- VEGF and Mixing, - Full-thickness wound (8 mm The application of scaffolds containing VEGF and bFGF in  [121]
polydimethylsibxane/ bFGF nanoencapsulation diameter) on the back of male free form or baded into NPs induced significant
fibrin-based scaffold (PLGA) diabetic mice granulation tssue formation, colbgen deposition and
re-epithelialzation, and accelerated wound closure
compared to control scaffolds and scaffold/unbaded
NPs.
Gelatin sponges EGF Mixing, - Circular full thickness wounds ~ The dressings were biocompatible and did not cause any  [98]
mic oencapsu lation (diameter 0.8 c¢m, area 0.50 cm) mononuclear cell infiltration or foreign body reaction.
(gelatin) on the back of 3-month-old Minimum differences in activity between free EGF and
male rabbits EGF-loaded microspheres at low doses. With increasing
dose, the controlled release of EGF from microspheres
provided a higher degree of reduction in the wound
ameas
Dextran hydrogel EGF and VEGF : Cell poli and cytotoxi ity assay Dorsal burn wound (2 cm The dextran hydrogel baded with chitosan microparticles [102)
(chitosan) using human fibo blast diameter) on rats containing the two GFs pomoted a faster wound
healing with no signs of a local or systemic
inflammatory response
Chitosan-hyaluronic acid VEGF Nanoencapsulation Cell viability, attachment and - HUVECs seeded on VEGF loaded sponges showed capillary [104]
composite sponge (fibrin) proliferation studies on human like tube formation which was absent in control
umbilical vein endothelial cells sponges
(HUVEGs) and human dermal
fibroblast (HDF)
PLA-10R5-PLA hydrogel EGF (in Nanoencapsulation (PLA- In vitro cytotaxicity assay using Excisional wound (2x2cm) on  Excelent wound healing activity in vivo through increasing (116]
association 10RS5-PLA block HEK293 and 373 cells the back of adult rats granulation tissue formation, collagen deposition, and
with copolymers) angiogenesis
curcumin)

(Continued)



Table 2. (Continued).

Type of dressing Growth factor Drug loading method” In vitro model In vivo model Main findings Ref.

Alginate/poly bFGF (in Nanoencapsulation (poly  In vitro cytotoxicity assay using human Full-thickness wound (2 cm The drug-baded composite hydrogels had good mn
(N-isopropylacrylamide) association (N-isopropy lacrylamide) skin fibroblast (HSF) diameter) in a rat model physicochemical properties, no cytotoxicity, the ability
composite hydrogel with to control the release rate of diclofenac Na and bFGF,

diclofenac and an overall better in vivo healing effect compared to
Na) the controls

Chitosar/PVP physical EGF Nanoencapsulation (Na Cell proliferation assay using L929  Excisional wound (2 cm diameter,  The polymer-conjugated EGF was more stable against ~ [92]
hydrogel carboxymethyl fibroblasts 3.14 cm2 circular area) on the proteases and showed improved fibroblast cell

chitosan), conjugation back of male diabetic rats proliferation in vitro. After 15 days in vivo, the wound
area was significantly smaller than the control goup
and showed hstological parameters equal to positive

wound control group

Polycaprolactone PDFG-BB latic Cell ion and migration assay - The controlled release of PDGF-BB increased fibroblast (93]
electrospun fibers (chitosan), using fibroblasts migration and proliferation

electrospinning

PCL, chitosan, and EGF and bFGF Electrospinning Antimicrobial efficacy tested on Full-thickness wound (400 mm2)  The treated group showed faster epithelialization and ~ [94]
collagen three-layered (in P. aeruginosa and S. aureus. HDFs to in rats angiogenesis
nanofibrous mat association test the in vitro bioactivity

with Silver
sulfadiazine)

Commercial polyurethane EGF Lysozyme micobubbles Antimicrobial efficacy tested on Full-thickness skin wound model  Significant reduction of the duration of wound healing, [115]
film dressing (LYMBs) S. aureus (8 mm diameter) in a mouse promotion of neovascularization and wound healing,
(TegadermT™) model and improvement of the wound prognosis

Poly(ethylene FGF-2 Heparin-based coacevate - Full-thickness wound (6 mm The controlled release of FGF-2 significantly accelerated  [114]
argininylaspartate diameter) in C57BL/6 mice. wound healing by promoting cell proliferation,
digylceride) matrix A silicone ring was used to stimulating the secretion of VEGF for re-epithelization,

reduce skin contraction upon collagen dep and tissue ion.
wounding

Silk fibroin hydrogel FGF1 Heparin immobilization  In vitro scratch assay using fibroblast  Full-thickness wound (15 mm  Overall improvement of wound healing and decreased the [109]

1929 cells diameter) in the rat time required to achieve total closure, compared to
a commercially available chitosan dressing

PEG cross-linked cotton- VEGF and Heparin i bilzatio In vitro p studies of HaCaT ~ Excsional wound (1x1cm) on The scaffolds could deliver two GFs in a continuous [95)

like chitosan scaffold bFGF cels the back of adukt male rats manner and attained stability after 7 days. The GF-
incorporated crosslinked scaffolds had better healing
capacity compared to the control dressing

Gelatin gel sheet bFGF Absorption - Full-thickness wound (8 mm The proposed dressing could sustain the release of bFGF  [99]

diameter) on the back of mice and conformed to the shape of the wound. Accderated
ithelialization, granulation tissue and
angiogenesis were observed in vivo

Crosslinked fish gelatin EGF Absorption Cell cytotaxicity, proliferation, - The proposed films prepared with a simple and cost-  [110]

infiltration and adhesion studies effective process allowed a controlled delivery of EGF
using L929 murine fibroblasts for 24 h. adhesion and proliferation assays
confirmed the excellent adaptability of the cells onto
the hydo-film surface without invading the dressing
Chitosarrsilica hybrid KGF Adsorption into Cell proliferation assay using Fulkthickness wound on malke HR- The hybrid membranes loaded with KGF improved [LRR)]

membrane dressing

preformed membrane

keratinocyte

1 albino hairless mice with two
symmetrical circle defects
(12 mm) on the back

keratinocyte activities such as attachment and
proliferation. This resulted in an improved wound
healing process in vivo, compared to the dressing
without KGF

*When micro - 0 nancencapsulation is used to prepare GF-baded wound dressings, the material used to encapsulate the GFs is reported in brackets.

bFGF, basic fiboblast growth factor; EGF, epidermal growth factor; PDGF, platelet-derived growth factor.



