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Abstract  13 

Introduction: Years of tissue engineering research have clearly demonstrated the potential 14 

of integrating growth factors (GFs) into scaffolds for tissue regeneration, a concept that has 15 

recently been applied to wound dressings. The old concept of wound dressings that only 16 

take a passive role in wound healing has now been overtaken, and advanced dressings 17 

which can take an active part in wound healing, are of current research interest.  18 

Areas covered: In this review we will focus on the recent strategies for the delivery of GFs 19 

to wound sites with an emphasis on the different approaches used to achieve fine tuning of 20 

spatial and temporal concentrations to achieve therapeutic efficacy.  21 

Expert opinion: The use of GFs to accelerate wound healing and reduce scar formation is 22 

now considered a feasible therapeutic approach in patients with a high risk of infections and 23 

complications. The integration of micro – and nanotechnologies into wound dressings could 24 

be the key to overcome the inherent instability of GFs and offer adequate control over the 25 

release rate. Many investigations have led to encouraging outcomes in various in vitro and 26 

in vivo wound models, and it is expected that some of these technologies will satisfy clinical 27 

needs and will enter commercialization.   28 
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Article highlights  34 

● Polymeric wound dressings and scaffolds have the potential to serve as platforms for 35 

delivering growth factors directly to chronic wound sites.  36 

● Direct delivery of growth factors has the potential to shorten the healing time for chronic 37 

ulcers and eliminate or significantly reduce scar formation after healing.  38 

● Direct delivery of plain growth factors to wounds still face the challenge of achieving 39 

effective therapeutic doses due to dilution by exudate and enzymatic degradation. 40 

Therefore, encapsulation using micro-and nano- particles before loading into dressing 41 

matrix in the form of a composite system, represent a viable approach to overcome this 42 

limitation.  43 

● Blood derived products such as platelet-rich plasma, platelet-rich fibrin and platelet lysate 44 

represent an important reservoir to enable delivery of multiple growth factors in a single 45 

administration.  46 

● New technologies such as electrospinning and 3D printing represent a novel approach 47 

that can overcome the problem of achieving the correct spatiotemporal delivery of growth 48 

factors to mimic their physiological performance in vivo.  49 

 50 

1. Introduction  51 

1.1. Overview  52 

As the outermost barrier of the body, the skin is the organ most challenged by a range of 53 

external stress factors (physical, chemical, thermal or radiation), resulting in frequent tissue 54 

damage. Every animal species can regenerate their tissue after injury, but not all organisms 55 

regenerate in the same way. Fish and amphibians, such as zebrafish and salamanders, can 56 

perfectly regenerate complex tissues without scar formation, and this happens even in cases 57 

of extensive damage such as the loss of their limbs [1]. Higher animals, such as mammals, 58 

are generally incapable of complete tissue regeneration and have developed a complex 59 

response to injury, which is characterized by four stages (i.e., hemostasis, inflammation, 60 

proliferation, and remodeling) to restore the integrity of damaged tissue [2]. In humans, 61 

perfect tissue regeneration has only been described in fetal skin [3]. In adults however, 62 

tissue repair commences immediately following tissue injury and, with few exceptions, 63 

results in the formation of an acellular fibrotic matrix (i.e., scar tissue) [4]. The replacement 64 

of functional tissue with fibrous connective tissue leads to a loss of original tissue structure 65 

and function, which alters the microarchitecture of the whole organ, eventually resulting in 66 



failure [5,6]. Fibrosis is a major pathological feature of many chronic diseases, and it has 67 

been estimated that it is associated with 45% of non-accident related casualties in the USA 68 

[7]. The wound healing process after skin injury involves a complex cascade of cellular and 69 

biochemical events between the different cellular constituents of the skin and its extracellular 70 

matrix (ECM). If this normal repair response is interrupted for some reason, two major 71 

outcomes can occur: i) an ulcerative skin defect (chronic wound) and ii) an excessive 72 

formation of scar (hypertrophic scar or keloid). Despite the enormous impact of chronic 73 

wounds and fibrosis on human health, there are currently no effective treatments to 74 

counteract these pathological challenges. The cellular and molecular mechanisms that 75 

underpin tissue repair and its failure to heal are still poorly understood, and this has affected 76 

the development of new treatments. Exogenous therapeutic biological molecules, such as 77 

growth factors (GFs), have great potential, however, inherent difficulties in reaching 78 

therapeutic concentrations at the wound site and effectively targeting the interconnected 79 

and complex signal pathways that drive the wound healing process are major clinical 80 

challenges. As the new generation of products, bioactive dressings are made of materials 81 

which play an active role in the healing process and can also deliver incorporated GFs 82 

represent the new frontier in wound repair. This review aims to discuss the most recent 83 

advances in the design, characterization, and evaluation of innovative wound dressings 84 

loaded with GFs. Many papers have been published over the years, confirming the potential 85 

of exogenous application of GFs in wound healing, but very few of them focused on 86 

integrating GFs into 3D constructs for wound dressings. After a brief overview of the role of 87 

GFs in the wound healing process, we will discuss the various strategies for integrating GFs 88 

into wound dressings and summarize the different approaches for their direct delivery 89 

towound sites. Specific examples of such delivery systems and how they can be used to 90 

accelerate the healing of chronic wounds and reduce scar formation in the process are also 91 

reported.  92 

 93 

1.2. The complexity of the wound healing process  94 

As explained in-depth in many reviews published so far, the wound healing process consists 95 

of a series of carefully and precisely regulated steps and events that are initiated 96 

immediately after injury. The purpose of these events is not only to restore the skin barrier 97 

and homeostasis functions, but also to reduce the risk of infection and further complications 98 

[4,5,8,9]. Despite being a continuous event, wound healing can be divided into different 99 

phases to help understand the physiological processes taking place in the wound bed and 100 



the surrounding tissue [5]. In adults and healthy humans, wound healing can be divided into 101 

a sequence of four time dependent phases: hemostasis, inflammation, proliferation, and 102 

remodeling (Figure 1). Each of these sequential, overlapping, and precisely programmed 103 

phases involves coordinated interactions between diverse immunological and biological 104 

systems, and any interruption or deregulation of one or more steps of the wound-healing 105 

process leads to nonhealing (chronic) wounds. Platelets, neutrophils, monocytes/ 106 

macrophages, fibroblasts, lymphocytes, granulation tissue cells, and epidermal cells are 107 

among the cells that make their appearance in the wound bed. These cells release a series 108 

of biological macromolecules, such as GFs, cytokines, chemokines, antibodies, proteases, 109 

lipids, carbohydrates, collagen and nucleic acids [10]. The development of molecular biology 110 

and biotechnology has helped us better understand the role of these biological molecules 111 

during the distinct phases of the healing process, prompting interest in the use of exogenous 112 

biological molecules as therapies for skin wound healing. As previously discussed, wound 113 

healing is a highly efficient process in which, multiple physiological factors contribute to 114 

wound resolution. In healthy individuals, the resolution of acute wounds (which are typically 115 

traumatic or surgical in origin) goes through the normal stages of wound healing and results 116 

in a time-dependent but predictable and orderly pattern of tissue repair [12]. However, such 117 

a complex response can easily give rise to abnormal alterations (generally due to underlying 118 

pathological conditions), resulting in insufficient healing rate (chronic wounds) and/or 119 

excessive healing (formation of scar tissue). Impaired production of GFs, insufficient 120 

keratinocyte and fibroblast migration and proliferation, abnormal granulation tissue and 121 

collagen accumulation, inadequate angiogenic response and impaired balance between the 122 

accumulation of ECM components and their remodeling by matrix metalloproteinases 123 

(MMPs) are just some of the known deficiencies in pathologic wound healing [4–6,9]. A 124 

chronic wound occurs when there is an inability to proceed through an orderly and timely 125 

reparative process to restore the anatomic and functional integrity of the injured site [13]. 126 

Chronic wounds can be mainly classified into vascular ulcers (e.g., venous and arterial 127 

ulcers), pressure ulcers, and diabetic ulcers. Almost all chronic wounds can generally be 128 

assigned to one of these three clinical categories depending on the underlying cause. 129 

Vascular ulcers are frequently (>70%) due to venous deficiencies caused by a sustained 130 

level of high blood pressure in the lower leg due to inadequate venous return. Other 131 

underlying causes of leg ulcers include arterial disease (reduced arterial blood supply to the 132 

lower limb), vasculitis and skin malignancies. Pressure ulcers (PUs), also known as 133 

decubitus ulcers or bed sores, often occur in hospitalized or bedridden patients and are 134 



caused by a combination of persistent direct pressure and/ or shear/friction forces over a 135 

bony prominence that obstructs blood flow to the tissue. Diabetic foot ulcers (DFUs) are a 136 

complication that has been estimated to occur in 15 to 25% people with diabetes and are 137 

caused by neural and vascular complications [14]. Despite differences in etiology, a 138 

persistent inflammation state is a crucial feature common to all chronic (non-healing) 139 

wounds. Repeated tissue injury, the existence of persistent infection (particularly in the form 140 

of biofilms), local concentrations of GFs and ECM fragment molecules higher than normal, 141 

stimulate the excessive recruitment of inflammatory cells to the wound bed, and traps the 142 

wound in a chronic inflammatory state which fails to progress [5,15]. Compared to acute 143 

wounds, the levels of pro-inflammatory cytokines IL-1, IL-6, and TNF-α in chronic wounds 144 

are higher [16,17]. Conversely, the decrease in tissue inhibitors of MMPs leads to faster 145 

degradation of GFs and their receptors and destruction of ECM. The proteolytic destruction 146 

of ECM not only prevents the wound from moving forward into the proliferative phase, but 147 

also attracts more inflammatory cells, thus amplifying the inflammation cycle (Figure 2) 148 

[18,19]. Moreover, phenotypic abnormalities in the epidermis – and dermis-derived cells, 149 

such as the lower density of GF receptors and reduced mitogenic potential, have been found 150 

on cells derived from chronic wounds [20–23]. These abnormalities prevent the resident 151 

cells from responding properly to wound healing signals [24]. The alteration of the GFs that 152 

regulate cell proliferation and ECM production also profoundly impacts the progression 153 

orregression of scar formation. Excessive healing is manifested in humans as a keloid or a 154 

hypertrophic scar, characterized by overproduction of ECM and hyperproliferation of 155 

fibroblasts [25,26]. The pathogenesis of these scars is closely connected to delayed wound 156 

healing because of a prolonged inflammatory phase caused by chronic inflammation or 157 

infection. Several studies have proven that the risk of developing into hypertrophic scar is 158 

higher for wounds that take more than three weeks to heal [27,28]. This persistent 159 

inflammatory response often leads to increased vessel and cell numbers as well as 160 

excessive collagen deposition [29]. It is precisely these mediators of continuous 161 

inflammation that have an essential role in excessive healing. Cytokines such as IL-1, TNF-162 

α, IL-6, SDF1 (also known as CXCL12), and IL-10, as well as GFs such as TGF-β, CTGF, 163 

PDGF, and bFGF, have a profound impact on the progression or regression of scar 164 

formation [29–31]. They execute and modulate a complex signaling network and when 165 

altered, could lead to hypervascularity and excessive (pathological) deposition of ECM 166 

components. Fibroblasts and myofibroblasts are the main cell types involved in scar 167 

pathogenesis [30,32]. However, other cells, such as keratinocytes and mast cells, actively 168 



participate in the progression or regression of scars, resulting in the production of massive 169 

amounts of collagen, which favors the accumulation of ECM below the dermis, leading to 170 

scar formation [32–34]. The growing evidence of GF involvement in scar formation is 171 

opening new avenues for the development of innovative therapeutic approaches for the 172 

prevention and treatment of pathological scars. Local delivery of GFs, for example, could be 173 

used as an adjuvant to surgery or radiotherapy, an approach which is already considered 174 

more effective than surgical or pharmacological therapy on their own [32].  175 

 176 

1.3. Critical aspects in the use of GFs in wound healing  177 

To correctly treat chronic wounds, it is essential to directly target the underlying systemic 178 

and metabolic disorders, such as infection or vascular insufficiency, which are responsible 179 

for the onset of the deleterious cycle of inflammation resulting in repeated and prolonged 180 

tissue insults. There has been an evolution of the concept of wound treatment (traditionally 181 

based only on debridement and infection prevention strategies), with the introduction of 182 

biological therapies. Therapeutic biological molecules represent the cutting-edge of 183 

biomedical research. Their use in wound healing is currently emerging as an effective way 184 

to enhance wound closure in difficult-to-heal wounds, by restoring the optimal 185 

microenvironment required for correct wound healing progression [4,10,10,35– 37]. Their 186 

ability to perform complex functions by interacting with other biomolecules, coupled with 187 

reduced risk of side effects and low immunogenicity, provide inherent advantages for 188 

biological drugs over small molecule drugs [38]. Besides, they can be easily manufactured 189 

by biotechnological processes using cell bioreactors. The impact of exogenous GFs on the 190 

wound microenvironment is significant even at low concentrations, leading to rapid 191 

increases in cell migration, proliferation, and differentiation [39]. It is now well established 192 

that deficiency in GFs is one of the critical factors that contributes to the development of 193 

chronic wounds [40–43]. Therefore, exogenous GFs can potentially be used in wound 194 

therapy to accelerate chronic wound healing and reduce scar formation. The rationale 195 

behind their use is based on the principle of replacing critically deficient components which 196 

support the standard wound healing process. GF deficiencies, including reduced levels of 197 

bFGF, PDGF, VEGF, and TGF-β, have been reported in chronic PUs when compared with 198 

acute wounds, suggesting that GF deficiencies are responsible for wound chronicity [39,44]. 199 

The introduction of modern biotechnology techniques, which made it possible to produce 200 

large quantities of chemically pure GFs at relatively low costs, has revolutionized the 201 

treatment of difficult to heal wounds. This notwithstanding, new challenges have emerged 202 



for pharmaceutical scientists. The chemical and physical instability and the reduced 203 

tissue/cell transport require the development of effective strategies for delivery of GFs to the 204 

target site. Moreover, it is worth emphasizing that these molecules tend to be heat-sensitive 205 

and susceptible to microbial contamination, which necessitates the implementation of 206 

aseptic principles during manufacturing. Wound treatment using exogenous GFs could have 207 

significant beneficial effects, however, certain essential requirements must be satisfied. 208 

Firstly, GFs used in wound therapy act on the body’s own ECM cells, therefore their 209 

pharmacological activity relies on the ability of these cells to respond to the exogenous GF 210 

stimuli. For this reason, only wounds that can synthesize a functional ECM could achieve 211 

optimal benefit from this application [45]. Secondly, the therapeutic response to exogenous 212 

GFs is strictly dependent on their spatial and temporal distribution within the wound [46]. 213 

The treatment of wounds with exogenous GFs is often ineffective since GFs rapidly diffuse 214 

from the administration site and are readily digested or deactivated by enzymes such as 215 

proteases in the wound area [47]. The low permeation of GFs through the outermost skin 216 

layer surrounding the lesion is another factor that limits the success of topical administration 217 

of exogenous GFs in wound therapy. Furthermore, their rapid elimination by exudation from 218 

the wound bed significantly reduces the efficacy of GFs following topical application [39]. 219 

Consequently, high doses and/or repeated administration over a long period are required to 220 

support and sustain tissue regeneration, leading to supra-physiological exposure to GFs 221 

which can lead to serious side effects (including oncogenesis), as well as greatly increasing 222 

the total cost of the therapy. The systemic infusion of GFs into the vascular circulation 223 

generally results in their reduced accumulation in the target tissue and fast degradation in 224 

the blood compartment. Moreover, in chronic wounds and severe burns, the destruction of 225 

the surface blood vessels results in insufficient blood supply, requiring high doses of 226 

systemically administered drugs to achieve local therapeutic effects [10]. As previously 227 

discussed, a critical feature of chronic wounds is the generation of a proteolytic environment, 228 

due to the persistent inflammatory state caused by inflammatory cells infiltrating the wound 229 

site and prolonged up-regulation of pro-inflammatory cytokines and chemokines. This 230 

proteolytic environment enhances the degradation and sequestration of the locally produced 231 

GFs and cytokines, thus inhibiting their physiological functions and further slowing normal 232 

wound healing progression [41]. Significant deficiencies in GFs, including reduced levels of 233 

bFGF, PDGF, EGF, and TGF-β, have been reported in PUs compared with acute wounds 234 

[48]. In particular, PDGF expression is shown to be lower in chronic dermal ulcers than in 235 

acute surgical wounds [44].  236 



 237 

1.4. Topical administration of GFs  238 

Due to the large exposed surface area of the wound, the local application of GFs to the 239 

wound site in the form of intralesional injection or topical application is accepted as a 240 

standard delivery approach, even if various technological and biological challenges strongly 241 

limit its clinical relevance. For example, hypodermic injection of aqueous solutions of GFs, 242 

often result in an elevated concentration of the drugs outside of the therapeutic window, 243 

causing unwanted side effects and reducing therapeutic efficacy. Moreover, injections are 244 

quite unfavorable as they are painful and require professional assistance. The selection of 245 

a suitable area of delivery is another factor that affects the outcome of topical application of 246 

GFs. Chronic wounds are usually covered with a layer of non-viable tissue filled with 247 

proinflammatory cytokines and MMPs that must be crossed to reach the target cells. 248 

Therefore, if not adequately protected, a significant fraction of the active molecules may get 249 

deactivated before reaching the target. Besides, the significant exudate production in 250 

chronic wounds can dilute and further reduce the rate of penetration of topically administered 251 

GFs. As already mentioned, the local injection of GFs in chronic wounds is a straightforward 252 

way to deliver these molecules to compensate for their deficiency in chronic wounds. 253 

Subcutaneous injection of recombinant human GM-CFS (rh- GM-CFS) [49] and EGF [50] 254 

into the wound base and contours have proved useful to increase vascularization, 255 

granulation tissue growth, and wound closure. However, the need for continuous injection 256 

by highly trained staff and the intrinsic disadvantage of this administration route (local 257 

irritation and pain, difficulty in controlling the rate of absorption, frequent change of the 258 

injection site) make this approach challenging to use in clinical practice. Topical 259 

administration of GFs loaded in creams, gels, or ointments is another delivery option widely 260 

explored to promote wound healing [51]. Products containing some GFs such as PDGF, 261 

EGF, and bFGF are already approved for human use, and they are available on the market 262 

as preparations for external application onto wounds (Table 1). The formulation of GFs in a 263 

topical delivery system facilitates their therapeutic application in the clinical management of 264 

non-healing wounds such as DFUs, by providing a continuous exposure of residual 265 

epidermal cells to GFs that can significantly increase the wound healing rate [52]. For 266 

example, several randomized clinical trials have shown the ability of Becaplermin (brand 267 

name Regranex. Gel), which contains recombinant PDGF, to accelerate wound closure in 268 

DFUs and significantly reduce amputations [53–56]. Moreover, pharmacoeconomic studies 269 

have reinforced the cost-effectiveness of Becaplermin as an adjunct to proper wound care 270 



even if the treatment with this topical gel is expensive and requires frequent dressing 271 

changes. Topical formulations of GFs are indicated for external post-traumatic injury, 272 

postoperative surgical wounds, burns, venous ulcers, PUs, and DFUs that are recalcitrant 273 

to traditional interventions. Clinical evidence showed that topical formulations loaded with 274 

GFs could also be used for the enhancement of skin grafts [57]. It is important to emphasize 275 

that topical therapy with GFs must always be used along with other standard procedures of 276 

chronic wound management, including debridement, infection control, pressure off-loading, 277 

and revascularization. Without adhering to these essential principles, the administration of 278 

an active substance is unlikely to result in improved healing. Moreover, an increased risk of 279 

malignancy is assumed with these treatments. A 20-month follow-up study from two 280 

randomized controlled trials revealed an increased cancer risk compared with the control 281 

group for patients who had been treated with more than three tubes of Becaplermin [54,62]. 282 

However, the higher prevalence of cancer among diabetic patients makes these studies 283 

difficult to interpret, and further research is needed to provide a better understanding of the 284 

risks of these treatments. Often, topical formulations are not effective enough for delivery of 285 

GFs to chronic wounds because creams and gels can rapidly absorb fluids, lose their 286 

rheological characteristics (become mobile), and subsequently being absorbed by the 287 

secondary dressing [63].  288 
 289 

2. Wound dressings for local delivery of growth factors  290 

2.1. Wound dressings as GF delivery platform  291 

Modern wound dressings are traditionally used to protect the wound from contamination, 292 

and only take a passive part in the wound healing process. In addition to protecting the 293 

wound, these dressings are designed to generate the appropriate environment for healing 294 

through control over moisture, drainage of excess fluid or infections. The latest generation 295 

of dressings (bioactive dressings) have functions that go beyond being a physical barrier by 296 

actively improving the wound healing rate, enhancing the full regeneration of the skin while 297 

reducing the formation of resulting scars [64]. Dressings can also be exploited as a platform 298 

to deliver active pharmacological agents (medicated dressings) directly to the healing tissue. 299 

A straightforward strategy to apply GFs relies on preparing more complex tissue-engineered 300 

constructs to mimic the cell bulk and intricate structures of native tissue. Wound dressings 301 

are therefore an ideal delivery platform for GFs, making possible a controlled delivery in the 302 

proximity of the wound, avoiding or reducing side effects and exposure of non-target sites. 303 

Furthermore, proper engineering of the scaffolds also makes possible a temporal patterning, 304 



where the concentration of signaling molecules is maintained within a therapeutic range for 305 

periods that depends on the specific timing of repair. The proper delivery of GFs to the 306 

wound bed in time and space has recently become a vital issue in wound healing and has 307 

led to an explosion of interest in developing biological wound dressings. The control of the 308 

local dose and finely tuned spatiotemporal release of GFs, which reproduces their natural 309 

physiological presentation to cells, is essential to achieving a successful wound healing 310 

outcome [65]. Finally, the integration of GFs into advanced biomaterialbased wound 311 

dressings could meet the requirements for achieving successful healing of the injured tissue 312 

while protecting the macromolecules from degradation in the harsh wound environment. In 313 

this context, bioactive natural (e.g., sodium alginate, gelatin, hyaluronic acid, collagen, and 314 

chitosan) and synthetic [e.g., poly (lactic-co-glycolic acid) (PLGA), polyethylene oxide 315 

(PEO), polyvinyl alcohol (PVA), polyurethane] polymers have already been processed using 316 

different technologies to obtain advanced wound dressings incorporating a variety of GFs. 317 

These biomaterial-based biological delivery systems include, but are not limited to, 318 

hydrogels, electrospun nanofibrous scaffolds, injectable gels, and 3Dprinted polymeric 319 

scaffolds, which can be used to deliver biological molecules and even cells. Single or 320 

multiple GFs can be loaded in these systems using two main strategies: i) prepare the 321 

dressing and then load GF(s) or ii) incorporate GF(s) before shaping the dressing. Direct 322 

blending into the polymeric matrix (into the whole matrix or preparing a core-shell construct), 323 

conjugation through covalent surface chemistry, entrapment of loaded micro/nanoparticles 324 

into scaffolds, and combination of these techniques, have been explored for the delivery of 325 

therapeutic biological molecules to wounds. The design and technological development of 326 

wound dressings loaded with GFs take advantage of the progress made in biomaterial 327 

engineering and continuing advances in understanding the underlying biology of tissue 328 

repair and regeneration [66]. The research on this topic can be divided into two main areas: 329 

i) the selection of the proper scaffold based on physicochemical properties (e.g., base 330 

material, porosity, stiffness, cell recruitment and growth) and ii) the development of 331 

procedures to load GFs into a defined matrix (non-covalent integration and covalent 332 

immobilization). The conjugation of these strategies can provide a new generation of 333 

advanced GF-loaded wound dressings to treat otherwise difficult-to-heal wounds. The 334 

strategy of immobilizing GFs in the dressing through covalent bonding will not be covered 335 

in this review.  336 

 337 

2.2. Strategies to integrate GFs in wound dressings  338 



Wounds are dynamic environments, and the proper timing of administration of active 339 

compounds is crucial. The control of the time – and space-dependent levels of morphogen 340 

cues released from a 3D construct is a critical factor in developing tissue-engineering 341 

strategies [67]. This concept, together with the constant development of scaffold processing 342 

technologies, is the driving force behind the development of advanced systems for wound 343 

healing which provides more efficient treatment options for difficult-to-heal wounds 344 

compared to traditional dressings. The incorporation of free GFs in preformed dressings is 345 

perhaps the simplest preparation method and has the significant advantage that optimized 346 

dressing properties are not substantially affected by the presence of biomolecules (as these 347 

are typically loaded in low doses). In these types of systems, desorption is the primary 348 

process controlling the delivery rate, although dressing composition and the 349 

physicochemical properties of the GFs are also of utmost importance. In the case of 350 

incorporating GFs before dressing production, it is essential to consider the nature of the 351 

material. When dealing with hydrophilic materials, the choice of the crosslinking method is 352 

the most important formulation challenge. A crosslinking procedure that does not involve 353 

steps potentially detrimental to stability of GFs should be used to prepare hydrogel-based 354 

dressings. Ionic crosslinking is one of the most popular methods in this sense. It is much 355 

more difficult to entrap free GFs into a non-gel-like scaffold of hydrophobic polymers such 356 

as biodegradable polyesters, where specific processing methods are used to provide the 357 

needed features (e.g., porosity). In most cases, these methods work in the presence of an 358 

organic/aqueous solvent interface (e.g., emulsion techniques), elevated temperatures (e.g., 359 

polymer melt processing), or high mechanical stress, which are all conditions that are 360 

unfavorable for the stability of biological molecules. For this reason, mild fabrication 361 

techniques, such as gasfoaming or electrospinning, have been extensively investigated for 362 

preparing GF-loaded wound dressing to provide a reservoir of active molecules for 363 

controlled local delivery to the wound. A further challenge in producing these dressing is the 364 

control of morphology, i.e., generating a proper pore size distribution for exudate 365 

management, gas exchange, polymer degradation, and cell recruitment. Although the 366 

dispersion of GFs in a polymeric matrix presents several shortcomings such as low loading 367 

efficiency, high burst release, protein aggregation, and denaturation, it has been widely 368 

explored in the literature [68–74]. Simple dispersion of GFs does not always offer the 369 

necessary control over kinetics and extent of release even when it is possible to modify the 370 

release rate from the scaffolds via the interaction between GFs, and specific biopolymers or 371 

biomolecules [75]. Though a rapid release from the dressing is advantageous to provide fast 372 



therapeutic effect in specific cases, (e.g. antimicrobials) it is necessary to provide finer 373 

control over temporal release patterns if the final goal is to act on specific molecular 374 

mechanisms chronologically. Incorporating micro – and nano-sized particles in wound 375 

dressings is a powerful means to overcome these shortcomings. These systems promise 376 

new wound-healing strategies since they show excellent formulation versatility and the 377 

advantage of protecting bioactive cargo and controlling its release rate [76]. Different 378 

polymers can be used to prepare microspheres (MPs) and nanoparticles (NPs) for wound-379 

healing applications [77]. PLGA is a copolymer commonly used to prepare NPs and MPs 380 

given the ease of modulating the release rate of the bioactive cargo by varying the monomer 381 

ratio, the molecular weight of the polymers and the chemistry of the end groups. PLGA is 382 

biocompatible and completely biodegradable, and interestingly the lactate released during 383 

its degradation has been shown to promote wound healing [78,79]. In the field of wound 384 

healing, particular emphasis was given to the use of PLGA NPs and MPs to enhance 385 

angiogenesis through sustained VEGF release from biocompatible matrices [78,80]. 386 

Chitosan is another polymer frequently used as a base material to prepare NPs and MPs 387 

releasing biological macromolecules. In addition to its biocompatibility and biodegradability, 388 

the main advantage of chitosan for wound healing lies in its antimicrobial properties due to 389 

interaction with the negatively-charged microbial cell membrane, leading to alterations in 390 

cell permeability [81]. Many other synthetic copolymers such as poly(lactic acid) (PLA), and 391 

poly(ε-caprolactone) (PCL), as well as natural polymers such as gelatin, alginate, and 392 

hyaluronic acid, are among the materials that have been investigated to prepare MPs and 393 

NPs for wound delivery [77,82,83]. By altering the composition, concentration, molecular 394 

weight of the components, or drug loading method, it is possible to release single or multiple 395 

GFs in a temporally controlled fashion and adjusting the release kinetics of each entrapped 396 

GF. An interesting example of the multiple possibilities offered by micro – and 397 

nanotechnologies was reported by Vijayan and coauthors. They prepared a multi-cargo 398 

delivery system where two GFs (VEGF and bFGF, both involved in the proliferation of 399 

various cell types associated with the healing process) were entrapped inside PLGA NPs 400 

by the solvent diffusion method, and an antimicrobial peptide (K4) was conjugated to the 401 

NPs by carbodiimide chemistry [84]. The integration of NPs and advanced dressing in a 402 

single composite system offers a further improvement, because it is possible to control the 403 

temporal gradients by placing one or more delivery systems in a predetermined position of 404 

the dressing to provide pre-programmed signal cues. In this context, cutting-edge dressing 405 

preparation technologies have made possible the preparation of a new class of dressings 406 



where the creation of well-defined spatiotemporal gradients allows a precise stimulation of 407 

physiological repair mechanisms at the molecular level (Figure 3).  408 

 409 

2.3. Wound dressings loaded with GFs  410 

Advances in development of biomaterials have enabled significant progress in biology and 411 

medicine, leading scientists and clinicians to rethink many of the clinical strategies 412 

previously used [66]. Wound dressings are a clear example of how a medical device 413 

traditionally considered only for wound protection can be engineered to exert a wound 414 

healing enhancement action. Modern dressings are designed to protect the wound and 415 

generate the appropriate environment for healing through control over moisture, drainage of 416 

excess fluid or infections. They are also promising platforms for drug delivery to the wound, 417 

especially in the case of chronic wound management, where prolonged exposure to the 418 

bioactive molecules is necessary, and the healing occurs typically over long periods. 419 

Hydrated wound dressings (hydrogels) and dry wound dressing (sponges, foams, films, and 420 

scaffolds), on the other hand, provide superior exudate management and prolonged 421 

residence at the wound site [63,64]. These two characteristics alone already improve the 422 

management of chronic wounds, but the further possibility of loading these dressings with 423 

bioactive molecules, makes them suitable for use as in situ delivery platforms. However, it 424 

is essential to carefully select the loading strategies as they have a significant impact on the 425 

spatial and temporal release kinetics of these molecules and their stability. Table 2 shows a 426 

summary of GF-loaded dressings and corresponding strategies for GF encapsulation.  427 

 428 

2.3.1. Wound dressings loaded with free GFs  429 

As already discussed, free GFs can be directly incorporated within the dressings during the 430 

fabrication process, generally mixing the GFs with the polymer(s) before formulating the 431 

dressing. The main challenge of this approach is to ensure that the processing conditions 432 

do not significantly affect the stability of GFs while still ensuring their sustained release [96]. 433 

GF-loaded wound healing scaffolds were prepared by mixing free GFs with different 434 

biocompatible materials, such as gelatin [97–99], alginate [100,101], dextran [102], 435 

polyurethane [70,103], hyaluronic acid [71,104,105], and chitosan [106,107] (Table 2). Their 436 

hydrophilic nature makes a homogeneous dispersion of GFs simple to obtain, whereas the 437 

crosslinked network makes the scaffolds handy and easy to apply on wounds, even in the 438 

presence of exudate. The local concentration and the spatiotemporal gradients of a 439 

molecule depend upon a delicate balance between the transport properties of the scaffold, 440 



the binding and degradation rate of the molecule and its release rate [65]. The design of 441 

wound dressings loaded with free GFs must consider that the release profiles are mainly 442 

related to the morphological properties of the dressing. The typical release profiles of a GF 443 

incorporated into hydrogels without any further modification show a rapid burst release 444 

during the initial swelling phase, eventually followed by the extended release of the GF due 445 

to viscous resistance of the resulting gel network [108]. Due to the relatively small size of 446 

the GFs compared with the pore of the polymeric network, the simple dispersion in a 447 

hydrogel-like scaffold does not always offer the necessary control over release kinetics and 448 

extent of release. Alternatively, an extended release can be achieved with the immobilization 449 

of the GFs within the biodegradable hydrogel, making the release of the immobilized factor 450 

controlled by the degradation rate of the hydrogel [109] [105,110,111]. The fabrication of 451 

more tunable polymeric scaffolds using hydrophobic polymers such as biodegradable 452 

polyesters can provide the drug release flexibility needed in wound healing. However, these 453 

materials often involve the use of organic solvents, high electric voltage, or high mechanical 454 

stress for their processing, which may inactivate GFs.  455 

 456 

2.3.2. Wound dressings loaded with encapsulated GFs  457 

Micro and nanoencapsulation can be a valid option to protect GFs during dressing 458 

formulation and to achieve the long-term exposure required for the delivery of GFs to chronic 459 

wounds [76,112]. The incorporation of GFs into micro – and nano-sized particles offers 460 

excellent versatility in their application, boosting the development of innovative wound-461 

healing dressings. For example, the delivery of GFs can be finely regulated by using GFs 462 

loaded in microencapsulated systems [98], or by a combination of encapsulated and free 463 

GFs [113] to implement temporal and spatial control of the actions of these biomolecules, 464 

mimicking the physiological action sequence and providing the most effective outcome. 465 

Using these approaches, various innovative polymeric wound dressings capable of 466 

controlled release of GFs have been developed and tested using in vivo and in vitro models 467 

(Table 2). A delivery system based on a heparin-based coacervate loaded with FGF-2 was 468 

developed by Wu et al [114]. The FGF2 coacervate was successively loaded into a 469 

poly(ethylene argininylaspartate digylceride) matrix and showed prolonged release, with 470 

only 60% of the GF being released in 17 days, which can support longterm delivery of the 471 

GF to the wound environment. Recently, a new integrated wound healing platform 472 

integrating EGF-coated lysozyme microbubble was developed [115]. GFs can also be 473 

coencapsulated with another active component (e.g., the antioxidant curcumin, as described 474 



by Li et al. [116] or the anti-inflammatory diclofenac sodium as described by Lin et al. [117]) 475 

to achieve a dual-release drug delivery system which can improve wound healing by acting 476 

through different mechanisms. Despite the promising studies in vitro and in vivo, large 477 

clinical trials involving the wound delivery of GFs from these integrated platforms have often 478 

failed to demonstrate results of clinical significance. The application of GFs in wound healing 479 

has mostly focused on delivering a single dose, although the combined action of different 480 

GFs improved the healing process in the wounded skin of diabetic mice better than single-481 

agent treatment [118]. A representative example of how the temporal aspects of GF release, 482 

is the key role exerted by VEGF and PDGF, respectively, in the earlier and later stages of 483 

angiogenesis [119]. In this case, careful manipulation of the physical and chemical 484 

properties of the core-shell microcapsules entrapping the GFs, modified their release to 485 

closely mimic the wound physiological scenario and improve angiogenesis, compared with 486 

the traditional bolus administration [120]. Based on the same concept, Losi et al. developed 487 

a poly(ether)urethane–polydimethylsiloxane/ fibrin-based scaffold containing PLGA NPs 488 

loaded with VEGF and bFGF [121]. The scaffold application on fullthickness dorsal skin 489 

wounds significantly accelerated wound closure on day 15 compared to scaffolds without 490 

GFs or containing unloaded PLGA NPs. However, the closure rate was similar to that 491 

observed in mice treated with scaffolds containing free VEGF and bFGF. A similar 492 

combination of VEGF and bFGF was used by Vijayan and coworkers to obtain a PEG cross-493 

linked cotton-like chitosan scaffold able to constantly deliver both GFs and attain stability 494 

after 7 days109. The application of a dextran hydrogel loaded with a combination of EGF and 495 

VEGF encapsulated in electrosprayed chitosan microparticles was shown to promote faster 496 

wound healing with no signs of local or systemic inflammatory response [102]. Interestingly, 497 

a single application per week of the hydrogel loaded with GFs reduced the wound area faster 498 

than the application of free EGF and VEGF every two days.  499 
 500 
2.3.3. Nanofibrous structures as wound dressings  501 

A very popular approach to develop novel multifunctional platforms for the local delivery of 502 

GFs to the wound is the production of nanofibers by electrospinning [122–125]. These 503 

nanofibers can control and guide the wound healing process by integrating controlled 504 

release strategies within scaffold materials and can be very useful for the development of 505 

innovative wound dressings. By adjusting the fiber diameter, drug-to-polymer ratio, and/or 506 

porosity or selecting the most appropriate polymers for the production of these scaffolds, it 507 

is possible to finely tune the release rate to meet specific clinical applications [126]. As a 508 



result, electrospinning is now recognized as a straightforward, facile, and versatile method 509 

to prepare nanostructured drug delivery systems [123]. Various electrospinning techniques, 510 

such as blending, specific or nonspecific surface modifications, coaxial electrospinning, 511 

emulsion electrospinning, and combination of electrospinning with other conventional 512 

techniques, have been applied for the development of GF–loaded wound dressing yielding 513 

various levels of success [127,128]. The incorporation of GFs in the polymeric solution 514 

before the electrospinning process is the simplest way to produce drug-loaded nanofibers. 515 

Blend electrospinning was successfully used to prepare several electrospun membranes 516 

functionalized with GFs for use as wound dressings [124]. These membranes have a drug 517 

release profile dependent on the diffusion coefficient of the single molecule, often resulting 518 

in a significant burst release with consequent reduction of effective treatment time [72]. 519 

However, to extend the drug release period, it is possible to prepare multilayer structures 520 

consisting of multiple drug-loaded layers, rate-controlling barrier layers, and cover layers 521 

that can be assembled to prepare complex delivery systems where the drug release rate 522 

from the dressing can be easily tailored by tuning the properties of the layers containing the 523 

drugs and the barrier layers [129]. Using a combination of encapsulated and free GFs, it is 524 

possible to implement temporal and spatial control of drug release as reported by Xie et al. 525 

They conceived a biomimetic nano-fibrous scaffold with the fast release of VEGF-loaded 526 

PLGA NPs followed by a later release of a beta PDGF dimer (PDGF-BB) dispersed into the 527 

polymeric matrix, achieving an accelerated wound healing of a full-thickness rat skin wound 528 

model [113]. Antimicrobial agents such as silver sulfadiazine (SSD) can also be loaded into 529 

one of the nanofibrous mat layers and released together with GFs to obtain a multilayer 530 

wound dressing with multiple effects in chronic wounds. Surface immobilization through 531 

covalent bonds with polymeric chains is another way to control GF release [130]. These 532 

modified and functionalized nanofibers have a slow and prolonged release, thus overcoming 533 

the problems of initial burst release, preserving functionality of the GFs and enhancing 534 

wound healing. Moreover, surface immobilization can be used to prepare a dual release 535 

system as in the nanofibrous scaffold prepared by Dwivedi and coauthors, with the 536 

antibacterial gentamicin sulfate loaded into the electrospun fibers and rhEGF covalently 537 

immobilized on the scaffold surface [131]. Coaxial electrospinning can be considered an 538 

evolution of electrospinning, which uses two concentrically aligned capillaries which allows 539 

the formation of fibers with a core-shell structure [132]. The coaxial electrospinning process 540 

allows a one-step encapsulation of fragile, water-soluble bioactive agents, including GFs, 541 

DNA, and even living organisms, into core-shell nanofibers, eliminating the damaging effects 542 



due to direct contact of the agents with organic solvents or harsh conditions during 543 

emulsification. Compared to blend electrospun fibers, coaxial electrospun fibers have a 544 

more uniform structure, homogenous protein distribution in the core of the fibers, and they 545 

better preserve the protein activity, resulting in a longer sustained release [129,133]. 546 

Furthermore, coaxially electrospun nanofibrous scaffolds easily allow the integration of 547 

multiple GFs. For example, coaxial electrospun fibers were used for the dual release of EGF 548 

and bFGF, with bFGF loaded into the core of the core-shell fibers, while EGF was chemically 549 

immobilized on the shell surface [134]. The different release rates (fast release in the first 550 

12 hours for bFGF, and a sustained release up to 7 days for EGF) caused a temporal 551 

distribution of the GFs, allowing bFGF to act in the initial stages of healing, promoting cell 552 

migration and proliferation, whereas the EGF effect was more sustained over the healing 553 

process. The in vivo studies undertaken on burns created on diabetic C57BL/6 female mice 554 

clearly showed that the controlled release of EGF and bFGF from nanofibers further 555 

accelerated the proliferation of epidermal cells and wound closure than controls, EGF-556 

loaded nanofibers, and bFGF-loaded nanofibers. Animals treated with EGF/bFGF 557 

nanofibers improved collagen and keratin accumulation better than the controls [134]. 558 

Electrospun composite nanofibers can also be designed with a staged release of more than 559 

two GFs for sequential release at the wound site. According to Lai and coauthors [135], 560 

multiple GFs, including bFGF, EGF, VEGF, and PDGF, can be encapsulated either in 561 

nanofibers or in NPs and released over 1 month via gradual degradation of nanofibers/ 562 

nanoparticles simulating the temporal release of regulatory factors in the normal wound 563 

healing process [135]. The initial delivery of bFGF and EGF bio-mimics the early stage of 564 

the wound healing process, whereas slow controlled release of VEGF and PDGF-BB 565 

imitates the late stage of skin reconstruction promoting re-epithelialization, dermal 566 

reconstruction and formation of mature vasculature as confirmed by in vivo studies on 567 

streptozotocin-(STZ)-induced diabetic rats. Emulsion electrospinning is a relatively simple 568 

technique to fabricate nanofibers that allow a more controlled release of GFs from a 569 

nanofibrous mat. Bioactive compounds can be well incorporated in either water-in-oil (W/O) 570 

or oil-in-water (O/W) emulsions and electrospun to directly encapsulate hydrophilic or 571 

hydrophobic compounds into core-shell fibers, respectively. By dissolving the GFs in the 572 

water phase of the W/O emulsion, it is possible to protect them from the harsh solvent 573 

required to dissolve the polymer. However, when compared with coaxial electrospinning, 574 

this method lacks well-defined control over the location of the therapeutic agent within either 575 

the core or shell of the structure [136]. Several studies have proven that emulsion-based 576 



electrospun nanofibers can enhance the encapsulation efficiency, stability, and 577 

bioavailability of bioactive compounds and achieve targeted delivery and controlled release 578 

[137]. Emulsion electrospinning has proven successful in preparing novel nanofibrous 579 

dressings for wound healing applications, and with this technique, core– sheath nanofiber 580 

dressings loaded with bFGF [138], EGF [139–139– 141] and VEGF [142] were developed. 581 

After years of research on this topic, there is no doubt that electrospun nanomaterials can 582 

play an important role in biomedical applications. The flexibility and versatility of the 583 

electrospinning process make this technology very useful in wound dressing application, 584 

however, unfortunately, it has certain limitations in clinical practice. Due to its conventional 585 

setup which is usually quite bulky and requires high-voltage supply, special laboratories are 586 

needed to prepare the dressings, which will then be applied to the patients. To overcome 587 

these limitations, a battery-operated portable handheld electrospinning apparatus (BOEA) 588 

was recently developed, replacing the typical high-voltage generator with a high-voltage 589 

converter making the apparatus no longer dependent on the electrical supply (Figure 4A). 590 

This small and lightweight (about 120 g) apparatus can work with two AAA batteries and 591 

has the ability to electrospin different polymers, such as PCL, PLA, polyvinylpyrrolidone 592 

(PVP), polystyrene, and polyvinylidene fluoride (PVDF), into fibers. The development of this 593 

kind of portable battery-operated handheld apparatus could lead to consideration of 594 

electrospinning for practical day-to-day applications such as personal healthcare devices, 595 

especially in biomedical fields such as skin damage, wound healing and rapid hemostasis 596 

[143–145]. Melt electrospinning writing (melt electrospinning combined with moving 597 

collectors) is another relatively new processing technology for producing fibrous materials 598 

from polymer melts, and it can be considered as a type of 3D printing technology (Figure 599 

4B) [146,147]. With this technology, it is possible to fabricate complex 3D structures with up 600 

to millimeter thickness based on the accurate deposition of small fibers upon each other, 601 

leading to flexible constructs that enable even relatively rigid polymers to be fabricated as 602 

soft, compliant structures. Moreover, the process avoids the use of toxic solvents with 603 

obvious advantages. Finally, by combining 3D printing and electrospinning, it was possible 604 

to prepare hybrid hierarchical scaffolds consisting of alternating layers of 3Dstructured/ 605 

microsized polymer strands and nanofiber webs, which improved the final biological 606 

properties of the scaffolds [148]. According to the authors, such scaffolds would avoid the 607 

shortcomings of conventional 3D dispensed structures with electrospun fiber webs, such as 608 

pore size being too large relative to the seeded cells, unfavorable conditions for initial cell 609 

attachment, and low mechanical properties to support a 3D structure.  610 



 611 

2.4. Blood derived products as GF reservoir for wound dressings  612 

2.4.1. Platelet-rich plasma (PRP) and platelet-rich fibrin (PRF)  613 

Blood derived products have demonstrated the capacity to enhance healing and stimulate 614 

the regeneration of different tissues. In 1979, Ross et al [149]. were the first to describe the 615 

use of platelets as a reservoir of GFs, and since then topical treatments with platelet 616 

derivatives have been increasingly described as having the capability to accelerate wound 617 

healing and to aid in tissue repair [150,151]. Upon degranulation, platelets release a pool of 618 

GFs and proteins involved in tissue regeneration such as PDGF, PDEGF, EGF, VEGF, FGF, 619 

TGF-β, IGF, IL-8, TNF-α. For this reason, platelets can be considered as a potential source 620 

of multiple GFs, and PRP and PRF have been proposed in the clinical management of 621 

wounds. PRP is an autologous preparation that concentrates platelets in a small volume of 622 

plasma through centrifugation [152,153], while PRF is a fibrin clot rich in platelets obtained 623 

without addition of thrombin. The main advantage of therapy with PRP and PRF gels is the 624 

ability to release multiple GFs in their biologically determined ratios, in a similar way to the 625 

natural wound healing process via degranulation of α-granules [154,155]. For each 626 

treatment, autologous PRP or PRF gels must be prepared right before the application using 627 

laboratory procedures, causing potential intra-batch differences with variable therapeutic 628 

effects after application. However, the use of standardized commercial kits for the 629 

autologous PRP or PRF gel preparation, such as the AutoloGel™ System (Cytomedix, Inc., 630 

Rockville, MD, USA), greatly reduces these intra-batch differences, and they are currently 631 

indicated for use in DFUs [154,156]. PRP and PRF provide a sustained release of high 632 

concentrations of platelet GFs, reducing the early inactivation and degradation of GFs by 633 

the numerous hydrolytic enzymes at the wound site, and therefore enhancing healing and 634 

vascularization [157]. Although they have demonstrated interesting wound healing activities 635 

[158–160], their efficacy critically depends on how they are made available to the injured 636 

tissue. PRP therapy is considered an advantageous and costeffective treatment for DFUs 637 

even when compared with treatment using advanced wound dressings [161,162], and acts 638 

as a tissue sealant and sustained delivery system for GFs. However, when applied in vivo, 639 

the efficacy of the PRP therapy is very limited for a variety of reasons including, but not 640 

limited to, preparation methods, donor heterogeneity, and rapid clearance from the site of 641 

interest [153,163,164]. Moreover, its low mechanical strength and fast degradation rate limit 642 

its applications in tissue regeneration, especially in large and deep wounds [165]. Sustained 643 

release of PRP using hydrogels has been demonstrated to be a highly potent and effective 644 



modality to deliver GFs directly to the wound site. Qiu and coworkers successfully prepared 645 

an injectable thermosensitive in situ forming hydrogel of poly(D,L-lactide)-poly(ethylene 646 

glycol)- poly(D,L-lactide) (PLEL), in which PRP was homogeneously incorporated. When 647 

used to treat full-thickness skin defects in rodents, the platform showed a significantly higher 648 

ability to raise the number of newly formed and mature blood vessels than the control, PLEL 649 

and PRP groups. Furthermore, the PRP/PLEL-treated group displayed faster wound 650 

closure, better re-epithelialization and collagen formation [166]. In the design of biologically 651 

active dressings, the combination of PRP with materials and techniques with well-known 652 

effects on wound healing can also offer a further advantage, as demonstrated for chitosan 653 

films [167], collagen/PCL biocomposites [168], electrospun meshes [169] or acellular dermal 654 

matrix [170]. PRP was also engineered to prepare a hydrogel glue through the addition of 655 

photo-responsive hyaluronic acid which generates aldehyde groups upon light irradiation 656 

and subsequently reacts with amino groups of autologous PRP [171]. This hydrogel glue 657 

could be conveniently and rapidly prepared in situ, forming a robust cytocompatible hydrogel 658 

scaffold with strong tissue adhesive ability, an associated control over GFs release and 659 

better therapeutic efficacy when compared with thrombin activated PRP gel in hyaline 660 

cartilage regeneration. A gelatin dressing impregnated with PRP releasate (the active 661 

soluble part was isolated following platelet activation of PRP) has also been proposed as a 662 

sustained release system for the delivery of GFs to wound sites [172]. The use of PRP 663 

releasate allows easy control over the concentration of GFs and, at the same time, provides 664 

a controlled release to the wound, resulting in a reduction of the wounded area after 21 days 665 

compared with the PRP alone. PRF is a fibrin clot rich in platelets with no thrombin, prepared 666 

from centrifuged blood without biochemical blood handling, which belongs to the second-667 

generation of platelet concentrates. The progressive or relatively slow polymerization 668 

occurring during centrifugation (as opposed to the rapid polymerization caused by the high 669 

thrombin levels needed to prepare PRP) increases the incorporation of the circulating 670 

cytokines in the fibrin meshes of the PRF. Furthermore, the autologous GFs are released 671 

from PRF in a controllable, relatively slower fashion, and therefore has a more robust and 672 

durable effect on cell proliferation and differentiation [173]. Similar to PRP, PRF can also be 673 

used as a source of GFs to be included in a wound dressing, and once embedded in a 674 

gelatin gel, it can promote angiogenesis, granulation tissue formation, and repair of full-675 

thickness skin defects [174]. A recent case study presented by Sun and coworkers showed 676 

that the application of a 3D-printed scaffold fabricated with poly(L-lactide acid) (PLLA) and 677 

gelatin which are absorbable materials, in combination with PRF, is a highly effective way 678 



to repair difficult-to-heal wounds [175]. Interestingly, this kind of system demonstrated ease 679 

of application and complete absorption without the need to be removed or changed, two 680 

features that increase comfort for patients involved in the study.  681 

 682 

2.4.2. Platelet lysate  683 

Platelet lysate (PL) is a hemoderivative obtained by platelet destruction through freeze-684 

thawing of a PRP sample in the presence of an anticoagulant. It was shown to recapitulate 685 

activities of different cell types involved in wound healing [176,177]. The possibility of using 686 

allogeneic PL, minimizes individual variability and therefore represents an advantage 687 

compared to patient derivatives such as PRP or PRF. Different controlled-release systems 688 

were developed to provide sustained PL delivery to wounds, including sponge-like dressing 689 

[178–180], mucoadhesive gel [181], contact lenses [182], and eye drops [183]. Mori and 690 

coworkers proposed a powdered alginate dressing for the combined delivery of PL and an 691 

antibiotic drug (vancomycin hydrochloride) in chronic skin ulcers [184]. The alginate powder 692 

particles, once applied to the wound, were able to absorb wound exudates to form a gel 693 

and, simultaneously release the active drugs. In vitro studies showed that the alginate 694 

particles were able to modulate the release of two different therapeutic agents and, at the 695 

same time, enhanced fibroblast proliferation. As previously mentioned, the combined 696 

delivery to skin lesions of multiple actives offers major advantages in wound healing, 697 

especially if one of these molecules is an anti-infective drug able to eliminate infections, the 698 

most likely single cause of delayed healing. Following this concept, a dressing made of 699 

hyaluronic acid particles coated with a calcium alginate shell embedded in an alginate 700 

matrix, was proposed for the combined delivery of PL and vancomycin hydrochloride to 701 

chronic skin ulcers [185]. A more complex dressing containing silver sulfadiazine as an anti-702 

infective drug, alpha tocopherol as an antioxidant agent, and loaded with autologous PL was 703 

proposed by Bonferoni et al. for the treatment of chronic skin wounds [186].  704 

 705 

2.4.3. Fibrin-based delivery strategies for GFs  706 

Fibrin is an insoluble macromolecule essential for hemostasis and wound healing, where it 707 

plays a major role as a provisional matrix for cells and local reservoir for the sequestration 708 

and spatiotemporal release of GFs and cytokines in the wound area [187,188]. Fibrin is 709 

derived from fibrinogen, a soluble protein produced by the liver and found in blood plasma, 710 

by the action of the serine protease thrombin, which is activated by a cascade of enzymatic 711 

reactions triggered by vessel wall injury, activated blood cells, or a foreign surface. After 712 



injury, the natural fibrin hydrogel (clot) that is created effectively manages hemostasis, and 713 

at the same time forming a 3D matrix for the proliferation and migration of cells into the 714 

wounded area. Moreover, fibrin has a selective chemotactic activity for endothelial cells 715 

(ECs), and it also has an intrinsic angiogenic activity. The colonization of cells in the fibrin 716 

clot is an important event in wound healing as the entrapped cells release a pool of GFs 717 

with local activity that drives neovascularization and subsequent remodeling of the wound 718 

bed. The structural and mechanical characteristics, as well as the inherent biological 719 

features of fibrin hydrogels, have drawn attention to the potential of this material in the 720 

rapidly expanding field of tissue engineering and regenerative medicine. Fibrin-based 721 

sealants (fibrin glues), based on fibrinogen/FXIII and thrombin concentrates that form a fibrin 722 

hydrogel upon mixing, have been marketed and used for a long time to effectively manage 723 

hemostasis and wound healing during surgical interventions. However, more recently, fibrin 724 

hydrogels have been further exploited to develop some strategies for delivering therapeutic 725 

biomolecules to the wound site [189]. Fibrin can be used for wound delivery simply by the 726 

incorporation of (one or several) therapeutic molecules into a fibrinogen/thrombin 727 

formulation, which can be subsequently applied to acute or chronic wounds. Alternatively, 728 

fibrin can be incorporated into diverse structures such as MPs or NPs, to finely control the 729 

release kinetics of the delivered molecule [190]. Both these strategies have turned out to be 730 

very promising for the delivery of therapeutic biomolecules, particularly GFs, to sustain their 731 

release and protect them from rapid deactivation in the hostile wound environment 732 

[189,191]. The GF release profile from a fibrin matrix depends principally on the mechanical 733 

properties of the matrix, the fibrinolytic activity in the area of application and the mode of GF 734 

interaction with fibrin. Many different approaches have been attempted to alter the release 735 

kinetics by either modifying the biophysical properties of the fibrin matrix (such as the 736 

amount of cross-linking and the density of the gel) or modifying the substance of interest in 737 

such a way as to alter the interaction between the two. A detailed discussion of these 738 

strategies was reported by Whelan and coworkers in a review and the reader is referred to 739 

this for further information [191]. The feasibility of fibrin to deliver GFs for the treatment of 740 

acute and chronic wounds has been demonstrated by many studies. Initially, the research 741 

was focused on the delivery of GFs able to stimulate an angiogenic activity, taking 742 

advantage of the ability of fibrin and its degradation products to intrinsically stimulate 743 

angiogenesis. Many angiogenic GFs, such as bFGF, PDGF-A, PDGF-B and VEGF [165] 744 

have been incorporated into fibrin matrices and successfully delivered to enhance new 745 

vessel formation [104,121,121,192– 195]. Interestingly, the natural affinity of these GFs for 746 



fibrin slows down their release from the matrix as they will primarily be released upon cell 747 

infiltration and subsequent matrix degradation [191]. At the same time, fibrin hydrogels have 748 

also been employed as delivery vehicles for a range of nonangiogenic GFs associated with 749 

wound healing such as KGF [196,197] and EGF [198]. Despite several attempts and the 750 

encouraging pre-clinical data, the clinical translation of fibrin hydrogels is very limited. The 751 

main issue is the quick passive diffusion of GFs out of the matrix within the first few hours 752 

upon application to the injured site. The rapid fibrin degradation in vivo, and the weak binding 753 

of some GFs to fibrin leads to a burst release of GFs, resulting in supraphysiological doses 754 

whereas a slower and more controlled release is required to induce optimal therapeutic 755 

efficacy. Various approaches have been investigated to alter the release kinetics of GFs 756 

from fibrin matrices [189], including alteration of the composition of the matrix, incorporation 757 

of heparin, encapsulation of GFs into micro or nanosystems, and the use of recombinant 758 

proteins or bi-domain peptides (synthesized peptides which can be functionalized to bind 759 

both fibrin on one end and GF on the other) (Figure 5). The different natural binding affinities 760 

of GFs or the combination of two or more of these strategies to alter the GFs release from 761 

a fibrin matrix can be further exploited to achieve the sequential release of two or more 762 

bioactive molecules. For example, Wong and coauthors used the different fibrin affinities of 763 

GFs to achieve a sequential release of bFGF (highest fibrin affinity), VEGF165 (high fibrin 764 

affinity) and VEGF121 (low fibrin affinity), from a biomatrix prepared using fibrin sealant 765 

product components [199]. The same concept was applied by Briganti et al. who used 766 

heparin to modify the release of VEGF and aFGF [200] and by Drinnan et al. who used 767 

PEGylated fibrin to achieve sequential release of PDGF-BB (entrapped in fibrin) and TGF-768 

β (bound to a homobifunctional PEG linker) [192]. Layman et al. reported a sequential bFGF 769 

and G-CSF delivery system using GF-loaded albumin microspheres embedded in fibrin 770 

[201,202]. The results of all these studies, indicated that the combined sequential release 771 

of multiple GFs constituted an improvement over the delivery of individual GFs for enhancing 772 

neovascularization in in vivo models. Finally, the combined delivery of GFs and cells to 773 

support tissue formation and functionality have been explored, and shown very promising 774 

results [189,191]. In this respect, it is worthwhile to mention the works of Mogford et al. who 775 

showed beneficial effects of dermal fibroblasts in fibrin gels loaded with PDGF-BB on a 776 

rabbit ear cutaneous wound healing model [203], and Gwak et al. who observed a faster 777 

and more pronounced epidermal regeneration in mice when a combination of keratinocytes 778 

and EGF in fibrin was sprayed into full-thickness wounds compared to single controls [204].  779 
 780 



3. Conclusions  781 

Polymeric (synthetic, semisynthetic, or naturally derived) dressings are potentially an ideal 782 

delivery platform for integration of single or multiple GFs, making possible controlled delivery 783 

in the proximity of the wounded area thus avoiding side effects and exposure of non-target 784 

sites. The versatility offered by the different materials used and formulation methods allows 785 

the fine control of the delivery of GFs both spatially and temporally, a crucial factor in their 786 

effective and safe use as regenerative medicines in clinical practice. The ability to deliver 787 

multiple GFs simultaneously to the wound site allows an ideal multitargeted approach to 788 

chronic wounds, which are generally not caused by a single factor but involve multiple 789 

complications. The advantages of GF-loaded wound dressings are now well established at 790 

the laboratory scale or small production suites, but as often happens, their translation into 791 

the clinic is still very limited due to the high production costs, difficult storage conditions, and 792 

poor stability of biologically active molecules. The incorporation of micro – and nano-sized 793 

particles in wound dressing could be a powerful tool to overcome these shortcomings but 794 

additional research should be undertaken to explore increasingly reliable techniques to 795 

improve the preparation methods and quality control. In conclusion, the potential of GF-796 

loaded wound dressings is well-founded, and novel delivery technologies could significantly 797 

contribute to improving human health. These products do more than just covering and 798 

concealing of the wounds, and can also play an active role in tissue regeneration and 799 

remodeling, enhance full regeneration of skin while also reducing the formation or size of 800 

the resulting scars. These unique advantages make them appealing platforms for the future 801 

treatment of chronic wounds, an increasingly important and debilitating disease worldwide. 802 

 803 

4. Expert opinion  804 

The direct delivery of GFs to chronic wound sites and other difficult to heal wounds, using 805 

dressings (either currently on the market or novel designs) is a feasible therapeutic approach 806 

that is expected to accelerate wound healing and reduce scar formation especially in 807 

patients with a high risk of infections and complications, as is the case for DFUs. Extensive 808 

development and innovations are ongoing in the field of medicated dressings, using different 809 

polymers, (both natural and synthetic), for effective delivery of GFs supported by the 810 

advances in tissue engineered scaffold technologies. The development of scaffolds based 811 

on biopolymeric matrices such as collagen and hyaluronic acid, together with the application 812 

of advanced and more sophisticated manufacturing technologies such as electrospinning, 813 

nanoencapsulation and 3D printing, have significantly enhanced the opportunities for more 814 



targeted delivery. In addition, there has been significant interest in blood-derived products 815 

such as PRP, PRF, PL, and fibrin, which contain appropriate levels of multiple GFs, driven 816 

by the advances in biotechnological techniques comprising bioengineering and biomedical 817 

science collaborations, which enable high throughput and industrial scale-up capabilities. 818 

The advantages of incorporating antimicrobials within wound dressings to fight infections 819 

typical of a wound site are now well established, even in clinical practice. However, in the 820 

case of GF-loaded wound dressings, significant additional barriers and limitations remain 821 

that need to be overcome before routine delivery of GFs using dressings can become a 822 

reality in clinical practice. These include the poor physical, chemical, and biological stability 823 

of GFs to various conditions such as temperature (during formulation and processing), and 824 

protease enzymes (within exudate and the wound bed), which makes it difficult to achieve 825 

effective therapeutic doses able to trigger efficient and timely wound healing. Another 826 

challenge is the need to control the correct spatiotemporal release of the active ingredient 827 

from the dressing to mimic the chronological release profiles of GFs that occur in real 828 

physiological situations. The complexity of the wound healing process and differences 829 

between the types of chronic wounds require a tunable multi-targeted approach, where 830 

various biologicals are delivered simultaneously to target different phases of wound healing. 831 

For this reason, research in this field has evolved toward a more interdisciplinary approach, 832 

involving pharmaceutical technology, clinical physiology and pathology, reconstructive 833 

surgery, and biomedical engineering for the development of more sophisticated wound 834 

dressings, which take advantage of two or more drug delivery strategies, with the ultimate 835 

aim of developing novel therapies applicable in clinical settings. The integration of MPs and 836 

NPs into wound dressings could be critical to overcoming the inherent instability of GFs, 837 

while simultaneously offering an adequate control over the release rate. Many investigations 838 

have led to encouraging outcomes in various in vitro and in vivo wound models, and it is 839 

expected that in the future, some of these technologies will satisfy clinical requirements and 840 

become commercially available. Other encouraging outcomes have involved the use of 3D 841 

printing and 3D bioprinting which have the potential to achieve the accurate spatiotemporal 842 

deposition of GFs to achieve more efficient targeted delivery to the wound site. Furthermore, 843 

the more gentle processing makes it well suited for preparing medicated dressings 844 

comprising single or multiple GFs as is the case for PRP, PRF and PL as well as enable the 845 

embedding of cells that have the potential to produce specific GFs without being destroyed 846 

during manufacture. In addition, 3D printing can allow the incorporation of chemical and bio-847 

sensors, that could control the delivery of the target GFs at the appropriate stage of the 848 



wound healing process. This will enable smart delivery via remote sensing, able to detect 849 

when a specific dose of the GF is needed in response to biochemical signals such as pH, 850 

temperature, osmolality, ionic strength, and specific enzymes within the wound bed. Finally, 851 

for the clinical application of these types of dressing, we must not underestimate the impact 852 

of regulatory barriers and the higher cost of GF-loaded dressing compared to the 853 

corresponding plain moist wound dressing. The registration process needed for the 854 

commercialization of GF-loaded wound dressings is probably one of the most critical phases 855 

in the development of these delivery systems, due in part to the absence of reliable cheap 856 

animal wound models. In general, the regulatory approval process is complicated by safety 857 

issues, specific storage requirements, and short shelf lives. GFs, either synthesized or 858 

extracted from natural sources, are very expensive and therefore likely to increase the unit 859 

cost per dressing. However, over the course of treatment to complete healing, the 860 

anticipated rapid healing is expected to make it cost-effective overall, compared to standard 861 

moist wound dressings. The prospects are therefore still exciting as they present the 862 

potential to treat patients’ wounds in a more personalized and targeted way, to improve 863 

healing outcomes and potentially reduce the duration of healing, hospital stays, as well as 864 

significantly reduce complexities such as severe infections, amputations and ultimately 865 

fatalities. Overall, this will reduce the costs to patients and health providers, enhance patient 866 

quality of life with ultimate economic and social benefit through avoiding indirect costs from 867 

loss of working hours and personal income. On the other hand, the safety of these systems 868 

is still a major challenge, as the direct and continuous administration of GFs presents 869 

potential serious adverse effects including the uncontrolled growth of normal healthy cells 870 

when in contact with GFs and therefore an increased risk of tumors and cancers. Given the 871 

constant research in the area of wound healing biomaterials, the improvements in our 872 

understanding of skin biology and the physiological processes of wound repair, it is safe to 873 

predict that these biological-based, biomaterial-delivered therapies will become prominent 874 

in routine wound care management. We believe that in the next 5 to 10 years, GF-loaded 875 

dressings will provide a highly tunable treatment for difficult to heal chronic wounds such as 876 

DFUs, PUs and leg ulcers where standard therapies have failed. Wound dressings prepared 877 

using the new manufacturing technologies, such as 3D printing or bioelectrospraying/ 878 

spinning, in combination with a well-defined mixture of GFs and/or living cells, will be a 879 

cheaper and safer alternative to skin grafts (painful and need to create a fresh wound) and 880 

tissue engineered skin substitutes (expensive and require expert health personnel to 881 

administer) for the treatment of difficult to heal chronic wounds. Moreover, considering 882 



genetic variability, wound type, and the patient’s clinical and metabolic features, it will be 883 

possible to offer more patient specific and more effective therapies, potentially moving 884 

toward an era of personalized clinical care.  885 
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