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Chronic skin wounds affect more than 40 million patients globally and represent a severe growing burden for
the healthcare systems, with annual costs expected to exceed $15 billions by 2022. To satisfy the huge demand
for effective wound care products, different types of wound dressings have been introduced on the market dur-
ing the last decades. Based on “the moist wound healing theory” postulated by Prof Winter in 1962, bandages
were initially designed to recreate the optimal wound environment to favor the healing process. Then, thanks to
the advancements achieved in biomaterial design and processing, biotechnology, imaging and electronic fields,
great effort has been devoted to the development of formulations able to actively participate to tissue healing.
Indeed, both the literature and the market report the design of medicated wound dressings, i.e., wound care
products releasing anti-microbial agents, anti-inflammatory drugs, or bioactive molecules. In this scenario, this
review aims at critically describing the currently available wound care products, highlighting their proved effec-
tiveness in wound management. Moreover, an overview of the main strategies exploited to design personalized
wound dressings has been reported. Lastly, concerns on regulatory affairs and practical issues limiting the clinical

translation of advanced research platforms have also been discussed.

1. Introduction

The expression "hard-to-close wounds” refers to damaged tissues
characterized by impaired healing processes within approx. 4 weeks of
treatment. The physiological wound-healing pathway consists of three
sequential and overlapping phases: (i) inflammation, (ii) proliferation
and (iii) remodeling. When the healing sequence stalls in one specific
phase, leading to unsuccessful tissue closure, wounds are classified as
chronic wounds [1]. The main factors responsible for this impeded heal-
ing are age, overproduction of matrix metalloproteinases, low vascular-
ization (i.e., ischemia), decreased oxygen and nutrient supply and co-
morbidities, such as diabetes, peripheral arterial disease and immune
deficiency. Moreover, studies revealed that delayed healing could be
also attributed to stress-induced aging of cells, which leads to reduced
cell viability and impaired healing pathway activation [2]. Among all
these factors, bacterial infections represent the most serious issue to be
faced in wound management. Indeed, although low levels of bacteria
in the wound bed are known to promote tissue regeneration by stimu-
lating the production of proteolytic enzymes [3], bacteria colonization
significantly affects wound closure capability by altering the metabolic
activity [4]. Furthermore, infected chronic wounds are generally asso-
ciated with the formation of a biofilm, i.e., a very sturdy polysaccharide

coating formed by bacteria, which can limit the diffusion of locally de-
livered drugs. Hence, to promote tissue regeneration and wound heal-
ing, biofilm should be removed. However, it can be barely destroyed by
either the immune system or systemic and topical anti-microbial admin-
istration and thus, in many cases debridement aimed at disrupting this
impermeable film turns out to be essential.

The primary clinical approach to chronic wound treatment consists
of glycemic control, revascularization and optimization of the blood
flow, removal of exudate, biofilm and necrotic tissue, and control over
patients’ co-morbidities. However, this single approach is not strong
enough to completely face the problem of chronic skin wounds. Hard-to-
close chronic wounds affect more than 40 million patients globally and
represent a severe growing burden for the healthcare systems, with an-
nual costs expected to exceed $15 billions by 2022 [5]. Only in Europe,
4 million patients suffer from chronic wounds every year, requiring
25%-50% of acute hospital beds. Furthermore, the costs associated with
chronic wound treatments represent at least 4% of the national annual
budget, subdivided in 15%-20% for materials, 30%-35% for healthcare
providers and more than 50% for hospitalization [6]. As a consequence
of this long-term hospitalization, hard-to-close wounds also negatively
impact the society wellness, with a significant reduction in the avail-
able workforce. Hence, the healthcare systems exert a tremendous pres-
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sure on researchers and pharmaceutical industries towards the devel-
opment of cost-effective wound treatments. Indeed, since the late 90s,
dramatically increasing data on the growth of the global wound care
market have been registered, with costs projected to reach $8460 mil-
lion in 2025 [6]. However, the wide supply of wound treatments devel-
oped during these years has not been able to crucially tackle the huge
annual incidence of chronic wounds. Such reduced effectiveness could
be ascribed to several co-current issues: (i) although wound classifica-
tions based on type, origin and regeneration capability do exist, each
wound is characterized by a unique healing process and thus, there are
no all-purpose ideal dressings; (ii) due to the overwhelming available
dressings, there is a lack of full understanding of the advantages offered
by commercially available wound care treatments; (iii) there is an ex-
tremely wide gap between results coming from the research on advanced
wound dressings and the technology level of available products on the
market. Hence, much effort should be directed to make the research
achievements more easily available for the healthcare providers.

Since ancient time, “the moist wound healing theory” postulated by
Prof George D. Winter in 1962 has been the most influencing concept on
the design of wound care products [7]. Specifically, Prof Winter proved
that significantly faster tissue regeneration kinetics could be achieved
in the presence of a moist environment by promoting wound epithelial-
ization. Later, Lawrence highlighted the need to develop wound dress-
ings capable to avoid adherence to damaged tissues [8], while Piskozub
investigated the importance to provide dressings with absorbance ca-
pability aiming at removing excess exudate [9]. Consequently, the in-
creasing number of available wound dressings and the design of progres-
sively more sophisticated treatments led to the identification of standard
test methods to evaluate and compare the wound dressing performances
[10]. In general, the ideal wound dressing should fulfill several require-
ments to effectively manage hard-to-heal wounds [1], as schematically
reported in Fig. 1.

Therefore, starting from these principles, a huge number of differ-
ent types of wound dressings have been designed over the last decades.
The following sections aim at providing a critical overview of tradi-
tional, medicated and advanced wound dressings currently used in clin-
ical practice with a special focus on their efficacy evaluated through
results reported in the literature on randomized clinical trials (RCTs).
Furthermore, future directions towards personalized wound dressings
are also described. Lastly, an in-depth discussion on the main practical
concerns (i.e., regulatory affairs and patch validation processes) limiting
the quick market entry of such personalized formulations is reported.

2. Traditional wound dressings
2.1. Gauzes

Gauzes are the oldest and the most inexpensive, available and highly
absorbent traditional wound dressing (Fig. 2). Moreover, being easily
adaptable to any defect shape, gauzes are widely used to cover both in-
fected and not infected wounds, in which large amounts of exudate are
present. However, despite their large use, gauzes are not ideal wound
dressings as they can cause trauma, mechanical debridement and thus,
patient’s pain when removed. Furthermore, they could leave residues
(i.e., fibers, particles) activating the immune system towards granuloma
formation [1]. A step forward in the field was achieved through the in-
troduction of wet-to-dry bandages, i.e., wound dressings applied in their
wet state and allowed to dry in the ulcer cavity entrapping necrotic tis-
sue. Hence, compared to traditional bandages, such systems should be
able to more precisely control the mechanical debridement occurring
during the dressing take off. However, many other associated draw-
backs have been reported. For instance, they turned out to lead to: (i)
vasoconstriction, (ii) increased affinity of hemoglobin to oxygen, (iii)
hypoxia as a consequence of local tissue cooling during evaporation,
and (iv) patient discomfort deriving from their removal in the dry state.
Moreover, wet-to-dry dressings have been reported to be responsible
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for cross-contamination and not-selective debridement [1]. Lastly, irre-
spective of their nature, gauzes turned out to be highly susceptible to
bacteria contamination [11] and thus, characterized by higher infection
rates compared to other dressings (e.g., films or hydrocolloids) [12,13].
These mentioned side effects were partially solved through the intro-
duction of impregnated gauzes, i.e., gauzes containing iodine, zinc, and
bismuth. Indeed, conversely to traditional bandages, they keep a moist
environment and avoid tissue cooling during evaporation [14]. How-
ever, all loaded substances have been reported to show cytotoxic effects
and low anti-microbial activity.

2.2. Transparent films

Transparent film dressings (Fig. 2) can be considered the evolution of
gauzes into more sophisticated bandages, being able to simultaneously
provide a moist wound environment, ensure gas exchange and prevent
contamination from external bacteria. Moreover, film dressings are easy
to adapt and to remove without causing patient’s pain. However, they do
not possess swelling capability and thus, their application is not recom-
mended for the treatment of wounds, which produce large amounts of
exudate as well as for infected wounds. Indeed, the simultaneous pres-
ence of exudate and infection further enhances bacteria proliferation
[1]. In a recently reported study, Wei et al. compared the effectiveness
of a newly developed poly (dimethylsiloxane)-based bi-layer film with
that of the commercially available Tegaderm™ film (3M, Minnesota,
USA) in the treatment of diabetic chronic wounds [15]. Specifically, the
authors focused on the need to keep a moist wound environment and a
tight contact between the wound dressing and the wound bed, thus high-
lighting the importance of specific mechanical features wound dressings
should comply with. Indeed, experiments conducted on both normal and
diabetic rats evidenced faster healing rates when ulcers were treated
with the developed bi-layer films compared to Tegaderm™ ones. Such
improvement was exclusively attributed to the lower tensile strength
and greater elongation at break registered for the bi-layer film com-
pared to Tegaderm™ film, leading at the end to a highly flexible and
adaptable wound dressing.

2.3. Foams

Conversely to transparent film dressings, foam dressings are able to
absorb large amounts of fluids while ensuring thermal insulation and
gas exchange (Fig. 2). Hence, foams are indicated for the treatment of
exudate-rich wounds. Due to their remarkable high absorbance capa-
bility, this type of dressing could be left in place for up to 7 days in
not-infected wounds, while daily changes are recommended in the pres-
ence of infections [16]. Many research studies have reported the design
of foams for wound healing applications, mainly focusing on the iden-
tification of the highest-performance material in terms of absorption
capability [17-19]. On the other hand, Anderson et al. investigated the
absorbance capability of two widely used commercial foam dressings,
i.e., Allevyn (Smith and Nephew, London, UK) and Biatain (Coloplast,
Humblebaek, Denmark) [20]. Specifically, through an RCT conducted
on patients affected by lower leg ulcers, the authors found out that the
significantly higher absorbance rate of Biatain foams compared to Al-
levyn ones (i.e., 76% vs. 7%, respectively) resulted in fewer dressing
changes and thus, reduced associated costs. Similar clinical investiga-
tions on patients affected by diabetic foot ulcers were conducted by
Gwak et al. [21]. Specifically, the authors compared the efficacy of two
commercial poly (urethane)-based foams, i.e., Betafoam and Medifoam
(Genewel, Scongnam, Korea), differing for the presence in the former
of 3% povidone-iodine as anti-microbial agent. No differences in bacte-
ria regression and healing rate were observed between the two groups,
thus further highlighting that the main mode of action of foam dressings
could be ascribed to their absorption capability.



R. Laurano, M. Boffito, G. Ciardelli et al.

Maintain a moist,
clean, warm
environment

Engineered Regeneration 3 (2022) 182-200

Fig. 1. Schematic representation of the main
requirements an ideal wound dressing should
fulfill to successfully enhance the regeneration
of hard-to-close wounds.
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Fig. 2. Traditional wound dressings: gauzes, transparent films, foam dressings, hydrogels, hydrocolloids and hydroconductive dressings.

2.4. Hydrogels

Among other wound care treatments, hydrogel-based wound dress-
ings (Fig. 2) are widely used as they show discrete sorption capability,
allow gas exchange (i.e., oxygen, CO,, H,0), avoid patient’s pain during
their removal, enhance tissue granulation and are able to lower the
wound bed temperature up to 5 °C [22,23]. Moreover, as a consequence
of their strong hydrophilic nature (they are composed of 80%-90% of
water), hydrogels are able to maintain a moist wound environment,
which in turns promotes autolytic debridement. However, hydrogel
dressings are less effective in facing bacteria contamination compared
to occlusive dressings and thus, they are generally used in conjunction
with anti-microbial agents. Moreover, they usually require frequent
replacements. Nevertheless, the effectiveness of hydrogels in improving
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wound healing has been widely investigated. For instance, in 1990
Darkovich et al. carried out an RCT on 90 patients affected by pressure
ulcers to compare the effectiveness of a commercial hydrogel dressing,
i.e., BioFilm® (Akron, OH), with that offered by a commercial hydro-
colloid, i.e., Duoderm® (Convatec, Skillman, NJ) [24]. The authors
observed that both dressings were able to improve the healing process
compared to traditional medications (with slightly higher percentages
registered for patients treated with BioFilm®, i.e., 90% vs. 78%), but
BioFilm® was able to double the number of healed wounds compared
to Duoderm® (i.e., 43% vs. 24%). Hence, this study clearly highlighted
the superior beneficial effects provided by hydrogel dressings compared
to hydrocolloids ones. Furthermore, the significantly higher efficacy of
hydrogel-based dressings with respect to gauzes was also assessed [25].
Therefore, during the years, research interest on the design of innovative
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Table 1
List of alginate-based commercial hydrogel wound dressings.
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Table 2
List of collagen-based commercial hydrogel wound dressings.

Hydrogel wound dressings based on alginate

Product Company
Tegagel® 3M GmnH, USA
Algosteril® Laboratories BROTHIER, France
Nu-Gel® Systagenix, UK
Sorbsan® Aspen Medical, Europe Ltd
Curasorb® Alginate Medtronic Covidien, Ireland

hydrogels for wound healing applications has significantly increased, as
confirmed by the huge amount of literature published on this topic. In
this regard, the Pubmed database reports an exponential increase in the
number of publications concerning the use of hydrogels in wound heal-
ing over the last five decades, with around 550 works published in 2020.
Specifically, the literature reports the design of both naturally-derived
and synthetic polymer-based hydrogels for wound healing applications.
However, despite the wide availability of materials, commercially avail-
able hydrogel wound dressings are mainly based on alginate (Table 1).

Alginate is a polysaccharide able to form ionically crosslinked hydro-
gels under mild conditions. Moreover, unlike other hydrogel systems,
alginate is able to absorb large amounts of fluids and thus, can be suc-
cessfully exploited for the treatment of wounds characterized by high
level of exudate or for bleeding wounds due to their hemostatic effects
[26]. Furthermore, it was in vitro demonstrated that alginate is also able
to promote tissue regeneration by reducing the concentration of pro-
inflammatory cytokines in the wound bed and by enhancing angiogen-
esis and production of collagen type I [27,28]. However, although a
very high number of alginate-based dressings are used annually, there
are only few works highlighting their superior effectiveness compared
to other commercial solutions [1]. For instance, in an RCT involving 36
patients affected by abdominal wound dehiscence, Cannavo et al. ob-
served no statistically improved healing rate for alginate-treated wounds
compared to moistened gauzes- or combined dressings-treated ulcers
[29]. Conversely, in another RCT involving patients with leg ulcers, the
alginate-based Sorbsan® (Aspen Medical Europe Ltd) turned out to sig-
nificantly improve the healing rate with respect to gauzes (i.e., 31% vs.
4%, respectively) [30]. Hence, one crucial issue in the identification of
the most promising product closely satisfying the target requirements
lies in data derived from previous RCTs, as they often generated diver-
gent conclusions. Furthermore, studies conducted on pigs revealed that
secondary dressings used in conjunction with alginate-based bandages
exert a determining role in maintaining a moist environment and thus,
in promoting tissue regeneration [31].

Beside alginate, chitosan is another polysaccharide widely inves-
tigated in the design of wound dressings showing hemostatic, anti-
bacterial and fungistatic properties and enhanced healing capability
[32,33]. However, differently from alginate, for which the scientific
interest has been translated into many commercial products, chitosan-
based research outputs have generated only few commercially available
solutions (e.g., Chitoderm® plus - Trusetal, ChitoClear® - Primex, Ax-
iostat® - Axiobio and Opticell® - Medline). Such limited translation
to industrial applications is probably mainly due to regulatory affairs
correlated with the animal origin of this polymer (chitosan is derived
from chitin, present in the crustacean shell). Furthermore, reproducibil-
ity issues could also play an important role. Indeed, the high batch-to-
batch variability of chitosan strongly affects polymer average molecu-
lar weight [34,35], which in turns, influences its bioactive properties
and workability [36,37]. Moreover, manufacturing of chitosan prod-
ucts is somewhat more complex than for alginate, requiring dissolution
in acidic solutions. Hence, the easy manufacturing of alginate products
represents a key advantage, respect to chitosan, from an industrial per-
spective.
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Hydrogel wound dressings based on collagen

Product Company
Wun’dres® Coloplast AG Humbleblack, Denmark
Biobrane® Smith & Nephew, London, UK

CellerateRX® Wound Care Innovations LLC, Addison, USA
Regenecare® Wound Gel MPM Medical Inc., USA

CollaSorb® Paul Hartmann AG, Deutschland
Stimulen™ Southwest Technologies Inc., Kansan City, USA
Fibracol® Acelity, Sant’Antonio, USA

Medfil® Human Bio Science Inc., USA

Among naturally-derived polymers, many works report on the use
of collagen as hydrogel constituent material for wound healing applica-
tions. Indeed, collagen dressings are characterized by high absorbance
capability and suitable mechanical properties for wound healing appli-
cations. Moreover, being a protein commonly present in tissue extracel-
lular matrix, collagen is also able to promote wound healing by recruit-
ing fibroblasts, endothelial cells and keratinocytes and enhancing the
production of native collagen [38,39]. Therefore, many collagen-based
wound dressings are commercially available (Table 2). However, despite
the diffusion of a huge number of collagen-based dressings, recent stud-
ies evidenced two main obstacles, which could potentially limit their
further exploitation: (i) the risks associated to pathogen transmission
based on the collagen source, and (ii) collagen enzymatic degradation,
which inevitably leads to lower dressing stability and thus, the need for
more frequent changes [40-42].

On the other hand, hydrogel dressings based on synthetic polymers
are not affected by risks and drawbacks associated with animal origin
and show the advantage to be potentially ad hoc engineered to exert
specific functions. However, synthetic polymers are not able to actively
participate to the healing process, limiting, therefore, their effectiveness.
Hence, the combination of natural and synthetic materials in bioartifi-
cial hydrogel-based dressings has attracted wide interest, resulting in the
commercialization of partially synthetic wound care products, such as
FlexiGel® (Smith & Nephew, London, UK — mixture of poly (acrylamide)
and polysaccharides) and Oakin® (Amerigel, blend of poly(ethylene gly-
col) and oak extracts).

2.5. Hydrocolloids

Hydrocolloids are gelling systems typically composed of an elastic
matrix containing hydrophilic polymers such as sodium carboxymethyl
cellulose, gelatin, pectin and sodium alginate [43]. Due to their nature,
hydrocolloids are able to absorb large amounts of fluids and conse-
quently, change into gelly-like masses [44]. Similar to hydrogel-based
dressings, hydrocolloid wound care products (Fig. 2) have also been suc-
cessfully used, being able not only to absorb fluids, but also to keep a
moist environment and protect the wound bed from bacteria and for-
eign pathogens. Furthermore, unlike hydrogels, the outer layer of hy-
drocolloids can more efficiently seal the wound bed and, thus, act as an
efficient barrier without the need of secondary dressings [1]. Moreover,
hydrocolloid dressings are able to speed the healing process up by inten-
sifying the autolysis and thus, the endogenous debridement of necrotic
tissues [44]. However, this type of wound dressings is not recommended
for infected wounds due to their occlusive properties. Moreover, they
can cause trauma to perilesional tissues during their removal due to
their strong adhesive properties. During the years, many animal stud-
ies and RCTs have been carried out to investigate hydrocolloid superior
effectiveness compared to other wound dressings. For instance, Chvapil
et al. assessed the enhanced healing capability of Duoderm® (Convatec,
Skillman, NJ) hydrocolloid compared to gauzes, hypothesizing that this
result derived from a promoted inflammatory reaction [45]. In another
study, Varghese et al. compared the exudate pH, measured in wounds
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treated with Duoderm® hydrocolloids and Opsite® (Smith & Nephew,
London, UK) film dressings to evaluate their effect in bacteria manage-
ment [46]. Specifically, the authors suggested that the acidic exudate
characteristic of wounds treated with Duoderm® was effectively able to
inhibit the growth of some specific bacteria, thus leading to faster heal-
ing. However, if compared with Clearsite® hydrogel dressing (ConMed,
Utica, NY), Duoderm® turned out to be less effective in accelerating
wound closure and promoting epithelialization [47].

2.6. Hydroconductive dressings

More recently an innovative class of wound dressings has been in-
troduced, namely hydroconductive dressings (Fig. 2). These dressings
show a specific multilayer structure able to absorb exudate, remove
debris from the wound bed and then move these by-products away in
their core [1]. Drawtex® (SteadMed Medical, USA) was the first com-
mercially available hydroconductive dressing characterized by high ab-
sorbance capability (up to 30-50 fold its own weight), not-traumatic
removal and capability to preserve its structure up to 7 days. Due to
the potentially higher effectiveness of Drawtex® dressing, much atten-
tion has been paid in the investigation of its properties. For instance,
Ortiz et al. first in vitro evaluated Drawtex® capability to reduce bac-
teria colonies in the medium put in contact with it [48]. Specifically,
the authors observed the simultaneous bacteria decrease in the medium
and increase in the dressing itself, thus proving its capability to entrap
pathogens within its structure. A similar approach was also exploited by
Ochs et al. to evaluate both bacteria and matrix metalloproteinase re-
duction in a chronic wound model [49]. These in vitro results were fur-
ther confirmed by RCTs involving 10 patients affected by non-healing
venous leg ulcers [50]. Indeed, 9 of 10 patients underwent faster healing
processes within the 4 weeks of observation with respect to standard re-
quired times. However, this study revealed that Drawtex® capability to
improve tissue regeneration cannot be ascribed to bacteria destruction
rather than to rapid exudate removal.

As a matter of fact, the described wound dressings show peculiar fea-
tures which make them more suitable to treat specific chronic wound
types, but none of them can be universally considered an ideal wound
dressing. Table 3 summarizes the main pros and cons of commercially
available wound care products belonging to the traditional wound-
dressing category.

3. Medicated wound dressings

With the final aim of improving wound dressing effectiveness, a step
forward was achieved by combining the previously described products
with functional components, which can actively take part to the wound
healing process. Specifically, these potentially more effective wound
care products are generically referred to as medicated wound dressings.
Based on the nature of the loaded functional compounds, they are clas-
sified as bioactive wound dressings and drug-loaded wound dressings
releasing anti-microbial, anti-inflammatory and analgesic therapeutic
agents or biological factors.

3.1. Bioactive wound dressings

Bioactive dressings (Fig. 3) are wound dressings constituted by pre-
cursors showing endogenous activity, which can be exploited to ac-
tively enhance tissue regeneration [51]. Generally, they are based on
naturally-derived polymers, such as alginate, chitosan, chitin, collagen,
which have been reported in the literature to play a key role in tissue
regeneration. Beside these renowned polymers, synthetic materials can
also be properly engineered to exert specific functions. For instance,
Laurano et al. recently explored the potentialities of polyurethane (PU)
chemistry to synthesize polymers able to exert anti-microbial activi-
ties without the need of additional anti-microbial agents [52]. Specif-
ically, PU activity against both Gram-negative and Gram-positive bac-
teria and fungi resulted from the successful synthesis of polymers with
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a proper hydrophilic/hydrophobic balance and from the exposure of
positively-charged functional groups (i.e., secondary amino groups).
Another widely exploited strategy to further improve wound dressing
bioactivity lies in the addition of selected metal ions as dressing con-
stituents during their preparation. For instance, zinc ions could be in-
troduced as ionic crosslinker in alginate-based systems, resulting in im-
proved anti-bacterial properties against Escherichia Coli as reported by
Straccia et al. [53]. Alternatively, Poor et al. were able to potentiate the
anti-microbial activity of alginate-based dressings through their non-
thermal plasma-treatment [54], while Murakami et al. combined algi-
nate with chitin, chitosan and fucoidan to prepare wound dressings with
enhanced healing capability [55]. More recently, chitosan has also been
blended with synthetic polymers to prepare wound dressings with im-
proved healing rate, enhanced epithelialization and reduced inflamma-
tion phase. For example, Chen et al. reported the preparation of chi-
tosan/poly(vinyl alcohol) sponges [56], meanwhile Nacer Khodja et al.
evaluated the healing activity of poly(vinyl alcohol)/chitosan hydrogels
[57]. Among other naturally-derived materials, hyaluronic acid was also
exploited as bioactive macromer in the preparation of wound bandages,
as it enhances collagen deposition, epithelialization and wound vascu-
larization [58,59]. Due to its promising advantages, many hyaluronic
acid-based wound dressings are already available on the market, such
as Hyalofill® and Hyalosafe® (Anika Therapeutics, Bedford, MA) and
Hyalo Regen (Fidia Pharma USA, NJ).

More recently, an innovative and promising strategy to develop
wound dressings with intrinsically anti-microbial properties lies in
the exploitation of anti-microbial peptides (AMPs). AMPs are low
molecular weight peptides (10-50 amino acids) exposing at least two
positive charges [60] able to effectively treat a wide spectrum of
pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant Staphylococcus aureus (VRSA), extended spectrum
beta-lactamase (ESBL), vancomycin-resistant Enterococcus (VRE) and
multidrug-resistant Acinetobacter baumannii (MRAB) [61]. The strong
activity of AMPs against bacteria is attributed to their unique mode
of action, i.e., the capability to selectively identify microbial cells by
means of their charged superficial membrane. Furthermore, respect to
antibiotics, AMPs do not induce bacteria resistance, due to their multi-
ple mechanisms of actions. Finally, AMPs may also promote tissue re-
generation and stimulate angiogenesis [62]. In this regard, many in vivo
research studies have been performed to investigate the role exerted
in wound closure by different AMPs, i.e., Human Cathelicidin LL-37
[63], Innate Defense Regulator 1018 peptide (IDR-1018) [64], Human
f-defensis (hBD-2 and hBD-3) [65], Pexiganan [66] and Tigerl7 pep-
tide [67]. However, AMPs are very susceptible to external conditions
(e.g., oxygen, alkaline pH) resulting in their fast de-activation. More-
over, AMPs can also easily lose their functions as a consequence of their
self-assembly, the contact with saline fluids [68] and their susceptibil-
ity to enzymatic degradation [69]. Thus, such low stability in a phys-
iological environment strongly affects the successful AMP application
in clinical practice. For instance, despite promising in vivo results, the
Pexiganan-based Locilex® cream failed during phase III clinical trials
as no differences were observed in the regeneration pathway of diabetic
foot ulcers treated with Locilex®, placebo or Pexiganan-free cream [62].
Specifically, such failure was ascribed to AMP loss of function over time.
Hence, to protect AMP chemical integrity and functionality, they should
be embedded into specific micro- and nano-carriers. An in-depth dis-
cussion on the state-of-the-art of AMP delivery vehicles can be found in
the recently published comprehensive review by Martin-Serrano and co-
workers [70]. Although an increasing number of AMP discoveries has
been translated into patents, only few formulations have successfully
completed the clinical trial assessment. Nevertheless, many efforts have
been addressed towards the design and characterization of AMP-loaded
wound dressings, aimed at tackling practical concerns in favor of their
great potentialities as natural antibiotics [71].

Beside the use of the aforementioned naturally-derived polymers as
intrinsically anti-microbial agents, the literature also reports investiga-
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Table 3
Main pros and cons of traditional wound dressings currently on the market.
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Wound dressing Advantages Drawbacks Refs.
Gauzes Very cheap Can cause trauma and mechanical debridement [1,11]
Highly absorbent Could leave residues
Easily adaptable to any defect shape Susceptible to bacteria contamination
Wet-to-dry bandages Highly absorbent Vasoconstriction [1,11]
Easily adaptable Increased affinity of haemoglobin to oxygen
Controlled necrotic tissue removal Hypoxia
Patient discomfort
Cross-contamination
Not-selective debridement
Susceptible to bacteria contamination
Transparent film dressings Moist wound environment No fluid absorption [1,15]
Ensure gas exchange Unsuitable for infected wounds
Prevent external bacteria contamination
Easy to apply
Removal with no patient’s pain
Foam dressings High absorption capability Daily change required for infected wounds [16,20,21]
Thermal insulation May provoke skin maceration
Gas exchange
Long residence time for not-infected wounds
Hydrogel-based dressings Discrete absorption capability Low protection against bacteria [22-25,31]
Gas exchange Frequent wound dressing replacement
No pain during removal Need of a secondary dressing
Enhance tissue granulation
Able to lower the wound bed temperature
Moist wound environment
Hydrocolloid wound dressings High absorption capability Unsuitable for infected wounds [1,45-47]
Moist environment Traumatic wound dressing removal
Wound bed protection against bacteria Too strong adhesive properties
No need of a secondary barrier
Hydroconductive wound Rapid exudate removal Daily-change required [1,48,50]
dressings Debris and by-product removal
Not traumatic removal
Ld . .
Bioactive Wound Dressings
Bioactive Antimicrobial Natural Synthetic
Macromers Peptides (AMPs) Antiseptics Antiseptics
Non adhesive mesh ~ =
Absorbent pad
impregnated |
' with PHMB P .
! Adhesive mesh — ,'/"‘,' Py "
e.g., Hvaluronic acid, e.g., Human Cathelicidin e.g., Manuka honey, e.g., polvhexamethylene
chitosan, alginate carchoal biguanide (PHMB)
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(hBD-2), Pexiganan j

N
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Fig. 3. Schematic representation of the main strategies exploited to prepare bioactive wound dressings.

tions on wound dressings containing natural or synthetic antiseptics.
For instance, Manuka honey has been widely applied to treat infected
wounds and there are many works evidencing its effectiveness in provid-
ing anti-bacterial action against a wide spectrum of bacteria and fungi
[72], enhancing autolytic debridement and anti-inflammatory effects.
Moreover, honey is also able to reduce patient’s pain, remove odors
and provide the nutrients required for new tissue formation as it con-
tains several amino acids and vitamins (e.g., vitamin C) [73]. An RCT
study performed on patients affected by venous ulcers revealed that
wounds treated with honey were characterized by increased healing
rate and decreased incidence of infections compared to those treated
with IntraSite® Gel (Smith & Nephew, UK) [74]. Similar studies were

also carried out by Gupta et al., evidencing the higher effectiveness
of honey-containing dressings in tissue healing and sterility mainte-
nance compared to silver-loaded bandages [75]. In another RCT involv-
ing patients suffering from chronic wounds for more than six weeks,
honey-based dressings showed extremely superior performances com-
pared to povidone iodine-based bandages [73]. Specifically, the pres-
ence of honey allowed the complete wound healing for 32% patients,
while no one treated with povidone iodine showed complete wound clo-
sure within the observational period. Moreover, honey was also able to
accelerate the healing pathway: after 4 weeks of dressing application,
honey-treated patients showed a significantly higher surface area re-
duction compared to povidone iodine treated ones (i.e., 56% vs. 25%).

187



R. Laurano, M. Boffito, G. Ciardelli et al.

Engineered Regeneration 3 (2022) 182-200

Drug-loaded Wound Dressings
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Fig. 4. Drug-loaded wound dressings releasing anti-microbial agents, anti-inflammatory and analgesic drugs and biological factors.

Table 4
List of commercially available honey-loaded wound dressings.

Honey-based wound dressings

Product Company Wound dressing type
SurgihoneyTM H&R Healthcare Pure honey
MGO™ Manuka Honey =~ Manuka Health New Zeland Ltd Pure honey

Manuka Fill® Links Medical Manuka honey

Manuka IG® Links Medical Impregnated gauze
Activon® Advancis Medical Mesh dressing

TheraHoney® Medline Film dressing
Algivon® Advancis Medical Alginate dressing
Actilite® Advancis Medical Foam

Medihoney® Derma Science Hydrocolloid

Table 4 reports some commercially available honey-loaded wound
dressings.

Among other natural additives, charcoal-based dressings have also
been widely used. However, although many studies focused their atten-
tion on charcoal activity in wound healing [76-78], supportive research
data are still missing. The only assessed charcoal activity lies in its ca-
pability to act as deodorizing agent.

On the other hand, poly (hexamethylene biguanide) (PHMB) is a
synthetic antiseptic agent, which has been exploited for the prepara-
tion of various products, such as contact lenses, cleaning solutions and
wet wipes [1]. Specifically, the effectiveness of PHMB as anti-microbial
agent was assessed against a wide spectrum of bacteria and fungi at very
low concentration (i.e., 0.3%) to simultaneously ensure no-cytotoxic and
irritant effects [79]. Moreover, the anti-bacterial activity of PHMB was
also evaluated by testing its bacteria removal capability from 38 criti-
cally colonized or infected wounds [80]. Results evidenced that PHMB-
treated lesions were characterized by a significantly increased reduc-
tion of bacterial bio-burden compared to silver-treated wounds. XCell®
anti-microbial dressing (0.3% PHMB, Xylos) and Kerlix® AMD sponges
(0.2% PHMB, Covidien) are examples of commercially available PHMB-
containing products.

3.2. Drug-loaded wound dressings

During the years, wound dressings have been engineered to show
the additional capability to load and in situ release drugs and/or anti-
microbial agents, with the aim to more effectively treat chronic lesions,
prolonged inflammation phases and delayed wound closure (Fig. 4). In-
deed, by exploiting wound dressings as drug carriers it is possible to di-
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rectly deliver high amounts of drugs in the wound bed, while reducing
the administered dosages. Moreover, the possibility to in situ release the
therapeutic agents could also avoid potential side effects on non-target
tissues.

3.2.1. Wound dressings releasing anti-bacterial agents

The most widely and simplest adopted strategy to tackle infected
wounds consists of the addition of anti-microbial agents during the
preparation of wound dressings. Among them, silver ions have been
used for their anti-microbial properties since ancient time, due to their
renowned effectiveness against bacteria, viruses and fungi and their ca-
pability to reduce inflammation [1]. Silver is characterized by several
modes of action, comprising disruptions of bacteria cell walls, inactiva-
tion of bacterial enzymes and interference with the synthesis of bacteria
DNA [1]. However, silver ions are not able to penetrate through thick
wounds [81].

A huge number of different forms of commercially available wound
dressings has been engineered to release silver ions at different concen-
trations (minimum clinically relevant concentration = 5 — 50 ppm). The
first commercialized silver-loaded wound dressing, named Actisorb®
(Systagenix, UK), was launched in 1980 [51], followed by Hydrogel Ag
(1% silver sulfadiazine, Gentell, USA), SilvaSorb® sheets (0.13% silver
chloride, Medline, USA), Acticoat® (Smith & Nephew, UK), Program
Prisma™ (Systagenix, UK), Allevyn (Smith & Nephew, UK) and many
others (Table 5).

Due to the great interest coming from the market of silver-loaded
wound dressings, many researchers are still focusing their efforts to-
wards the design of more sophisticated systems aimed at prolonging the
release kinetics of encapsulated silver ions. For instance, Neibert et al.
described the preparation of alginate fibers embedding silver nanopar-
ticles [82], meanwhile Nguyen et al. investigated the influence of sil-
ver nanoparticle concentration loaded into chitosan/poly(vinyl alco-
hol) hydrogels on anti-bacterial activity [83]. Results evidenced that,
although all tested concentrations (i.e., 15, 30 and 60 ppm) effectively
reduced bacteria contamination in vitro, only the formulation loaded
with silver nanoparticles at 30 ppm was able to improve wound heal-
ing in in vivo tests. Additionally, the study reported by Masood et al.
further confirmed the beneficial effects in rat wound healing deriving
from the impregnation of chitosan/poly(ethylene glycol) sponges with
silver nanoparticles [84]. However, the simultaneous release of high
silver ion concentrations could result in cytotoxic effects. Thus, many
researchers are actively working on the identification of alternative
strategies to more safely deliver silver ions in the wound site. For in-
stance, to increase the amount of administered silver, while avoiding
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Table 5
List of commercially available silver-loaded wound dressings.
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Silver-containing wound dressings

Product Company Wound dressing type
Silverseal DermaScience Fibrous gauze
Tegaderm Ag Mesh 3M Fibrous gauze
Vliwaktiv Ag Lohmann and Rauscher Fibrous gauze
Urgotul SSD Laboratories Urgo Fibrous gauze
Acticoat Smith & Nephew Film
Restore Contact Layer with Silver Hollister Wound Care LLC Film
Arglaes film Medline Film
Silvercel™ Systagenix Film
Silvercel™ non-adherent dressing Systagenix Film
Acticoat Moisture Control Smith & Nephew Foam
Allevyn Ag Smith & Nephew Foam
Biatain Ag Coloplast Foam
Mepilex Ag Molnlycke Foam
Optifoam Ag Adhesive Medline Foam
Optifoam Ag Non-Adhesive Medline Foam
PolyMem Silver Island Ferris Mfg. Corp. Foam
PolyWic Silver Ferris Mfg. Corp. Foam
Restore non-adherent foam with silver Hollister Wound Care LLC Foam
Silverlon Negative Pressure Argentum Medical, LLC Foam
SilverSite Centurion Foam
UrgoCell Silver/Cellosorb Ag Urgo Medical Foam
V.A.C. GranuFoam Silver KCI Foam
Contreet Hydrocolloid Coloplast Hydrocolloid
Silverseal Hydrocolloid DermaScience Hydrocolloid
SureSkin EuroMed Hydrocolloid
Aquacel Ag ConvaTec Hydrogel
Elta Silvergel Elta Hydrogel
ExcelGinate Ag MPM Hydrogel
Gentel Ag Hydrogel Wound dressing Gentell Hydrogel
Silvasorb Gel Medline Hydrogel
SilverMed Antimicrobial Silver MPM Hydrogel
Silverseal DermaScience Hydrogel
Silver-Sept Antimicrobial Gel Anacapa Tech Inc Hydrogel
Durafiber Ag Smith & Nephew Hydrogel

cytotoxic effects, and to prolong its release kinetics over time, Torre
et al. incorporated silver ions into ordered mesoporous carbons [85].
Such strategy successfully combined the biological effects of silver ions
and the high biocompatibility of carbon-based particles. The character-
ization of silver-decorated mesoporous carbons evidenced high cell via-
bility, strong anti-bacterial activity and promoted re-epithelialization
and angiogenesis. A comprehensive review on the state-of-the-art of
silver-based delivery systems has been recently published by Haidari
et al. [86]. However, although in vitro investigations produced promis-
ing results, similar achievements were not always observed in in vivo
studies. Additionally, RCTs revealed that evidences were insufficient
to clearly assess the superior effectiveness of silver-containing dress-
ings in reducing infections [87-89]. Conversely, the use of silver-loaded
wound dressings improved the ulcer healing rate compared to tradi-
tional dressings. For instance, through an RCT conducted on 31 pa-
tients affected by diabetic foot ulcers, Tsang et al. demonstrated the su-
perior capability of nanocrystalline silver dressings in reducing wound
size compared to Manuka honey and conventional bandages [90]. How-
ever, in accordance with the above-mentioned conclusions on the ef-
ficacy of silver as anti-bacterial agent, no significant differences were
registered in terms of bio-burden reduction among the three tested
groups.

Beside silver, iodine has been also widely employed as antiseptic
agent since the first demonstrations of its anti-microbial properties in
1882 [91]. However, to reduce side effects associated to the use of ele-
mental iodine, it is generally bounded into carrier molecules. The two
most exploited iodophors are povidone-iodine and cadexomer iodine.
Although animal studies provided controversial data on the potential
toxicity of povidone-iodine, human studies revealed its effectiveness in
reducing the bacteria bio-burden [92,93]. For instance, Thorn et al. in
vitro investigated the capability of iodine-loaded dressings to face pre-
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formed biofilms compared to silver-loaded ones [94]. The authors re-
ported that both wound care products exerted an anti-bacterial activity,
but those releasing iodine were more effective. These results were also in
accordance with Schultz et al. who demonstrated the higher capability
of iodine to penetrate biofilms with respect to silver or PHMB [95]. How-
ever, both mode of action and biofilm management of povidone-iodine
remain unclear. Nevertheless, many iodine-based products, such as Io-
dosorb gel (0.9% w/w iodine, Smith & Nephew, UK), lodoflex (Smith
& Nephew, UK), IodoFoam (Progressive Wound Care Technologies) are
commonly used in clinics.

Antibiotics represent another strategy to strongly face infections
and they have become particularly popular with the introduction of in
situ delivering systems. Indeed, this mode of administration has led to a
remarkable reduction in the required dosages compared to intravenous
or oral administration routes. During the years, a wide variety of an-
tibiotics has been loaded in many different drug delivery systems. For
instance, Sinha et al. encapsulated ciprofloxacin in poly(ethylene gly-
col)/chitosan scaffolds [96], meanwhile Unnithan et al. loaded the same
antibiotic in electrospun poly(urethane)/dextran nanofibers [97]. More-
over, streptomycin was embedded in polyox composite films [98] and
polyox/carrageenan and polyox/sodium alginate wafers [99], while
vancomycin loading has been reported in chitosan sponges [100]. More
recently, Mirani et al. developed a smart wound dressing able to co-
currently exert therapeutic and diagnostic functions [101]. Specifically,
the authors combined the release of gentamicin sulphate as therapeutic
agent and the capability to measure fluid pH in order to detect infec-
tions. However, this wide literature has not been successfully translated
into commercial products and clinical data because the prolonged use
of antibiotics easily leads to bacteria resistance. Thus, irrespective of
their mode of administration, the use of antibiotics should be strictly
limited.



R. Laurano, M. Boffito, G. Ciardelli et al.

3.2.2. Wound dressings releasing anti-inflammatory drugs

Pain is a common problem affecting all patients suffering from
chronic skin wounds. Pain can be caused by physical trauma, but it
can also be attributed to dressing changes, debriding, wound cleans-
ing and prolonged inflammatory response. Hence, together with infec-
tions, pain management is another important issue to face to improve
patients’ quality of life. Moreover, pain-related stresses weaken the im-
mune system response, thus leading to delayed wound healing. Ibupro-
fen, lidocaine and opioids are the most exploited anti-inflammatory and
analgesic drugs for the treatment of chronic wounds and, thus, they
are widely investigated by researchers. For instance, Djekic et al. re-
ported the preparation and preclinical characterization of crosslinker-
free chitosan-based hydrogels for the sustained release of ibuprofen
[102]. Aycan et al. designed a conductive polymeric film highlighting
the improved effectiveness of ibuprofen-releasing dressings compared
to not drug loaded ones [103]. Mohammadpoor et al. studied ibupro-
fen release kinetics from nanofibers electrospun starting from different
poly(vinyl alcohol)/hyper-branched poly(ethyleneimine) volume ratios
[104]. Boffito et al. designed an injectable poly(ether urethane)-based
hydrogel able to co-currently load and in situ release ibuprofen and cop-
per ions [105]. Furthermore, Arapoglu et al. carried out an RCT involv-
ing patients affected from different types of chronic wounds to evaluate
the analgesic activity exerted by released ibuprofen from foam dressings
[106]. The authors reported that patients treated with ibuprofen-loaded
dressings showed significantly improved pain-relief compared to those
traditionally treated. Thus, they highlighted the remarkably higher ef-
fectiveness provided by wound dressings locally releasing ibuprofen
compared to systemic administration. Similar results were also obtained
by Romanelli et al. [107], who evidenced the superior effectiveness
of Biatain Ibu (Coloplast, Denmark) foam dressing compared to tradi-
tional local treatments. In a more recent RCT involving 120 patients
suffering from exuding and painful venous leg ulcers, Fogh et al. inves-
tigated the effects of released ibuprofen on several aspects of wound
treatment [108]. Results confirmed the clinically relevant capability of
ibuprofen to immediately reduce pain. However, concerning the other
wound-related parameters, no statistically significant differences were
registered in terms of either healing process, wound area reduction and
peri-wound skin conditions or adverse response compared to the control
group.

3.2.3. Wound dressings embedding biological factors

With the aim of developing wound dressings capable to more actively
participate to the wound healing process, more recently the attention
has been focused on the investigation of the role exerted by released
biological factors. Among them, growth factors (GFs) are biomacro-
molecules physiologically involved in the wound-healing pathway as
they mediate the interactions between cells and the local environ-
ment [109]. Specifically, RCTs evidenced that four GFs exert the great-
est potential in wound closure, i.e., granulocyte-macrophage colony-
stimulating factor (GM-CSF), basic fibroblast growth factor (bFGF),
platelet derived growth factor (PDGF) and vascular endothelial growth
factor (VEGF) [110]. Hence, many different delivery systems have been
engineered to locally release GFs both in free form or encapsulated
within nanoparticles [111]. Furthermore, research papers also reported
the combination of GFs with electrospun membranes through their en-
capsulation within the fibers [112] or their conjunction on nanofiber
surface [113]. An alternative approach to preserve GF bioactivity and
tune their release kinetics was proposed by Kulkarni et al., who de-
scribed the preparation of layer-by-layer wound dressings embedding
VEGF [114]. However, a thorough investigation revealed that improved
results could be achieved through the administration of multiple GFs
according to specific time sequences. To this aim, Lai et al. described
the preparation of a complex electrospun collagen and hyaluronic acid
membrane encapsulating all the aforementioned GFs [115]. Specifically,
to tune their sequential release over a period of 1 month, GFs were par-
tially dispersed within the nanofibers and partially loaded into gelatin-
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based nanoparticles. Results evidenced that the different loading mech-
anisms led to a temporal control over combined GF release, which in
turns significantly improved wound healing in diabetic rats.

An alternative strategy to the administration of multiple GFs could
be represented by platelet lysate, i.e., a platelet-derivative, which is
involved in the wound healing process. Moreover, the use of allo-
genic platelet lysate compared to patient’s derivatives (e.g., platelet-
rich plasma (PRP) and platelet-rich fibrin (PRF)) turned out to mini-
mize individual variability [61]. Platelet lysate has been successfully
released from sponge-like dressings [116], mucoadhesive gels [117] and
nanoparticles [118]. Studies have also been reported on the co-current
release of platelet lysate and vancomycin for the treatment of chronic
skin ulcers [119].

However, despite the great interest devoted to the development of
wound dressings mimicking the biological environment, a huge gap still
exists between research platforms and commercial products. Regranex®
Gel (Becaplermin 0.01%, Smith & Nephew, UK) is the only commercial
Food and Drug Administration (FDA) approved GF-loaded wound dress-
ing to treat chronic foot ulcers [120,121]. Indeed, although this patch
is effectively able to improve wound closure, its use is expensive and
requires frequent changes [121]. Moreover, data have highlighted that
it could be probably associated to higher cancer risk [121].

In general, the low clinical translation of these platforms could be at-
tributed to different issues [26]: (i) high costs of GFs; (ii) easy loss of GF
therapeutic activity during storage and/or application in an aggressive
environment; (iii) increased cancer risks; (iv) fast GF degradation in the
presence of matrix metalloproteinases; and (v) high costs associated to
several changes/day of GF-loaded wound dressings.

To overcome some of these limitations, one promising strategy re-
searchers are working on lies in the combination of GFs with extracel-
lular matrix proteins. Such approach could potentially improve the re-
sultant outcomes, by preserving GFs from degradation, and reduce the
costs associated to wound dressing daily changes by lowering the total
required dosages and prolonging their release kinetics [122]. Concern-
ing the degradation-induced reduction of released GF effectiveness, an
alternative approach could consist of the stimulation of the cells present
in the wound bed to directly secrete the required growth factors. To this
purpose, two different routes could be identified, i.e., gene therapy or
gene medicine and direct release of stem cells in the wound site. The
former approach consists of the introduction of exogenous DNA into
host cells to stimulate the production of GFs in the wound bed [123].
However, the high costs of production and the low safety associated to
their delivery have limited their application to almost exclusively re-
search studies [61]. The latter approach consists of the release of stem
cells in the wound site, as they are able to physiologically modulate the
healing response in chronic wounds [61]. Among the different available
sources of stem cells, bone marrow-derived stem cells (BMSCs) showed
their usefulness in promoting tissue regeneration in several clinical stud-
ies [124,125]. However, invasive procedures are required to harvest
this type of stem cells, thus limiting their exploitation. Adipose-derived
stem cells (ADSCs) represent an interesting alternative as they can be
extracted through mini-invasive procedures. Irrespective of their origin,
both BMSCs and ADSCs showed promising regenerative properties in
tests performed using wound models [126,127].

4. Advanced wound dressings

Advanced wound dressings refer to a class of smart systems able to
release their payload in response to external stimuli, such as temper-
ature, pH, oxygen and moisture composition, with the aim to further
increase their therapeutic efficacy while reducing the released dosages
(Fig. 5). Based on their mode of operation, stimuli-responsive wound
dressings can be classified in: (i) self-responsive wound dressings, (ii)
externally-triggered wound dressings, and (iii) automated wound dress-
ings. Specifically, in the case of self-responsive systems, the diffusive
payload release is enhanced by structural changes in the wound dressing
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Fig. 5. Examples of advanced wound care
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induced by external stimuli; externally-triggered drug-releasing systems
refer to wound dressings engineered to monitor specific parameters ex-
ploited to manually trigger drug release, while automated wound dress-
ings identify systems able to measure specific parameters, interpret data
and release the required amount of encapsulated drugs.

To the best of our knowledge, such advanced research platforms
have not reached a clinical phase yet and thus, no clinical trials have
been found on the ClinicalTrials.gov database. Conversely, many of
these technologies have been already translated into patents (source
www.espacenet.com). Some examples are reported in Table 6.

4.1. Self-responding drug-releasing wound dressings

Hard-to-close wounds are characterized by specific values of temper-
ature and pH, which are indicative of the wound status. For example,
inflammation can cause temperature increase; infections can bring to
extremely acid or extremely alkaline wound exudate based on the type
of bacteria, while the presence of necrotic tissue leads to locally alka-
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line pH values. Hence, special efforts have been devoted to the design of
smart systems able to respond to these environmental stimuli, trigger-
ing the release of encapsulated drugs. Such systems are defined as “self-
responding wound dressings” because they are able to autonomously
change their structure in response to environmental stimuli, leading to
payload release.

Among stimuli-responsive materials, poly(N-isopropylacrylamide)
(pNIPAM), triblock copolymers belonging to the Poloxamer® fam-
ily, gelatin and modified chitosan are the most widely explored poly-
mers for the development of different forms of thermo-responsive sys-
tems. For instance, Zhu et al. described the preparation and character-
ization of layer-by-layer films composed by tannic acid and poly(N-
vinylpyrrolidone)-b-poly(N-isopropylacrylamide) diblock copolymers
able to undergo temperature-driven micellization [137]. Results demon-
strated that the therapeutic agent was successfully retained in the mi-
celle hydrophobic core at 37 °C, while temperature decrease up to 20 °C
effectively triggered its release. A similar approach was also exploited
by Wang et al. for the preparation of amphiphilic nanoparticles based
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Table 6
Examples of patents on advanced wound dressings.
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Patented advanced wound dressing platforms

Patent ID [Refs.] Description Classification
CN109152860A [128] Wound dressing comprising an acid-hydrolyzing oligomer and an acid-activable prodrug Self-responding
which is activated in the presence of acid environment wound dressing
CN108524999A [129] Long-term-healing wound dressing composed by different layers for the prolonged Self-responding

release of drugs: a quick releasing layer for the delivery of anti-bacterial agents and an

wound dressing

acid-pH-controlled layer for long-term drug delivery

US2005159695A1 [130]
US2006286155A1 [131]

GB2393656A [132]
release of therapeutic agents
WO003026544A1 [133]
present in the wound bed
CN110665120A [134]
and drug release
WO02018211458A1 [135]

therapeutic agents
CN104114136A [136]

Wound dressing sensitive to enzymes (e.g., elastase and collagenase) for the controlled
release of therapeutic agents in the infected wound area

Drug-loaded wound dressing comprising oligopeptide sequences which are cleavable by
kallikrein-reach wound fluids for the controlled release of therapeutic agents

Wound dressing sensitive to proteases associated with wound fluids for the controlled

Wound dressing able to release the payload in response to the absorption of fluids
Chitosan-based wound dressing equipped with flexible electronics for remote monitoring

Fiber-based wound dressing equipped with a sensor element configured to undergo
changes in response to a parameter associated to wound fluids and a supply of

Automated wound dressing equipped with two field reservoirs, an electrokinetic pump
and a controller for the delivery of the therapy in the wound area

Self-responding
wound dressing
Self-responding
wound dressing
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Fig. 6. Examples of smart formulations releasing their payload in response to external stimuli. (a) Ibuprofen release from pNIPAM/poly(e-caprolactone) fibers at
temperatures below (i.e., 22 °C) and above (i.e., 34 °C) the lower critical solution temperature (LCST) of pNIPAM. Reproduced from [139]. Copyright 2015, Publisher
Springer Nature. (b) Increasing tannic acid (TA) release from neutral to acid environments. Reprinted with permission from [141]. Copyright 2016, American
Chemical Society. (c) Heparin release from a microneedle-based patch in response to thrombin concentration. Reproduced with permission from [147]. Copyright

2016, John Wiley and Sons.

on N-phthaloylchitosan-g-poly(N-vinylcaprolactam) able to release the
loaded analgesic drug upon temperature decrease [138]. Differently,
Tran et al. described the design of drug carriers in the form of nanofi-
brous membranes based on pNIPAM and poly(e-caprolactone) (Fig. 6a)
[139]. Results evidenced different ibuprofen release profiles at 22 °C
compared to 37 °C.

On the other hand, great interest has been also devoted to the de-
sign of systems responsive to pH changes induced by the surrounding
medium. These systems are usually based on materials containing pH
cleavable sequences or ionizable polymers that are able to change their
ionization state based on the external pH. Specifically, polymer proto-
nation or deprotonation leads to the generation of internal repulsive
forces, which in turn broaden the system network and enhance drug
release. For instance, with this final aim, Laurano et al. recently de-
scribed the design of a smart injectable drug delivery system for the con-
trolled release of ibuprofen in response to wound alkaline fluid absorp-
tion (Fig. 5) [140]. Specifically, the authors functionalized a customized
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poly(ether urethane) backbone with carboxylic acid groups, being able
to generate electrostatic repulsive forces as a consequence of their de-
protonation when in contact with a buffer at pH 8. Indeed, hydrogels
based on this newly designed polymer showed significantly improved
capability to release the encapsulated ibuprofen in an alkaline environ-
ment compared to the control (i.e., drug release in an acid milieu). A
similar approach to provide hydrogels with pH-responsiveness was re-
ported by Ninan et al. by blending tannic acid as anti-microbial agent
with carboxylated agarose [141]. Results highlighted a strong correla-
tion between the amount of released tannic acid and the external pH
(Fig. 6b). Moreover, the anti-bacterial activity exerted by tannic acid on
Escherichia Coli was comparable to that provided by gentamicin.

More recently, the design of polymers responsive to chemokine
and cytokine concentrations in the wound exudate has also been
explored as it was demonstrated that their production is up-regulated in
hard-to-close infected wounds [142-144]. Hence, their concentration
could be exploited as trigger stimulus for the controlled release of
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therapeutic agents. Specifically, this purpose was achieved by binding
drug molecules to protease cleavable peptides, resulting in drug release
rate proportional to the amount of targeted chemicals. For example,
hyaluronic acid (HA) capped-mesoporous particles were engineered to
release drugs upon HA degradation by in situ produced hyaluronidase-1
[145]; growth factor-loaded dextran systems were able to expose the
encapsulated protein molecules upon degradation by a-amylase [146],
while thrombin-sensitive microneedles were designed to respond
to thrombin up-regulation thus releasing the encapsulated heparin
(Fig. 6¢) [147].

Therefore, irrespective of the triggering stimulus, all the above-
described stimuli-responsive systems showed significantly increased
drug-releasing rates in response to specific external conditions. How-
ever, such increased releasing capability is not governed by an on/off
mechanism triggered by external stimuli: regardless external conditions,
drug release takes place through diffusive mechanisms, thus partially
limiting the advantages ascribed to stimulus-responsiveness capability.

4.2. Externally-triggered drug-releasing wound dressings

Externally-triggered wound dressings are smart drug-loaded systems
equipped with sensors able to monitor characteristic wound parameters,
such as temperature, pH or oxygen concentration. Specifically, these
patches show on/off drug releasing mechanisms, being on-demand trig-
gered by external stimuli, such as heating or light irradiation. The de-
sign of such systems has been guided by the need for a precise tem-
porally controlled release of encapsulated drugs. Indeed, conversely to
self-responding wound dressings, these smart patches are able to com-
pletely overcome drawbacks associated to unnecessary payload release
through diffusive mechanisms. Therefore, they are particularly suitable
for the controlled release of antibiotics and anti-inflammatory drugs,
which should be administered only when strictly required. Within this
context, Mauro et al. designed an innovative patch based on electro-
spun poly(e-caprolactone) fibers covered with graphene oxide for the
controlled release of a mixture of therapeutic agents [148]. Specifically,
the on-demand release of ibuprofen, ketoprofen and vancomycin was
triggered by irradiation with near infrared light. Moreover, in vitro re-
sults also evidenced the capability of graphene oxide to significantly
promote fibroblast adhesion. A similar approach was also recently re-
ported by Ballesteros et al., who described the controlled release of silver
nanoparticles from a poly(e-caprolactone) mesh decorated with photo-
sensitive nanogels [149]. Specifically, the release kinetics of the anti-
bacterial agent was tuned by system irradiation with visible light at 405
nm. In vitro analyses evidenced a remarkable and strong anti-bacterial
activity against Staphylococcus Aureus and Escherichia Coli.

Another example of externally-triggered wound dressing consists
of the combination of thermo-sensitive drug carriers and small flexi-
ble heaters, which can be manually activated, thus triggering drug re-
lease. For instance, the smart patch designed by Bagherifard et al. was
composed by an alginate-based hydrogel embedding drug-loaded pNI-
PAM particles and flexible heaters (Fig. 7a) [150]. Drug release resulted
from pNIPAM nanoparticle disaggregation triggered by the on-demand
activation of the heating components. Based on the same materials,
Mostafalu et al. engineered a nanofibrous membrane able to release
controlled amounts of drugs [151]. Specifically, this aim was achieved
exploiting the possibility to independently trigger payload release from
each fiber. The effectiveness of this advanced patch to improve vascu-
larization and wound closure was assessed both in vitro and in animal
models.

Beside the use of thermo-responsive carriers, iontophoretic drug re-
leasing systems could represent a promising alternative. Specifically,
these wound dressings are composed by two electrodes able to move
charged drug molecules through the tissue thickness upon the applica-
tion of an external electrical field. Hence, this technology allows a very
precise control over the drug releasing site. For instance, Lemos et al.
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developed a silk-fibroin based wound dressing loaded with neurotensin
and stimulated by iontophoresis to tune the inflammatory response and
prevent microorganism colonization [152]. The in vitro characterization
revealed that the anodic iontophoresis resulted in a strong bacteriostatic
activity against Gram-positive bacteria without affecting fibroblast via-
bility after 30 min of application. More recently, Kazemi et al. explored
iontophoresis to improve the delivery of piroxicam-loaded nanoetho-
somes in the treatment of chronic wounds [153]. Permeation studies
performed in ex vivo rat skin proved the successful combination of ion-
tophoresis and ethosome-mediated drug delivery showing a remark-
ably higher drug permeability compared to its traditional administration
without iontophoresis. With a similar final aim, Kanaan et al. developed
a semi-interpenetrating chitosan/ionic liquid network as iontophoretic
biomaterial for the sustained release of lidocaine [154]. Under an exter-
nal electrical stimulus the developed system showed significantly higher
diffusion coefficients compared to that obtained from passive release,
thus proving the remarkable iontophoresis contribution in improving
drug release kinetics.

More recently, Near Infrared Ray (NIR) irradiation has also been ex-
plored as external stimulus to control payload release. For instance, Sun
et al. engineered an MXene-integrated microneedle patch loaded with
adenosine to improve angiogenesis and thus, accelerate wound healing
(Fig. 7b) [155]. In vivo results evidenced that NIR-mediated adenosine
release successfully promoted fibrosis, matrix production and angiogen-
esis, thus accelerating wound closure.

Beside the release of therapeutic agents, these advanced wound
dressings have also been exploited to engineer systems for the de-
livery of oxygen in the wound bed as high level of tissue oxygena-
tion could significantly improve tissue healing [156]. To this aim,
Ochoa et al. recently developed a wound dressing composed by a hy-
drophobic substrate coated with catalyst particles and a hydropho-
bic poly(dimethylsiloxane) (PDMS) membrane [157]. Specifically, this
membrane was engineered to show a network of microchannels on-
demand filled with H,O, through an external pump. Oxygen deliv-
ery resulted from catalyst particle-mediated H,0, breaking into water
molecules and oxygen, which could successfully pass through the hy-
drophobic PDMS barrier reaching the wound bed. Alternatively, Zhang
et al. developed a microneedle patch loaded with black phosphorus
quantum dots (BP-QDs) and hemoglobin for the controlled delivery of
oxygen [158]. Specifically, taking advantage of the excellent BP-QDs
photothermal effect and hemoglobin reversible binding properties, the
authors were able to control oxygen release through a NIR-mediated
local temperature increase.

However, despite the great beneficial effects potentially deriving
from the application of this technology, this class of wound dressings
is relatively new and thus, still under investigation.

4.3. Automated drug-releasing wound dressings

Compared to the previously described externally-triggered devices,
self-governed wound dressings represent a step forward in the design
of smart wound care products. Indeed, automated drug-releasing dress-
ings are equipped with specific measuring systems able to continuously
monitor crucial parameters to define the wound state, algorithms to in-
terpret data and actuators to trigger the release of the required drug
amount. These smart systems could significantly accelerate the healing
process of chronic hard-to-close wounds, thus resulting in potentially
improved patients’ quality of life and reduced costs for the healthcare
systems. Moreover, being these patches able to independently work, mi-
nor participation should be required by healthcare providers, thus re-
ducing the costs associated with medical staff. However, although drug
delivery systems designed to automatically control the level of blood
sugar and accordingly release insulin are already on the market, only
few examples in the literature report the design of automated drug-
releasing wound dressings. For instance, Pang et al. developed a flex-
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Fig. 7. Examples of smart formulations releasing their payload according to an externally controlled mechanism. (a) Dermal patch based on a hydrogel layer loaded
with thermo-sensitive pNIPAM drug microcarriers. The patch is connected to a flexible heater with an integrated electronic heater control unit. Payload release is
activated by pNIPAM microcarrier disaggregation due to heater-controlled temperature increase. Reproduced with permission from [150]. Copyright 2015, Publisher
John Wiley and Sons. (b) Adenosine release from a microneedle patch by means of NIR irradiation and adenosine-enhanced wound contraction. Reproduced from
[155]. Copyright 2021, Publisher American Association for the Advancement of Science.
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ible electronic-integrated patch for the self-standing treatment of hard-
to-close skin wounds (Fig. 5) [159]. The engineered wound dressing
was composed of an upper PDMS layer embedding electronics, temper-
ature sensors and light-emitting diodes and a lower photo-responsive
hydrogel-based layer loaded with anti-bacterial agents. Temperature
sensors were demonstrated to effectively and promptly diagnose infec-
tions in animal models, through wound temperature monitoring; infec-
tions were then automatically treated via a light-controlled payload de-
livery mechanism (Fig. 8).

Differently, Mostafalu et al. explored temperature as triggering stim-
ulus to deliver drugs in the wound bed from thermo-responsive mi-
croparticles encapsulated in a hydrogel layer [160]. Specifically, pay-
load release was induced by temperature rising, which was governed
by heaters activated by a driver and connected to a microcontroller
for the on-demand drug delivery. Few years later, an updated ver-
sion of the previous engineered smart patch has been proposed [161].
Specifically, the authors equipped the automated bandages with a flex-
ible array of pH sensors for the continuous monitoring of infection
through the pH measurement of wound fluids. Such information was
then recorded and shared with an electronic module which in turns ac-
tivated the heaters when necessary thus, triggering the release of drugs
from thermo-responsive carriers.
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5. Towards personalized medicine

Despite the advancements in the development of wound dressings
able to more effectively treat hard-to-close wounds through the com-
bined and timely controlled release of different therapeutic agents
(e.g., anti-inflammatory drugs, anti-microbial agents, growth factors,
antibiotics), great attention has been recently devoted to dressing shape
personalization. This challenging issue derives from the need to better
accomplish one requirement of the moist wound healing theory, namely
the one recommending the use of wound dressings able to perfectly fill
the ulcer cavity without causing pressure to the surrounding tissues. In-
deed, to promote tissue regeneration the ideal wound dressing should
be completely in contact with the entire wound bed maintaining a moist
environment and acting as a barrier, but, at the same time, it should not
damage the peri-wound tissues, potentially leading to delayed healing.
Currently, commercial wound dressings are produced in different sizes
and shapes to offer healthcare providers the possibility to select the most
befitting one. However, wounds are characterized by extremely different
morphologies and thus, nowadays available wound dressings can only
be adapted to the lesion, thus limiting their effectiveness. Therefore, ex-
ploiting the progress achieved in the fields of biomaterials, advanced
processing technologies and diagnostic, great efforts have been concen-
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I1. 3D bioprinting

Fig. 9. Representation of the main strategies recently exploited to fabricate personalized wound dressings. (I) Portable electrospinning: poly(e-caprolactone) solution
loaded with silver-doped mesoporous silica nanoparticles electrospun in the wound cavity to form a nanofibrous membrane. Reproduced with permission [162].
Copyright year, Publisher. (II) 3D bioprinting: skin wound scanning (a and b) to reconstruct the CAD cavity model and cell/drug-loaded hydrogel deposition according
to acquired information of wound topography (¢ and d). Reproduced from [163]. Copyright 2019, Publisher Springer Nature Limited.

trated toward the development of patient-specific wound dressings. In-
deed, the launch to the market of shape-personalized wound dressings
could potentially open a new era in the field of wound care treatments,
offering to healthcare providers a powerful tool to significantly improve
patients’ quality of life. Consequently, they could also reduce the severe
costs associated to the management of hard-to-close wounds.

Two different processing technologies are mainly reported in the lit-
erature for the design of personalized wound dressings, namely electro-
spinning and 3D printing (Fig. 9). Specifically, the former allows the de-
position of nanofibrous membranes directly onto the wound site by ex-
ploiting portable electrospinning devices; the latter consists of 3D print-
ing wound dressings according to personalized Computer-Aided Design
(CAD) models deriving from ulcer cavity reconstruction.

For instance, in 2014 Lau et al. investigated the possibility to elec-
trospin poly(D,L-lactide-co-glycolide) (PLGA)-based solutions on wound
models to form waterproof nanofibrous membranes [164]. Specifically,
to assess the feasibility of this approach, the authors electrospun the
nanofibrous mesh directly on ex vivo pig skin wounds and a live hu-
man hand, revealing that this device was able to quickly cover the
wound bed. Moreover, the fabricated membranes perfectly adapted to
the wound shape, maintained their waterproofing capability after be-
ing held under 30 s of running water and could be easily removed. In
the same year, Jiang et al. described the exploitation of the in situ elec-
trospinning technique to fabricate thin and homogeneous nanofibrous
membranes as hemostatic dressings [165]. The investigation was per-
formed on both in vitro and in vivo pig liver and lung resections evidenc-
ing promising results in terms of precise nanofiber deposition, mem-
brane strength and flexibility, and low dosages, thus paving the way for
further applications, such as in wound healing. Few years later, Haik
et al. studied the potential improvements deriving from the use of a
manual electrospinning to fabricate wound dressings by comparing the
wound healing process of pig wounds treated with traditional gauzes
or with electrospun membranes [166]. Although no significant healing
rate improvements were registered compared to the control, electrospun
dressings were more conformable and easier to remove without causing
damages to the newly formed tissues. Moreover, their direct deposition
to the wound bed could further contribute to cross-contamination avoid-
ance. A more advanced study was reported by Dong et al., who inves-
tigated the effectiveness of in situ deposited electrospun membranes in
terms of healing rate [162]. Specifically, the authors compared the heal-
ing capability and the anti-microbial activity provided by three different

195

wound dressings, i.e., gauzes, poly (e-caprolactone) nanofibrous mem-
branes and poly (e-caprolactone) nanofibers embedding silver-doped
mesoporous silica nanoparticles (Ag-MSNs). Both in vitro and in vivo
studies performed on Wistar rat wounds revealed significantly more
rapid wound closure with the application of nanofibrous membranes
compared to traditional gauzes. Moreover, the release of silver ions in-
duced a strong anti-bacterial activity against Staphylococcus Aureus and
Escherichia Coli. Furthermore, the authors registered an easy applica-
tion and painless removal of the nanofibrous membranes together with
an improved protection against bacteria contamination.

On the other hand, additive manufacturing and biofabrication have
been initially explored to develop wound dressings with controlled and
reproducible macro- and micro-architectures, which in turn could en-
hance gas exchange, cell attachment and migration [167]. For instance,
Hafezi et al. reported the fabrication of chitosan-based films through
additive manufacturing techniques [167]. Their in vitro characterization
showed high mucoadhesive properties and enhanced water absorption
capability. In another work, Liu et al. investigated the effectiveness of
alginate- and gelatin-based 3D matrices in promoting wound healing in
in vivo murine models [168]. Results evidenced an accelerated healing
rate (i.e., 16 + 1 days vs. 14 + 1 days) and improved healing perfor-
mances in mice treated with 3D printed matrices compared to the con-
trol (i.e., wounds treated with vaseline and covered with gauzes). More
recently, the wide versatility provided by rapid prototyping techniques
in fabricating constructs with extremely different morphologies has been
exploited to develop shape-personalized wound dressings. Indeed, being
modeled through a CAD software, these constructs could achieve a high
degree of personalization in terms of area, pore size and thickness. More-
over, these patches could also show a personalized drug content, both
in terms of drug type and quantity. To this final purpose, Long et al. re-
cently reported the fabrication of 3D printed chitosan/pectin matrices
loaded with lidocaine hydrochloride as analgesic drug [169]. Results ev-
idenced that such matrices were characterized by high flexibility, capa-
bility to absorb exudate while maintaining a moist wound environment
and self-adhesion properties. Specifically, the bioadhesion strength was
measured to vary between 86.5 and 126.9 g, making these matrices
comparable with commercial products. On the other hand, lidocaine
hydrochloride release turned out to occur by erosion (as assessed by an-
alyzing drug release data through the Korsmeyer Peppas model), thus
suggesting the reduction of the adhesion strength over time, which could
facilitate dressing removal with no tissue damages. However, to the best
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of our knowledge, the first proof of concept towards the fabrication of
shape-personalized dressings was reported by Mawaffak Hassan et al. in
2017 [170]. Specifically, the authors explored the feasibility of wound
dressing customization by exploiting 3D scanning processes as starting
point for the preparation of CAD models. Moreover, they developed
anti-microbial inks by enriching poly (e-caprolactone)-based solutions
with different metal ions (i.e., silver, zinc and copper). In vitro char-
acterization evidenced good anti-microbial properties exerted by silver
and copper ions and good ink printability according to complex geome-
tries. Thus, this work thoroughly assessed the feasible combination of
3D scanning and 3D printing processes (i.e., hot melt extrusion) to de-
velop patient specific patches, thus paving the way to further investiga-
tions. Lastly, Lau et al. described the design of a mobile skin bioprinting
system to treat extensive wounds directly at the patient’s bed [164].
Specifically, this integrated system was equipped with a mobile scanner
to acquire the required information for the wound cavity reconstruction,
which was immediately converted into the code used by the print-heads
to deposit cell-loaded hydrogels. In vivo characterization performed on
murine and porcine full thickness wounds proved the superior healing
capability provided by cell-printed wound dressings compared to tradi-
tional cell spraying technique. Moreover, the released cells were able
to form a new tissue with dermal structure and composition similar to
healthy skin.

6. Discussion on practical concerns limiting the quick market
entry of advanced and personalized solutions

Due to the high pressure that these pathologies exert on the health-
care system worldwide, the research community has devoted great ef-
forts towards the development of smart and more effective wound dress-
ings as proved by the wide literature available on this topic. However,
despite promising in vitro and in vivo results, such advanced systems, to
our knowledge, have not been translated into the clinic yet.

Concerning external stimuli-responsive wound dressings, irrespec-
tive of their working mechanism (i.e., self-responding, externally trig-
gered or automated systems), this delayed translation could be probably
ascribed to several key limitations:

(i) The performed material modifications to impart specific respon-
siveness lead to new materials requiring validation by the US FDA
and/or an European Union Notified Body (according to the Med-
ical Device Regulation MDR 2017/745) and thus, a further step
is needed to assess the material safety and quality prior to tech-
nology validation.

The identification of standardized procedures to prepare and
characterize advanced wound dressings is extremely complex. In-
deed, the characterization techniques commonly exploited to in-
vestigate the effectiveness of traditional wound dressings could
not be sufficiently adequate to clearly assess the superior capa-
bility of such advanced platforms in enhancing wound healing.
In detail, characterization tests should be able to simultaneously
investigate tissue regeneration rate, effectiveness of drug release
in wound treatment, and capability to electronically control on-
demand drug releasing mechanisms, while avoiding result depen-
dence on boundary conditions.

The wound dressing effectiveness is strongly dependent on the ex-
ternal tested conditions and thus, collected data are not always
sufficient to clearly prove their superiority compared to tradi-
tional medications.

The cost/benefit ratio is not remarkably advantageous thus re-
ducing the attractiveness of these wound care devices by the
healthcare systems and limiting their accessibility to patients.

(i)

(iii)

(iv)

Concerning personalized wound dressings, great efforts have been
devoted to move from one-size-fits-all treatments towards patient-
specific approaches under the pressure of governments aiming at de-
veloping sustainable healthcare systems. In Europe, this recent trend
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has also been supported by huge long-term investments in favor of uni-
versities and research centers through the FP7 and Horizon 2020 pro-
grams [171]. However, although relevant research achievements have
been reached, their clinical translation has suffered a setback. Both for
advanced wound dressings and for patient-specific patches, the main
reason lies in the complex regulatory path leading to their approval. In-
deed, although for patient-specific patches the assessment of conformity
and CE marking is not required [172], safety-related issues and wound
dressing effectiveness must be verified and the protocols to achieve
these goals cannot be of general purpose being the devices patient-
customized. Advanced and personalized wound dressings are composed
of sensors, drivers, biomaterials, therapeutic agents, and show diagnos-
tic and therapeutic functions, providing multicomponent and/or mul-
tifunctional systems. Therefore, such remarkable complexity leads to
difficulties in device classification and validation processes in terms
of functionality, safety and proof of superior effectiveness. The main
guideline adopted up to now for system classification lies in the iden-
tification of the wound dressing primary mode of action [173]: if they
primarily work as drug delivery systems they are classified as a drug
and thus, they should require authorization by the US FDA or the Eu-
ropean Medicines Agency (EMA). Moreover, much attention should be
paid to the type of encapsulated payload (i.e., drugs or biological fac-
tors). On the other hand, if the primary mode of action does not involve
drug release, such wound dressings are classified as devices and thus,
they should accomplish the regulation on medical devices. However,
due to the combined mode of action of many wound care products, it
is sometimes unclear which function is responsible for wound dressing
primary mode action. Moreover, irrespective of their working mecha-
nism, the majority of these products should be validated both as drug
and device. Concerning personalized patches (e.g., 3D printed patches
replicating the wound cavity topography of a specific patient) an ad-
ditional issue should be considered, i.e., the identification of the worst
case, based on available literature and clinical data, to define the worst
operative conditions and assess if the device is safe and effective also
in this unfavorable scenario. This is required to avoid the validation of
each patient-fabricated construct. As a result, complexity of multicom-
ponent and multifunctional wound dressings is generally the main cause
for delayed validation and, thus, delayed clinical translation and market
entry. In addition, another important concern is the need to get funds
for technological readiness level (TRL) increase, requiring preclinical
animal tests and then clinical studies. In this regard, the development
of in vitro human skin models for preclinical validation of drug and ther-
apies could help in reducing time- and cost-to the market of products
for wound treatment/healing. During the last years, researchers’ efforts
towards this direction have been proved through the engineering of sev-
eral advanced 3D in vitro skin models [174-176], and some of them have
already reached the market (e.g., EpiDerm™ (MatTek, Slovak Repub-
lic), EpiSkin™ and SkinEthic™ (EPISKIN, France)). Indeed, such inter-
est has been significantly triggered by the EU full ban on animal testing
of cosmetics and their ingredients since 11 March 2013 [177]. Based on
these models, new preclinical validation methods have been developed
and other are in progress, as underlined in the periodic reports by the
EU Reference Laboratory for alternatives to animal testing [178].

7. Conclusion

The treatment of hard-to-close wounds represents a challenging issue
to face due to the huge and growing incidence of this pathology in the
society: only in Europe, 4 million patients suffer from chronic wounds
every year. Moreover, chronic wound management is associated with
severe costs for the healthcare systems and low patients’ quality of life.
Therefore, based on the “moist wound healing theory” postulated by
Prof Winter in 1962 [7], many different wound dressings have been
developed during the years aimed at becoming the ideal wound dressing
for chronic ulcer treatment.
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Traditional wound dressings, such as gauzes, transparent films,
foams, hydrogels, hydrocolloids and hydroconductive bandages were
first developed to efficiently absorb wound exudate, providing a moist
environment and protecting from external pathogens. Moreover, these
bandages were designed to be easily applied and removed without
causing mechanical debridement. However, all these traditional wound
dressings were only able to support the physiological healing pathway,
without actively participating to the process.

A step forward was achieved with the introduction of drug-eluting
wound dressings. Indeed, in most cases chronic wounds are associated to
infections and biofilm formation, both factors that contribute to hinder
wound closure. Therefore, bioactive wound dressings were fabricated to
exert anti-bacterial pro-regenerative activities through the selection of
naturally-derived macromers [54-59] and the addition of anti-microbial
peptides [60-71]. Among intrinsically bioactive agents, Manuka honey
found widespread application as anti-microbial agent in the preparation
of impregnated gauzes, film dressings, foams and hydrocolloids [72-
75]. Regardless bioactive wound dressings, wound care products were
also engineered to in situ release drugs with the aim to more effectively
manage delayed lesion healing, while avoiding systemic administration
of high drug dosages. Specifically, silver ions were widely exploited as
anti-microbial agent able to exert a strong activity against a wide spec-
trum of bacteria [82-89], while ibuprofen and lidocaine were selected
as anti-inflammatory and analgesic drugs to reduce pain [102-107].
Moreover, to further improve tissue regeneration, medicated wound
dressings were also loaded with biological factors, such as growth fac-
tors and cells [112-115]. Compared to traditional wound dressings,
the introduction of drug-eluting wound dressings resulted in signifi-
cantly improved tissue regeneration capability and patients’ quality of
life.

However, aiming at further increasing the effectiveness of drug re-
leasing wound dressings, a new era in the field of medicated bandages
has started, resulting in the introduction of advanced wound dressings.
Indeed, exploiting characteristic wound parameters (e.g., temperature,
pH, cytokine concentration) as triggering stimulus, these devices have
been designed to release drugs in response to environmental changes.
Specifically, based on their operation mode, they have been defined
as self-responding [137-141,145-147], externally-triggered [150,157]
and automated wound dressings [159-161].

More recently, to further accomplish the moist wound healing the-
ory, researchers have focused their efforts toward the design of shape-
personalized wound dressings through electrospinning [162,164,166]
and 3D printing [163,167,169] techniques, thus fabricating patches able
to perfectly fill the ulcer cavity. Hence, these technologies, together with
advancements in the fields of imaging and biomaterials, could poten-
tially lead to the fabrication of highly effective wound dressings and
thus, the reduction of costs associated to hard-to-close wound treat-
ments.

As thoroughly analyzed in this critical survey of the state-of-the-
art, the available wound dressings in the market are broad in na-
ture, mechanisms of action and targeted applications. However, there
is an urgent need of alternative and more efficient wound care prod-
ucts, overcoming the key limitations of currently available wound
bandages and progressing toward the implementation of the “ideal”
wound dressing to treat chronic wounds. In this quite dynamic sce-
nario, which is currently at low TRL, device developers should pay at-
tention to the regulation pathway their products should follow to ac-
cordingly plan their design and characterization activities. This rep-
resents a great but useful effort that will ultimately shorten the time
required to achieve the market-entry of newly-developed advanced
platforms.
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