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ARTICLE INFO ABSTRACT

Nowadays, despite the intensive research performed in the area of skin tissue engineering, the treatment of skin
lesions remains a big challenge for healthcare professionals. In fact, none of the wound dressings currently used
in the clinic is capable of re-establishing all the native features of skin. An ideal wound dressing must confer
protection to the wound from external microorganisms, chemical, and physical aggressions, as well as promote
the healing process by stimulating the cell adhesion, differentiation, and proliferation. In recent years different
types of wound dressings (such as films, hydrocolloids, hydrogels, micro/nano fibers) have been developed.
Among them, electrospun nanofibrous membranes due to their intrinsic properties like high surface area-to-
volume ratio, porosity and structural similarity with the skin extracellular matrix have been regarded as highly
promising for wound dressings applications. Additionally, the nanofibers available in these membranes can act
as drug delivery systems, which prompted the incorporation of biomolecules within their structure to prevent
skin infections as well as improve the healing process. In this review, examples of different bioactive molecules
that have been loaded on polymeric nanofibers are presented, highlighting the antibacterial biomolecules (e.g.
antibiotics, silver nanoparticles and natural extracts-derived products) and the molecules capable of enhancing
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the healing process (e.g. growth factors, vitamins, and anti-inflammatory molecules).

1. Introduction

Since ancient times, the wound treatment procedure comprises the
covering of the wound site with a dressing material that avoids patient
dehydration and the occurrence of infections. The dressings used up to
recent years acted as protective materials known as gauzes, bandages or
cotton wool. Although, these dressings promoted the formation of scar
tissue, in some cases they also induce a new lesion when replaced [1,2].
Nowadays, different types of wound dressings (such as films, hydro-
colloids, hydrogels, and micro/nano fibers) have been developed to
provide a moist environment as well as prompt cell adhesion and
proliferation, in order to enhance the healing process [3]. Furthermore,
such wound dressings are biodegradable, exhibit a non-toxic profile,
allow the absorption of wound exudates, prevent patient dehydration,
and circumvent the formation of eschar [2,4].

Wound dressings composed of electrospun nanofibers display aus-
picious properties for improving the healing process. Their 3D

* Corresponding author.
E-mail address: icorreia@ubi.pt (I.J. Correia).
! Authors contributed equally to this work.

https://doi.org/10.1016/j.ejpb.2019.03.010

architecture mimics the structure of the skin extracellular matrix
(ECM), which plays a pivotal role in supporting cell adhesion and
proliferation [5-9]. Further, the porous structure of these matrices is
compatible with the adsorption of wound exudates, gaseous and nu-
trients exchanges, as well as prevents bacterial invasion [10,11]. Be-
sides, electrospun nanofibers can be functionalized with bioactive
molecules that can enhance the wound healing [1,9,12]. In fact, the
combination of the large surface area to volume ratio of the nanofibers
with the possibility of selecting the most appropriate solvent for drug
solubilization grant to these dressings high loading capacities [12-14].
Moreover, the drug loading in these devices can be performed using
different methodologies that spawn from the biomolecules blending
with the polymer to the incorporation of secondary drug carriers
[15,16]. On the other hand, the biomolecules release can be specifically
tailored to fulfill the demands of the different phases of the healing
process, i.e. hemostasis, inflammation, migration, proliferation or re-
modelling [1,13,15]. Researchers have been incorporating different
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antibacterial and biological agents in nanofibers to improve their per-
formance in the healing process [17,18]. The results obtained revealed
that these dressings were able to avoid bacterial penetration (e.g na-
nofibers functionalized with antibiotics, silver-based materials, and
bactericidal natural compounds) or to enhance the wound healing (e.g.
nanofibers incorporating growth factors (GFs), vitamins, and anti-in-
flammatory molecules) [10,15,19,20].

In this review, an overview of the most prominent biologic active
molecules that have been, so far, incorporated into electrospun nano-
fibers aiming to prevent skin infections as well as improve/encourage
the healing process is provided. In addition, future perspectives re-
garding the application of electrospun nanofibers based-drug delivery
systems for improving skin tissue regeneration are also highlighted.

2. Electrospun membranes used as drug delivery systems

The optimization of different electrospinning parameters (e.g the
raw materials, viscosity, applied voltage, flow rate, temperature, hu-
midity, etc) allows the production of the nanofibers with specific fea-
tures, such as mean diameter, surface area/volume ratio, porosity,
wettability, and mechanical properties [21-23]. Furthermore, the na-
nofibers drug loading can be performed using different methodologies
that comprise the incorporation of the biologic active agents before the
electrospinning process be performed, through co-axial, multi-jet,
emulsion, and secondary carrier electrospinning [9,15,24]. Moreover,
the nanofibers surface can also be modified by physical adsorption,
layer-by-layer assembly and chemical immobilization of biomolecules
(as illustrated in Fig. 1). An overview of these strategies was already
been reviewed elsewhere [9,15,25]. By combining these strategies, re-
searchers can control the encapsulation of multiple biomolecules. De-
pending on the role of a biomolecule in the healing process, the drug
release profile can be tailored through the incorporation method used
[26]. For example, the physical adsorption of biomolecules into nano-
fibers is frequently associated with burst releases and short diffusion
times, whereas the co-axial electrospinning allows a more controlled
and sustained release profile [27,28]. On the other hand, if the different
molecules are incorporated into nanofibers by the same method, the
drug release profile will be dependent on the diffusion coefficient of
each molecule. In these cases, the rate of biomolecule diffusion out of
the polymeric matrix will be affected by several factors like polymer
swelling, polymer erosion, biomolecular dissolution/diffusion char-
acteristics, biomolecules distribution inside the matrix and
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biomolecule/polymer ratio [16,29,30].

In the following sections, the loading of bioactive molecules into
nanofibers in order to confer them additional antimicrobial properties,
improve the biological performance of the membranes, and ultimately
enhance the healing process will be discussed.

3. Biomolecules with antimicrobial activity that have been
incorporated into electrospun membranes

After skin infections occur, microorganisms’ invasion prompt the
deterioration of the granulation tissue, GFs and ECM components (e.g.
collagen, elastin, and fibrin), compromising the healing process
[31,32]. Thus, in order to prevent such deleterious effects, it is im-
perative to use wound dressings that are able to prevent bacterial pe-
netration into the wound as well as to support skin regeneration (as
illustrated in Fig. 2). In the following topics, the different antimicrobial
agents (e.g. antibiotics, silver nanoparticles (AgNPs) and natural ex-
tracts-derived products) that have been loaded into electrospun nano-
fibers for enhancing their antibacterial properties are overviewed.

3.1. Antibiotics

In the clinic antibiotics are widely used, mainly those administered
through oral administration, for preventing/treating microbial coloni-
zation/contamination of open wounds. Nevertheless, this therapeutic
approach presents several disadvantages such as rapid elimination from
blood stream, degradation, and narrow therapeutic windows. In this
way, to overcome these limitations, researchers have been exploring the
topical administration of antibiotics through their incorporation in
wound dressings. Ciprofloxacin (CIF), gentamycin, tetracycline, and
silver sulfadiazine (SSD) have been incorporated into electrospun
membranes, which displayed a controlled release of antibiotics from the
nanofibers to provide an aseptic environment at the wound site as well
as for promoting the re-epithelialization and new tissue formation
(please see Table 1) [33-38].

Alavarse et al. incorporated tetracycline hydrochloride (TCH), at a
concentration of 5mg/mL, into Poly(vinyl alcohol) (PVA)/Chitosan
(CS) (80/20 v/v) electrospun nanofibers [36]. A blend of polymer-an-
tibiotic was initially electrospun and then crosslinking using glutar-
aldehyde vapor (GA) (0.5% for 4 h). This crosslinking step lead to an
increase in the fibers mean diameter, from 119 * 33nm to
309 + 68nm. Further, the authors observed that 80% of TCH was
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Fig. 1. Illustration of the main strategies used to incorporate drugs into electrospun nanofibers.
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Fig. 2. Illustration of the main antimicrobial agents (antibiotics, silver nanoparticles and natural extracts-derived products) incorporated into the electrospun
nanofibers and their role in the healing process.

released from PVA/CS nanofibers in PBS solution (pH 7.4), after 24 h,
which corresponds to the critical period for the establishment of wound
infections. Moreover, the antimicrobial activity of PVA/CS/TCH
membranes was characterized using Escherichia coli (E. coli), Staphylo-
coccus epidermis (S. epidermidis) and Staphylococcus aureus (S. aureus) as
model bacteria. The obtained results showed that the incorporation of
TCH into the PVA/CS nanofibrous membranes can inhibit the bacterial
growth, during 24 h. Additionally, the authors reported inhibitory halos
with a diameter of 8.8 = 0.4 mm for E. coli, 15.6 = 0.3 mm for S.
epidermis and 19.6 + 0.2mm for S. aureus, which contrasts with the
absence of inhibitory activity displayed by the non-functionalized
membranes. In addition, these researchers also noticed that when the
drug-loaded nanofibrous membranes were added to rabbit aortic
smooth muscle cells, they did not affect the cell viability for at least
72h.

Torres-Giner et al. produced polylactide (PLA) nanofibers loaded
with gentamicin using three different approaches based on the in-
corporation of gentamicin 5wt% into PLA nanofibers, PLA-collagen
blends or in the collagen core of the collagen-PLA coaxial nanofibers
[38]. Their results revealed that PLA fibers containing gentamicin
presented a bimodal size distribution with an average diameters of
1106 = 182nm and 281 + 55nm; gentamicin loaded PLA-collagen
blends had fibers with diameters of 168 * 53 nm; and coaxial PLA-
collagen-PLA/gentamicin presented fibers with mean diameter values
of 561.43 + 104nm and 131.07 *+ 39 nm. Moreover, the gentamicin
release profile exhibited by all formulations was similar, i.e. the anti-
biotic presented a fast diffusion in the first 24 h, followed by a sustained
release until reach the equilibrium after 50 h. Nevertheless, the PLA
fibers released 19% of the drug after 24 h, increasing to 33% after the
50 h of incubation. On the other hand, PLA-collagen blends released
78% and 98% of gentamicin after 24 h and 50 h, respectively. Coaxial
PLA-collagen-PLA nanofibers released 41% and 59% of gentamicin
after 24h and 50h, respectively. Further, these researchers also de-
termined the lowest concentration of gentamicin required to prevent
the bacterial growth and to kill the bacteria, which are defined as
minimal inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC), respectively. So, the PLA-collagen blends pre-
sented MIC values of 0.25, 5 and 0.5 mg and MBC values of 5, 50 and
25mg for S. epidermis, Pseudomonas aeruginosa (P. aeruginosa) and E.
coli, respectively. In turn, the PLA-collagen-PLA coaxial fibers displayed
a slightly lower bactericidal activity, exhibiting MIC values of 1, 10, and
0.5 mg and MBC values of 7.5, 50, and 25 mg. PLA fibers presented the
lowest antimicrobial activity for the tested bacteria, showing MIC
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values of 2.5, 25 and 0.5 mg and MBC values of 10, 100, and 50 mg.
Moreover, the electrospun PLA-based fibers were also able to provide a
matrix that promotes cell proliferation.

Li and their co-workers loaded CIF (0.9%) into thermoresponsive
electrospun fiber mats produced with poly(di(ethylene glycol) methyl
ether methacrylate) (PDEGMA)/ poly(l-lactic acid-co-e-caprolactone (P
(LLA-CL) [39]. The CIF incorporation into the meshes leads to a var-
iation on the nanofibers size, i.e. the non-loaded nanofibers presented
diameters ranging from 948 + 132nm to 476 *= 189 nm, whilst the
fibers containing CIF presented diameters ranging from 330 + 118 nm
to 437 * 141 nm. Further, the release profile of CIF was characterized
by an initial burst (45% of the drug was released in 10 h) that span up to
170 h, reaching a maximum cumulative release of 85%. This behaviour
leads to the formation of inhibitory halos, with a diameter of
5.35 + 0.51cm and 5.21 = 0.44 cm for E. coli and S. aureus, respec-
tively, after 24h of incubation. These values increased to
5.45 = 0.81cm and 5.62 + 0.53cm after 72h of incubation, thus
revealing that the antibacterial activity of the fibers remained for at
least three days. Moreover, the in vitro assays also demonstrated that
the nanofibers promote the adhesion and proliferation of 1L929 fibro-
blasts. In the in vivo assays, the fibers loaded with CIF induced a re-
duction of the wound area (5.7 + 0.8% of the original area), a higher
expression of CD34 (a marker used to select vascular endothelial cells)
and the formation of a thicker epidermis in comparison to commercially
available gauzes [39].

Mohseni and their collaborators incorporated SSD into PVA nano-
fibers for conferring them antimicrobial activity [40]. To accomplish
that, different concentrations of SSD (1, 5 and 10 wt%) were added to
the PVA solution before the electrospinning process be performed.
Afterwards, the nanofibers’ diameter was measured and the authors
verified that the average diameter of PVA nanofibers increased with the
incorporation of SSD, from 360 nm to 450, 530, and 700 nm for the
PVA/SSD (1%), PVA/SSD (5%), PVA/SSD (10%) fibers, respectively.
Further, the authors observed that 70% of the SSD was released during
the first 7 days of incubation, reaching a value close to 100%, after
14 days. Additionally, the membranes displayed a bactericidal activity
dependent on the SSD concentration. Inhibitory halos with a diameter
of 2 + 0.2mm, 3.9 * 0.5mm, and 4.2 + 0.3 mm were obtained for
PVA/SSD (1%), PVA/SSD (5%), and PVA/SSD (10%) membranes, re-
spectively (as showed in Fig. 3), when they were added to S. aureus. On
the other side, these researchers also verified that the incorporation of
SSD decreased the mechanical properties of the membranes (the elastic
modulus decreased from 56.07 MPa to 36.19 MPa for PVA/SSD (1%),
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Table 1 (continued)

Refs.

Main conclusions

Antibacterial assays

Release profile

Fiber diameter (nm)

Incorporation method

Polymer

Antibiotic

[40]

- The cellular proliferation was
strongly influenced by SSD

- The largest inhibition halo against S. aureus

- The release profile of silver
showed a burst release in the

initial 24 h;

-PVA: 360 nm

Blend electrospinning

PCL/PVA

Silver sulfadiazine

(4.2 = 0.3 mm) was observed in 10 wt% SSD/
PVA membranes, while the smallest inhibition

—1-10 wt% SSD/

PVA:450-700 nm

(SSD)

concentration, where the highest
amount of SSD promoted the
lowest cell proliferation;

zone (2.0 = 0.2mm) was presented by 1 wt%

SSD/PVA fibers.

-70% of silver was released

during the first week, followed

- All the membranes showed good
mechanical properties (young

by a gradual release during the

second week.

modulus: 56.07 to 18.14 MPa)

and wettability (contact angle

inferior to 90).

European Journal of Pharmaceutics and Biopharmaceutics 139 (2019) 1-22

27.52 MPa for PVA/SSD (5%), and 18.14 MPa for PVA/SSD (10%)) and
increased the hydrophilic character of their surfaces.

However, in recent years researchers and clinicians have been fa-
cing the emerging of multidrug resistant bacteria that arise as a con-
sequence of the continued administration of antibiotics. In fact, more
than 70% of the bacteria responsible for wound infections are resistant
to at least one of the antibiotics used nowadays in the clinic [41]. Such
drawback demands the development of new antimicrobial alternatives
that can be used for the treatment of skin infections.

3.2. Silver nanoparticles

The recent advances of nanotechnology-based therapies have paved
the way for fighting microorganisms’ multidrug resistance. In particular
AgNPs have been emerging as a promising alternative to the use of
antibiotics. In fact, the excellent antimicrobial properties displayed by
AgNPs have been already tested against 650 different strains of bacteria
[17,45,46]. So far, four mechanisms have been proposed to explain the
antimicrobial activity of this type of nanoparticles: (i) AgNPs are able to
adhere onto the surface of bacterial cell wall, causing changes in cell
membrane structure and permeability, that lead to the leakage of the
cellular content; (ii) AgNPs can enter into cell cytoplasm and induce
damages in the intracellular structures (such as mitochondria, vacuoles,
ribosomes) and biomolecules (e.g protein, lipids, and DNA); (iii) AgNPs
can mediate the production of reactive oxygen species (ROS) and free
radicals; and (iv) AgNPs can modulate the signal transduction path-
ways, inducing the phosphorylation of various proteins in bacteria and
ultimately trigger the cell death [47-49]. The antibacterial activity
unveiled by AgNPs encouraged the researchers to produce different
silver-based wound dressings that are already available in the market,
like Acticoat®, Aquacel Ag®, Silvasorb®, and Silvercel™ [17]. Further-
more, AgNPs have been also incorporated into electrospun membranes
to confer them antimicrobial properties (see Table 2 for further details).
Aadil and colleagues produced PVA-lignin nanofibers containing AgNPs
(with diameters ranging from 10 to 50 nm) using the electrospinning
technique [50-52]. The diameter of the produced nanofibers varied
between 128 and 291 nm and the presence of the AgNPs within these
nanofibers was confirmed through the observation of the two char-
acteristic diffraction peaks at 33 and 47° in the X-ray spectrum, corre-
sponding to the {111} and {200} planes of silver, respectively.
Moreover, the antimicrobial activity of the produced membranes was
checked against E. coli and Bacillus circulans (B. circulans). Santos et al.
immobilized AgNPs on the surface of Polycaprolactone (PCL)/poly[(2-
dimethylamino)ethyl methacrylate] (PDMAEMA) nanofibrous mem-
branes, following the methodology proposed by Dong et al. [53,54].
Further, the AgNPs size and nanoparticles content on the PCL/
PDMAEMA were optimized by varying the pH values (1, 3, 5, 7, and 9)
of the growth solution. In fact, the diameter of AgNPs decreased from
1020 + 60nm at pH 1 to 64 = 3nm at pH 9. On the other side, the
pH also influenced the amount of AgNPs adsorbed at the surface of the
nanofibers, i.e, 0.59 ppm, 7.40 ppm, 10.1 ppm, 3.40 ppm, and 0.12 ppm
of silver was adsorbed at the nanoparticles surface at pH 1, 3, 5, 7 and
9, respectively. Thus, AgNPs showed the maximum adsorption at pH 5,
which was attributed to the increased electrostatic interactions that
occur between the positively charged amino groups of PDMAEMA and
the negatively charged carboxylate groups of citrate present on the
surface of AgNPs. Moreover, the results obtained revealed that the
biocompatibility of the meshes increased after the AgNPs immobiliza-
tion and they were able to inhibit the growth of S. aureus, P. aeruginosa,
and E. coli [54].

Lee et al. produced CS nanofibers containing different amounts of
AgNPs (0, 0.7, 1.3, 2 and 4%) [55]. To accomplish that, AgNPs were
produced directly in the CS solution, through the chemical reduction of
silver nitrate using sodium borohydride. The obtained spherical AgNPs
presented an average diameter of 10 = 2nm and presented a narrowed
wavelength band at 408 nm in UV-vis absorption spectra, which is
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Fig. 3. Characterization of the anti-
bacterial activity SSD loaded PVA elec-
b) trospun mats against S. aureus. The in-
hibitory halos produced by the
electrospun nanofibers containing dif-
ferent concentrations of SSD are pre-

characteristic of small-diameter AgNPs. Further, the AgNPs formation
was also confirmed by X-ray diffraction being observed the presence of
peaks at 38.0°, 44.3°, 64.5° and 77.2°, characteristic of the {111},
{200}, {220} and {311} planes of the AgNPs with a face centered
cubic structure. The obtained data showed that a higher content of
AgNPs induces a decrease in the nanofibers’ diameter from
460 = 80nm (at 0%) to 126 = 28 nm (at 4%). However, nanofibers
containing 4% of AgNPs displayed beads and a tangled surface mor-
phology, thus causing their removal from the antibacterial assays. P.
aeruginosa and Methicillin-resistant Staphylococcus aureus (MRSA) were
used as model bacteria to characterize the antimicrobial activity of the
produced nanofibers, as can be observed in Fig. 4. The diameter of the
inhibitory halo increased from Omm to 16.07 mm, 16.58 mm, and
16.73 mm in P. aeruginosa and from 0 mm to 14.9 mm, 15.42 mm and
15.75mm in MRSA when increasing amounts of AgNPs were in-
corporated in the nanofibers (0, 0.7, 1.3 and 2%, respectively).

Despite the promising bactericidal activity displayed by silver
loaded nanofibrous membranes, there are some handicaps that avoid
their widespread in the clinic [56]. Indeed, the AgNPs have some de-
gree of cytotoxicity and the long-term interactions with the human
body, besides the nanoparticles fate, is poorly understood.

In this field, several studies have been focused on understanding the
possible toxic effects of metallic nanoparticles for skin tissue. The me-
tallic nanoparticles-skin interaction (i.e. penetration and toxicity) are
largely influenced by different physicochemical properties such as the
particle type, size, shape, surface coating, charge, stability, and protein
corona among others [57-59]. Once the metal nanoparticles become
infiltrated into the skin, they can trigger several toxic effects by indu-
cing cell oxidative stress, apoptosis and mitochondrial dysfunction, as
well as membrane and DNA damage. In addition, the metallic ions re-
leased from the nanoparticles may cause skin sensitization and irrita-
tion [60-62]. However, until now the data available concerning the
toxicity of metallic nanoparticles is insufficient, demanding in-depth
studies to evaluate their biosafety.

3.3. Natural extracts-derived products

To overcome the limitations associated with the use of antibiotics
and silver nanoparticles, researchers have been testing a wide variety of
natural products that have been loaded into electrospun membranes

Commercialized Inhibition sented in (a) and the bactericidal ac-
wound dressing Zone tivity of commercially available wound
Biohesive Ag 02 +0.1 dressings are shown in (b). Reproduced
e from [40] with permission from Wiley.
Aquacel® Ag 0.6 +0.2
Algisite Ag 1+0.2
Mepilex® Ag ND
PolyMem® Ag ND

(Table 3). Amidst them, plant extracts and essential oils (EOs) have
been screened as potential sources of novel antimicrobial compounds
[67-71]. The antimicrobial properties exhibited by EOs is mainly at-
tributed to the presence of active constituents such as terpenes, terpe-
noids, and other aromatic and aliphatic constituents [72,73]. Moreover,
the hydrophobic character of the EOs and their components promote
the partition of the lipids present in the cell membrane, increasing their
permeability and consequently leading to the bacterial cells death due
to the leakage of essential molecules and ions [71,74,75]. Therefore,
the EOs can act as powerful tools to circumvent the bacterial multi-drug
resistance [76]. Liakos et al. reported the incorporation of three dif-
ferent EOs (cinnamon (CN), lemongrass (LG) and peppermint (PM))
into Cellulose Acetate (CA) electrospun nanofibers [77]. The produced
fibers were free from defects or beaded structures, presenting a mean
diameter of 4.2 * 2.1pum, 0.9 = 0.3pum, 2.8 = 1.1pm, and
2.3 = 0.8 um for pure CA, CA/5-CN, CA/5-LG, and CA/5-PM, respec-
tively. Furthermore, while the pure CA fibers were colonized by E. coli
and Candida albicans (C. albicans), leading to the formation of biofilms.
Fibers loaded with 6.2 and 25% w/w of EOs were able to impair E. coli
growth since a clear inhibition zone was observed around the samples.
On the other hand, the inhibition of C. albicans growth was only ac-
complished when the EOs concentration was increased to about 40%
w/wW.

Recently, Miguel and collaborators incorporated thymol (THY) into
an electrospun Silk Fibroin (SF) based asymmetric membrane to confer
it antioxidant and antibacterial properties [8]. For that purpose, THY
(5 mg/mL) was directly mixed with SF and hyaluronic acid (HA) blend
before the electrospinning process. The incorporation of THY within
these nanofibers induced an increase in the fibers mean diameter from
306.8 = 85.6nm to 412.7 = 106.7 nm. Additionally, the encapsula-
tion efficiency of THY was 79.7 * 7.19%. Further, the authors ob-
served that the THY release profile is pH dependent, with
71.25 = 2.06% and 91.87 = 0.99% of THY molecules being released
after 24 h of incubation at pH 5 and pH 8, respectively. Moreover, the
antioxidant properties of the nanofibers were evaluated, revealing that
the THY incorporation into the nanofibers conferred = 45.64% of an-
tioxidant activity, as well as inhibited the S. aureus and P. aeruginosa
growth in 87.42% and 58.43%, respectively (as represented in Fig. 5).
In addition, the SF_HA_THY membranes induced larger inhibitory halos
in S. aureus and P. aeruginosa than those obtained with SF_HA
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Fig. 4. Analysis of the antibacterial activity of CS/AgNPs membranes against MRSA (dark yellow) and P. aeruginosa (green): visualization and measurement of the
inhibitory halos of the membranes containing AgNPs at a concentration of 0% (a), 2% (b), 0.7% (c) and 1.3% (d). Reproduced from [55] with permission from
Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

membranes.

Besides the utilization of EOs, propolis extracts (a resinous mixture
produced by honey bees) also displays antibacterial, antifungal, anti-
viral, antioxidant, and anti-inflammatory properties due to the presence
of a wide variety of chemical compounds, such as flavonoid aglycones,
phenolic acids, and ester derivatives [78]. Kim et al. prepared a blend of
propolis extract (5, 10 and 30% wt) and polyurethane (PU) 10% wt to
create a nanofibrous membrane aimed to be used as a wound dressing
[79]. The incorporation of the propolis was responsible for an increase
in the fibers average diameter 204.4, 321.4, 377.2 and 556.6 nm for PU
fibers containing 0, 5, 10, and 30% of propolis, respectively. A higher
content of propolis extracts within the PU nanofibers induced a superior
bactericidal activity against E. coli, with the highest inhibitory effect
being registered for the PU membrane containing 30 wt% of propolis
[79].

Aloe vera (AV) and CS comprise other examples of sources from
natural compounds displaying antimicrobial activity [3,7,80,81]. The
amino acids, salicylic acid, ascorbic acid, vitamin A (Vit-A), and vi-
tamin E (Vit-E) found in AV confers it antibacterial, anti-inflammatory,
and antioxidant activity [82,83]. On the other hand, CS is a natural-
derived polysaccharide that promotes collagen synthesis and exhibits
bactericidal and hemostatic properties [3,84]. Despite different me-
chanisms have been proposed for explaining the antimicrobial activity
presented by CS, the most accepted mechanism is based on the estab-
lishment of electrostatic interactions between positively charged amine
groups of CS and the negatively charged groups present in the bacterial
cell wall, leading to an increased cell wall permeability, leakage of
intracellular constituents and the dissipation of the ionic gradients of
bacteria [3,85,86]. Miguel et al. produce electrospun nanofibers using a
blend of extract AV (40% v/v) and CS_ poly(ethylene oxide) (PEO) [7].
The incorporation of the AV extract resulted in the production of
thinner fibers, i.e. the mean diameter of the fibers decreased from
239 = 122nm to 152 *= 54nm. Moreover, both CS_PEO and
CS_AV_PEO membranes were able to inhibit S. aureus and E. coli growth
as well as avoid biofilm formation at the membranes’ surface. In 2016,
Sarhan and collaborators studied the antibacterial and wound healing
activity of honey, by performing its incorporation into PVA/CS nano-
fibers [87]. The results obtained demonstrated that higher contents of
honey (10, 20 and 30%) induced the formation of fibers with increased
diameters (284 * 97nm, 371 * 110nm, and 464 = 185nm, re-
spectively). Moreover, the nanofibers containing 30% of honey were
the ones unveiling a higher antibacterial activity against S. aureus and
E. coli.

4. Bioactive molecules that have been incorporated into
electrospun membranes aiming to improve the healing process

The skin regeneration process is comprised of five main phases:
haemostasis, inflammation, migration, proliferation, and remodelling.

These phases involve a complex interaction between cells (e.g. neu-
trophils, macrophages and fibroblasts), GFs and cytokines [98]. To
improve this process, researchers have been incorporating bioactive
molecules into electrospun membranes [1,99-101]. The controlled and
targeted release of biological molecules (e.g GFs, vitamins, and anti-
inflammatory molecules) at the wound site is fundamental for the
regulation of the wound healing process (as illustrated in Fig. 6) [102].

4.1. Growth factors

GFs are biologically active polypeptides that are able to regulate the
cell growth, differentiation, proliferation, migration and metabolism
during the wound healing process [103]. All phases of the wound
healing process are controlled by a wide variety of GFs and cytokines,
particularly, epidermal growth factor (EGF), platelet derived growth
factor (PDGF), transforming growth factor-3 (TGF- ), fibroblast growth
factor (FGF), and vascular endothelial growth factor (VEGF)
[104-107]. These molecules play a critical role in the formation of the
granulation tissue, in the modulation of the inflammatory response (e.g.
PDGF, TGF- B, and interleukins (e.g. IL-1 and IL-6)) as well as in the
promotion of angiogenesis (e.g. EGF and VEGF). Moreover, GFs are also
required for the ECM formation and remodelling as well as for the re-
epithelialization processes (e.g. FGF, EGF, and VEGF) [106]. Never-
theless, the topical administration of GFs presents several drawbacks
such as low in vivo stability, restricted absorption through the skin,
elimination by exudation before reaching the wounded area, and un-
desirable side effects due to high local and/or systemic levels. There-
fore, the loading of GFs into nanofibers is regarded as an appealing
strategy for improving the wound healing process [30,108]. In Table 4
are presented different electrospun membranes functionalized with GFs
aimed to be used as wound dressings.

Norouzi et al. explored the application of the multi-jet electrospin-
ning technique to create core-shell nanofibrous membranes containing
poly(lactic-co-glycolic acid (PLGA)-EGF and gelatin for improving skin
regeneration [109]. The produced membranes presented PLGA-EGF
and gelatin nanofibers with diameters of 390 = 75nm and
175 + 45nm, respectively. Further, the combination of PLGA and
gelatin nanofibers improved the swelling ability of the membranes,
from 23 + 4% for pure PLGA fibers to 130 + 10% for PLGA/gelatin
nanofibrous membranes. Additionally, the release of EGF from these
membranes occurred through an initial burst release, followed by the
sustained release over 9 days. Moreover, these membranes were also
able to improve the blood clotting, cell adhesion, and proliferation as
well as enhance the collagen type I and III expressions (the expression
levels of this protein were 22 and 25 times higher than in the normal
cells).

Piran and their coworkers encapsulated PDGF into CS nanoparticles
(CS-NPs) and then blended them on a PCL solution, that was subse-
quently electrospun [110]. The data obtained showed that the addition
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of CS-NPs to the PCL solution lead to an increase on the fibers mean
diameter (0.76 = 0.37 um, 1.22 + 0.78 um, and 1.21 * 0.66 um for
PCL, PCL/CS-NPs and PCL/CS-NPs(PDGF) membranes, respectively).
Furthermore, the PDGF release occurred in a controlled and sustained
manner, with 12% of PDGF being released after 24 h and reaching a
maximum of 83% after 1 week. Besides, it was also reported that the
presence of PDGF into PCL/CS-NPs(PDGF) membranes can trigger an
higher expression of PDGFRp gene, more than 2-fold, which will im-
prove the fibroblast cells migration to the injured site. Jin et al. in-
corporated multiple epidermal induction factors (EIF) like EGF, insulin,
hydrocortisone and retinoic acid on gelatin/ poly(I-lactic acid)-co-poly-
(e-caprolactone) (PLLCL) nanofibers using two different approaches:
EIF were directly mixed with gelatin/PLLCL composition, resulting in
blend nanofibers (gelatin/PLLCL/EIF (b)); or loaded into core-shell fi-
bers of gelatin and PLLCL (gelatin/PLLCL/EIF (cs)) [111]. The authors
obtained uniform nanofibers of PLLCL, gelatin/PLLCL, gelatin/PLLCL/
EIF (b) gelatin/PLLCL/EIF (cs) with fiber diameters of 456 *+ 62nm,
382 = 100nm, 299 *= 46nm and 366 * 125nm, respectively. Fur-
ther, the authors also observed that in the gelatin/PLLCL/EIF (b) na-
nofibers, produced through blend electrospinning, occurs an initial
burst release of EGF (first three days) that stabilized until day 6,
reaching the maximum of 77.8% after 15 days of incubation, which is
appropriate for promoting cell proliferation. On the other side, the
cumulative release profile of EGF from core-shell gelatin/PLLCL/EIF
(cs) nanofibers, did not display the initial burst release, and a stable and
sustained diffusion of EGF was observed (50.9% of the total amount
was released after 15 days). This controlled release of EGF from nano-
fibers resulted in 43.6% higher proliferation of adipose-derived stem
cells (ADSCs) on core-shell gelatin/PLLCL/EIF (cs) nanofibers than that
on the blend gelatin/PLLCL/EIF (b) counterparts. Moreover, the rate of
cell proliferation on gelatin/PLLCL/EIF (cs) and gelatin/PLLCL/EIF (b)
from 5 to day 15 was 560% and 404%, respectively. Additionally, the
researchers also noticed that the amount of differentiated epidermal
cells on gelatin/PLLCL/EIF (cs) was superior to that observed on ge-
latin/PLLCL/EIF (b) membrane, 62.2% and 43.0%, respectively (as
shown in Fig. 7).

Refs.
[97]

- The cumulative release of GM from nanofibers reached

- The lower swelling ability (96.67%) was noticed in
80% after 60 min of incubation;

nanofibers containing 3% of GM;
- The membranes are non-toxic and accelerated the

Main findings
healing process.

- The 1% GM, 2% GM and 3% GM membranes MIC and
MBC values were 2mg/mL, 1 mg/mL and 0.5 mg/mL for

S. aureus and E. coli, respectively.

Antibacterial assays

4.2. Vitamins

The delivery of vitamins, particularly Vit-A, C and E to the wound
site can improve the healing process [114,115]. Vit-A increases the
number of macrophages and monocytes present at the wound site, sti-
mulating the re-epithelialization and the collagen synthesis [116,117].
The antioxidant and anti-inflammatory activity, as well as the capacity
to promote the angiogenesis and reduce scarring of Vit-E also con-
tributes to enhance the wound healing [118]. An overview of different
works reporting the incorporation of vitamins into electrospun nano-
fibers aimed for wound healing applications is shown in Table 5.

Taepaiboon et al. prepared CA solutions containing Vit-E (5 wt%) or
Vit-A (0.5wt%) that were used to produce nanofibrous membranes
[119]. Their results revealed that the percentage of vitamins in-
corporated within the fiber mats was 83% and 45% for Vit-E and Vit-A,
respectively. The incorporation of these molecules induced a decrease
in the nanofibers mean diameter from 265 + 39nm (for CA nanofi-
bers) to 253 * 41nm (for CA fibers containing Vit-E) and
247 + 31nm (for CA fibers containing Vit-A). Further, the release
profile of vitamins from CA electrospun membranes in two different
acetate buffer solutions (B/T medium (containing 0.5 vol% Tween 80)
and B/T/M medium (containing 0.5 vol% Tween 80 and 10 vol% me-
thanol)) was evaluated. The maximum release of Vit- E and Vit-A in B/T
medium was =52% and =34% after 24 h, whereas when the sample
was incubated in B/T/M medium this value increased to = 95% and =
96%, respectively. Sheng et al. explored the incorporation of a PEGy-
lated derivative of Vit-E (TPGS) into SF nanofibers for enhancing the
wound healing process [120]. To accomplish that, different blends
containing TPGS (2, 4 and 8% w/w) and SF (25% w/v) were

- CS-EDTA/PVA nanofibers:

205.5 + 36.06 nm
- CS-EDTA/PVA/GM
(1%-3%) nanofibres:
207.8 + 34.30 nm-
251.3 = 47.95nm

Fiber diameters

Incorporation method
Blend electrospinning

CS-EDTA/

Polymer
PVA

Garcinia mangostana (GM)

Table 3 (continued)
Bioactive molecule
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Fig. 5. Analysis of the antimicrobial activity exhibited by SF_HA and SF_HA_THY membranes against S. aureus (A) and P. aeruginosa (B). SEM images of control and
nanofibrous membranes incubated with S. aureus and P. aeruginosa. Reproduced from [8] with permission from Elsevier.

electrospun. The produced membranes exhibited a burst release of
TPGS, during the first 30 min, followed by a slow and controlled dif-
fusion of this molecule over the following 72 h. Moreover, L929 cells
remained viable and proliferated at the surface of TPGS loaded SF na-
nofibers.

In 2018, Kheradvar et al. reported the development of SF_PVA_AV
nanofibers containing starch nanoparticles loaded with Vit-E (VE-SNPs)
[121]. The produced VE-SNPs presented a round shape morphology, a
mean diameter of 44.7 nm and an encapsulation efficiency of 91.63%.

- (
.) Anti-inflammatory
Modulate the expression of
cytokines:
IL-8
TNF-a
IL-6

The SF_PVA_AV (40, 50, and 10 v/v%) nanofibers presented a mean
fiber diameter of 298.23 = 6.92nm. These nanofibers displayed an
initial rapid release of Vit-E within the first 4 h, followed by a sustained
release over 144 h. Furthermore, the increased content of VE-SNPs
loaded into the membranes resulted in a higher antioxidant activity
(34.7 = 2.05% (for 1 mg) and 66.27 + 3.7% (for 5mg)). On the other
hand, in vitro assays also demonstrated the biocompatible profile of the
electrospun membranes, since they were able to promote fibroblasts
adhesion, spreading and proliferation.

/ /
k Vitamins
Angiogenesis /Z
Collagen deposition ﬁ

Antioxidant ‘ ‘ B
Growth Factors
Cell differentiation '©
-

Cell proliferation >
p #

Cell migration

Fig. 6. Illustration of the different molecules that have been incorporated into electrospun nanofibers and their principal roles in the wound healing process.
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Fig. 7. Characterization of the adipose-derived stem cells (ADSCs) epidermal differentiation after 15 days of cells being seeded in contact with different materials.
Dual immunocytochemical analysis of the expression of ker 10 (red channel) and CD 105 (green channel) on Gel/PLLCL/EIF (cs) (A-D); Gel/PLLCL/EIF (b) (E-H);
Gelatin/PLLCL (I-L); PLLCL (M-P); and TCP (Q-T) at 20x magnification. Reproduced from [111] with permission from Elsevier. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Vit-C (or ascorbic acid) also plays an important role during the
wound healing process, namely promotes the synthesis of collagen,
encourages the keratinocytes differentiation and angiogenesis as well as
provides protection against damages induced by UV radiation [122].
Moreover, the Vit-C deficiency leads to an impaired immune response
and an increased susceptibility to wound infection [123]. Fan and their
collaborators incorporated Vit-C into SF nanofibrous matrices [124].
Their results showed that the incorporation of Vit-C into SF nanofibers
increased the fibers average diameter, from 362 * 121nm to
416 = 133nm (1 wt% Vit-C) and 506 = 68nm (for 3wt% Vit-C).
Further, the release profile of Vit-C from SF nanofibers displayed a burst
release behaviour during the initial 20 min and then reached a plateau
(=60% for 1 wt% Vit-C and 70% for 3 wt% Vit-C) after 250 min. In
addition, the incorporation of Vit-C into the membranes promoted
higher cell viability and increased expression of some key functional
genes (Collal, Gpx1, and Cat).

15

4.3. Molecules exhibiting anti-inflammatory activity

The inflammatory phase of the wound healing process begins almost
simultaneously with the haemostasis, in order to prevent blood and
fluid losses as well as to remove dead tissues and avoid infection
[127,128]. In this phase, inflammatory cells (i.e. monocytes, macro-
phages, and neutrophils) play a crucial role in the wound cleansing,
since they are responsible for removing all non-viable cells, bacteria-
filled neutrophils, damaged ECM, and bacteria from the wound site.
Moreover, these inflammatory cells are also involved in the production
of GFs (like EGF, TGF-f3, and FGF), that are responsible for attracting
fibroblasts and smooth muscle cells into the wound [127]. However,
when an exuberant and prolonged inflammatory process occurs, the
continuous attraction of neutrophils and macrophages leads to the ex-
cessive production of inflammatory mediators, free radicals, and cyto-
toxic enzymes, which interrupt the physiological healing mechanisms
and damage the surrounding tissue [12,129,130]. Therefore, the
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incorporation of anti-inflammatory molecules into wound dressings is a
key approach for the treatment of skin injuries, since these molecules
are capable of inhibiting the development of chronic inflammation and
to avoid the accumulation of free radicals [14,19,131]. In Table 6 ex-
amples of different anti-inflammatory molecules that have been in-
corporated into electrospun membranes aimed to be applied as wound
dressings are provided.

Among the different molecules used, curcumin was one of the first
anti-inflammatory agents incorporated into electrospun nanofibers
[132]. Curcumin is able to decrease the release of inflammatory cyto-
kines from monocytes and macrophages (interleukin (IL)-8 and tumour
necrosis factor (TNF)-a) as well as inhibit the enzymes associated with
inflammation (cyclo-oxygenase (COX)-2 and lipoxygenase (LOX))
[133,134]. Merrell et al. developed PCL nanofibers loaded with cur-
cumin for being applied as wound dressings [135]. Their results showed
that the incorporation of curcumin (3 and 17% w/w) changed the na-
nofibers size diameter distribution from 300 to 400 nm (for PCL na-
nofibers) to 200-800 nm (for PCL/curcumin nanofibers). Moreover, the
produced nanofibers performed the release of curcumin for 3 days,
prompting a cytoprotective effect on HFF-1 cells, when they were in-
cubated with hydrogen peroxide. Further, the curcumin-loaded PCL
nanofibrous mats reduced the pro-inflammatory response of mouse
peritoneal macrophages stimulated with lipopolysaccharide (LPS). The
expression of IL-6 was reduced from = 1220 pg/mL on the cells treated
with PCL nanofibers to =600 pg/mL and 400 pg/mL for the cells
treated with PCL fibers containing 3% and 17% of curcumin, respec-
tively. Additionally, the animals treated with curcumin-loaded PCL
nanofibers showed almost 80% of wound closure at day 10, contrasting
with the 60% registered for mice treated with PCL nanofibers.

Nonsteroidal anti-inflammatory drugs (NSAID) are another type of
molecules that are usually used to treat inflammation as well as control
pain and fever [136]. Among them, the application of ibuprofen (IBP)
has been widely reported, however, the continued oral administration
or large doses of IBP may have associated side effects, such as kidney
damage and gastric ulcers. Therefore, the topical administration of IBP
may have a positive impact on the treatment of skin injuries [137-139].
Mohiti-Asli et al. incorporated IBP into PLA nanofibers for promoting
the regeneration of full thickness wounds [140]. The incorporation of
IBP resulted in the production of nanofibers with higher fiber dia-
meters, i.e. 10%, 20% and 30% of IBP-loaded nanofibers displayed a
diameter of 329.11 + 249.62nm, 478.31 + 167.61nm, and
585.38 * 131.51 nm, respectively. Moreover, these nanofibrous mats
were able to support the cell adhesion and proliferation, particularly
the PLA nanofibrous mat with 20% of IBP. The authors also observed
that the PLA nanofibrous mat containing 20% of IBP could be degraded
when applied in full-thickness wounds in mice, supporting simulta-
neously the wound closure (60% wound contraction after 14 days).

Chrysin (Chr), a natural flavonoid present in various plant extracts,
has also been incorporated into nanofiber based wound dressings due to
its anti-inflammatory properties [141,142]. The Chr suppresses the li-
popolysaccharide-induced COX-2 expression, inhibits the nitric oxide
(NO) synthase as well as the release of NO and pro-inflammatory cy-
tokines such as TNF-a and IL-1p. Deldar and coworkers incorporated
Chr into PCL/poly(ethylene glycol) (PEG) nanofibrous membranes to
produce a wound dressing that displays antioxidant and anti-in-
flammatory activities [143]. The inclusion of Chr, at 5 or 15 wt%, into
PCL/PEG nanofibers changed the nanofibers diameter distribution from
300 to 400 nm (PCL/PEG membranes) to 250-650 nm (PCL/PEG/Chr
membranes). Further, the Chr was released from the nanofibers in a
sustained manner over 72 h, independently of the loaded amount. This
behaviour resulted in the reduction of the expression of pro-in-
flammatory cytokines in 67%, 52% and 72% for IL-6, IL-1f3, and TNF-a,
respectively, when J774A1 cells were in contact with PCL/PEG nano-
fibrous membranes loaded with Chr 15% (w/w). Additionally, a de-
crease on the NO production by macrophage cells was also noticed from
29.53uM to 15.50uM (for PCL/PEG/Chr 5% nanofibers) and to
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12.52 uM (for PCL/PEG/Chr 15% nanofibers). Such results supported
the Chr-loaded PCL/PEG nanofibrous membranes capacity to inhibit
the inflammatory process.

5. Conclusions and future perspectives

The wound healing is considered one of the most complex processes
that occur in the human body since it plays an important role in the
maintenance of the body homeostasis. Up to now, researchers have
been developing different types of wound dressings such as hydrogels,
sponges, films and membranes to improve the healing process. Amidst
them, the electrospun membranes have been the target of a wide
number of works due to the structural similarity with the skin ECM,
high surface area-volume ratio, porosity, and capacity to act as a drug
delivery system. Furthermore, electrospun membranes also support cell
adhesion, proliferation, and differentiation as well as act as a barrier for
preventing the occurrence and establishment of infections.
Additionally, the incorporation of molecules (e.g. antibiotics, silver-
based materials, molecules from natural extracts (e.g. essential oils,
chitosan, Aloe vera, etc), GFs, vitamins, and anti-inflammatory mole-
cules) into electrospun membranes and its topical administration at the
wound site has been explored to avoid/impair the skin infections and
mediate the different phases of the healing process towards a more
effective skin regeneration.

Nevertheless, despite the encouraging results obtained in recent
studies in the enhancement of skin regeneration, there are still several
challenges for the translation of nanofibers into practical healthcare
applications. For example, nanofibers orientation, arrangement, and
porosity need to be carefully controlled since these factors will influ-
ence the biological performance of the nanofibers (such as biomolecules
adsorption, cell adhesion, and proliferation). Additionally, when dif-
ferent biomolecules are loaded within nanofibers several key factors
must be optimized in order to eliminate their burst release, overcome
the low delivery efficiency and manipulate the multi-stage delivery of
different biomolecules within the same nanofibrous membrane.

In the near future, the combination between the different nanofiber
production techniques and surface modification methodologies, such as
heat and plasma treatment will allow the improvement of the nanofi-
ber’s physiochemical properties. Moreover, the development of pH,
temperature, light, electrical or magnetic field responsive nanofibers
will provide a controlled or multi-stage release of the biological mole-
cules at the wound site. Finally, the realization of clinical trials is
fundamental for the commercialization of electrospun membranes-
based drug delivery systems aimed for skin regeneration as well as
contribute to enhance patient’s quality of life.
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