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Articlf history: Skin wounds have significant morbidity and mortality rates associated. This is explained by the limited
Received 23 January 2018 effectiveness of the currently available treatments, which in some cases do not allow the reestablish-
Received in revised form 3 May 2018 ment of the structure and functions of the damaged skin, leading to wound infection and dehydration.
Accepted 4 May 2018

These drawbacks may have an impact on the healing process and ultimately prompt patients’ death. For
this reason, researchers are currently developing new wound dressings that enhance skin regeneration.
Among them, electrospun polymeric nanofibres have been regarded as promising tools for improving
skin regeneration due to their structural similarity with the extracellular matrix of normal skin, capacity
to promote cell growth and proliferation and bactericidal activity as well as suitability to deliver bioactive
molecules to the wound site. In this review, an overview of the recent studies concerning the production
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Wound dressings and evaluation of electrospun polymeric nanofibrous membranes for skin regenerative purposes is pro-
Surface functionalisation vided. Moreover, the current challenges and future perspectives of electrospun nanofibrous membranes
suitable for this biomedical application are highlighted.
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1. Introduction

Electrospun nanofibres have been applied in the biomedical
field, as drug delivery systems [1-3] as well as 3D constructs for
tissue regeneration of cartilage [4],bone [5], heart valves [6,7], mus-

—_— ) . cle [8,9], neural tissue [10] and skin [11,12] (see Fig. 1 for further
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Fig. 1. Illustration of nanofibrous meshes applications in different fields of Biomedicine.

to assure the maintenance of the body’s homeostasis. Although
the skin exhibits self-regenerative capacity, some types of wounds
do not heal as a consequence of extensive lesions and/or chronic
wounds [13].

To overcome such drawbacks, new bioactive dressings have
been developed or are under optimization to mimic the skin’s
native structure and are compatible with cell loading (ker-
atinocytes, fibroblasts and stem cells). Depending on their
capability to replace epidermis, dermis or both skin layers, they are
grouped respectively as epidermal, dermal and epidermal-dermal
substitutes [14]. Nonetheless, the associated production costs are
high and the bioactive dressings are unable to fully re-establish all
native skin features.

Different techniques, including self-assembly, phase separation
and electrospinning have been used to produce micro to nano
scale meshes aimed to be used as wound dressings [15]. Among
them, electrospinning has captured the attention of researchers
due to its simplicity, cost-effectiveness and versatility to produce
nanofibrous membranes that are capable of mimicking the mor-
phological characteristics of the skin’s extracellular matrix (ECM).
Moreover, these nanofibrous meshes are also able to support cell
adhesion, migration, growth and differentiation as well as angio-
genesis, which are vital events for the occurrence of an effective
wound healing process [16-20]. In addition, bioactive molecules
have also been incorporated into the electrospun nanofibres to
improve the biologic performance of these membranes [21].

In the following sections of this review, an overview is provided
of the recent studies concerning the production, surface func-
tionalisation and evaluation of electrospun polymeric nanofibrous
membranes performance in skin regeneration.

2. Electrospinning set-up used to produce electrospun
nanofibrous membranes for the regeneration of skin

An electrospinning apparatus usually is comprised of a syringe
pump, a capillary needle (the spinneret), a high-voltage power sup-
ply and a metal collector (see Fig. 2 for further details) [14]. During
the electrospinning process, a high voltage is generated to produce
an electrically charged jet of the polymeric solution that is directed
to a collector by the electrostatic forces, resulting in the produc-
tion of an interconnected fibrous membrane [14,22]. The features
of the electrospun membranes are dependent on the properties of
the precursor solution (e.g. conductivity, surface tension, viscosity
and solvent selection), processing variables (e.g. flow rate, voltage,
and the distance between the capillary and the collector) and envi-
ronmental conditions (e.g. temperature and humidity) [16]. The
control of these particular parameters has a direct impact on the
mean diameter and arrangement of the produced nanofibres [23].
Moreover, the type of collector used has an impact on the arrange-
ment and packing of the produced fibres, thus determining the
morphological and mechanical properties of the electrospun fibres
[24]. When the nanofibres are collected in a stationary collector,
the membranes produced show a highly porous and randomly-
orientated structure that mimics the 3D architecture of collagen
fibres found within the ECM of normal skin [25,26]. To the con-
trary, nanofibrous membranes to be used for muscle and nervous
tissue regeneration must display a specific orientation. To obtain
meshes with these structural features, researchers are using rotat-
ing collectors, where the rotation speed of the collector has a direct
effect on the diameter and the alignment of the produced fibres
[24,27].
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Fig. 2. Representation of the electrospinning setup, that is usually used to produce nanofibrous meshes.

Through the optimisation of the experimental set-up of this
technique, researchers have been producing electrospun mem-
branes with particular characteristics that allow them to confer
protection to the wound against external contaminants and also
display a 3D fibre mesh architecture that mimics skin ECM (as
represented in Fig. 3). Furthermore, the high surface-to-volume
ratio promotes cell attachment and the microscale interconnected
pores are compatible with gas exchange, nutrient supply and con-
trol of fluid loss [28-30]. Such properties are vital for assuring the
maintenance of a moist environment at the wound site to pre-
vent wound dehydration and enhance angiogenesis and collagen
synthesis [31]. Moreover, dressings composed of nanofibres can
reduce scar formation, since the biodegradation of fibres provides
a suitable roadmap for tissue healing [32,33].

3. Polymers used to produce electrospun nanofibres
membranes

3.1. Synthetic polymers

Synthetic polymers have been used to produce electrospun
nanofibres membranes. This type of polymers can be tailored to
exhibit excellent mechanical properties, thermal stability and an
appropriated degradation profile. In 2003, for the first time, Khil
etal. used Polyurethane (PU) to produce nanofibrous membranes to
be applied as skin substitutes [34]. Their results revealed that the PU
membranes were able to control the water vapor transmission rate,
displayed an excellent oxygen permeability, and presented fluid
drainage ability. The assessment of the biologic performance of the
membranes demonstrated their biocompatibility as well as their
capacity to avoid exogenous microorganisms penetration into the
wound. Moreover, in vivo data showed that, after 15 days of treat-
ment, animals treated with PU-electrospun membranes displayed
a well-organized dermis and granulation tissue [34]. Kumbar et al.
produced Polylactide-polyglycolide (PLGA) nanofibres that were
then seeded on the surface with human skin fibroblasts [35]. The
results obtained showed that cells were able to spread, adhere and
form multiple layers, after 28 days in culture.

However, in other studies, the hydrophobic character of the syn-
thetic polymers used (e.g. Polycaprolactone (PCL) and Poly(glycolic
acid) (PGA)), and the absence of peptide sequences on the materials’
surface impaired cell adhesion and/or proliferation [36].

3.2. Natural polymers
To circumvent some of the limitations presented by synthetic

materials, natural polymers became a viable option because of the
availability of peptide sequences at their surfaces that can be rec-

ognized by cell surface receptors and, subsequently, trigger cell
adhesion and proliferation [21,37].

In 2006, Rho et al. produced a Collagen nanofibrous matrix to
be used as wound dressing, for the first time. Their results showed
that this matrix exhibited a good tensile strength (~7 MPa), high
porosity and high surface area-to-volume ratio as well as features
required for cell adhesion, growth and proliferation. Moreover,
in vivo assays also demonstrated that collagen nanofibrous mem-
branes were able to improve the healing process [38].

Hyung et al. used Silk Fibroin (SF) to produce nanofibrous mem-
branes and evaluated their biologic performance in in vivo assays.
The acquired data revealed that the produced SF nanomatrices were
able to induce a higher rate of epithelialization and collagen pro-
duction than commercially available dressings (e.g. Mediofoam®
and medical gauze). Furthermore, the SF membranes produced
were also able to modulate the concentration of inflammatory
cytokines involved in wound healing (IL-10 and TGF-1). This
emphasizes the suitability of SF nanomatrices for the treatment
of injured skin, i.e. they were able to decrease injury inflammation
and reduce the wound healing period as well as scar formation [39].

Lin et al. produced a biocompatible nanofibrous membrane
using Zein (ZN) and Collagen and then evaluated its capacity to
be used in the treatment of full-thickness skin wounds induced in
mice [40]. Nevertheless, the biodegradation rate and mechanical
properties displayed by these natural materials was found to be
restrictive, so their application may be avoided in the biomedical
field [41].

3.3. Synthetic/Natural blend polymers

The blending of synthetic and natural polymers was also seen
as a promising strategy to overcome the limitations of both syn-
thetic and natural polymers. This approach combines the strength
and durability of a synthetic polymer with the biocompatibility and
bioactivity of natural polymers [42-44].

In 2004, Venugopal et al. evaluated the performance of elec-
trospun matrices prepared with PCL and Collagen blends. These
membranes were able to promote cell adhesion and proliferation
where their PCL nanofibres counterparts could not. This result can
be explained by the excellent intrinsic biological properties dis-
played by collagen [45]. Nonetheless, the collagen used in tissue
engineering applications is usually obtained from animal sources,
which is associated to the risk of disease transmission. Therefore,
alternative materials have been considered, like gelatin which,
despite being a cheaper collagen derivative (obtained through col-
lagen denaturation), exhibits all the required biological properties.
Duan et al. investigated the suitability of PCL/Gelatin electro-
spun membranes to be used as engineered epidermal skin grafts.
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Fig. 3. Representation of the properties that electrospun membranes must display to be used as wound dressings.

Their results showed that HaCaT cells (a human keratinocyte cell
line) were able to adhere and spread on the membranes’ surface
for at least 7 days. Furthermore, the in vivo assays demonstrated
that the groups treated with PCL/Gelatin membranes exhibited an
improved healing process, since the wound closure occurred in a
shorter period of time [46]. In order to overcome the drawbacks
associated with PCL (e.g. its hydrophobic character as wells as its
low degradation profile), other researchers tested alternative mate-
rials to produce nanofibrous meshes, like Polyethylene oxide (PEO),
Polyvinyl alcohol (PVA), Polylactic acid (PLA) and PLGA.

Zhou et al. produced a water-soluble carboxyethyl Chitosan
(CS)/PVA blend to improve chitosan electro-spinnability. Subse-
quently, mouse fibroblast cells were seeded at the surface of the
membranes produced and, after 48 h in culture cells, these were
able to adhere and proliferate [47].

Gu et al. used a mixture of PLA and gelatin to produce electro-
spun meshes. These membranes were able to reduce water loss
in wounds, which is essential for avoiding dehydration. Moreover,
dermal fibroblasts remained viable, for at least 4 days, after seeded
on the top of those membranes [48].

In another study, PLGA was combined with collagen to produce
nanofibrous wound dressings that reproduce the native structure
and biological function of the ECM of skin. Both in vitro and in vivo
assays showed that PLGA/collagen membranes improve the healing
process [49].

Suganya et al. combined poly(L-lactic acid)-co —poly(e
—caprolactone) (PLACL) with Aloe Vera (AV) and SF to produce elec-
trospun meshes that promote dermal regeneration. Their results
showed that the SF provides a favorable environment for cell
adhesion and migration, while the AV components, mannose 6-
phosphate and acemannan are known to promote epithelialization
and the synthesis of collagen, processes that are essential for an
effective healing process [50].

Besides the data available in the above published articles, there
are also some patents focused on the application of electrospun
membranes as wound dressings. Kataphinan et al. patented their
production of a skin mask through the direct deposit of electrospun

fibres onto the skin surface [51]. Smith et al. patented their produc-
tion of electrospun fibres containing a pH-adjusting compound that
prevents wound contamination and promotes the healing process
[52]. Yarin et al. patented the use of the electrospinning technique
for the production of a biodegradable plant-based wound dressing
(composed of a biopolymers extracted from plants and synthetic
polymers) [53].

Table 1 presents further examples of different electrospun
membranes produced with natural, synthetic and blends of natural
and synthetic polymers to be applied as skin substitutes.

4. Modification of the surface of electrospun polymeric
nanofibres

The modification of a material’s surface can be done by chang-
ing the topography or the functional groups available [63]. In
order to improve the performance of electrospun polymeric nanofi-
bres performance in skin regeneration, the surfaces have been
chemically and physically modified with bioactive molecules and
cell-recognizable ligands [64]. In the following sections, the most
common surface modification techniques used for this purpose are
presented.

4.1. Techniques used to functionalise a material’s surface

As previously described, the use of synthetic polymers presents
some limitations, due to their hydrophobic character and inability
to encourage cell adhesion and proliferation [36]. As a possible solu-
tion, surface functionalisation techniques, which are represented in
Fig. 4, like the wet chemical method, plasma treatment and graft
polymerisation are usually applied [64].

The wet chemical method is based on the reaction under acidic
or basic conditions, between the mesh and liquid reagents in
order to add new chemical groups to the polymeric backbone
[65]. Khorsand-Ghayeni et al. produced electrospun PLGA nanofi-
brous matrices and modified them by adding carboxyl and hydroxyl
groups on their surface through alkaline hydrolysis, followed by a
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Table 1
Nanofibrous meshes produced through electrospinning that are aimed to be used as wound dressings.
Polymers Solvent Cell line used in Main findings Ref
biocompatibility assays
Carboxyethyl chitosan/PVA  Deionized water Mouse fibroblasts (L929) Biocompatible nanofibres were prepared using water [47]

soluble chitosan. In vitro assays showed that fibrous mats
promote cell adhesion and proliferation.

Chitosan/arginine-chitosan TFA:DCM Human dermal fibroblasts The modification of chitosan with L-arginine allowed the [54]
production of nanofibrous meshes able to improve the
healing process and increased bactericidal activity.
CS/SF HFIP:TFA Mouse fibroblasts (L929) Blended CS and silk fibroin nanofibrous membranes [55]
promoted cell attachment and proliferation.
CS/PVA Deionized water for PVA;HOBt,  Human foreskin fibroblast CS/PVA membranes induce a reduction in wound size, [56]
TPP and EDTA for CS during the first week after tissue damage.
Collagen HFIP Normal human oral The electrospun collagen nanofibrous membranes were [38]
keratinocytes produced and characterized, for the first time, aimed to be
used as wound dressings.
Collagen/ZN AA L9229 fibroblast cells The ZN improved the electrospinnability of the blend and [40]
fibre tensile strength, while the collagen enhanced cell
adhesion.
Gelatin/PU HFIP NIH3T3 fibroblast The gelatin improved cell adhesion and proliferation, [57]
whereas PU allowed the production of elastic nanofibres.
Gelatin/PLLA Acetic acid; DCM WI-38 fibroblast The electrospun gelatin/PLLA membranes showed [48]
controlled water loss, displayed fluid drainage ability, and
an excellent biocompatibility.
Gelatin/PCL TFE: acetic acid HacCaT keratinocytes Membranes exhibited good mechanical properties and did  [46]
not elicit any toxic effect on cells.
PCL/SF/HA HFP; Formic acid:HFP FEK4 derived from a newborn The incorporation of hyaluronic acid into nanofibrous [58]
foreskin explants scaffolds enhanced cell infiltration both in vitro and in vivo.
PCL/SF THF and DMF NIH3T3 fibroblasts PCL/SF nanofibrous matrix provided favourable spatial [59]
cues, surface topography and chemistry for cell infiltration.
PCL/collagen TFE Human dermal fibroblast Core-shell composite nanofibres improved cell-scaffold [60]
interactions.
PCL/ZnO Acetone Human dermal PCL/ZnO membranes showed excellent fibroblast cell [61]
fibroblast attachment and good antimicrobial activity.
PLGA/collagen HFIP Human dermal PLGA/collagen nanofibrous meshes improve the [49]
fibroblasts wound-healing process in an early stage.
PLGA/gelatin Chloroform: acetone Postnatal human fibroblasts Hybrid scaffolds presented the desired bioactivity, [21]
hemostasis, and are also capable of encapsulate and
perform a controlled release of EGF. Such properties
highlight their potential to be applied in skin tissue
engineering.
PCL_.HA/CS_ZN TFE; DMF; AA and EtOH Human dermal fibroblasts The produced bilayered electrospun membrane protect the [11]
wound as well as enhanced the wound healing process.
PLACL/SF/AV DCM: DMF Human dermal fibroblasts The synergistic effect of AV and SF resulted in the [50]
production of the nanofibrous scaffolds with excellent
properties to be used in skin tissue regeneration.
PCL/AV_CS TFE; AA and water Human dermal fibroblasts The asymmetric membrane containing AV showed [12]
enhanced biological properties.
PLA/MWCNTSs/REC DCM:DMF L9229 fibroblast cells The incorporation of inorganic materials improved the [62]
thermal stability of the composite nanofibrous
membranes. Moreover, these membranes exhibited a
biocompatible profile.
SF Formic acid Oral keratinocytes, epidermal SF nanofibres exhibited a pore size distribution, porosity [28]

keratinocytes

and surface area-to-volume ratio favourable for cell
attachment, growth and proliferation.

AA: Aceticacid; AV: Aloe Vera; CS: Chitosan; DCM: Dichloromethane; DMF: Dimethylformamide; EDTA: Ethylenediaminetetraacetic acid; EGF: Epidermal growth factor; EtOH:
Ethanol; HA: Hyaluronic acid; HFP: Hexafluoro-2-propanol; HOBt: Hydroxybenzotriazole; MWCNTs: multi-walled carbon nanotubes; PCL: Polycaprolactone; PLGA: Poly
Lactic-co-Glycolic Acid; PLA: Polylactic acid; PU: Polyurethane; PVA: Polyvinyl alcohol; REC: rectorite; SF: Silk fibroin; TFA: Trifluoroacetic acid; TFE: 2,2,2-Trifluoroethanol;

THF: Tetrahydrofuran; TPP: Tripolyphosphate; ZN: Zein; ZnO: Zinc oxide.

collagen coating. Their results demonstrated that the surface func-
tionalisation decreased the PLGA hydrophobicity, which is essential
for this material to exhibit a wettability suitable for cell adhesion
[66].

The plasma treatment of electrospun polymeric nanofibres has
been commonly employed to tailor surface adhesion and optimise
wetting properties by changing the surface chemical composition
[67]. Depending on the type of plasma used (e.g. oxygen, ammo-
nia, argon), diverse functional groups can be added to the polymer
surface in order to improve the biocompatibility of a material [64].
Besides introducing functional groups, plasma treatments can also
be used to control surface roughness and induce processes like
crosslink formation, graft polymerisation and thin film coating
of the polymeric surface [64,68]. Jeong et al. prepared electro-

spun SF nanofibres and then treated them with oxygen plasma
to increase their hydrophilicity. The results obtained revealed a
higher cell adhesion and proliferation, for both normal human epi-
dermal keratinocytes (NHEK) and fibroblasts (NHEF), on the surface
of functionalised nanofibrous membranes [69].

Graft polymerisation involves the covalent immobilisation of
bioactive molecules at the nanofibre’s surface to enhance cell adhe-
sion, proliferation and differentiation [70]. In 2013, Gautam et al.
fabricated a tri-polymer PCL/gelatin/collagen type I, by grafting col-
lagen type I on electrospun PCL/gelatin mesh to improve fibroblast
and keratinocyte cells adhesion and proliferation [71].

Graft polymerisation may require the use of initiators to start
the grafting of a monomer on the membrane surface, like when
using UV irradiation [72]. Plasma treatment is able, by itself, to
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Fig. 4. Representation of the main surface modification techniques used up to now to improve the surface nanofibres properties: wet chemical method, plasma treatment

and graft polymerisation.

generate free radicals on the polymeric matrix and therefore ini-
tiate the polymerisation reaction. Park et al. produced electrospun
biodegradable nanofibrous meshes with PGA, PLLA and PLGA. These
nanofibrous surfaces were chemically modified by in situ graft poly-
merisation of acrylic acid using oxygen plasma treatment. The
results obtained revealed that the surface-modified membranes
showed a significant improvement in cell attachment and prolifer-
ation, due to the incorporation of the hydrophilic functional groups
[73].

4.2. Surface functionalised nanofibrous meshes to be used as drug
delivery systems

A number of nanomaterials provide an excellent platform for
local delivery of therapeutic agents due to their functionality and
inherent nanoscale morphological characteristics [74,75]. The elec-
trospun nanofibres display a high surface-to-volume ratio that can
enhance the solubility of the drug and, consequently, improve
its therapeutic effectiveness [76]. Multiple agents (antimicrobial
agents, growth factors (GFs), etc.) have been incorporated into
nanofibrous meshes by using blend, co-axial and emulsion electro-

spinning [64,77]. Other, post-electrospinning surface modifications
techniques, like physical adsorption, layer-by-layer assembly and
chemical immobilisation, have also been used. An overview of the
techniques used for incorporating bioactive agents in nanofibrous
meshes is provided in Fig. 5 and in the following sections.

4.2.1. Pre-electrospinning surface modification techniques

The blend electrospinning method involves the encapsulation
of bioactive molecules that are dissolved or dispersed in the poly-
meric solution. Then, hybrid fibres are produced when this mixture
is electrospun [78]. The encapsulation of the biomolecules within
the fibres, assures their sustained release and also avoids the occur-
rence of an early burst release [79]. Li et al. mixed PVA with sodium
alginate and organic rectorite (OREC) (which is recognized as a
bacterial inhibitor) and then produced an electrospun nanofibrous
mesh. The in vitro data showed that the OREC improved the bac-
tericidal activity of the nanofibres [80]. Chouhan et al. developed
non-mulberry SF based (NMSF) electrospun mats functionalised
with EGF and ciprofloxacin to be used as wound dressings. The
results obtained showed that NMS-based mats are biocompatible,
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Fig. 5. Illustration of the surface modification techniques used to produce a carrier-based drug delivery nanofibres: pre-electrospinning (blend, co-axial and emulsion
electrospinning) and post-electrospinning (physical adsorption, layer-by-layer assembly and chemical immobilization).

display antimicrobial activity and can perform a controlled drug
release [81].

Despite the versatility of the blend electrospinning, one major
disadvantage of the fibres fabricated with this methodology is
the loss of function and activity of the incorporated biomolecules,
which compromises the therapeutic effectiveness of the system
[79]. To overcome this shortcoming, core-shell fibres have been
produced through co-axial and emulsion electrospinning. This
type of nanofibres displays an enhanced encapsulation efficiency
of drug/bioactive molecules and avoids the direct contact of the
biomolecules with the external environment, which is fundamen-
tal for unstable biological agents to maintain their biologic activity
[82,83].

In co-axial electrospinning, different syringe pumps and coaxial
needles are used to produce the core, where the bioactive com-

ponents are usually loaded, and the shell that provides protection
and assures a sustained release of the encapsulated molecules [82].
Maleki et al. compared the capacity of tetracycline hydrochloride-
loaded PLGA core-shell nanofibres (produced with a co-axial
electrospinning system) with blend fibres (prepared with the same
materials) for a sustained drug release [84]. The core shell nanos-
tructures revealed better results.

Emulsion electrospinning can also be used to manufacture core-
shell nanofibres without requiring a specific needle setup. This
method relies on a chemical separation through the creation of an
emulsion within a single solution and the subsequent organisation
of the emulsified droplets into two distinct phases, as the solvent
evaporates from the electrospun fibres [85]. Wang et al. produced
and EGF-loaded PCL/hyaluronan nanofibrous mesh, using an emul-
sion electrospinning technique. Their findings showed that the
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resulting modified hyaluronan-based membranes can encapsulate
and release EGF, which is fundamental for skin tissue engineering
[86].

4.2.2. Post-electrospinning surface modifications techniques

A number of approaches have been employed to immobilize
biomolecules or small cell recognition motifs onto the surfaces
of electrospun polymeric nanofibres. Drug immobilization on the
nanofibre’s surface that is stronger and offers a more stable link-
age can be achieved by physical immobilization through simple
physical adsorption, layer-by-layer assembly or by chemical immo-
bilization techniques [64].

Physical surface adsorption is the simplest approach for the
preparation of surfaces with well-defined properties, and does
not rely on chemical processing [87]. Generally, weak nonspecific
intermolecular interactions (like those found in electrostatic inter-
actions, hydrogen bonding, hydrophobic interactions and Van der
Waals forces) are established between the surface and peptide
sequences [88]. One strategy used for a successful physical immo-
bilisation on the surface is based on the use of materials with a high
surface area-to-volume ratio, as presented by electrospun poly-
meric nanofibres. The typical porous structure of these matrices
results in a higher drug loading capacity per unit mass than for
any other morphologies [64]. Casper et al. produced electrospun
PEG nanofibres functionalised with low molecular weight heparin,
a highly sulfated glycosaminoglycan that binds GFs, for applications
in drug delivery and wound repair. The analysis of their results sug-
gests the conclusion that this functionalisation method enables the
binding of the basic fibroblast growth factor (bFGF) on the surface
of PEG nanofibres [89].

Over the past few decades, layer-by-layer (LbL) assembly has
attracted research attention due to its ability to exert nanome-
ter control over film thickness and provide a simple, useful and
versatile methodology for material surface modification [90]. Gen-
erally, LbL assembly is a cyclical process embracing the alternated
depositing of polymers exhibiting opposite charges at their sur-
face to formulate a coating of polyelectrolyte multilayers (PEMs)
or free-standing film. The depositing process can be repeated until

Table 2

a multilayer film of the desired thickness is assembled [64,90,91].
In the assembly process, electrostatic attraction is the main driv-
ing force, although, hydrogen bonding, hydrophobic, covalent and
biological interactions can also play a vital role [64]. This build-up
can precisely control the composition, morphology and structure
of the film [91].

In recent studies, LbL assembly has been used in a wide
range of applications in the biomedical field, including wound
healing. Huang et al. produced cellulose acetate nanofibrous
mats that were used as a substrate for LbL films composed of
positively charged chitosan derivative, HTCC (lysozyme (antibac-
terial agent)- N-[(2-hydroxy-3-trimethyl-ammonium) propyl]),
and negatively charged sodium alginate. The results obtained
showed that the average diameter of fibres increased with
the number of coating bilayers applied. Moreover, the pro-
duced fibres exhibited antimicrobial activity [92]. Similarly, Xin
et al. developed novel cellulose nanofibrous mats coated with
SF (negatively charged) and lysozyme (positively charged). The
in vitro and in vivo assays demonstrated that the mats can
promote both healing in wounds and avoidance of wound infec-
tion [93]. Huang et al. reported the production of biomimetic
nanofibrous matrices that were coated using LbL assembly of
chitosan (positively charged) and Type I collagen (negatively
charged). The LbL structured nanofibrous membranes displayed
enhanced in vitro cell migration and promoted in vivo skin
re-epithelialization and vascularisation. These results demon-
strate the potential of LbL structured nanofibrous matrices
to restore the structural and functional properties of skin
[94].

Although the LbL assembly process is simple and mild, it can
be affected by many factors such as the concentration and ionic
strength of the polyelectrolyte solution as well as the pH, tem-
perature, assembly time and molecular weight of the polymers
used [91]. In addition, as the driving force is a result of electro-
static interactions, they are easily leached out, when incubated
over an extended period, from the surface of the modified nanofi-
bres. Therefore, chemical immobilisation of bioactive molecules is
favoured over physical immobilisation [64].

Electrospun membranes loaded with antimicrobial agents to be used as wound dressings.

Antimicrobial agents Polymers Incorporation technique Ref.
Ampicillin PCL; PMMA/nylon; Blend; Co-axial [109,110]
Amoxicillin nano-HA/PLGA; PLGA; PCL Blend; Nanoparticle incorporation; [111-114]
Berberine Collagen/ZN Blend [40]
Cefazolin PLGA; Gel:CS/PEO Blend; Nanoparticle incorporation [115-117]
Cefoxitin PLGA Blend [118,119]
Chitosan PLA; PEO; SF; PCL; AV/PEO; sericin; pectin/organic rectorite Blend; Layer-by-layer [12,55,108,120,121]
Cinnamaldehyde CS/PEO; PLA/B-CD; Blend; 3-cyclodextrin incorporation [122,123]
Ciprofloxacin Dextran/PU; PU; coPLA/PEG; PDEGMA/PLACL Blend [101,124,125]
Fusidic acid PLGA Blend [126-128]
Gentamycin PCL; CS Co-axial; liposomes adsorption [129,130]
Lysostaphin Cellulose/CS; Chemical immobilisation [131]
Lysozyme Cellulose acetate Physical surface adosprtion [132]
Mefoxin PLGA; PDLA/PLA Blend [119,133]
Mupirocin PLA Blend [134]

Plant extracts PCL/PVP; PCL; PVA; PLA/HPG Blend [135-138]
Rifampicin PCL; PLGA Blend [126,139]
Salicylic Acid CS/ZN Blend [11]

Silver nanoparticles Gel; CS/PVA; PVA/MTT; PMMA; PLLCL; CS; SF; PCL;PU Adsorption; Chemical immobilisation; Blend [98,99,140-142]
Streptomycin PU/AC/Zein Blend [96]
Tetracycline PEUU/PLGA; PVA/CS Blend [100,143,144]
Titania PVAc; PU; PMMA; Nylon; Blend; Chemical immobilisation [145-148]
Zinc SA/PVA Blend [149]

AC: Cellulose acetate; AV: Aloe vera; coPLA: Poly(l-lactide-co-d,I-lactide); CS: Chitosan; Gel: Gelatin; HPG: Hyperbranched polyglycerol; MTT: Montmorillonite; Nano-HA:
Nano-hydroxyapatite; PCL: Polycaprolactone; PDEGMA: poly-(2-(2ethoxy)- ethoxy)methoxy methatcrylate; PDLA: Poly-D-lactide; PEG: Poly(ethylene glycol); PEO: Poly
(ethylene oxide); PEUU: Poly(ester urethane) urea; PLA: Poly(lactic acid); PLACL: Poly(l-lactic acid-co-g-caprolactone); PLGA: Poly Lactic-co-Glycolic Acid; PLLCL: Poly(l-
lactic acid)-b-poly(e-caprolactone); PMMA: Poly(methyl methacrylate); PU: Polyurethane; PVA: Polyvinyl alcohol; PVAc: Polyvinyl acetate; PVP: Polyvinylpyrrolidone; SA:

Sodium alginate; SF: Silk fibroin; ZN: Zein; 3-CD: B- Ciclodextrins.
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In order to fabricate biomimetic materials that can with-
stand long-term survival, a stable covalent binding of functional
biomolecules is required to maintain their bioactivity [87]. To
accomplish that, chemical immobilisation of primary amine and
carboxylate groups have been extensively employed to immobilise
bioactive molecules onto the surface of nanofibres for wound heal-
ing [64]. In addition, hydrophilic linkers have also been used to
bind bioactive molecules, which can be recognized by cells. For this
purpose, Choi et al. produced PCL/PEG electrospun nanofibres func-
tionalised with amine groups on their surfaces, using PEG linkers.
Then, in order to use these nanofibrous mats in the treatment of dia-
betic foot ulcers, EGF was chemically bound to the surface of the
meshes. The results obtained showed that the EGF functionalised
nanofibres exerted a superior therapeutic effect on wound heal-
ing in comparison to control groups. In addition, EGF-receptor was
highly expressed in keratinocytes, due to the stimulation exerted
by the EGF nanofibre group, showing their suitability to be used as
skin substitute [95].

5. Bioactive molecules incorporated into electrospun
nanofibrous membranes

5.1. Antimicrobial agents

In wound care management, wound infections are a major
concern since they delay the healing process, leading to disfigure-
ment or even patient death [96]. To decrease the probability of
a wound becoming infected, researchers are currently producing
electrospun nanofibres functionalised with antimicrobial agents,
such as nanoparticles, antibiotics and plant extracts (see informa-
tion presented in Table 2). Silver nanoparticles (AgNPs) are the
most common antimicrobial agent incorporated into this type of
membranes. The antimicrobial activity exhibited by AgNPs against
bacteria and fungi is attributed to the release of Ag* ions. These ions
bind to thiol groups available on enzymes and cell surface proteins,
causing bacteria membranes and cellular walls destabilisation or
disruption. In 2008, Rujitanaroj et al. produced electrospun gelatin
fibres mats loaded with AgNPs that displayed antibacterial activ-
ity against Pseudomonas aeruginosa (P.aeruginosa), Staphylococcus
aureus (S.aureus), Escherichia coli (E.coli), and methicillin-resistant
S. aureus (MRSA) [97]. Furthermore, Wang et al. functionalised
PU/keratin nanofibrous mats surfaces with AgNPs and then evalu-

ated their bactericidal activity using E.coli and S.aureus, as bacteria
model. The results showed antimicrobial activity against both bac-
teria [98].

In 2012, Uttayarat et al. functionalised SF mats with AgNPs and
tested their bactericidal activity against S.aureus and P.aeruginosa
[99]. Their results demonstrated that the SF mats coated with
low concentrations of AgNPs (<4 mM) exhibited similar antibac-
terial properties to those exhibited by commercially available
wound dressings, which contain higher concentrations of ionic sil-
ver (Tegarderm™Ag and Aquacel®Ag).

Electrospun membranes may also exhibit antimicrobial
activity by incorporating antibiotics within nanofibres struc-
tures. Liao et al. incorporated tetracycline hydrochloride within
PCL/cellulose/dextran electrospun nanofibrous mats. The bacteri-
cidal activity of the membranes produced was evaluated against
S.aureus and E.coli. The results revealed that only the samples
loaded with the antibiotic displayed bactericidal activity [100].

Heyu Li et al. prepared poly (di(ethylene glycol) methyl ether
methacrylate) (PDEGMA) and PLACL thermoresponsive electro-
spun fibre mats loaded with ciprofloxacin (commonly used for the
treatment of skin infections). The in vitro assays demonstrated that
the produced mats were able to inhibit E.coli and S.aureus growth.
In turn, the in vivo assays highlighted that ciprofloxacin-loaded
fibres resulted in better wound healing than commercially available
gauzes [101].

Over the past decades, due to the limited number of antibi-
otics available, researchers have evaluated other materials that
can be used as antimicrobial agents. Among them, CS, due to
its intrinsic antimicrobial activity, emerged as a viable option
[3,102-104]. CS antibacterial activity is attributed to the inter-
actions established between the protonated amino groups of
CS and the electronegative residues available on the surface
of bacteria (lipopolysaccharides in gram-negative and teichoic
acid/peptidoglycan in gram-positive) [105]. These interactions lead
to the loss of membrane permeability and cell leakage and, ulti-
mately, to the death of the cell [106]. Ignatova et al. produced
CS/PLA electrospun membranes and reported that these mem-
branes inhibit S.aureus and E.coli growth [107]. Zhao et al. produced
an electrospun membrane composed of CS and sericin that did not
display any cytotoxic effect for fibroblasts cells, while exhibiting
an excellent antibacterial activity against E.coli and Bacillus subtilis
[108].

Table 3
Examples of produced electrospun membranes loaded with growth factors to be used in skin regeneration.
Growth Factors Polymers Incorporation technique Ref.
EGF PLGA/AV Emulsion [160]
PVA/SF Blend [81]
PLGA Blend [161]
PLGA/Gel Emulsion [21]
PCL/Collagen Chemical immobilisation [162]
PCL/Gel Chemical immobilisation [163]
PVA/carbon nanotubes Blend [164]
EGF (BSA, insulin, T3) PLGA/Collagen Blend and emulsion [165]
EGF (insulin, hydrocortisone, retinoic acid) PLACL Blend and co-axial [157]
VEGF (BSA) PLGA Emulsion [166]
VEGF, PDGF, bFGF,EGF Collagen/HA/gelatin nanoparticles Blend:EGF and bFGF; Gelatin nanoparticles: PDGF and VEGF [158]
VEGF and PDGF CS/PEO and PLGA nanoparticles Blend: VEGF and PDGF:PLGA nanoparticles [167]
VEGF and TGF-f33 PLGA Adsorption [168]
PDGF EUP3/gelatin Blend [144]
bFGF Polyplexes of PEI/PELA Emulsion [169]
PELA Emulsion [29]
PRP (PDGF, TGF-f3, VEGF, IGF, HGF) CS/PEO Blend [159]

AV: Aloe vera; bFGF: Basic fibroblast growth factor; BSA: Bovine serum albumin; CS: Chitosan EGF: Epidermal growth factor; EUP3: Platelet-derived growth factor-BB binding
polysaccharide; Gel: Gelatin; HA: Hyaluronic acid; HGF: Hepatocyte growth factor; IGF: Insulin-like growth factor; PCL: Polycaprolactone; PDGF: Platelet-derived growth
factor; PEI: Polyethylenimine; PELA: Polyethylene oxide (PEO)/polylactic acid (PLA) block copolymers; PEO: Poly (ethylene oxide); PLA: Poly(lactic acid); PLACL: Poly(l-lactic
acid-co-ge-caprolactone); PLGA: Poly Lactic-co-Glycolic Acid; PRP: Platelet-rich plasma; PVA: Polyvinyl alcohol; SF: Silk fibroin; TGF-B3: Transforming Growth Factor-f33;

T3: Thyroid hormone triiodothyronine; VEGF: Vascular endothelial growth factor.
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In 2015, Antunes et al. used deacetylated/arginine-modified CS
to produce electrospun membranes. The membranes produced dis-
played an enhanced bactericidal activity against E.coli and S.aureus,
due to the surface charge presented by arginine-modified CS. This
property allowed these membranes to improve the regeneration of
full-thickness wounds in comparison to electrospun membranes
manufactured with non-modified CS [54].

5.2. Growth factors

The incorporation of GFs within the structure of electrospun
nanofibrous membranes is another strategy that has been used to
increase the performance of this type of membranes in the wound
healing process (see Table 3). GFs stimulate angiogenesis, cell pro-
liferation, differentiation, and the production of ECM components,
events that are fundamental for skin regeneration [150]. Nonethe-
less, the free administration of GFs is not effective, since they
rapidly disperse from the target site and suffer enzymatic degra-
dation or deactivation. Therefore, the encapsulation of GFs within
drug delivery systems can provide them with protection against
in vivo degradation and maintain the required GFs concentration at
the target site for extended periods, leading to improved skin tissue
regeneration [151,152].

Electrospun nanofibres can be easily functionalised with GFs
and, depending on the demands of the healing process, EGF, bFGF,
VEGF and PDGF can be incorporated within the nanofibrous meshes
[153-155]. Table 3 provides an overview of the GFs that have
been added to electrospun nanofibrous membranes. Schneider et al.
functionalised SF mats with EGF, which promoted cell proliferation
and synthesis of ECM molecules, as well as angiogenesis and gran-
ulation tissue formation. The mats produced were able to increase
the rate of wound closure by more than 3.5-fold in comparison
to non-functionalised silk dressings [156]. In 2015, a core-sheath
structure composed of PLGA/gelatin loaded with EGF was produced
using emulsion electrospinning. The membranes produced were
able to sustain the release of the GF for 9 days, which is essential
for improving the healing process. Furthermore, the histological
data obtained by the authors confirmed that the collagen synthesis
was higher in the group treated with PLGA/gelatin/EGF electro-
spun membranes in comparison to the group treated with PLGA
membranes. These results confirmed that the hybrid membranes
displayed the bioactivity and hemostasis required for skin tissue
engineering [21].

In another study, Jin et al. incorporated multiple epidermal
induction factors (EIF) such as EGF, insulin, hydrocortisone and
retinoic acid into a gelatin and PLACL solution. Then, they produced
nanofibrous meshes using two different approaches: blend and
core-shell spinning. Unlike blend fibres, the core-shell nanofibres
produced were able to sustain the release of EIF, which contributed
to increase the percentage of differentiated adipose-derived stem
cells (ADSCs), which are known to reduce the wound size and
enhance the re-epithelialization process [157].

Yang et al. produced nanofibrous membranes loaded with bFGF
through emulsion electrospinning that were able to gradually
release GF over the course of 4 weeks. A complete re-epithelization
was achieved when the bFGF-loaded fibrous mats were applied on
the dorsal wounds induced on diabetic rats [29].

Lai et al. manufactured a collagen/HA stacking nanofibrous skin
equivalent loaded with multiple angiogenic GFs (VEGF, PDGF, bFGF
and EGF), that were either directly embedded in the nanofibres
or encapsulated within gelatin nanoparticles. Their results showed
that bFGF and EGF (loaded into nanofibres) were released according
to the demands of the initial phases of the wound healing process
(hemostasis and inflammation phases), whereas VEGF and PDGF
(encapsulated within gelatin nanoparticles and posteriorly within
nanofibres) were released during the proliferation and remodelling

phases of the healing process. This data suggested the authors’
proposal for the future application of these membranes in the treat-
ment of wounds [158].

Bertoncelj et al. incorporated Platelet-rich plasma (PRP) into
CS/PEO electrospun nanofibres and evaluated its performance in
the treatment of chronic wounds. Their in vitro results showed
that CS/PEO nanofibres exhibited suitable properties to support the
release of PRP at a rate that promotes keratinocyte and fibroblast
cell growth [159].

6. Recent advances in the production of electrospun
membranes for skin regeneration

Despite tremendous advancements, electrospun membranes
still present some limitations for wound management, since they
are unable to fully reproduce the structural features of native
skin. In the next section are described two of the most recent
approaches used to improve the wound healing process: pro-
duction of asymmetric membranes and seeding of stem cells on
nanofibrous meshes.

6.1. Electrospun asymmetric membranes

Recently, researchers have begun producing asymmetric mem-
branes to reproduce skin anatomy and to further enhance the
healing process. Usually, this type of membranes displays a dense
and/or hydrophobic microporous top layer that prevents bac-
teria penetration as well as a macroporous bottom layer that
allows the exudate absorption, gaseous exchange and cell migra-
tion/proliferation [170,171]. Wu et al. reported the production
of nanofibrous asymmetric membranes, using polymeric self-
assembly and electrospinning. Their results showed that the
upper and hydrophobic layer (composed of hydrophobic 3-glucan
butyrate) was waterproof and breathable as well as capable of
preventing bacterial penetration and controlling moisture evapo-
ration, while the bottom layer (comprised of hydrophilic 3-glucan
acetate) exhibited good aqueous stability and swelling ratio and
was capable of promoting the wound healing process [172].
Figueira et al. produced a bilayered electrospun membrane with
a top layer made of PCL and HA. This layer displayed adequate
mechanical properties, porosity and wettability that enabled it acts
as a physical barrier against external threats to the wound site.
ZN, CS and salicylic acid were also combined to produce the bot-
tom layer. Due to their properties, this layer was able to promote
human fibroblast adhesion, spreading and proliferation, while also
avoiding the growth of microorganisms, reinforcing its suitability
for wound healing [11].

Recently, Miguel et al. produced asymmetric membranes with
PCL, CS and AV using an electrospinning apparatus. The top layer of
the membrane was produced with PCL (in order to mimic the epi-
dermis) while the bottom layer was produced with CS and AV. The
results obtained revealed that the top layer has low porosity and
excellent mechanical properties. The porous bottom layer, which
reproduces the dermis layer structure, promoted fibroblast cell
adhesion and proliferation, which are involved in the production
of ECM components and play a pivotal role in the healing process.
While the dense top layer avoids bacterial infiltration, the bottom
layer, due to its composition, inhibits the growth of S.aureus and
E.coli at the wound site [12].

6.2. Electrospun nanofibres membranes and cell engineering

Due to the crucial role played by cells in the healing process,
recent studies report the use of different cell lineages (e.g. fibrob-
lasts, keratinocytes, endothelial and stem cells) for the treatment
of cutaneous wounds [173-177]. Among these, mesenchymal stem



70 S.P. Miguel et al. / Colloids and Surfaces B: Biointerfaces 169 (2018) 60-71

cells (MSCs) have been widely used, since they are involved in
almost all phases of wound healing and are able to stimulate
new blood vessel formation, modulate the inflammatory response,
promote the migration of keratinocytes and improving ECM pro-
duction [178,179]. Furthermore, the use of stem cells derived from
adipose tissue (ASCs) for regenerative purposes has also been
explored by researchers, who find that these cells, which display
a high potential for multilineage differentiation, can be obtained
using minimally invasive procedures [180].

When stem cells are directly applied at the wound site, rapid cell
death/clearance occur. To overcome this shortcoming, stem cells
have been seeded on the surface of electrospun nanofibres surface.
The ultrafine fibres of electrospun membranes that mimic the ECM
topography promote stem cells survival and proliferation. More-
over, alignment of these fibres can control cellular arrangement
and differentiation [181-184].

In 2011, Jin et al. produced electrospun nanofibrous using col-
lagen and then seeded MSCs on the surface of the membranes.
The results obtained confirmed that nanofibrous meshes promoted
the differentiation of MSCs into epidermal cells [185]. The poten-
tial use of biomimetic nanofibre scaffolds, functionalised with
bone-marrow-derived mesenchymal stem cells (BM-MSCs) for the
treatment of acute full-thickness skin wounds, has also been evalu-
ated by Ma et al. Their results demonstrated that enhanced healing
was achieved with local delivery of BM-MSCs since these cells
become differentiated into epidermal cells [186].

Additionally, Bayati et al. evaluated the effect of electrospun PCL
fibres on ASCs differentiation into keratinocyte and on the healing
process. The results obtained revealed an increased cell prolifera-
tion and an overexpression of the keratinocyte markers (such as
cytokeratin 14, filaggrin and involucrin) [187].

Despite these promising results, cell infiltration into electrospun
membranes continues to be limited since cells remain at the surface
of the electrospun membranes. Currently, to surpass this limitation
researchers are currently investigating the results of cell grafting,
cell coaxial electrospinning and using layer-by-layer approaches
[176,188].

7. Concluding remarks and future perspectives

In the last decades, tremendous progress has been achieved in
the development of therapeutic approaches to be used in the treat-
ment of wounds. Among the types wound dressings developed,
electrospun membranes are regarded as one of the most efficient
wound dressing materials, since they show morphological similar-
ities with skin ECM, i.e. they display a high surface area to volume
ratio as well as a porous structure that enhances homeostasis,
exudate absorption, gas permeability and cell adhesion, migration
and proliferation. Herein, insights concerning the recent advances
attained in the production of polymeric electrospun nanofibres
meshes to be used as wound dressings were provided. The func-
tionalisation methods used to improve the surface properties of
nanofibres or to produce nanofibres for carrier-based drug deliv-
ery, such as plasma treatment, LbL and grafting have also been
described.

However, despite the recent achievements, further develop-
ments of nanofibrous meshes are required to improve the healing
process. New asymmetric dressings and electrospun nanofibres
loaded with stem cells are currently under development for this
purpose. In a near future, other techniques, like 3D printing, may be
combined with electrospinning to obtain 3D constructs that repro-
duce in further detail the structure and properties of the ECM of
native skin. The incorporation of sensors into electrospun mem-
branes may also impact the diagnostic and theranostic applications
of these membranes. Finally, the combination of electrospun mem-

branes with electrical stimulation, mechanical stress or pulsed
magnetic field may also contribute toward improving the healing
process.
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