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Abstract

Electrospinning is a versatile technique providiighly tunable nanofibrous nonwovens. Many biomaldic
applications have been developed for nanofibresngmvhich the production of antimicrobial mats sigout. The
production of scaffolds for tissue engineeringrdibfor controlled drug release or active woundsirgys are active
fields of research exploiting the possibilitiesaréfd by electrospun materials. The fabrication afemals for active
food packaging or membranes for environmental apptins is also reviewed. We attempted to giveveamaew of
the most recent literature related with applicationwhich nanofibres get in contact with livindlseand develop a

nano-bio interface.
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1. Introduction

Electrospinning is the only general technique add
for the production of polymeric fibers below thecnoin
scale. Being quite an old technique, it gained wextk
interest in recent years with the increasing denfand
nanotechnology and its focus on high surface-toive
ratio and functionalized materials. The rediscowary
electrospinning comes in parallel with a boosthia t
number of works reporting composite nanofibers feom
rich variety of materials. Nanofibres aligned ancyed,
smooth and porous, flat and randomly oriented,aad
highly functionalized nanofibers as well as formmgre
complex core/sheath nanostructures have been didxlic
in order to cover a continuously growing spectrdm o
applications.

The materials used for electrospinning can be eithe
synthetic or natural and may or not incorporatersl
inside the polymeric matrix in order to provide #iddaal
functionalities. The most common filler materiate a
inorganic nanopatrticles (NP), which also exhibghi
surface-to-volume ratio and provide synergistic
properties to the composite that cannot be eabilgined
from the individual components. Due to the very kma
dimension of nanoparticles, the co-electrospinmihg
nanofibers represents a natural method for producin
blended fibers, but post-functionalization of poBmic
scaffolds or producing core/sheath structures #mero
ways of incorporating nanoparticles to produce hove
materials with new functionalities.

Recently, a number of medical uses of nanofibeve ha
been gaining attention in applications such as drug
delivery systems, scaffolds for tissue engineering,

vascular grafts and wound healing tissues amorgy.oth
Again, the reason for such an array of uses arhitje
surface area resulting from the nano-to-micro sized
fibers, their high and tunable porosity and théiemical
tunability. Additionally, certain nanofibers disgla
noteworthy capacity for incorporating substancehsas
metals or small molecules with biological activity well
as complex biological molecules. Electrospun nédoeo§
and their corresponding nanowebs have also displaye
potential for food technology due to the fact that
additives such as antimicrobials, antioxidantsgesal
oils, or even probiotics can be effectively encégisual
into electrospun nanofibrous matrixes. The incagpon
of particles into electrospun polymer nanofibers aiso
been explored by researchers working in membrane
technology and for the controlled delivery of cheats

in different air or water treatment technologies.

Relatively low cost equipment, simple basic operati
and the promising possibility of large-scale nalpeifi
production, resulted in a rapid development of
electrospinning technique with many papers desuyibi
laboratory scale applications. During the last gear
different modes of production of nanofibers haverbe
extensively explored. Alternative geometrical
modifications of the basic set-up equipment and a
number of post-processing treatments have been
proposed for achieving improved electric-field
uniformity and enhanced control over inter-fibre
positional ordering and intra-fibre molecular ahgent.
A large variety of materials and solvents have been
combined in order to tailor specific properties and
functionalities of electrospun products, even if alb
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these achievements are easily transferable toftinaus
production.

The aim of this review is to summarize and the more
recent research contributions to the electrospmnin
technique and the production of electrospun madseaina
cases in which a close interaction between livieitsc
and nanofibres is pursued. It reports different
applications emphasizing novel implementationsetd$
in which the bio-nano interface plays a significeoie.
During the following sections, the main innovations
biomedical, antimicrobial, food packing and
environmental fields are outlined. New perspectioes
electrospun materials are commented together with
references to the introduction of “green electrosiig”
products and processes and the alternative mettiods
scaling-up the production of nanofibers.

2. Electrospinning
2.1 Equipment

In a typical electrospinning set-up, a syringe pump
dispenses a polymer melt or solution through arsget
into a high voltage electric field formed betwebka t
spinneret and a grounded plate or collector. Thetiét
field generates a charge build-up within the polyme
phase, which causes the solution to adopt a ckee-li
shape, called Taylor Cone, pointing towards the
collector. The fibers form when electrostatic regpars
overcome surface tension and accelerate the polymer
liquid towards the grounded collector plate drawéng
thin jet of fluid that whips into a fast moving sgi
During its way to the collector, the jet elongabgs
electrostatic repulsion and the solvent evapotatasng
a solid fibre. This phenomenon results in an iatec
mesh of polymeric fibers on the collection platiened
to as mat [1, 2]. Depending on the goal pursued, a
number of collector configurations can be usedirang
from the simple stationary plate that produces oaniy
oriented fibre mats to a variety of rotating degiseich
as rotating drums, disks and mandrels, which allow
creating a variety of aligned nanofibers. Rotating
collectors are more complex to use because theawota
introduces a mechanical force that plays an importa
role in determining the degree of fibre anisotr{@ly

So far, more than fifty different polymers (and topes)
have been successfully electrospun into ultrafitmes
with diameters ranging from a few nanometres to
hundreds of microns. Most of the polymers are dligsb
in pure or mixed solvents, which determine the assy
of the electrospun mixture and results in a complex
hydrodynamic behaviour [4]. The polymer fluid is
electrospun in a process essentially conducteaboat r
temperature and atmospheric conditions, although
generally within chambers having a certain kind of
ventilation system in order to prevent the emissibn
solvent vapours. A DC voltage in the range of k\felos
of kV is applied to generate the necessary changthé
polymer jet to develop. It is remarkable that tame

polymer can be dissolved in different solventsmiviise
to different kind of nanofibers [5].

Several alternatives to conventional needle-based
electrospinning has been proposed in order to &sere
the low throughput of conventional single jets. Blgb
electrospinning, blown-film methods and multiple
pendant drop jets from porous tubes have beentegpor
to be scalable and able to reach productions dsasd.0
a/h [6, 7].

In bubble electrospinning, the bubbles create timeetl
surface analogous to the pendant drop of conveaition
electrospinning leading to a particularly suitaptecess
for large scale production of nanofibers. Bubble
technique involves the formation of multiple
electrostatically driven jets of polymer from every
charged bubble of polymer solution and, thereftire,
system requires higher voltage than that used in
conventional needle spinning [8]. Figure 1 shows a
laboratory device for bubble electrospinning in ethihe
fibers are collected on a negatively charged metall
collector positioned above the bubble widget [6].

Fig. 1. (A) Experimental setup for bubble electiogsng. Air
bubbles rise from the bottom of a polymer solutimmg induce
polymer jets towards the collector located on fdpe
electrified ring is used to drive fibers to theleotor and air
can be blown through it to minimize fibre interdeptand to
twist fibres into a yarn. (B) Fibres are collectadthe wire
mesh collector [6].

2.2. Processing parameters

It is a well-known fact that electrospinning depeid a
number of factors categorized into solution paramset
process parameters, and ambient parameters. kieof
are directly or indirectly related to fibre morpbgy or
processability and their correct manipulation allow
producing a wide range of nanofibers with the aebir
morphology and diameter [2]. Solution parametees ar
viscosity, polymer concentration, polymer molecular
weight, conductivity and surface tension. Generally
speaking, fibre diameter increases with increasing
viscosity and polymer concentration and with desiren
conductivity, while fibre beading can be avoideging
viscosity or using polymers with higher molecular
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weight. High surface tension is undesirable as it i
associated with jet instability. The main procegsin
parameters are voltage, distance between tip and
collector and feed rate. Fibre diameter decreasieg u
high voltage and low feed rate. A too low feed rate
however, results in fibre beading, which is alsoided
using a sufficient distance between tip and cablect
Conversely, there is a minimum distance required fo
uniform fibers. Ambient conditions strongly influgsmthe
properties of electrified jets and the resultingcélospun
materials and even small environmental perturbataam
cause significant variations on fibre propertidse Two
generally controllable ambient parameters are hiynid
and temperature. Excess humidity results in filmeeg
(if desired, pores can be introduced on purposggusi
combinations of solvents with different volatilitghd too
high temperature leads to decreased fibre diamEter.
optimization of these parameters is complex becafise
the difficulty of individually manipulating them ilarger
scale devices and because their influence is diiter
from one polymeric system to another. Even if the
accurate control of ambient conditions is difficalt
minimum fine tuning is a prerequisite for obtaining
electrospun fibers with the required charactegsic
shape and size. Several firms market laboratoriesca

systems ensuring = 0.5°C accuracy in temperaturgaio
and * 1% in the relative humidity control, but keep
close conditions in industrial equipments is still
challenge.

2.3. Sale-up

The high potential of nanofibrous media in diffdren
application fields generates a growing interest in
industrial electrospinning. Full scale electrosjgn
requires processing up to litres of polymer solutio
melt per hour. However, most experiments performed
academic laboratories, are performed by spinning
volumes of millilitres in the span of a few houfée
scale-up of electrospinning is difficult to optiraiz
because of the poor viscoelastic behaviour of tignper
mixtures, a lack of sufficient molecular entanglese
problems associated to limited solubility, and tuéhe
fact that only a few processing parameters can be
effectively chosen directly [9]. Table 1 summarites
key factors affecting electrospinning scale-upssiireg
some common drawbacks. It refers to the changes
required in the equipment for large-scale produgtibe
problems related to process control and the safety
concerns arousing from the processing of large aitsou
of solvents.

Table 1. Factors influencing the scale-up in electrospignaiternatives and drawbacks

Factorsdetermining Alternatives

electrospinning scale-up

Drawbacks

Large scale production
components [10, 11]

(i) Collecting devices: cylindrical
collector, mandrels, disks with
different geometries, conveyors

(iif) Modification of electrospinning set-
up, e.g. centrifugal electrospinning
or free surface systems [7, 13]

(i)Injection system: multi-spinneret

(i) Polymer clogging at the spinneret nozzle, alteratib
the electric field profile induced by the presené¢he
electrospinning jets

(ii) Limited thickness

(i) Significant variation in fiber diameter and limited
configurability of the fabricated fiber assembley(e
general lack of fiber alignment, impracticabilitlamre-
shell structures)

Accuracy and reproducibility

Climate-controlled geguo ensure

High price of the equipment

temperature and humidity control within

certain ranges

Environmental safety
use of aqueous solutions, green
processing [20]

Novel formulations of elecpiosing:

Reduced stability and inferior mechanical properties

The scale-up of electrospinning requires chang#seto
basic laboratory setup described before in ordensure
the requirements of the application within a lirditange
of variability, particularly in cases with moreisggent
requirements, such as most biomedical uses, dadger
scale productions. Some of these modifications tefe
the injection system, usually based on multi-spiehe
fittings, which are arranged either in uniaxial
configuration or in circular geometry [10, 11]. Mull
axial (coaxialltriaxial) electrospinning consistiofy
spinneret components which enable the simultaneous
spinning of different liquids, deserve particul&eation
as they are proposed for the fabrication of theemor
complex functional nanofibers [12]. The use of tio
devices such as drums, mandrels, and disks wiftbrerft

geometry and morphology (solid or frame cylinderd a
various edge morphologies) can be used to obtgimyhi
aligned fibres or for improving conformability and
scalability. Of particular interest from the indusk point
of view is the singular capability of electrospingito
give rise to complex bi-and tri-dimensional arctitees
in a single run, for which a proper collector desig
essential.

Less conventional approaches such as “free surface”
centrifugal spinning can be useful for increasimg t
overall set-up throughput and the thickness of the
resulting mats, also being suitable for large area
deposition [7, 13]. “Free surface” electrospinnisg
based on the formation of a charged jet from the fr
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surface of a liquid, without using needles or neg4ll4]. electrospinning. Environmentally friendly

One example of centrifugal spinningHercespinning™,  electrospinning techniques are generally refermeabt
which based on using centrifugal forces and mutipl “green electrospinning” [16]. A green electrospmmi
configurations of spinnerets and is applicabledthb technique has been proposed for the fabricaticatatifie
polymer melts and solutions [15]. Forcespinning™ is  nanofibers using a Layer-by-Layer (LBL) techniqoe i
said to produce nonwoven mats with fibre diamedsrs  combination with aqueous polymer electrospinningt,|
low as 100 nm with high throughput. water-soluble PVA/PAA nanofibres were coated with
PEI/PAA polyelectrolyte. The fibres showed an isge
in Young's modulus but became more brittle dependin
on the concentration of PEI/PAA. The LBL-treated
membrane showed strong antimicrobial activity asfain
Escherichia coli and the inhibition increased with an
increase in polyelectrolyte concentration [20].

The environmental safety of electrospinning is elps
related to the use of solvents, which are a cauwse f
concern not only during processing, but also infittne
products. Solvents are a major concern becausethrey
remain even after several days of drying due tngtr
acid—base interaction and/or hydrogen bonding batwe
polymer and the solvent and their control is esakfur 3. Antimicrobial materials
biomedical and pharmaceutical applications. The bes
possibility to avoid toxic solvents is the use cfter-
soluble polymers and to proceed thereafter to aipaly
or chemical cross-linking in order to render indddu
mats if required, which may involve solvents [16].
Thermal cross-linking via microwave irradiation has
been used to produce antimicrobial polyvinyl aldoho
(PVA) fibres with the purpose of avoiding organic
solvents or other non-eco benign reagents to peduc
[17]. Microwave irradiation is also a highly effégit
method for fibre processing electrospun fibres,chvtis
not only environmentally friendly but faster, sirapbnd
more economical than conventional methods for
operations such as chemical reduction during the
incorporation of nano-metals [18]. It has been sstyed
that the use of solvents could also be avoided &gn=
of suspension electrospinning, which refers to the
electrospinning of aqueous dispersions of waterlutde
polymers. Emulsion electrospinning can also allow
increasing the concentration of polymer in the
electrospinning mixture another common drawback of
conventional electrospinning, which leads to a cedu
productivity [19]. However, poor mechanical propest
of the resulting fibres and the fact that not many
polymers are suitable to prepare electrospinning
suspensions reduce the attractive of suspension

Nanoparticles find a plethora of diverse appliaagio
ranging from biomedical uses to environmental
remediation. The formulation of antibiotic matesiad
one of their most obvious uses, which emerges frain
particular reactivity and high surface area. Many
nanoscale antimicrobials are based on metal orlmeta
oxide particles pushed by the fact that the antiohiial
properties of silver, copper and other metals Hean
known and exploited for centuries on the macroscale
The development of nanofibers provide a new frantkewo
allowing the development of nano-engineered susface
be used as membranes or different kinds of tis@igs
Nanofibres allow designing new delivery systems not
only for metals, but for the controlled releasenainy
other compounds based on the reservoir-based doncep
which a polymer structure surrounds a reservoin &it
rate of release modulated by the degradation fateeo
polymer, the rate of diffusion or the detachmera of
surface coating [3]. Table 2 shows a selectioreoént
papers dealing with the production of electrospun
polymers including nanoparticles or encapsulating
chemical compounds in all cases with the aim of
preparing antimicrobial nanofibres. In certain caslee
encapsulation of nanopatrticles in fibers wouldwallo
reducing the concern for the dissemination of
nanomaterials into the environment.

Table 2. Antibacterial electrospun fibres

Electrospun material Antibacterial agent Microorganism Reference
Poly(vinyl alcohol-co-vinyl acetate)/octadecyl Ag NP Candida albicans, Candida [24]
amine-montmorillonite tropicalis, Candida glabrata,

Candida keyfr, Candida krusel,
Staphylococcus aureus, Escherichia
coli

Ethylene vinyl alcohol copolymer (EVOH) Ag NP Listeria monocytogenes, Salmonella [25]
enterica

Polystyrene (PS) Ag NP Staphylococcus xylosus [33]

Polyvinyl alcohol (PVA)/ silk fibroin (SF) Ag NP Escherichia coli, Saphylococcus [27]
aureus

Ascorbyl palmitate/polyg-caprolactone) Ag NP Saphylococcus aureus [28]

(PCL)

Poly(butylenes succinate) (PBS) Ag NP Staphylococcus aureus, Escherichia [29]
coli

Nylon 6 Ag NP Bacillus cereus [30]
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Polyacrylonitrile Ag NP Staphylococcus aureus, Escherichia [34]
coli, Monilia albicans
Polycaprolactone Ag NP Staphylococcus aureus, Escherichia [31]
coli, Candida albicans
Poly (acrylonitrile-co-methyl methacrylate) Ag NP Pseudomonas aeruginosa, [32]
Staphylococcus aureus, Escherichia
coli, Acinetobacter sp, Klebsiella
pneumoniae, Micrococcus sp,
Staphylococcus epidermidis, Candida
P
Polyacrylonitrile (PAN)B-Cyclodextrin 3- Cu Nanorods Escherichia coli [35]
CD)
Poly(lactide-co-glycolide) (PLGA) Hydroxyapatite/CuO Escherichia coli [36]
Polyvinyl alcohol (PVA) Epigallocatechin-3- Bacillus cereus, Bacillus subtilis, [37]
gallatecu' Staphylococcus aureus, Escherichia
coli , Pseudomonas nitroreducens
Saccharomyces cerevisiae, Candida
albicans
Polyvinyl acetate CuO/Ti© Saphylococcus aureus [38]
Poly(lactic acid) (PLA) TiGNP Staphylococcus aureus [48]
Nylon 6 TiO2NP Escherichia coli [49]
Polyester poly(L-lactide) (PLA) ZnO NP Staphylococcus aureus [39]
Cellulose acetate ZnO Methicillin-resistant Staphylococcus [40]
aureus, Escherichia coli, Citrobacter
freundii, Klebsiella pneumoniae
Polyvinyl acetate/titania Zn-doped-titania Escherichia coli, Saphylococcus [41]
aureus
Poly(lactic acid) (PLA) Co-Metal Organic Pseudomonas putida, Staphylococcus  [42]
Framework (MOF) aureus
Poly(lactic acid) (PLA) and poly(butylene 5-Nitro-8-hydroxyquinoline, Staphylococcus aureus [52]
succinate) (PBS) 5-chloro-8-quinolinol
Poly(lactic-co-glycolic acid) (PLGA) Amoxicillin agbrbed on Staphylococcus aureus [54]
nano-hydroxyapatite
Polyvinyl alcohol/polyurethane Gentamicin Staphylococcus aureus [55]
Poly(vinyl alcohol) (PVA)/poly(ethylene Metronidazole Escherichia coli, Pseudomonas [56]
oxide) (PEO) aeruginosa, Aspergillus niger,
Penicillium notatum, Aspergillus
flavus
Nylon 6,6 Polyacrylic acid grafted roseAspergillus fumigatus, Aspergillus [57]
bengal, phloxine B, azure A niger, Trichoderma viride,
and toluidine blue Penicillium funiculosum,
Chaetomium globosum
Eudragit L100 (acrylic polymer from Evonik)  Flucaude Candida albicans [58]
Styrene/maleic anhydride copolymers Grafting of poly(propylene Escherichia coli, Saphylococcus [70]
glycol) monoamine aureus, Candida albicans
(Jeffamine M-600) and 5-
Amino-8-hydroxyquinoline
Chitosan (CS)/polyvinyl alcohol (PVA) Clotrimazole Candida albicans [60]
Polyacrylonitrile Amidoxime Saccharomyces cerevisiae [61]
Gelatin Amphotericin B, natamycin, Candida albicans, Fursaium solari, [62]
terbinafine, fluconazole, and Aspergillus brasiliensis, Aspergillus
itraconazole fumigatus
Polyvinyl alcohol (PVA) Eugenol in agueous micellaiSalmonella typhimuriumListeria [66]
surfactant monocytogenes
Poly(ethylene oxide) (PEO) and poly(vinyl  Lawsoniainermis (henna) Escherichia coli, Staphylococcus [64]
alcohol) (PVA) aureus
Poly(ethylene-oxide) (PEO) Antimicrobial peptide Escherichia coli [65]
Poly(vinyl alcohol) (PVA) Organic rectorite (layete ~ Staphylococcus aureus, Escherichia [45]
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silicate)/sodium alginate

coli

Chitosan (CS)/poly(vinyl alcohol) Organic rectorite Staphylococcus aureus [46]

Chitosan (CS) Organic rectorite/sodium  Escherichia coli [47]
alginate

Polyurethane Tourmaline (silicate) Escherichia coli, Enterococci [44]

Modified polyurethane (quaternary ammoniunQuaternized polymer Staphylococcus aureus [67]

salts) backbone

Chitosan/poly(ethylene oxide) PHMB Staphylococcus aureus, Escherichia [69]

(PEO)/poly(hexamethylene biguanide) coli

hydrochloride (PHMB)

Styrene/maleic anhydride Quaternized chitosan Escherichia coli, Saphylococcus [68]

copolymers/quaternized chitosan

aureus

Current advances in fibre technology showed the
feasibility of metal composites to be used as
antimicrobial agents either with surface functidretion
of included in the polymeric fibre. Within a groupe
toxicity of metals to living organisms increases$hwi
atomic weight, leading silver as one of the mosicto
elements. The electronegativity of metallic ioms t
stability of metal chelates and the possibilityfaiming
insoluble salts are other well-known factors affegthe
way metals interact with living cells. Differentptys of
metallic salts, compounds and nanoparticles have
demonstrated antimicrobial properties and manyert
have been introduced or attached to electrospun
nanofibres. Apart from silver, the most relevargeca
studies focussed on copper zinc and cobalt asatetic
below. As the size of the metal particles decredses
to the nanoscale region, the antibacterial efficyen
increases because of their larger total surface @ee
unit volume. The uniformity in the dispersion of
nanoparticles within the polymer matrix also infiges
its antibacterial efficiency and stability [22] e
properties and processing parameters stronglytaftgc
only fibre structure, but also nanoparticle sizd an
dispersion in a complex manner difficult to predict
Moreover, the cost of producing composite matsksya
factor when considering the scale-up and potential
market applications of antimicrobial solutions thah be
dealt with by considering individual applicatior2s].

Silver has been widely employed in various nanofiisr
architectures. The electrospinning (and centrifugal
spinning) of poly(vinyl alcohol-co-vinyl
acetate)/octadecyl amine-montmorillonite yieldedegal
purpose nanocomposites with silver nanoparticléis wi
antifungal and antimicrobial activity [24]. Silvems and
silver nanoparticles were compared in antimicrobial
ethylene vinyl alcohol copolymer fibers. It was ol
that in thermally annealed fibers, silver ions were
partially transformed into nanoparticles homogesgou
distributed along the fibers, producing a subsgénti
decrease in metal release rate [25]. The in-sduaton
of silver with UV irradiation was proposed in PVA o
polyvinylpyrrolidone (PVP) prepared by electrospimmn
[26, 27]. Ascorbyl palmitate, a derivative of vitamC,
was employed to reduce silver ions into silver

nanoparticles in nanofibrous mats made of electnosp
poly(e-caprolactone) (PCL) [28]. The deposits of
elemental silver were clearly observed on the serfs#
the fibers as aggregates of nanoparticles of aragee
size of 30 nm (Figure 2A). Poly(butylene succipate
mats containing small (< 10 nm) silver nanoparsicle
were also be prepared using PVP as capping reducing
agent [29] and even the electrospinning solvent was
proposed to reduce silver with the electrospinning
polymer acting as stabilizing agent [30]. The saesilts
were reported for composite PCL nanofibers withesil
particles precipitated onto their surface [31].dfi the
biosynthesis of silver nanoparticles uskPmpudomonas
aeruginosa was undertaken with silver nitrate as
precursor to generate electrospun bionanofibers [32

—
100 nm

Fig. 2. TEM micrograph of individual Ag-Ascorbyl
palmitate/PCL fibers after immersion (6 h) in aquesolution
of AgNQOs (A); ZnO/PLA produced by inclusion within the
fibres (B) and by deposition on their surface (£9,[39].

A considerable effort has been paid to attach metal
fibre surface, on which they are more accessibém ev
with the drawback of being more loosely attachesing
nanoparticle-decorated fibres was the strategyqaeg
by several authors to enhance antimicrobial agtivit
Silver nanoparticles for antimicrobial nonwovengeve
distributed on the surface of electrospun polysigréPS)
after reverting the encapsulation of nanopartibles
means of ultraviolet irradiation of oxidative treents to
degrade the layer of polymer that was coating the
particles [33]. Electrospun polyacrylonitrile (PAN)
nanofibers externally loaded with silver nanopéetc
showed excellent results for inhibiting the growth
bacteria and fungi [34]. Li et al. [35], synthesiz=opper
nanorods on the surface of PAN fibers uging
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cyclodextrins §-CD) to adsorb copper ions from aqueou3). A load of 6 wt. % Co-SIM-1/PLA decreased 40% th
colonization of mats bf. putida [42].

solution.p-cyclodextrin is a cyclic oligosaccharide
consisting 7 glucopyranose units with a central-polar
cavity that can be used to include a wide variéty o
organic and inorganic compounds. The adsorption of
copper ions from CuN$n 3-CD/PAN fibers followed
by annealing in hydrogen atmosphere led to copmtalm
well-dispersed nanorods on fibre surface [35].

Other metals other than silver have been propased f
antimicrobial composites. Poly lactic-co-glycolicich
(PLGA) electrospun fibers were doped with copper
oxide-hydroxyapatite nanocrystals with high anttbaeal
activity attributed to a synergy between hydroxyapa
and copper oxide [36]. An interesting approachaisin
copper was reported by Sun et al. [37], who repiattiat
copper ions increased the antimicrobial activity of
epigallocatechin-3-gallate by limiting its oxidatii
electrospun PVA nanofibers. CuO/TLi@anorods were
prepared by electrospinning polyvinyl acetate using
copper nitrate and titanium isopropoxide as premsrs
[38]. Electrospun poly(lactic acid) (PLA) was surdéa
functionalized with nanosized zinc oxide leadingntm-
woven mats in which ZnO was deposited on the serfac
or dispersed within the bulk, the former exhibitltigher
photocatalytic and antimicrobial activity. FigurB 2
shows the “in-the-fiber” ZnO/PLA for which ZnO was
mainly inside the fibers even though part of it a0
decorating the external surface. The latter was e
location for the “on-the-fiber” type, shown in Frgu2C
and characterized by spherical aggregates in the
micrometer range loosely attached to the fiber}. [380
nanoparticles embedded in cellulose acetate (CA)
electrospun fibres displayed antibacterial behaviou
because ZnO decreased surface wettability [40L Zin
(nitrate) has also been used to functionalizeititan
nanofibers produced from the electrospinning afitm
isopropoxide in PVA followed by calcination at 6@)°
The biological evaluation showed antimicrobial aityi
for Gram-negative and Gram-positive bacteria dubeo
effect of zinc ion passing to the culture mediurh][4

Besides nanometals, other materials can be useldeor
controlled release of antimicrobial metals. Quigbal.
[43] prepared composite mats by electrospinning PLA
with a suspension of PVP-stabilized Co-SIM-1 (ctbal
based substituted imidazolate). Co-SIM-1 belonghédo
family of metal—organic frameworks (MOF), whichais
class of hybrid materials in which organic bridging
ligands are connected by metal ions to form three
dimensional networks [43]. The advantage of MOF is
their highly tunable composition, which can be agbd
by using different metals or changing the orgaimkdr.
The release of metal contained in the structufd ©fF
gives rise to antimicrobial materials, althougts it
possible to prepare MOF in which the biologicaketf
lies on the linker. The incorporation to PLA fibiled to
a controlled release of cobalt with long-lasting
antibacterial activity with the advantage with respto
silver that it is a relatively inexpensive elem€@figure

Polymer Reviews,

Fig. 3. Co-SIM-1 metal organic framework in PLA&®spun
mats. Inset: Raman mapping showing the particlelsidied in
PLA fibres®2,

Composite antibacterial mats can be prepared by
including materials that impart specific surfacegbal
properties to the nanofibers. Tourmaline (a siitat
decorated polyurethane (PU) composite nanofibers
prepared as superhydrophilic antibacterial mattil
The immobilization of a layered silicate (organic
rectorite) and sodium alginate into a composite
nanofibrous mats of PVA or chitosan has been egglor
to benefit from the intrinsic bacterial inhibitiaf both
alginate and rectorite [45-47]. PLA/Ti@ybrid
nanofibres were produced using a hydrothermal
processing that led to T¥kdn anatase form and
decorating the fibre surface. The fibres were diairo
possess antimicrobial effect upon ultraviolet irasidn,
which rendered biocidal activity during the follow
hours [48]. However, in another study, nylon-6
nanofibers containing Ti{Danoparticles displayed an
antibiofouling effect linked to an increase in &br
hydrophilicity [49].

Electrospun polymer fibers have also been extelysive
used as new devices for the controlled delivery of
chemicals thanks to their simple fabrication precasd
the possibility of efficiently dispensing water ahgble
compounds [50]. Different drug incorporation stopgs
have been proposed for mat loading among which¢tir
blending is the most thoroughly used. Direct drug
blending of the active agent into the electrospun
polymeric solutions is a simple one-phase way afliog
fibres provided a minimum matching of the hydropheb
hydrophilic properties of drug and polymer [51, .52]

Surface modification has been frequently proposed f
the production of fibres with bioactive moleculestbeir
surface such as cell recognizable ligands for icrgat
biomimetic microenvironments [53].
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Drug-loading of hybrid nanofibrous composites hasrb
explored for the delivery of conventional antibosti
Nano-hydroxyapatite particles with adsorbed amd#ici
were dispersed with into PLGA to form electrospun
nanocarriers that were cytocompatible and showed a
sustained antibiotic release that inhibited baatepiowth
[54]. Gentamicin was incorporated into PVA nanofthe
using Nanospider™ needleless technology serving as
drug reservoir [55]. The novelty in this case is th
method of spinning, which enables effective largales

production of nanofibrous mats. Nanospider™ wag als

used for the fabrication of electrospun of metraaime
blended PVA/poly(ethylene oxide) (PEO) [56].
Antifungal nanofiber formulations comprise several
examples of blend electrospinning. Kim and Micheels
included antifungal photochemical dyes based on the
production of singlet oxygen, which were immobitize
by grafting into electrospun nylon [57]. Karthikeyat
al. used acrylic electrospun polymers to prepare a
fluconazole topical gel for treating infections guzced
by Candida albicans[58]. Liu et al. used
polyhexamethylene biguanide in cellulose acetate an
polyester urethane [59]. Several other nanofibeagh
been developed to include different antimicrobial

separate solutions minimizing the interaction it
organic solvents used to dissolve polymers, bearit
also be used to process difficult to spin polymers.
Biodegradable PLA and chitosan core/sheath
(respectively) nanofibers were prepared to overcthrae
difficulty of electrospinning high molecular weight
chitosan due to its high viscosity. The mat beadfitm
the antibacterial activity of chitosan [71].

4. Biomedical applications
4.1. Scaffolds for tissue engineering

Polymeric electrospun nanofiber matrices of bottuirzé
and synthetic origin have been used for a variety o
biomedical applications. Among those involving tigi
cells, the development of nanocomposites as cell
scaffolds is particularly important22.

A subclass of cell scaffolds in constituted by wadun
dressing products for burn healing and skin
reconstruction, for which the antibacterial behavis
essential [72]. Tables 3 and 4 summarize the most
relevant recent studies published on this topicsmiv
how polymeric nanofiber scaffolds can be controited
order to achieve a wide range of properties. Tissue

compounds such as clotrimazole or amidoxime [60-62] scaffolds must exhibit stringent physical and bigtal

The search for eco-friendly natural antimicrobials
replace silver and synthetic chemicals by plantaexs
has also been receiving certain attention. Nagraler
database, the world's largest natural product datb
currently documents 58850 plant species, from which
6550 plants exhibit significant antimicrobial adyvand
most of this plants possess extracts that candxktos
treat infectious diseases [63]. Avci et al. [64}oded the
use ofLawsonia inermis (henna) as antimicrobial for the
production of PEO and PVA nanofibres with
bacteriostatic effect againSiaphylococcus aureus and

properties in order to provide an appropriate sigrfa
chemistry and physical structure to facilitate welt
attachment and proliferation. Specifically, the
electrospun mat should physically resemble the
nanofibrous features of the extracellular matriCp
and mimic its mechanical properties [73].

Chitosan-based nanofibers have been tested asldsaff
for tissue regeneration due to their inherent hivig
and intrinsic antimicrobial properties. Neverthsldbe
electrospinning of pure chitosan solutions remains
challenging due to its rigid crystalline structuimited

E. coli. Antimicrobial peptides are a wide family of smallsolubility in common organic solvents and insuffiai

proteins with a broad spectrum of antimicrobial\aigt
against bacteria, fungi and viruses. The targe¢digaty
of antimicrobial peptides using electrospun polymer
nanofibers is another possibility for creating biatiic
mats [65]. The solubilisation of lipophilic compaisin
surfactant micelles allows generating nanofibesafr
hydrophilic polymers with high concentrations of
lipophilic chemicals, which is the case of manynpla
derived antimicrobials. Emulsion electrospinning ha
been used to prepare functional PVA nanofibersddad
with eugenol [66].

Intrinsically (or modified) biocidal polymers hateen
also explored by modifying the polymer backbone
creating, for example, quaternary ammonium moieties
[67, 68] or co-electrospinning with polymeric aefisics
[69]. The grafting of styrene/maleic anhydride
copolymers with poly(propylene glycol) monoamine
(Jeffamine™ M-600) or 5-amino-8-hydroxyquinoline
was explored as covalent post-processing of naroofi)
mats for antimicrobial activity [70]. Coaxial
electrospinning can be used to prepare fibers froem

viscosity to form fibers [74]. The spinnable chaas
concentrations attempted so far are in the 2—8 g/mL
range, but higher concentrations are generallyiredu
Mats produced using high molecular weight chitomsan
known to improve mechanical stability compared with
low molecular weight chitosan and its blends withen
synthetic polymers, but the higher the moleculaigive
the more difficult to electrospin. Nada et al. [T&ported
a modification in the methodology of electrospirmgin
chitosan that allows processing high molecular Wmeig
chitosan without additives or blends at much higher
concentrations than before. It involves a chitosan
derivative, namely 2-nitrobenzyl-chitosan, prepdgd
reacting chitosan with 2-nitrobenzaldehyde in agseo
solution in order to produce a Schiff base, 2-
nitrobenzaldehyde, which protects the amine ofoshin
and yields a derivative soluble in trifluoroacetitid.
Neat chitosan is further regenerated using ultfavio
(UV) light by cleaving off iminochitosan. Using thi
procedure the authors reported spinnable solutidgtins
10-12 g/mL chitosan with an upper limit establisbgd
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the high viscosity of the solution. Chitosan prosiin
this way and further crosslinked with glutaraldedyd
vapour supported cellular proliferation and extadit

excellent biocompatibility with minimal or no death

human skin fibroblasts. The antibacterial activitys

better microbial inhibition than control antibiaticThe
rationale is that the presence of amine groupstisal

for the antimicrobial activity of chitosan [76]. IRu
acetylated chitosan, or chitin, loses its antibdaite

activity.

also evaluated using an agar disk diffusion askawisg

Table 3. Electrospun fibrous materials as scaffolds fauésengineering

Electrospun material Antibacterial agent Cell type/microorganism Reference
Poly lactic-co-glycolic acid (PLGA) Ag NP Human déiw carcinoma cell line, Normal human amnion [86]
cell line /Escherichia coli Staphylococcus aureus,
Bacillus cereus, Listeria monocytogenes and Salmonella
typhimurium
Poly(L-lactic acid)-co-poly- Ag NP Human dermal fibroblastStaphylococcus aureus, [87]
caprolactone) Salmonella enterica
Poly(-caprolactone) (PCL) Ag NP Human Mesenchymal Stem Cel&aphyl ococcus aureus [22]
Poly(vinyl alcohol) (PVA) Au NP (Synthesized Vero cell lines, and HelLa cancer cell lineSahdida [88]
from Couroupita albicans, Candida krusei, Escherichia coli,
guianensis leaves Staphylococcus aureus, Micrococcus luteus, Klebsiella
extract) pneumoniae, Bacillus subtilis Pseudomonas aeruginosa
Poly(D,L-lactide-co-glycolide) Tetracycline Saphylococcus aureus [81]
(PLGA)
Chitosan/polyethilene oxide Tetracycline Human dsiesi-like and human chondrocytes-like cell [72]
lines
2-nitrobenzyl-chitosan (NB) Human skin fibroblasBacillus subtilis, Escherichia [75]
coli, Aspergillus niger, Candida albicans
Mauran fromHalomonas maura / Mesenchymal stem cell line derived from mouse and [77]
poly(vinyl alcohol) (PVA) mouse connective tissue fibroblast cells
Poly(aniline-co-3-aminobenzoic African Green Monkey fibroblast COS-1 cells / [78]
acid) (3ABAPANI) copolymer and Saphylococcus aureus
polylactic acid (PLA)
Poly(D/L)lactide and diblock Platelets, erythrocytes, and Thrombocytes [79]
copolymers consisting of Staphylococcus aureus
poly(L/D)lactide and poly(N,N-
dimethylamino-2-ethyl methacrylate)
Polycaprolactone (PCL) Astrocytes [80]

Bacterial electrospun polysaccharides have been
exploited for the production of biocompatible nahefs.
Mauran, an extremophilic sulfated exopolysaccharide
extracted fronHalomonas maura was blended with PVA
and tested for cell growth showing good migration,
proliferation and differentiation of mammalian sV 7].
Other polymers from renewable sources attracted
attention for biomedical uses. Poly(aniline-co-3-
aminobenzoic acid) (BABAPANI) and PLA were
prepared in three-dimensional networks with enhdnce
biocompatibility for the proliferation of COS-1
fibroblasts and good antimicrobial capability agai
aureus [78]. Polylactide-based stereocomplex diblock
copolymers with poly(N,N-dimethylamino-2-ethyl
methacrylate) blocks were also explored as elgutiros
scaffolds. The availability of tertiary amino grauvas
claimed to impart haemostatic and antibacterial
properties to the nanofibrous materials as showetg
on blood cells and pathogenic microorganisms [PEJL
is another biocompatible and biodegradable polymer
usually employed in tissue engineering applicati®L

was proposed as scaffold for the generation obeygties
for the regeneration of central nervous systemareur
including its co-electrospun with the blue-green
microalgae Spirulina, which was shown to enhance
cellular metabolism [80]. The capacity of nanofiliso
scaffolds for drug loading was also explored fsstie
repair applications. PLGA was proposed by Yan fioal
composite fibrous scaffolds proposed for bone defec
repair, which deliver tetracycline controlled byth
lactidyl/glycolidyl ratio [81]

Different metal nanoparticles have been incorpaorate
electrospun polymers in order to provide antimicabb
effect. Silver nanoparticles are the most obvidusiae
due to their strong antibacterial activity, butythave
also been found cytotoxic by various researchets [8
83]. A survey of the existing literature indicatidét size,
texture, concentration, surface area, surface
functionalization, and the presence of toxic resgifrom
previous synthesis steps are the main major factors
influencing the bio-kinetics and toxicity of
nanostructured scaffolds [84, 85]. Recent studies
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Table 4. Wound-dressing electrospun fibrous materials

Electrospun material Antibacterial agent Microorganism Reference
Polylactic acid (PLA) Ag nanorods Escherichia coli [99]
Chitosan Ag NP Pseudomonas aeruginosa [100]
Chitosan-poly(vinyl alcohol) (PVA) Ag NP Escherichia coli [101]
Collagen-Chitosan Ag NP Staphylococcus aureus [102]
Polyvinyl alcohol (PVA) Ag NP Escherichia coli [104]
Polyvinyl alcohol (PVA) Ag NP Saphylococcus aureus, Escherichiacoli  [17]
Silk Fibroin (SF) Ag NP Saphylococcus aureus, Pseudomonas [103]
aeruginosa
Polyacrylonitrile (PAN) Ag NP Bacillus cereus, Escherichia coli [105]
Polyurethane Ag NP Saphylococcus aureus, Escherichiacoli [106]
Polyurethane/ hydrolyzed collagen, elastin, Ag NP Escherichia coli, Salmonella [108]
hyaluronic acid or chondroitin sulfate typhymurium, Listeria monocytogenes
Zwitterionic poly(sulfobetaine methacrylate)Silver ions Pseudomonas aeruginosa, [107]
Saphylococcus epidermis
Polyurethane (PU) CuO NP Methicillin-resistant [23]
Staphylococcus aureus
Poly(lactide-co-glycolide) (PLGA) Bioactive glass Streptococci, Lactobacillus paracasel [96]
Poly(lactic-co-glycolic-co-hydroxymethyl  Nitric Oxide (NO) Acinetobacter baumannii [111]
propionic acid) (PLGH)
Cellulose acetate (CA) and Polyhexamethylene Escherichia coli [59]
polyesterurethane (PEU biguanide (PHMB)
Poly(D, L-lactide-co-glycolide) (PLGA) Vancomycigentamicin Saphylococcus aureus, Escherichiacoli  [94]
Poly(L-alanine) (PLLA) Chlorhexidine-gluconate Escherichia coli [109]
poly(L-lactide-co-D,L-lactide) (coPLA) and Ciprofloxacin hydrochloride, Staphylococcus aureus [95]
coPLA/poly(ethylene glycol) levofloxacin hemihydrate,
moxifloxacin hydrochloride
Poly(e-caprolactone) (PCL) Ampicillin Saphylococcus aureus, Klebsiella [93]
pneumoniae
Poly(caprolactone) (PCL) Rifampicin Saphylococcus epidermis, Pseudomona  [92]
aeruginosa
Poly(L-lactide) (PLLA) and Diclofenac sodium, lidocaine Staphylococcus aureus [11]
PLLA/poly(ethylene glycol) (PEG) hydrochloride, benzalkonium
chloride
Poly(vinyl alcohol) (PVA), poly(acrylic Escherichia coli [20]
acid) (PAA), poly(ethyleneimine) (PEI)
Cyanoethyl chitosan Escherichia coli, Saphylococcus aureus, [97]
Pseudomonas aeruginosa, Bacillius
subtilis
Iminochitosan Escherichia coli, Saphylococcus aureus, [98]

Pseudomonas aeruginosa, Bacillius
subtilis

incorporating nanosilver to different nanofibrous
scaffolds for tissue engineering and wound healing
stressed the balance between cell proliferation and
bacterial inhibition. A relatively low concentratiof
silver nanoparticles in PCL effectively inhibitdukt
growth of microorganisms without compromising oa th
cell adhesion, but higher concentrations did [22].
Almajhdi et al. [86] reported cell viability studie
revealing that cytotoxicity was highly dependent on
silver nanopatrticle concentration. They showed, tifat
anticancer activity against a liver cancer cek lof

PLGA increased by increasing the concentrationleéis
NP up to a certain concentration for which thecamtcer
and antimicrobial activity of PLGA nanofibers are
maximum without cytotoxicity effect on normal cells
The results are difficult to interpret, but thelears
concluded that highly porous scaffolds benefit the
adherence and proliferation of cells, while silegerts
oxidative stress cytotoxicity preferably on cancelis. It
has also been shown that he proliferation of filasis
decreased with an increase in silver concentration
poly(L-lactic acid) co-poly-caprolactone) (PLLCL)



nanofibres. The results of cell proliferation assay
suggested that the electrospun PLLCL-Ag (0.25 wt. %
nanofibres are more biocompatible than those bgarin
higher metal loadings [87]. The antibacterial apitif

Ag NP is clear. However, an excess of Ag NP inkibit
cell proliferation and migration, so that an optimu
concentration of silver seems to exist for evesgue-
engineering application. Gold nanoparticles atadct
considerable interest due to their remarkable
biocompatibility as well as their antimicrobial and
anticancer activities [88]. A recent study repordegieen
synthesis of gold NP employing plant extracts as an
alternative to procedures using toxic chemicalg Th
dispersion was electrospun with PVA the composites
displaying high hydrophilicity and biocompatibility
Specifically, the maximum percentage of Vero cell
viability was 90% after 72 h incubation. Cell
proliferation increased with incubation time inding
that the cell nutrition was not hindered by theamig—
inorganic hybrid nanofibers. The presence of AuilNP
the electrospun nanofiber showed anti-proliferative
effects for MCF-7 and Hela cell lines, with prolid¢ion
percentage of only 8% and 9% respectively after the
same period of incubation. The anti-proliferatiotidty
was attributed to Au NP originating a decreasdn t
membrane potential of mitochondria and increased
production of reactive oxygen species. The resu#s
showed significant inhibitory activity of the hytri
nanofibers against a number of microorganisms while
PVA nanofibers without Au NP did not show any
antimicrobial activity [88].

Electrospun mats with surface antibody functioraian
can be used to produce nanofibrous membranes for
immuno-enhanced tissue scaffolds. Nano- or
microfibrous polyé-caprolactone) (PCL) non-wovens
with surface covalently immobilised growth factersre
used for endothelial cells. Immunohistochemistry
provided the biological integrity of immobilisedayvth
factor and at the same time the number of primary
endothelial cells or immortalised endothelial cellss
significantly enhanced [89]. Growth factors wergoal
immobilized on electrospun PCL nanofibers using
several antibodies. The use of autologous bioldgica
fluids and cells offers the possibility to implemen
personalized therapies tailored to specific medical
conditions [90]. Poly-caprolactone) coated with self-
assembled films of hydrophobin turns hydrophilid &s
biocompatibility increased. Using an antibody sfieci
for endothelial cells on the hydrophobin-coated PCL
scaffolds, the attachment and retention of endwthel
cells resulted significantly promoted [91].

4.2. Wound dressings

Treating wounds or burns is an important healthdass
because they are common, painful and can result in
disfiguring or even threaten life. Infection is ajor
complication of skin wounds as any open skin lessam
potential invasion site for microorganisms. Adeguat

wound management is necessary to prevent infeatidn
requires wound dressing materials that can achegvd
healing while minimizing infection. Among convernigai
wound dressing materials cotton gauze is the maest,u
but it allows fast evaporation of fluids making theund
desiccate. Besides, its porous structure doesrovide
an efficient barrier against bacterial penetratother
disadvantages of traditional wound dressings are
adherence to wound, ischemia/necrosis, and thefneed
frequent changes [59]. In general, wound dressiags
be classified as passive or active, depending@in th
roles in wound healing. Passive wound dressings tef
the dressings that only provide cover and physical
protection, whereas active wound dressings fatslita
wound management and healing. An ideal wound
dressing should protect wound from microorganism
infection, allow gas exchange, absorb exudate, ihga
moist environment to enhance epithelial regrowtia, lbe
painless to remove.

Electrospun nanofiber membranes typically havegh hi
porosity with excellent pore-interconnectivity, whiis
particularly important for exuding fluid from theownd.
The inherent small pores and very high specifitasar
area allow the nanofiber membranes to inhibit eroge
microorganism invasions and to control fluid drgiea

Electrospun membranes made from several biopolymers

and polymers incorporating wound healing agentsbean
applied as wound dressings to improve wound healing
performance based on its capacity for serving aScid
for tissue regeneration and the possibility ofwiing
bioactive agents during healing [3]. Table 3 is a
compilation of recent studies concerning electraspu
wound dressings. Most of the works are focuseden t
use of biocompatible polymers and composites
functionalized with antimicrobial NP.

Formulations based on biodegradable polymers have
been frequently proposed for wound dressing, PQL. [9
93], PEO [65] and PVA [55, 56] being the most widel
studied for local drug delivery in wound dressing
applications. These polymers are of particularege
due to their inherent non-toxicity, non-carcinogétyi
high biocompatibility, high degree of swelling iqueous
solutions and the possibility of solid-state crivdgshg.
Derivatives of PLA such as PLGA or poly(L-lactide-c
D,L-lactide) (coPLA) are also easy electrospun and
allows efficient incorporation of low-molecular-vggit
biologically active substances [94, 95]. A comp®sias
prepared blending nanoparticulate bioactive glasks a
PLGA to reduce human oral bacteria for dental
applications [96]. Bioactive glass is antibactertseIf,
but its mechanism of action is still not clear. N#lorous
3ABAPANI-PLA was successfully tested for functional
wound dressings with high antimicrobial capabi[itg].
Cyanoethyl chitosan produced nanofibres effective
against several Gram negative and Gram positivieebac
with higher antimicrobial effect attributed to themall
pore size and higher surface area of thinner fif9ég A
similar conclusion was obtained for iminochitosan

Polymer Reviews, 56, 631-667, 2016



electrospun in trifluoroacetic acid. In this ca#ares

with barbed structures, which displayed higheraef
area, gave rise to gauzes particularly effectivaresy a
range of microbes [98]. PLA was also used in a rermb
of formulations in which the active compound iwsilin
different forms. Electrospun fibre films containisigver

nanorods were proposed as porous antimicrobial foats

wound dressing based in their remarkable inhibitibn
the Gram-negativg. coli [99]. Chitosan nanofibers
containing silver nanoparticles were obtained as
composites for wound dressing in which fibre diagnet
decreased with increasing silver content due tdithimg
of surface tension [100]. Other materials incorpora
silver nanopatrticles and proposed for wound drgssin
include glutaraldehyde crosslinked mats produceh fr
colloidal dispersions of chitosan-capped Ag-NP YfAP
[101], collagen-chitosan [102], silk fibroin [LO3VA
[17, 104], PAN [105] and PU [106]. A slightly diffent
approach, based on the immobilization of silvesiaas
proposed using electrospun fibres of the superipfdiio
zwitterionic poly(sulfobetaine methacrylate) tolgie

nonadherent, high gas permeation and pathogenanatsis
wound dressings, which rendered insoluble mats upon

photo-crosslinking [107]. Polyurethanes have a rermb
of biomedical applications besides wound dressihas
include blood contact devices or dental implante T
introduction of copper oxide nanoparticles in alespun
PU originate a material made of porous films with
antimicrobial activity [23]. Silver-loaded biocomgite
polyurethane—extracellular matrix membranes were
prepared by electrospinning in order to produce
antibacterial fibres, which allowed the sustaineldase
of bactericidal silver ions from silver nanoparil[108].

The release of antibiotics in wound healing mats
produced by electrospinning has also been deditavit
number of authors. Chen et al. developed sandwich-
structured nanofibrous membranes to provide swedain
release of the antibiotics vancomycin and gentanasi
well as the anesthetic lidocaine for treating itgec

formation of micron-sized bundles of nanofibersinligir
electrospinning. The design of prophylactics aggiesi-
prosthetic infections based on localized antibic¢iease
is claimed as a way to limit antibiotic resistaimams.
PCL nanofibers loaded with rifampicin were studied
drug controlled release against several bactestatic
and in vitro conditions [92]. PCL electrospun figer
containing ampicillin were also tested with similar
purpose [93]. In this case, a rapid release of aithipi
took place during the first hour with a maximumipér
of activity of 96 hours, which could be optimal for
certain applications such as surgical sutures toedse
surgical site infections.

Another approach is the incorporation of nitricdi
(NO) in polymeric scaffolds. It has been demonsttat
that materials releasing predictable levels of N® a
capable of preventing and treating infection cagisin
pathogens [110]. NO induces membrane damage and
DNA deamination in bacterial cells while remainimgn-
cytotoxic to normal human skin cells. NO also plays
significant role in numerous biological functions,
including modulating haemostasis, reducing
inflammation, and promoting skin healing. Wold ket a
described a novel polymer for the storage and othet
delivery of NO in medical applications [111]. The
polymer synthesis was based on a carboxyl
functionalized polymer backbone poly(lactic-co-gijc-
co-hydroxymethyl propionic acid) prepared by a fing
opening melt polymerization of L-lactide and glyidel
with 2,2-bis(hydroxymethyl)propionic acid. The pendant
carboxyl groups were modified to thiol and nitresht
with t-butyl nitrite to yield the corresponding 8rnsated
polymer derivatives. The exposure of these fibers t
physiological conditions for 48 h demonstrated that
electrospun matrix maintains its characteristicdils
form and resulted in reduction in the bacterialrdsuw>
95%.

5. Food Packaging

wounds [94]. This work used biodegradable PLGA matsThe dissemination of food-borne pathogens is a majo

using 1,1,1,3,3,3-hexafluoro-2-propanol as solvent.
Another biodegradable polymer, poly(L-alanine), has
been used to produce blended fibers encapsulding t
antibacterial chlorhexidine in an application irded to
produce wound healing mats thanks to its excellent
thermoplastic and mechanical properties [109]. &keh
processing was also used to prepare nanofibresRifA
and coPLA/poly(ethylene glycol) (PEG) containing
several antibiotics. The resulting mat was suitédne
applications that require an initial burst releakactive
substances, which is the particular case of cewaiimd
dressings [95]. Another interesting application was
reported by Toncheva et al., who prepared bundles o
poly(L-lactide) with and without PEG incorporating
diclofenac sodium, lidocaine hydrochloride and
benzalkonium chloride as wound dressing materials [
The authors concluded that the ionic solutes erendre
conductivity of the spinning solution leading t@th

cause for concern. Food safety problems are idtestr
by the fact that during 2014 a total of 3157 notfions
were transmitted through the EU Rapid Alert System

Food and Feed (RASFF), which supposed a 25% growth

with respect to 2013112. The US Center for Disease
Control reported that 48 million people (1 in 6} gek
every year due to food eaten in the United States.
Bacterial-associated deaths from tainted meatthare
most critical issue forcing better food packagipgtems.
In particular, the inner layer of the meat packggin
material, which is in contact with the food surféees to
be redesigned to provide better food safety aravimy
that it extends the shelf life of food producesliiting
the growth of pathogens on meat surface [113]. Food
borne illnesses causes a large economic burden
particularly for the industry of processed and pagd
food due to increased controls and a greater awasaof
consumers. The need to introduce novel disinfection
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systems and to protect surfaces such as membnades a attributed to the rapid evaporation of water dusingle

packaging materials also comes from the neceskity o
avoiding harmful disinfection byproducts producegd b
conventional disinfection techniques. Moreover, som
pathogens are becoming refractory to conventional
disinfectants, making it necessary an additiorsgaech
effort including nanotechnology and materials scéeen

Active packaging is intended to develop functionshs
as atmosphere modification in order to preventetayl
food spoilage. The removal of oxygen is a major
milestone in active packaging materials for which
deoxidizing agents such as iron, oxidative enzyames
ascorbic acid have been proposed among others.[114]
Glucose oxidase is the main enzymatic oxygen scgren
and can be integrated into plastic packaging nadsetit
catalyses the reaction of glucose and oxygen 1d yie
glucuronic acid and is used to remove residual eryig
foods and beverages and to enhance their shelPNfé
fibers electrospun with low-molecular-weight chaas
and green tea (tea polyphenols are known to inttibit
growth of food-spoiling microorganisms) and
incorporating glucose oxidase yielded membrands wit
bacteriostatic activity against several bacter@ \aare
proposed for food packaging materials [115]. Some
additional examples of nanofibrous webs susceptible
be used as active packaging material can be fddady
antibacterial mats could meet the requirements for
antibacterial food storage material, but some were
specifically intended for that purpose. Triclosga/f-CD
complexes were incorporated into PLA electrospun
nanofibers. Every molecule of CD was able to
encapsulate one molecule of triclosan. The outi$ w
prepared as a solid inclusion complex later disgzens
the electrospinning solvent apparently with no lofss
charge and the nanofibrous webs were proposed for
active food packaging in view of their very highfsice
area and antibacterial behaviour [116]. NiO/7iO
composite nanofibers with antibacterial activityreve
prepared by sol-gel electrospinning from a sattiokel
and titanium isopropoxide and electrospun in pahyv
acetate). The resulting web was calcined at 60Q°ari
leaving non-polymeric NiO/Ti@fibres, which displayed
antibacterial behaviour leading to the disruptibel
membranes and the depression of the activity dhicer
enzymes. The authors proposed its applicationhidiin
the microbial growth associated with food stuff711

An innovative application proposed the use of
bacteriophages encapsulated in electrospun fihé [
118]. Bacteriophages are viruses that can kill arpites
and that have already been used for species-gpecifi
control of bacteria during different phases of food
production and storage. The possibility of usingges
to reduce the concentration of bacterial pathogeansed
general attention since the introduction dfisteria
monocytogenes-specific phage preparation approved by
the Food and Drug Administration in 2006. The
electrospraying/electrospinning of phage suspession
results in a quick deactivation of the bacterioghag

Polymer Reviews,

nozzle electrospinning, which leads to a drastange in
the osmotic environment of the electrospinning pay
solution/forming fibers. Coaxial electrospinningsva
successfully used to encapsulate T4 phage by tagti
in the core of the fibers and therefore protectethf
rapid dehydration by the outer-layer polymer sheath
[113]. Once in aqueous buffer medium, a rapid e
T4 phage was observed (100% after 30 min), which wa
attributed to the high hydrophilicity of PEO thaprdly
dissolves in water. An increase in PEO moleculdgite
resulted in increased fibre diameter and slowerass
rate. Blending PEO with hydrophobic cellulose diate
was also proved to avoid the rapid release of lage
via manipulating the ratio of hydrophilic/hydrophob
polymers in the shell [118].

Physical blockage has also been proposed as adhesiv
biodegradable patch for the protection of pruning
locations of plants from fungi attacks. Based on so
protein/polyvinyl alcohol and PCL electrospun
nanofibers deposited onto a biodegradable rayon
membrane, the mat physically blocks fungi penetrgti
while leaving sufficient porosity for plant breaibi

[119].

6. Filtersfor environmental applications

Nanofibrous mats with antimicrobial functionalitgve
also attracted considerable attention for air aatew
treatment applications. They offer an efficient vady
dealing with the growing concern on the microbiatad)
quality of treated water and filtered air at theneaime
keeping low operating costs due to their high
permeability and reduced loss of pressure ener@@][1
A central issue is the microbial growth on filterfaces
referred to as biofouling that increases filtedaepment
frequency, raises operational costs, increasegsshef
cleaning products and deteriorates the qualityuoifipd
water or air. Fouling is caused by the accumuladion
organic and inorganic substances, including pasgiahd
biomacromolecules, as well as biofilm formation due
the attachment and growth of microorganisms. Both a
interrelated because even if the organic compounds
involved in fouling may come from natural organic
matter, after the onset of microbial growth they ar
mostly formed by a class of macromolecular compsund
known as extracellular polymeric substances (EEBE
are produced by microorganisms as a way to attach t
surfaces and mainly consist of polysaccharides tardl,
lesser extent, nucleic acids and proteins [121]ikgn
physical or chemical fouling, biofouling is often
irreversible and can only be dealt with by raising
operating pressures and frequent backwashing or
chemical cleanings. Backwashing is usually empldged
control biofouling, but the recovery of flow is piat
because certain compounds are irreversibly attathed
the membrane surface. Biocidal chemicals such as
chlorine can lead to oxidative membrane damageaead
particularly impractical for reverse osmosis poly@en
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membranes. Chemicals also lead to the formation of
harmful oxidation by-products such as halogenated
hydrocarbons. It is also important to note thatioies
are usually unable to remove the whole biofilm, ahhis

in fact a complex community with different specids
microorganisms structured in layers when the outer
protect the inner [122].

Table 5. Environmentabpplications of electrospun fibrous materials

Electrospun material Antibacterial agent Microorganism Application Reference

Polyacrylonitrile (PAN) Ag NP Saphylococcus aureus, Air Filtration [125]
Escherichia coli

Polyacrylonitrile (PAN) Ag NP Saphylococcus aureus, Water and air [127]

Escherichia coli treatment

SiO/Polyvinyl alcohol (PVA) y -AlO(OH) (Boehmite) Staphylococcus aureus Water remediation [128]
(adsorption)
Poly(lactic acid) Sepiolite funtionalized with Staphylococcus aureus, Water filtration [124]
silver and copper Escherichia coli
Polyamide (PA) Ag NP, Culturable microorganisms  Water filtration [120, 123
thiocyanatomethylthiobenzothiazgle from a hospital waste water
dibromocyanoacetamide,
bronopol, WSPC (proprietary
quaternary ammonium salt and
chlorhexidine
Poly(vinyl alcohol) (PVA) 2,5-dimethyl-4-hydroxy-2H)-  Klebsiella pneumoniae, Water filtration [7]
furanone (furanone derivative) Staphylococcus aureus,
Escherichia coli,
Pseudomonas aeruginosa and
Salmonella typhimurium
Chitosan-polycaprolactone (PCL) Saphylococcus aureus Water filtration [126]
Polyurethane Escherichia coli Water treatment [10]

Polyacrylonitrile (PAN) Zn0O Escherichia coli Photocatalysis and [136]
antimicrobial
Polyvinilpyrrolidone (PVP)/TiQ  Cu NP Escherichia coli, Klebsiella Photocatalysis and [132, 133
pneumoniae antimicrobial
Polyvinilpyrrolidone (PVP)/TiQ  Ag NP Staphylococcus aureus, Photocatalysis and [134]
Escherichia coli antimicrobial
Ag-TiOz/Polyurethane Ag Escherichia coli Photocatalysis and [137]
antimicrobial
TiO2/Nylon 6 Ag NP Escherichia coli Photocatalysis and [138]
antimicrobial
Poly(styrene-co-maleic Bovis bacillus Calmette- Affinity [143]
anhydride) modified with a Guérin (BCG) membrane
guaternary ammonium compound
Polyethylene oxide/ Atrazine degrading bacterium Bioremediation [12]

polycaprolactone and,
polyethylene glycol

Pseudomonas sp. ADP

Recent selected studies on the use of electrogpas f
for water or air cleaning processes is shown ind &b
The electrospinning of polymers loaded with
nanoparticles with biocidal functionality is the sho
frequent approach. The method allows the encapsulat
of active ingredients for controlled release dusing
prolonged time, but it has to be taken into accoluat
the polymer may impose and excessive diffusioniérarr
Also, a high content of particles during the
electrospinning can affect the process and detdddhe
mechanical properties of nanofibers. The possyilit
introducing antimicrobial particles on the nanofibe
surface may result in their loose attachment wigh t
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subsequent reduction of service life and the pdggibf
spreading nanopatrticles into the environment. Nam@mo
polyamide nanofibrous membranes were proposed for
water filtration with the inclusion of silver naranicles
using a one-step method including silver nanodagim
the electrospinning solution [123]. Dasari et akpared
PLA non-woven mats with silver and copper loadecon
modified sepiolite in order to avoid loose nanortsetin
this case, metals were able to diffuse through the
encapsulating polymer, which was made porous using
combination of solvents [124]. Antimicrobial ailtérs
based on silver-doped nanofibrous PAN membrane was
tested for the filtration of microorganisms andtdus



particles and were found to efficiently remove
microorganisms and dust from air suitable for hiadpi
or other places prone to bacterial infections [125]

Functionalized electrospun polyamide fibres inahgdi
nanosilver, but also biocidals like bronopol ornyaplat,
were used to produce flat sheet microfiltration
membranes for water disinfection. The testing with
hospital wastewater showed a particularly highvitgti
for polyquat-loaded mats also showing that theHewr
of active material controlled the durability of thmcidal
effect [120]. A furanone derivative for antimicrabi
action and cell-adhesion inhibition was included in
electrospun PVA and tested in upscaled nanofiber
production using bubble electrospinning. Appareritig
biocidal chemical did not leach into filtered walbert
was effective inhibiting surface-attachment of leaet
[7]. The natural antibacterial property of chitoseas
also claimed for water filtration in chitosan-PClats,
which showed effective againStaureus adhesion with
high flux, an almost complete removal of 300 nmdsea
and good membrane integrity [126]

Chemical post-functionalization was used to deeorat
electrospun PAN with silver, either asAgr forming
silver nanopatrticles. A treatment of PAN fibershwit
hydroxylamine (NHOH) created surface amidoxime
groups (—C(NH) = N-OH), which were used to
coordinate with silver ions. Silver ions were suhsmtly
photoreduced to metallic silver nanopatrticles [LEBM
images of the decorated nanofibers are shown uré&ig
4. Higher amounts of N¥DH led to more amidoxime
groups on fibre surface and higher amount of silver
finished fibres, in all cases evenly distributectiogir
surface. Another interesting aspect of amidoxime-
functionalized fibres is the strong antimicrobietiaity
of membranes with amidoxime groups, attributecheort
capacity to bind with metal ions (such as?and C&)
through coordination. These divalent ions are agden
for the stability of the outer layers of bacteiall

membranes and the coordination with amidoxime gsour}

is thought to destabilize them, inhibiting cellular
replication and growth. Anyway, during water treatr
such metal ions are continuously supplied in tleel fe

stream, so the described sequestering mechanidoh cou

not be able to prevent microbial growth.

Mechanical filters were also developed to expluét t
physical exclusion of bacteria by nanofibrous nées.

combination of electrospinning and hydrothermal
reaction in whichy-AlO(OH) (boehmite) nanoplatelets
were anchored on the surface of electrospun (U4

as supporting polymer) Si®anofibers. Boehmite
exhibits an octahedral lamellar structure with fiich
surface OH groups and behaves as a strong adsdéobent
metals and organic compounds. The so-produced self-
standing membrane is flexible and easy to handée as
common water treatment membrane [128]. A SEM
micrograph of the material is shown in Figure 5eTh
hierarchical structure consists of one-dimensional
nanofibers and two-dimensional nanoplatelets siradt

in core/sheath fibers. The open structure is saaffer
higher contact area, which increases the adsorption
efficiency.

Fig. 4. SEM images (A and B) and elemental mappimeges
of silver (A" and B) in silver-decorated PAN nanofibers. 1 M
NH20OH 5 min followed by 0.1 M AgN®30 min (A and A); 1
M NH>OH 20 min and 0.1 M AgN®©16 h (B and B [127].

PU (non-doped) electrospun 0.25 pm nanofibrous mats

were used for water-treatment purposes with badteri
removal efficiency considerably higher than comriarc
PVDF microfiltration membranes. This was rationadiz
claiming that bacterial shape, rather than absalizis is
the key factor determining the ability of bactdngass
through filters [10]. A number of materials witrghi
surface area have been proposed for the adsougtion
organic pollutants. They include porous carbongaime
oxides, mesoporous silica, and many other. A
hierarchical core/sheath fibre has been produced as

Photocatalysis refers to a combination of photodstemn
and catalysis for promoting a chemical reactiorhlie
aim of degrading environmental pollutants including
pathogens or converting sunlight into hydrogentbeo
energy carriers. Photocatalytic process can bsitikss
as homogeneous or heterogeneous, the later oaiyin
means of the generation of electron-hole pairdien t
surface of solid semiconductor materials. Titanium
dioxide is by far the most extensively used
semiconductor photocatalyst either in powdered or
supported form [129]. Recently, Ti@anowires or
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Fig. 5. Boehmite on silica core/sheath fibers [128]

nanotubes have gained attention in search for highe
surface areas and more efficient charge separfdtgij.
Among the variety of ways to prepare FifD
nanostructures, the electrospinning of precurssirsgu
sol-gel techniques using a polymeric scaffold Hert
removed by calcination, has received attentiontdues
ability to provide highly aligned nanofibres with
controlled crystallinity and high photocatalytidiaity
[131]. TiOx-polyvinylpyrrolidone nanofibers produced
using a hydrothermal process with calcination &°70
and doped with zero-valent copper nanoparticlegwer
tested with the aim of using copper to reduce edeet
hole recombination as well as exploiting its antirabial
properties. The material was a white powder withNBu
attached to the surface of Ti@ires. The antibacterial
activity was tested using. coli andK. pneumoniae as
model organism and were able to degrade dyes in
solution besides bacterial inactivation [132, 138ijth
the same purpose, nanosilver-decorated titanium TiO
nanofibers were prepared with photochemical and
antimicrobial activity using a sol-gel-electrosgimm
process followed by calcination at 400°C with silve
particles deposited via photoreduction decoratireg t
outer surface. The authors demonstrated that the
inclusion of silver not only introduces antimicrabi
activity against. aureus andE. coli, but increases
photocatalytic efficiency via reducing electronénol
recombination rate. The decomposition of NDd
volatile organic compounds in an air treatment
application showed remarkable efficiency [134]aln
similar way, Ag-TiQ electrospun composite nanofibers
using bulk embedded silver nanoparticles in anatase
rutile, the phase transformation of which decreased
leading to a band gap 2.8 eV (3.2 eV without s)lvéhe
optimal size of silver nanoparticles was 2—3 nmdnely
which, an increased amount of silver decreased

photoactivity, but antibacterial efficiency was mgten
[135]. The photocatalytic activity of ZnO has been
studied using electrospun PAN as platform to cr8ate
nanocomposites of large (up to 10&gh surface area
and antibacterial effect agairistcoli and Gram-positive
S aureus [136]. The same concept has been explored in
polymeric non-calcined fibres. Silver-titania in
polyurethane nanofibres showed antimicrobial atstivi
againstE. coli due to the loaded again due to silver
antimicrobial activity. The composite mat was irded
for biological warfare protection, also showing aeity
for the photocatalytic degradation of dimethyl
methylphosphonate [137]. Silver-impregnated
TiO2/nylon 6 nanocomposite mats is another example of
active fibres with combined antimicrobial-photodytia
activity [138].

7. Applicationswith living bacteria

The incorporation of probiotics, which are living
organisms, into foodstuff is not an easy task. The
viability of probiotics is frequently compromisedrithg
food processing or storage operations as well #gein
course of gastrointestinal transit [139]. Encapsuta
enhances bacterial viability and makes it easikr ce
preservation and dosage and is usually performed by
spray-drying, emulsifying-crosslinking or coaceigat
[140]. Electrospinning has been proposed as an
alternative in view of the possibilities of low-tperature
processing and using water-soluble polysacchagdes
matrix. The technique is compatible with food grade
polymers and biopolymers and results in efficient
encapsulation with little denaturation. PVA wasdias
encapsulating material using a coaxial setup for
Bifidobacterium animalis subsplactis Bb12. The cells
survived in spite of the osmotic change and the
electrostatic field generated and remained viadnel®
days at room temperature and for 130 days at —2Z9C1
From the same group, Bifidobacterium strains were
encapsulated in whey protein concentrate and alpall
(a carbohydrate) in electrosprayed micro and
nanocapsules141. Soluble dietary fibre of different
origins was used for the nanoencapsulation of
Lactobacillus acidophilus in electrospun PVA nabefs.
L. acidophilus was incorporated into the spinning
solution to produce nanofiber-encapsulated prabioti
with up to 90% bacterial survival and viability aeted
for several weeks upon storage at 4°C. The nangfibe
showed the presence of hemicellulose and theimtaler
behaviour suggested good behaviour for the pratect
probiotics in heat-processed foods [142].

Bioremediation, which uses microbial processes to
degrade environmental contaminants, is a complex
process usually requiring tailoring to site-specifi
conditions and an interdisciplinary approach. Kegpi
organisms alive and active is a difficult task fdrich
electrospun scaffolds have been proposed. The
encapsulation of the atrazine degrading bacterium
Pseudomonas sp. ADP was studied in hollow polymeric
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electrospun microfibres by Klein et al. [12]. Itasstrain
that rapidly mineralizes atrazine under aerobic and
denitrifying conditions as well as under non-growth
conditions and was included within the core of kdwo
fibre. A core solution of PEO dissolved in waterswa
spun with an outer shell made of PCL and PEG. The
resultant microtubes are shown in Figure 6. Afber t
encapsulation of bacteria, the degradation ratdrakine
was low due to the stress induced by electrospgntiat
reduced their metabolic activity. Atrazine degrautat
rate increased during the following days on stream.
However, long-term stability of the scaffold was
compromised by the abiotic hydrolysis followed by
enzymatic degradation of PCL.

Fig. 6. HRSEM micrographs of microtubes used for
encapsulatingPseudomonas sp. ADP cells used for atrazine
remediation. Shell solutions: PCL-PEG in chlorofebivlF (A
and B) and PCL in chloroform-DMSO (C and D) [12].

A closely related application is bacterial captiane
analytical purposes, which is intended to increhse
sensitivity of pathogen detection. Surface and-bulk
modified poly(styrene-co-maleic anhydride) affinity
membranes were prepared for capturing microorgais
specifically the mycobacterium bovis bacillus Catiae
Guérin (usually referred to as BCG). The affinitydies
conducted demonstrated that BCG was successfully
captured onto the surfaces of the nanofibers
functionalized with quaternary ammonium compound
irrespective of whether the modification took pladeer
electrospinning (surface-modified) or before
electrospinning (bulk-modified) [143].

8. Other applications

The reinforcement of fibres using cellulose filanill
nanoparticles gained increased attention in oler t
provide higher mechanical strength to electrospun
materials. Nanocellulose is referred to as a nuraber
different names such as nanofibrils, nanowhiskers,
nanocrystals and many other that describe a rigid,
nanoscale, crystalline material obtained from reatsev

souces [144]. The properties of nanocellulose chang
depending on the source and the way of extradtionin
general it possesses a highly rigid crystallinecitre,
which seems a natural way overcoming the generally
poor mechanical properties of nanofibrous mats]145
PEG-grafted cellulose nanocrystals were studieddgor
application as scaffolds in bone tissue enginedfing].
PCL fibers showed improved mechanical propertig¢l wi
maximum tensile strength more than twice that aft ne
PCL [147, 148]. CA elastic modulus improved frorh71.
GP to 1.68 GPa [149]. The tensile strength of ebspiun

PS/nanocellulose mats was elevated 170% [150]. PLGA

nanofibers modified with cellulose nanocrystalentded
for skin tissue engineering improved their mechalnic
properties and thermal stability also showing lvette
cytocompatibility measured using a fibroblast
proliferation test [151]. PVA/nanocellulose fibralso
presented excellent mechanical properties [152D PE
[153, 154], PLA [155, 156], and polyvinylideneflude-
co-hexafluoropropylene [157] have been recentlietes
with similar results. Other authors stressed trezlrier
improving the compatibility between the hydrophilic
nanocellulose and hydrophobic polymers [158, 159].

Nanomaterials allow fabricating miniaturized biosers
with fast answer and precise and accurate ideatiidic.
The efficiency of biorecognition is directly linked the
number of biorecognition sites and, therefore, whih
surface area of the sensor. The use of electrasais
take advantage of the high surface or nanofibré&mtst
the sensitivity of molecular recognition using sfiec
antibodies. In fact, nanobiosensing already carissta
separate chapter of nanotechnology, which, conagrni
enzyme-based nanobiosensors, has been thoroughly
reviewed recently [160]. Nanobiocatalysis is anpthe
emerging field of research in the boundary of
nanotechnology and biotechnology in which the
immobilization of enzymes at the nanoscale is &pjpio
bioprocessing applications. This exciting subjepid
has also been recently reviewed [161].

A particular class of immunoassay applications

rrEusceptible to be implemented on nanofibres refer t

whole cells. Zha et al. used a polymerizable silane
derivative to prepare sol-gel electrospun nanofibro
membranes for immobilizing membrane proteins and
antibodies in order to allow targeted cell cap{i&2].
Electrospun polyhydroxybutyrate fibers were dipedat
by polymethyl methacrylatecomethacrylic acid, asddi
for the covalent (using COOH groups) immobilizatadn
the dengue virus antibody with substantial signal
intensity gained compared with a conventional ELISA
assay [163]. Antibody functionalized nanofibrous
nitrocellulose was used to prepare a sensor basad o
conductometric immunoassay after spray deposition o
silver on nanofibres followed by antibody attachimen
The detection time of the biosensor was 8 min with
detection limit of 61 CFU/mL foE coli [164]. The use
of nanofibres with immobilized antibodies as sclaf$o
for tissue engineering applications was mentiorefdre.
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9. Conclusions and pr ospective

The electrospinning of polymeric fibres constitues
first general technique available for producing
nanofibres. From laboratory prototypes to commeércia
applications, the roadmap goes through improvenients
large-scale production. For it, more research and
development efforts are necessary to upgrade durren
technology in order to supply large amounts of amif
guality mats with stringent process control andoikeg
costs as low as possible. The use of large amaiints
solvents is a particularly critical issue that fs¢he
design of environmentally clean processes-prodaats)
as those using aqueous solutions.

Many antibacterial nanofibres and composites haenb
developed during last years, but there still a teed
develop of eco-friendly antimicrobial mats using
materials from renewable sources. The use of fatura
antimicrobials and biodegradable polymers wouldehav
to prove competitive with more conventional appiessc
The testing of antimicrobials has been essentiatiysed
on conventional strains & coli or S aureus, but further
work is required using more pathogenic strains of
bacteria and fungi including antibiotic resistaatteria.
The way of inducing cell impairment is simple irrtegn
cases, such as metal or drug releasing mats ttheiidi

increase therapeutic efficacy by reducing drugdioxi
which is a critical issue for antineoplastic agefds
example.

Electrospun materials can gain a place in food
technology as food packaging materials or encafisgla
probiotics. Concerning packaging, further rese&ch
needed on the inclusion of nanofibres in structured
polymeric films before gaining a space in the marke
Probiotics are critically affected by stability cuy
processing and storage. Their fate after ingession
another issue that has to be addressed to. Naesfsr
supports for analytical devices provide high swefacea
and mass transfer rates, which improve the signal t
noise ratio and make them ideal for their use thqgen
detection in many areas. The production of safd fwo
the control of post-harvest pathogens are areasiia
benefit from it.

The environmental applications of electrospun nisne$
are limited by their mechanical properties. Thaugion
of reinforcements such as nanocellulose or othgaroc
or inorganic loads increases the mechanical stinewfgt
nanofibres allowing their applications as standialo
membranes or filters. Despite the many advantafjes o
titanium dioxide photocatalysis and extensive lab-
research done in this field, there has been little

known concerning the physicochemical mechanisms ofcommercial or industrial use of this technologyeTh

cell attachment, colonization and biofilm formation
nanofibrous supports.

Polyfunctiontal materials for biomedical applicatsoare
still in their infancy in view of the possibilitiesf
nanofibrous mats. From conventional polymers to
bacterial polysaccharides, the production of
biocompatible fibres offers almost unlimited podgibs.
The research performed during last years showedttha
is possible to develop electrospun organic—inoiani
hybrid nanofibers that are biocompatible and atstrae
time toxic to cancer cells and pathogenic micronigas
by careful combination of metals or chemicals. The
production of wound dressing materials to replace
conventional dressings is another expanding filed.
However, the interactions of functionalized nand
with human cells, including their general toxicadlg
profile, is a very complex issue and is still lakifrom
generally accepted models. In this regard, stein cel
research offers metabolically competent pluripogtain
cells forin vitro predictive toxicity and compatibility
studies with advantages over established cell.lines

The synthesis of tailored carrier nanopatrticles
experienced a boosting during last years. More
sophisticated materials and increasingly complex
chemical functionalization are expected to give s
drug-loaded fibres for a wide range of applications
involving controlled release of active substandd®re
are clear advantages of nanofibrous carriers cozdpar
conventional dosage forms such as site-specifigetgl
and multiple drug encapsulation, but additionalknoas
to be performed to tailor the rate of delivery nder to

Polymer Reviews,

major reason for it is the loss of efficiency opported
photocatalysts compared with nanopowdered forms.
Nanofibres offer a unique possibility for creatimgh
surface photocatalytic devices for applicationshsas
pollution abatement of artificial photosynthesis.

Abbreviations

3ABAPANI  Poly(aniline-co-3-aminobenzoic acid)

CA Cellulose acetate

coPLA Poly(L-lactide-co-D,L-lactide)

ECM Extracellular matrix

EPS Extracellular polymeric substances

NP Nanoparticles

PAN Polyacrylonitrile

PCL Polyg-caprolactone)

PEG Polyethylene glycol

PEO Polyethylene oxide

PLA Poly(lactic acid) or Polyester polylactide

PLGA Poly lactic-co-glycolic acid

PLLCL Poly(L-lactic acid) co-poly-
caprolactone)

PS Polystyrene

PU Polyurethane

PVA Poly(vinyl alcohol)

PVP Polyvinylpyrrolidone

B-CD B-Cyclodextrin
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