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Abstract Nanotechnology is an emergent field of research and innovation applied
to nanoelectronics, nanomaterials, nanobiology, nanomedicine, among other areas.
Particularly in medicine it has been used to improve the disease diagnosis through
novel instrumentation as well as the treatment efficacy through the encapsulation and
controlled release of bioactive compounds. Overall, nanotechnology can provide
novel tools and techniques to biomedical research, namely in proteomics, genetics
and regenerative medicine. Polymer nanofibers are one of the nanostructures that
have been used in nanomedicine, especially those fabricated by electrospinning. The
development of drug delivery systems, wound dressing materials, tissue regenera-
tion and disease diagnosis are the most representative examples about the use of
electrospun nanofibers. Their use in medical microbiology has mostly contributed to
an improvement in the treatment of microbial infections through the increase of
response capacity of active pharmaceutical ingredients but also into the reduction of
side effects. In this chapter, a comprehensive overview about the manufacturing
techniques and the most common polymers used for nanofibers production is
discussed. The relation between the usefulness of these nanofibers with their com-
position, their size, and orientation is pointed out. Their medical applications on
microbiology, namely the local administration of antibiotic drugs in infected areas,
the development of wound dressing materials to improve the healing process and the
possibility to raise or replace biological functions without organ transplantation by
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the use of artificial materials were analysed covering the developments accom-
plished over the last 10 years. It is noticed a lack of information about the formation
of biofilms on the surface of nanofibrous scaffolds. Moreover, more studies must be
done considering the nanoscale morphology and the type of polymer used, which
seems to be crucial to prevent infections by microorganisms across medical
applications.

Keywords Nanosciences - Medical microbiology - Nanofibers - Biomedical
engineering - Drug delivery - Wound dressing - Tissue engineering

4.1 Introduction

Nanoscience and nanoengineering are emerging and promising interdisciplinary
research areas from nanotechnology. The prefix ‘nano’ derives from the Greek
viivog (Latin nanus), meaning “dwarf”. The General Conference on Weights and
Measures officially endorsed the usage of nano as a standard prefix in 1960 and
depicts one thousand millionths of a meter (107° m) (Vert et al. 2012). The
technology operated at nanoscale dimensions (1-100 nm) in material, physical,
chemical, biological, and environmental sciences (Fig. 4.1) makes this content so
important as the industrial revolution (Barhoum et al. 2019; Thangadurai et al.
2020a, b).

The scientific story of nanotechnology applied to nanoelectronics, nanomaterials,
nanobiology, nanomedicine, etc. started in the middle of the last century. Richard
Feynman, an American physicist, and Nobel Prize laureate, introduced the concept
of nanotechnology in 1959, giving the first lecture about this subject “There’s Plenty
of Room at the Bottom” (Feynman 1960), at California Institute of Technology at the
American Physical Society meeting.
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Fig. 4.1 Examples of nanoparticles sizes. (Reproduced from Gnach et al. (2015) with permission
from The Royal Society of Chemistry)
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Particularly in medicine, nanotechnology has been used in three main areas (Jain
2019), which includes: (a) rapid diagnosis, auxiliary treatment and transport of
active substances; (b) scientific research in molecular medicine like genetics and
proteomics through the production of modified microorganisms; (c) regenerative
medicine by the creation of biomaterials and nanostructures with potential clinical
implications (Peran et al. 2013). In the last few years, promising therapies and
diagnosis devices resorting to nanoparticles were used to face the increasing inci-
dences of cancer, cardiovascular, respiratory, musculoskeletal, and neurodegenera-
tive diseases (Patra et al. 2018). The first generation of nanoparticle-based therapy
comprised lipid systems like liposomes and micelles that could include gold or
magnetic nanoparticles to change membrane fluidity for drug delivery system
(Park et al. 2006). Diferent types of nanomaterials are frequently considered in
designing the target-specific drug delivery systems namely in drugs with poor
water solubility and less absorption ability (Mira et al. 2020; Ye et al. 2020); and
they stay in the blood circulatory system for an extended period of time with an
easier penetration in the tissue system, facilitating the uptake of the drugs by cells.
Therefore, the increase of drug delivery efficiency in the target location is possible.
They have been also referred concerning their nanostructure on the biological
effects. Several parameters such as size, zeta potential, surface chemistry, mechan-
ical property, shape and other inherent biophysical/chemical characteristics contrib-
ute to enhance drug delivery effectiveness (Venkataraman et al. 2011; Prasad et al.
2017). However, toxicity and exposure data, combined with therapeutic properties,
have been contributed to the risk assessment evaluation on the use of nanomaterials
in consumer products, improving its regulation by governmental organizations
(FDA 2012; Hardy et al. 2018; SCCS 2020; Tsuji et al. 2006).

The most current types of nanomaterials used in medical biology are carbon-
based materials, metal-based materials, dendrimers, composites, polymers, etc.
(Azonano 2017; Gubala et al. 2018). Carbon-based materials are composed mainly
of carbon and can be prepared with different shapes: hollow spheres, ellipsoids or
tubes; metal-based materials include quantum dots, nanogold, nanosilver and metal
oxides, such as titanium dioxide; dendrimers are nanosized polymers built from
branched units, whose surface can be tailored to perform specific chemical functions;
composites combine different nanomaterials or different sizes of bulk-type materials.
Polymers are another type of nanostructured materials that can be prepared in
different morphologies such as nanofibers, nanoparticles, nanowires, nanospheres,
and others (Lu et al. 2017). They have been used in medical care, such as drug
delivery, tissue engineering, wound dressing, diagnosis systems, etc. Among them,
nanofibers are highlighted once they have been proposed to support many develop-
ments guided to therapeutic solutions such as scaffolds structures, functionalization
for tissue engineering and regenerative medicine; delivery systems for drugs/pro-
teins/genes; bioactive wound dressings; membranes for different medical applica-
tions including filtration and dialysis; and biosensing for disease diagnostics and/or
prognosis.

Fibers are a bioinspired nanostructure in the way that we recognize from either
continuous filaments or elongated objects. The history of fiber production by
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Fig. 4.2 Evolution of the number of scientific publications, since 1999 until now, using
“nanofibers” as keyword. (Source: Web of Science database, June 2020)

humanity, such as wild silk threads is dated to c. 2450-2000 BCE. The spindle for
the manufacture of cotton and wool fibers used in the production of clothing was
invented around 1300 BCE. This practice slowly evolved into the textile industry in
the 1880s (Xue et al. 2019). The history of synthetic nanofiber technology started in
the late 1500s with William Gilbert work (Burgess 2012). This English physician
observed that when a piece of charged amber was brought near a spherical drop of
water on a dry surface, the amber “pulls the nearest parts out of their position and
draws it up into a cone.” (Barhoum et al. 2019). This was the first reported case of
electrospraying, which was later renamed into electrospinning.

The electrospinning process for nanofibers production was recognized and reg-
istered as a patent in 1902 (Cooley 1902). Later in 1914 John Zeleny studied the
behaviour of fluid droplets at the end of metal capillaries that formed fine fibers,
which contributed to the development of the mathematical model explaining the
behaviour of fluids under electrostatic forces (Tucker et al. 2012). Until 1995
electrospinning process was employed for over three decades in industries to
produce various products, namely spun and tubular products, nonwoven fabrics,
grafts, etc. (Doshi and Reneker 1995). For further details, the reader shall check the
work published by Tucker et al. (2012) and Xue et al. (2019). Since that time, the
term electrospinning becomes more popular and the number of publications has been
increasing exponentially every year (Fig. 4.2).

Nanofibers can be prepared from natural or synthetic polymers that result in
different mechanical properties and applications. The most common materials used
are organic polymers in the form of either solution or melt. Synthetic polymers
include poly(vinyl alcohol) (PVA), poly(lactic acid) (PLA), polycaprolactone
(PCL), polyurethane (PU), poly(lactic-co-glycolic acid) (PLGA), poly
(vinylpyrrolidone) (PVP), polyethylene oxide (PEO), poly(ethylene-co-
vinylacetate) (PEVA), etc. (Sharma et al. 2015). Their main advantages are the
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low-cost, tailored architecture, controllable degradation rate, and mass production
(Nair and Laurencin 2007). Natural polymers include collagen, silk fibroin (SF),
heparin, keratin, gelatin, proteins, and polysaccharides such as cellulose acetate
(CA), pectin, chitosan, and alginate (Sharma et al. 2015). These natural polymers
are highlighted by their biocompatibility, which induces low antigenic response.
However, their price and poor water stability hinder their use in nanofibers produc-
tion. Nonetheless, these natural polymers could be combined with synthetic poly-
mers to fabricate hybrid nanofibers with better mechanical properties (Homaeigohar
and Boccaccini 2020).

The rheological properties of the polymer, dictated by its molecular weight, and
its electrical properties determine its chain entanglement. For instance, lowering the
molecular weight tends to generate beads rather than fibers. All the molecules that
can have self-assemble and generate enough chain entanglement can be used for
nanofibers production. Overall, lower viscosity and lower density of surface charges
favour the formation of beaded nanofibers, whereas reduction of surface tension
makes the beads disappear gradually (Xue et al. 2019). A variety of compounds can
also be combined to produce composite nanofibers structures to have improved and
inimitable physical, chemical, and biological properties (Polini and Yang 2017).

Interestingly, the choice of the polymer and the technique used for nanofibers
production is based on its final application. Particularly in nanomedicine, the
physico-chemical properties of the used polymer should be carefully evaluated
since they affect the biocompatibility, cytotoxicity, and physical features (diameter,
shape, and form) of the final nanofibers. In the present chapter, we focus on the use
of nanofibers in biomedical applications, highlighting their importance in medical
microbiology. PCL, PLGA, and gelatine have been used in the fabrication of
nanofibers for the delivery of antibiotics and wound dressing materials with
antibacterial properties. Parallelly, SF, PLA, and CA have been used for tissue
engineering and drug delivery systems, while PEVA, PVA, and chitosan have
been proposed, as promising polymers, for drug delivery applications (Table 4.1).

4.2 Manufacturing Techniques

There are several techniques to make nanofibers, which can be divided into
non-electrospinning and electrospinning techniques (Fig. 4.3). The first group
includes drawing techniques, spinneret-based tunable engineered parameter method,
phase separation, self-assembly, template synthesis, freeze-drying synthesis, and
interfacial polymerization of nanofibers according (Alghoraibi and Alomari 2019).
The second group includes electrospinning, which is the most commonly used
technique to generate nanofibers for research applications and has also demonstrated
the most promising results in terms of biomedical applications. Different structures
such as hollow, flat, and ribbon-shaped, with controlled, inter- and intrafiber porosity
can be fabricated depending on the application purposes. Many advantages for the
use of the electrospinning method have been referred such as the straightforward
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Fig. 4.3 Schematic representation of nanofibers production methods. (Reproduced from Yildiz
et al. (2020). Copyright © 2020 with permission from Elsevier)
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Fig. 4.4 Electrospinning technique for nanofibers production. (Reprinted with permission from
Xue et al. (2019). Copyright © 2019 American Chemical Society)

setup, the ability to mass-produce continuous nanofibers from various polymers, and
the capability to generate ultrathin fibers with controllable diameters, compositions,
and orientations (Al-Enizi et al. 2018; X. Z. Gao et al. 2019; W. J. Lu et al. 2014).

Electrospinning technique was firstly implemented with a simple apparatus for
nanofibers production. A syringe containing polymer solution or melted polymer,
with a charged metallic needle tip, a grounded or oppositely charged collector, and a
high-voltage power supply, are the main constituents. The electrospinning process
can be divided into four stages:

(a) charging of the liquid droplet and formation of Taylor cone or cone-shaped jet
(Fig. 4.4); the equilibrium reached between the electrostatic charges (resulted by the
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application of an electric field) and the surface tension of the solution, is responsible
for the Taylor cone formation. Up this voltage point, the jet is ejected from the tip of
the Taylor cone; (b) extension of the charged jet along a straight line; (c) thinning of
the jet in the presence of an electric field and growth of electrical bending instability
(also known as whipping instability); (d) solidification and collection of the jet as
solid fiber(s) on a grounded collector (Xue et al. 2019). The jet passes through a
region of instability, where the solution’s solvents evaporate and are deposited onto
the substrate as a fiber (Kitto et al. 2019).

Nowadays, there are available electrospinning systems with needleless technol-
ogy for a high-throughput production for pilot scale and industrial-scale production
(Ske 2020). In this new electrospinning platform, a rotating cylindrical spinneret
with the application-specific rotating collectors makes possible the fabrication of
many fibrous architectures with various fiber diameter and orientation. The fiber’s
properties are determined by the applied voltage, the flow rate, and the distance
between the spinneret and the collector (Xue et al. 2019).

As previously mentioned organic polymers can be applied to solution
electrospinning or melt electrospinning. The most used one is the solution
electrospinning where the solid nanofibers are formed after solvent evaporation
and deposited on the collector (Xue et al. 2019). Biocompatible and biodegradable
synthetic polymers, such as PCL and PLGA, have been directly electrospun into
nanofibers and further explored as scaffolds for biomedical applications (Eren Boncu
et al. 2020; Tahmasebi et al. 2020). On the other hand, natural biopolymers, such as
SF, fibrinogens, dextran, casein, chitosan, alginate, collagen, and gelatin, have been
electrospun into nanofibers from their solutions.

The structure and morphology of the nanofibers produced by solution
electrospinning are determined by the polymer (ex: molecular weight), by the
solvent (suitable for polymer dissolution), processing parameters, and atmospheric
conditions. Some polymers such as polyethylene and polypropylene are not suitable
for solution electrospinning due to their low solubility in solvents. In those situa-
tions, fibers are produced by melting electrospinning resorting to hot circulating
fluids, electrical heating tape, or laser (Xue et al. 2019).

The nanofibers obtained by electrospinning can have meticulous orientations and
dimensions, which makes this technique a powerful fiber manufacturing tool. The
possibility to fabricate nanofibers with controlled/uncontrolled structure and
ordered/non ordered orientation empathize their potential and acceptability for
biomedical applications, which require well-arranged alignment and special struc-
tures (Greiner and Wendorff 2007).

Nanofibers use is increasing in several medical areas as already described.
Particularly in medical microbiology, two important aspects of their use should be
noticed. The first is related to their development and application in tissue engineering
and the strategies to avoid biofilm formation that can affect their medical viability.
The second is related with their use as a drug delivery system for antibiotics that help
to optimize the therapy, reduce the concentrations, and reduce or eliminate the lateral
effects of the drug. The use of wound dressing based on nanofibers has also been
considered concerning microbiological aspects, namely the antibacterial and
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anti-inflammatory properties of some polymers or the incorporation of bioactive
substances for that purpose.

4.3 Medical Applications on Microbiology

As already mentioned nanofibers have been widely used in biomedical applications.
Their attractive properties such as the ratio of high surface area and volume as well as
the high porosity with small pores enhance their use because of the similar charac-
teristics with the extracellular matrix. This novel morphology emphasize cell behav-
iour and offers promising support for cells, which is quite attractive for tissue
engineering purposes (Al-Enizi et al. 2018; X. Z. Gao et al. 2019; W. J. Lu et al.
2014; Yoshimoto et al. 2003). A plethora of other biomedical applications using
nanofibers have been reported, especially drug delivery systems (Abid et al. 2019),
biological wound dressings (Homaeigohar and Boccaccini 2020) and medical diag-
nosis (Rezaei and Mahmoudifard 2019). Particularly in medical microbiology, the
controlled release of active pharmaceutical ingredients for bacterial infection ther-
apy, wound healing materials incorporating antimicrobial substances and the fabri-
cation of effective biosensing systems for disease diagnosis are the representative
examples of these types of applications (Fig. 4.5). Nonetheless, nanofibers can also
be used for early detection, cure, and diagnosis of cancer but this subject will not be
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Fig. 4.5 Key of biomedical applications of nanofiber composites (Bacakova et al. 2020)
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described in this chapter. For further details, the reader shall check the work
published by Abid et al. (2019).

4.3.1 Drug Delivery Systems

Drug delivery systems refer to a technical system that comprehensively regulates the
distribution of drugs in living organisms in space, time, and dosage (Ghosh and
Murthy 2006; Prasad et al. 2017). It uses controlled-release materials that allow a
slow and continuous release of the drug in the human body, maintaining its effective
concentration for a long period. An ideal delivery system should release drug
molecules in a controlled manner, preserving their bioactivity, optimizing their
effectiveness, and reducing their side effects (Bongio et al. 2010; Mottaghitalab
etal. 2015). Therefore, the development of novel and effective drug delivery systems
for the controlled release of bioactive molecules is of critical importance in
field medicine, particularly in medical microbiology. The recent advances in
nanomaterials research opened new possibilities, allowing the production of numer-
ous nanostructured carriers including liposomes, dendrimers, and nanoparticles
(Mody et al. 2014) as well as electrospun nanofibers (Cleeton et al. 2019). The latter
has been used for drug administration purposes due to their high surface-to-volume
ratio. This feature increases the efficiency of the encapsulation and the stability of the
drug release, as well as the ease of processing and the cost-benefit ratio (Ulubayram
et al. 2015).

The selection of polymers is very important in the fabrication of electrospun
nanofibers for drug delivery systems since their features like water solubility,
polarity, and molecular weight would determine the properties of the final
fiber (Ye et al. 2020). One of the polymers that attracted attention was chitosan
due to its biodegradability, biocompatibility, and safety characteristics. However,
electrospinning pure chitosan is very difficult due to the repulsive forces between its
ionic groups (Desai et al. 2008). Meanwhile, PVP is a synthetic hydrophilic polymer
with well spinnable and mechanical properties that can be used alone or combined
with other polymers to fabricate electrospinning fibers (Ye et al. 2020).

Another important aspect is related to the solvent system, which is fundamental
for the optimization of electrospinning by altering the rheological and electrostatic
properties of the polymer solutions. This feature was recently demonstrated after the
encapsulation of linezolid, a new generation antibiotic against methicillin-resistant
Staphylococcus aureus (MRSA) infections, into electrospun PLGA nanofibers using
different solvents (Fig. 4.6). The researchers found that mono solvent solutions were
not spinnable but solvents combined at different ratios allowed the production of
nanofibers (Eren Boncu et al. 2020). In this work, the best combination was attained
with dichloromethane and dimethylformamide at 50:50 ratio (v/v), providing a
controlled release of linezolid for 13 days.

The mechanism and the amount of drug-loaded inside the nanofibers is also a key
factor for the development of highly effective nanofibers as drug delivery systems.
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Fig. 4.6 Schematic illustration of drug incorporation strategies into nanofibers. (a) Blend
electrospinning, where drugs and polymers are co-dissolved in solvents to be spun; (b) emulsion
electrospinning, where drug solutions are emulsified into immiscible polymer solutions, followed
by spinning; (¢) co-axial electrospinning, where drug and polymer solutions are separately spun
through two concentric nozzles; (d) post-immobilization, where drugs are conjugated onto fabri-
cated nanofiber matrices through physical or chemical interaction. (Reproduced from (J. Wang and
Windbergs 2017). Copyright © 2017 with permission from Elsevier)

There are several ways to incorporate the drugs inside the fibers including blended
electrospinning, emulsion electrospinning, co-axial electrospinning, and surface
modification (Fig. 4.6) (Wang and Windbergs 2017). Drug molecules can be directly
embedded into the polymer fiber matrix or be attached to the fiber surface. None-
theless, the mechanism release of the drug from the electrospun fibers is also an
important aspect, which can be affected by different factors such as the drug content,
drug distribution in nanofibers and fiber diameter distribution (Al-Enizi et al. 2018;
Verreck et al. 2003).

The first study related to the use of electrospun fibers as drug delivery system
came out in 2002, in which tetracycline hydrochloride, an antibiotic used for
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Fig. 4.7 Electrospun nanofibers used for emodin encapsulation and release. (a) Transmission
electron microscopy image of core-shell structure nanofiber containing emodin. (b) Cumulative
release curves of emodin from nanofibers and raw emodin. (a) Nanofibers containing emodin, (b)
raw emodin. The insert profiles show the release behavior of nanofibers and raw emodin during the
initial 12 h. (Ye et al. 2020)

periodontal disease treatment, was loaded into PLA, PEVA, and PLA/PEVA blend
(50:50, w/w) nanofibers (Kenawy et al. 2002). The results pointed out that the
release profile was dependent on the nature of the used polymer and the amount of
the loaded drug. The best results showed a smooth release of the drug over about
5 days using electrospun PEVA and PLA/PEVA (50:50) mats. In recent years,
electrospinning has been used to the synthesis of polymer nanofibers capable of
sustained release of several pharmaceutical drugs such as antibiotics (Y. J. Chen
et al. 2020a; Shahi et al. 2017; Song et al. 2017; Y. N. Yang et al. 2020) and anti-
cancer substances (Y. Liu et al. 2020; Sedghi et al. 2017; Yan et al. 2020). The most
recent and representative examples are summarized in Table 4.1, which included
ceftazidime, vancomycin, emodin, doxorubicin, and paclitaxel drugs.

Although the techniques for incorporating drugs into nanofibers have proven to
be somewhat effective, it was identified a fast pharmaceutical drug dissolution
(or bioactive substance) on electrospun nanofibers surface, which is known as
burst release (Al-Enizi et al. 2018). To circumvent this drawback, core-shell com-
posite nanofibers can be fabricated using co-axial electrospinning, in which two
miscible or immiscible materials can be electrospun together (Huang et al. 2006).
Using this approach, drugs can be coated by an outer shell of a polymeric layer to
enhance the release of these materials. An interesting study reported the variation of
the physical and chemical properties of the core and shell solutions to control the
release of a hydrophilic drug, metoclopramide hydrochloride (Tiwari et al. 2010).
The results clearly indicated a more controllable release pattern with the core-shell
fibers using either PLC, PLA, and PLGA comparing to the respective monolithic
fibers.

On the other hand, the use of core-shell nanofibers can simplify the use of
pharmaceutical drugs with poor solubility in water and low oral bioavailability.
The co-axial electrospinning nanofibers with emodin drug encapsulated in the



102 R. L. Gil et al.

hygroscopic cellulose acetate sheath is a representative example (Fig. 4.7a) (Ye et al.
2020). The results showed a biphasic drug release profile of emodin with an initial
rapid release followed by a slower sustained release (Fig. 4.7b). In another work,
co-axial electrospinning was used to prepare core-shell nanofibers containing amox-
icillin trihydrate loaded in SF as core and PVA in the shell (Ojah et al. 2019). The
fabricated nanofibers showed a biphasic drug profile with prolonged antibacterial
activity against the Gram-negative Escherichia coli (E. coli) and the Gram-positive
Staphylococcus aureus (S. aureus) bacteria. A similar approach was described in the
fabrication of PVA/PCL core-shell nanofibers, in which PVA and PCL formed the
core and shell layers, respectively (Yan et al. 2020).

The remarkable progress in this field of nanotechnology, particularly in
nanomaterials science, conducted on the development of new drug delivery systems
based on electrospun nanofibers. The recent research trends refer to the incorporation
of nanoparticles into polymer nanofibers to develop new medical treatment strate-
gies. An interesting example refers to the incorporation of vancomycin-loaded
gelatine nanospheres into SF nanofibers through a colloidal electrospinning tech-
nique (Song et al. 2017). The results showed a more sustained release of vancomycin
from nanofibrous membranes fortified with gelatine B nanospheres than nanosphere-
free membranes. This strategy provides an extended antibacterial effect against
S. aureus. Additionally, SF/graphene oxide nanofibers were fabricated by blended
electrospinning, and the antibacterial activity was further evaluated (Wang et al.
2018). The results showed an increase of the inhibitory effect against S. aureus and
E. coli which was enhanced by the addition of graphene oxide.

The combination of natural or synthetic drugs with electrospun mats for the
development of drug delivery systems has been proved to be an attractive alternative
to eliminate microorganisms. The major problems like low solubility and poor
bioavailability of the drugs can be overcome by their incorporation into nanofibrous
scaffolds.

These excellent outcomes of nanofibers as drug delivery, combined with their
mechanical properties leverage their use as wound dressing materials.

4.3.2 Wound Dressing

Recently, electrospun nanofibers have been used as materials for wound healing
purposes, which is a physiological process that occurs normally as a response to
tissue damage to maintain its functionality and integrity (Monaco and Lawrence
2003). An ideal polymer for wound dressing should be noncytotoxic, biodegradable,
hemocompatible, easy to remove, and capable of maintaining the moisture content
over the wound surface (Wang et al. 2007). Another relevant characteristic should be
their impermeability to bacteria, avoiding the formation of biofilms at the surface
that could infect the wound. In general, the excellent properties of nanofibers
accomplish these criteria, particularly the high oxygen porosity and the similar
texture to the natural extracellular matrix in the skin, which largely contributed to
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Fig. 4.8 Schematic application of electrospun nanofibers as wound healing materials

the development of new medical materials (Fayemi et al. 2018). Polymer nanofibers
can be used by themselves without any additives or in combination with bioactive
plant extracts or synthetic materials used to improve their efficiency (Table 4.1).
Mussel adhesive proteins (Kim et al. 2015) and honey-derived products (Sarhan and
Azzazy 2017) could also be used to fabricate nanofibers with enhanced wound
healing capability. Some of the representative examples of materials incorporated
into electrospun nanofibers are displayed in Fig. 4.8.

Among the natural herbal extracts, there are several examples stated in the
scientific literature. In one case, the well-known antioxidant properties of Aloe
vera were enhanced by its incorporation into electrospun PLGA nanofibrous mem-
brane, stimulating the proliferation and activity of fibroblasts (Garcia-Orue et al.
2017). The wound-healing effect was even boosted by loading the nanofibers with a
recombinant human epidermal growth factor, which acted as a mediator in the
healing process. Electrospun nanofibers synthetized from PVA and chitosan blends
loaded with extract of Bidens pilosa were also referred (Kegere et al. 2019). The
results showed an increase in the antibacterial activity of the composite nanofibers
against S. aureus and E. coli. When compared with either herbal extract or chitosan
alone, suggesting their potential use as wound healing material. The herbal extract of
the traditional Centella asiatica was also incorporated into gelatin nanofibers using
electrospinning technique, promoting fibroblast proliferation and collagen synthesis,
which enhanced the wound healing process (Yao et al. 2017). Other examples in the
literature refer to moringa leaf extracts with antimicrobial properties incorporated
into polyacrylonitrile electrospun nanofibers (Fayemi et al. 2018). Chemical
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substances obtained from herbal extracts can also be used such as the salvianolic acid
B (Salvia miltiorrhiza) and bromelain (Ananas comosu) that were co-loaded into
electrospun core-shell nanofibers (Shoba et al. 2017). In this case, the bromolein was
first released from PV A/gelatin shell to remove the formed eschar as a result of its
proteolytic activity while the salvianolic acid was loaded into the core of PCL to be
released later and promote the formation of new blood vessels.

The recent advances in nanomaterials have drawn the attention of researchers to
the development of novel wound dressings. An interesting example describes the
incorporation of different contents of silver nanoparticles into chitosan nanofibers by
electrospinning process (Lee et al. 2014). The composite nanofibers showed a higher
degree of effectiveness against P. aeruginosa and MRS A when compared to the pure
chitosan nanofibers. Additionally, as the number of nanoparticles increased in the
fibers, its antibacterial properties were enhanced against both microorganisms.
In another work, gold nanoparticles modified with 6-aminopenicillanic acid as
antibacterial active ingredients were loaded into PCL/gelatin nanofibers by
co-electrospinning to fabricate biocompatible wound dressings against multidrug-
resistant bacteria (X. Yang et al. 2017). Zinc oxide nanoparticles were also used to
produce composite scaffolds based on oxidized cellulose and the synthetic polyeth-
ylene glycol polymer (Shefa et al. 2019). The nanofiber composite was obtained by
the freeze-drying method and showed biodegradable and biocompatible character-
istics. The incorporation of zinc oxide enhanced the blood/fibrin coot formation and
antibacterial properties, proving the potential of the proposed scaffold to be used as a
hemostatic agent while inhibiting the spreading of bacterial infections. Other appli-
cations for cutaneous wound healing reported the use of graphene oxide to enhance
the antibacterial activities of nanofibers, such as the SF/graphene oxide-blended
nanofibers (Wang et al. 2018) and the scaffolds based in PU and CA as polymers
blended with a reduced graphene oxide/silver nanocomposite and the natural poly-
phenolic compound called curcumin (Esmaeili et al. 2020).

Antimicrobial peptides are other group of effective broad-spectrum antibiotics
that can be used for the treatment of both Gram negative and Gram positive bacteria
(K. V. R. Reddy et al. 2004; Inamuddin et al. 2021). Accordingly, these short
peptides have been incorporated in electrospun nanofibers for the fabrication of
wound dressings. An interesting example describes the loading of the Crabrolin, a
synthetic peptide, into PCL electrospun nanofibers. An extended linear release
profile of the antimicrobial peptide was observed (Eriksen et al. 2013). In a different
work, lysozyme and niasin were incorporated into an electrospun nanofibrous
scaffold synthesized with a blend of water soluble polymers, PVA and poly(acrylic
acid) and showed a stronger antibacterial activity against S. aureus, proving the great
potential to treat infected wounds (Amariei et al. 2018). Lysozyme was loaded into
electrospun nanofibrous mat based in chitosan-ethylenediaminetetraacetic acid
blended with PVA (Charernsriwilaiwat et al. 2012). In animal wound healing
studies, lysozyme loaded nanofibers exhibited an accelerated healing rate compared
to the control (gauze) (Fig. 4.9). In another study, a synthetic single chain peptide
derived from the proline-rich antimicrobial peptide dimer A3-APO was loaded into
PVA electrospun nanofibers (Sebe et al. 2016). The results indicate an improvement
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Fig. 4.9 Presence of wound healing at 1, 4, 7, and 10 days after adding (a) 30% lysozyme loaded
CS-EDTA/PVA nanofiber mats, (b) gauze (—ve control), and (¢) commercial antibacterial gauze
dressing (Sofra-tulle®) (+ve control). (Reproduced from (Charernsriwilaiwat et al. 2012). Copy-
right © 2012 with permission from Elsevier)

in the appearance of wounds treated with APO-loaded nanofibers, reducing signif-
icantly the wound size and its bacterial presence. Other examples reported the
incorporation of the synthetic Cys-KR12 into SF electrospun nanofibers (Song
et al. 2016) and the co-loading of pam3CSK4 peptide and vitamin D3 into core-
shell nanofibrous (S. Chen et al. 2017a).

As previously described, electrospun nanofibers have been used successfully to
develop new solutions for wound healing agents. Natural and synthetic polymers
have been used so far, including chitosan, SF, PVA, PU, PLA, and PCL, among
others. Parallelly, several antibacterial materials such as bioactive molecules and
nanoparticles were already incorporated into nanofibrous mats to prevent wound
infection. The versatility of polymers and the tremendous research in nanomaterials,
namely in bioactive nanoparticles will certainly contribute to the appearance of
novel and cost-effective wound dressings.

4.3.3 Tissue Engineering

Tissue engineering is an interesting research field for the development of functional
replacements for damaged tissues namely for musculoskeletal (including bone,
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cartilage, ligament, and skeletal muscle), skin, vascular and neural tissues (O’Brien
2011; Vasita and Katti 2006). It involves the use of a biocompatible scaffold capable
of mimic the biological function and structure of the natural extracellular matrix,
which is essential for the formation of new viable tissue. The similarity of
electrospun nanofibers with the extracellular matrix offers a promising approach to
develop fibrous scaffolds for cells growing, migration, and seeding. In recent years,
different artificial polymeric scaffolds have been developed for bone and vascular
tissue engineering, among others (Al-Enizi et al. 2018; W. J. Lu et al. 2014). Some
representative examples are summarized in Table 4.1, including the formation of
nanofibrous scaffolds for cell attachment and proliferation as well as the fabrication
of nanofibers able to incorporate and deliver different growth factors. Nonetheless,
the formation of biofilms on the surface of such nanofibrous scaffolds may be a
ubiquitous problem (Kurtz and Schiffman 2018), leading to bacterial infections at
the implanted place and severe health problems. To reduce the need for the use of
antibacterial agents, anti-fouling nanofibers to repel microbes and proteins for as
long as possible, delaying their binding to solid material is one of the areas with great
impact on tissue engineering. Electrospun nanofiber mats will keep having a vital
role in controlling the local interactions with microorganisms across medical appli-
cations (Kurtz and Schiffman 2018).

To understand the interaction between bacteria and the polymer, Fabrizio De
Cesare recently studied the effect of the nanofiber diameter on the attachment of
bacteria (De Cesare et al. 2019), using electrospun PCL nanofibers and Burkholderia
terricola bacteria cells as models. The results showed that bacteria attached prefer-
entially to nanofibers with ~100 nm diameter. Thus, materials could be created to
reduce or prevent the adhesion of bacteria by adjusting the size of the fibers, acting as
well as antimicrobials for the biocontrol of diseases induced by pathogens in
medicine (De Cesare et al. 2019).

Nonetheless, not only in the area of microbiology these nanofiber compounds
have attracted interest. Various biodegradable and biocompatible polymers, includ-
ing either natural and/or synthetic polymers have been tested in the nanofibers
production. An interesting example refers to the natural polymer chitin and its
derivative, chitosan, for the fabrication of nanofibrous scaffolds applied mainly in
bone tissue engineering (Tao et al. 2020). Similarly, a composite scaffold made of
chitosan, alginate, collagen, and hydroxyapatite was fabricated by electrospinning to
decrease the collagen solubility at the implanted place (Yu et al. 2013). The
nanofibers were applied in studies in vitro showing a reduction of the collagen
decomposition by 35% in 10 days, which contributed to the cell spreading, attach-
ment, mineralization, and proliferation. Synthetic polymers have been also used for
nanofibers production, such as the attractive study describing the synthesis of a
tubular nanofibrous structure with a 6 mm internal diameter by blended
electrospinning of polyethylene terephthalate and PCL (Nejad et al. 2020). The
suitable mechanical properties of the attained nanofibers, combined with the bio-
compatibility of both polymers, make this material a good candidate for artificial
vessel replacement.
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Natural polymers can also be combined with synthetic polymers to produce
hybrid nanofibers with better mechanical properties. An example of this valuable
strategy was demonstrated by combining SF, an animal-derived protein, whose use
has been hindered by the poor mechanical properties and the high biodegradation
rate, with the synthetic polymer Nylon 6, which has excellent mechanical strength
and a low decomposition rate (Yuan et al. 2020). These composite nanofibrous mats
were loaded with lysozyme and collagen. The results showed a high potential for
clinical therapy of pelvic organ prolapse. Among the natural polymers, peptides and
proteins have drawn the attention of researchers, particularly in the field of tissue
engineering. The great advantage relies on the fact that they are basic components of
cells and have many vital functions in the body, which provides a high degree of
compatibility (Yildiz et al. 2020). Besides, they are biodegradable materials and thus
can be easily removed from the body without surgical intervention. Different
peptide/protein nanofibers have been described in the literature using either plant
or animal-derived proteins. Plant-derived proteins used in nanofibers synthesis
include zein (Zhang et al. 2015), soy protein (Ramji and Shah 2014), and gluten
(N. Reddy and Yang 2008) while animal-derived proteins can be listed as casein
(Selvaraj et al. 2018), SF (Y. Chen et al. 2017b; Y. Gao et al. 2018), bovine serum
albumin (Valmikinathan et al. 2009; Won et al. 2012), elastin (Machado et al. 2013),
fibrinogen (Z. Liu et al. 2015), keratin (Rajabi et al. 2020) and gelatin (Aldana and
Abraham 2017), among others. The effect of nanofibers based on peptide/protein
scaffolds has been demonstrated in various in vivo studies but this material is not
available on the market, yet (Yildiz et al. 2020).

Another interesting approach for tissue engineering involves the use of growth
factors alone or in combination with cells or other biochemical materials for cellular
reparation (Laurencin et al. 1999). These growth factors usually behave as mediators
of basic cell functions through their binding to specific receptors (Anitua et al. 2012).
However, due to their instability, they have a short half-life time, losing their
effectiveness in a short period. Therefore, there is an urgent demand to develop
new methods capable of delivering these growth factors, maintaining their stability
and activity. Regarding this aspect, electrospun nanofibers have great potential due
to the ability to incorporate and deliver these growth factors (Shin et al. 2012). An
interesting example refers to the use of electrospun gelatin nanofibers to incorporate
the fibroblast growth factor 2 (FGF-2), providing the increased cell proliferation
when compared with control nanofibers (Lee et al. 2016). In another study, an
electrospun core-shell nanofiber scaffold loaded with osteogenic enhancer fibroblast
growth factors, FGF-18 and FGF-2, was fabricated for repairing bone defects. The
core was based on PEO loaded with the FGF-2 and the FGF-18, which was first
incorporated into bioactive glass nanospheres for a long-term delivery, while the
outer shell was synthesized from PCL (Kang et al. 2015). The in vitro cellular studies
showed significant stimulation of cell proliferation and the induction of cellular
mineralization. Histological images at 6 weeks were examined after H&E and
Masson’s trichrome staining (Fig. 4.10), showing the formation of new bone with
similar morphology to old bone, particularly observed in the scaffold loaded with
FGF18/FGF2.
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Fig. 4.10 Histological images of the harvested samples at 6 weeks, optically examined after H&E
(left column) and Masson’s trichrome staining (right column): (a) blank control, (b) scaffold only,
and (¢) FGF2/FGF18-scaffold. Enlarged images of the FGF2/FGF18-loaded scaffold group in the
region of new bone formation revealed an immature woven bone structure with osteocytes, bone
lining cells and vessel forming cells. Dashed lines indicate defect margins. OB, old bone; NB, new
bone. Scale bars in (a—c): 500 ym; and in the enlarged image: 100 um. (Reproduced from Kang
et al. (2015). Copyright © 2015 with permission from Elsevier)

Vascular endothelial growth factor, involved in angiogenesis, was also incorpo-
rated into electrospun nanofibers (Rosa et al. 2017). The fabricated scaffolds based
on PGLA provided a sustained release of the growth factor over 6 days, enhancing
the cell adhesion without any remarkable toxicity. In another case, co-axial
electrospinning was used to encapsulate a recombinant form of this vascular growth
factor and PEO in the core of nanofibers, while a mixture of PCL and PEG were used
to synthetize the shell (Zigdon-Giladi et al. 2017). The in vitro cellular studies
demonstrated an endothelial cell migration 80-fold higher with the loaded nanofibers
when compared to the scaffold without growth factor. Studies in mouses confirmed
that nanofibers loaded with the vascular growth factor can stimulate cell migration
into the scaffold within three days and significantly enhanced blood vessels forma-
tion within 14 days, whereas control scaffolds contained few vessels. The
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incorporation and release of nerve growth factor (Whitehead et al. 2018), platelet
derived growth factor (Bertoncelj et al. 2014) and connective tissue growth factor
using different nanofibers are other representative examples (Xu et al. 2019).

Nowadays, electrospun nanofibers have been used to develop new strategies in
tissue engineering area. The results achieved so far are at embrionary stage but the
replacement of bone and vascular tissue in animals was already accomplished. An
important aspect of the use of nanofibers, although the biocompatibility and
noncytotoxic features, is related to the formation of biofilms at the polymer’s
surface, which can lead to severe infections. Further work should be performed to
understand this behaviour and overcome this drawback.

4.4 Future Perspectives

The importance of nanoscale science and technology in different fields is remark-
able. The development of various nanostructured materials has been improved
medical care not only from the perspective of early disease diagnosis but also in
novel therapeutic strategies. Particularly in microbiology, nanomedicine has been
contributed to improving the treatment efficiency on microbial infections through the
increase of response capacity of active pharmaceutical ingredients but also into the
reduction of side effects.

A plethora of nanostructures has been used for medical biology applications, in
which nanofibers represent an attractive and powerful approach. The excellent
properties of nanofibers and the versatility of available polymers, either natural or
synthetic, highlight their use in medicine.

In this chapter, the use of nanofibers for the local administration of antibiotic
drugs in infected areas by microorganisms is described. The development of wound
dressing materials based on nanofibers has also been described to improve the
healing process, by incorporating bioactive substances capable of eliminate bacteria
and reduce the inflammation.

Tissue engineering based on nanofibers have an excellent potential to create
functional materials or technologies that mimics the structural organization of
natural tissues. The possibility to raise or replace biological functions without
organ transplantation by the use of artificial materials that enable the seeding and
proliferation of cells into the material structure is a present goal. The potential of
these nanostructured materials is highlighted by the functional and mechanical
properties of electrospun nanofibers similar to the extracellular matrix. However, it
is scarce the data about the formation of biofilms on the surface of such nanofibrous
scaffolds, considering the nanoscale morphology and the type of polymer used.
These studies are crucial to controlling the local interactions with microorganisms
across medical applications.

Overall, nanofibers show to be a reliable and promising approach in
nanomedicine, particularly in medical microbiology.
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