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Abstract: Polycaprolactone (PCL) is one of the most used synthetic polymers for medical applications
due to its biocompatibility and slow biodegradation character. Combining the inherent properties
of the PCL matrix with the characteristic of nanofibrous particles, result into promising materials
that can be suitable for different applications, including the biomedical applications. The advantages
of nanofibrous structures include large surface area, a small diameter of pores and a high porosity,
which make them of great interest in different applications. Electrospinning, as technique, has been
heavily used for the preparation of nano- and micro-sized fibers. This review discusses the different
methods for the electrospinning of PCL and its composites for advanced applications. Furthermore,
the steady state conditions as well as the effect of the electrospinning parameters on the resultant
morphology of the electrospun fiber are also reported.
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1. Introduction

Polycaprolactone (PCL) is one of the most regularly used synthetic polymers for medical
applications; this is due to the slow biodegradation and biocompatible characteristics that it
displays [1-4]. A combination of the PCL properties (biocompatibility and slow biodegradation)
with the unique feature of nanofibrous structure emanating from electrospinning can result in a
promising material for different applications including medical applications. A number of different
techniques, including the use of physical, chemical, thermal and electrostatic fabrications are often
employed to produce polymeric nanofibers. Over the past 25 years, amongst the above mentioned
techniques, electrospinning is the most extensively studied. Figure 1 demonstrates the number of
annual publications related to the electrospinning of polymeric fibers, which shows that since 2003, the
number of the annual publications related to “electrospinning”, has grown from 10 to 3000 articles
whilst electrospinning of PCL alone reached an approximation of 243 articles (for the year 2018).
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Figure 1. Number of published scientific papers related to electrospinning according to web of science
(WoS) from 2003 to 2018 (2019) (date assessed, 13 March 2019).

Electrospinning is a flexible and interesting technology for the production of ultrafine fibers with
diameter ranging from a few micrometers to sub-nanometers [5]. This technique can produce nano- or
microfibers by applying an electrostatic field to a polymer solution, propelled by the supply of high
voltage between a needle tip and a collector. Several studies have investigated the electrospinning
of PCL [6-14]. For medical applications, it is important for PCL fiber to be without beads. This is
important for medical applications because fiber diameters need to imitate the natural extra cellular
morphology and, thus promote optimal cell growth. PCL has been electrospun by using different
solvents, such as: chloroform, dichloromethane, dimethylformamide and methanol or a combination of
the above solvents [6,7,15]. Amongst the above-mentioned solvents, chloroform is often employed as a
solvent for electrospinning PCL, even though it has often, produced microfibers rather than nanofibers.
This review summarizes the different solvents for electrospinning of PCL and its composites, with the
aim of producing nanofibers on a nano scale, rather than on a micro scale. Furthermore, the different
properties of electrospun PCL and PCL composites are summarized for medical applications.

2. History of Electrospinning

After a patented [16] article in 1934, electrospinning as a technique for the processing of fillers and
polymers with well-controlled average size, porosity and morphology, to afford the resultant scaffolds,
has been the subject of intense research. Usually, the modification of size and surface morphology of
the components of polymer nanocomposites often yields a considerable improvement to a variety of
properties in the field of polymer nanotechnology, especially when the ultimate nanocomposites are to
be employed in medical practices [17-20]. Different techniques including melt blowing, force spinning,
self-assembly, template synthesis and electrospinning account for the alteration of the diameter of
fibers in the range of between micro- and nano-dimensions, in which the ultrafine fibrous membranes
of polymer materials or fillers can be produced. In particular, the electrospinning method has been one
of the most versatile treatment devices that can effectively afford sub-micro- or nano-dimension with
large surface area-to-volume ratio, high porosity, flexibility and small size of various morphological
orientation [21]. The polymer or filler solution thrusts out via the syringe needle under suffice electric
field to generate the Taylor cone, which lands on the appropriate ground collector at a feasible distance,
to produce the resultant membrane, as manifested in Figure 2. Moreover, the solution of the polymer
composites, the collective mixture of the polymer and the filler solution, can be readily processed
by the utilization of the electrospinning technique in order to manufacture the desired membranes
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that can be employed as sensors, air filtration, water treatment, energy generation and biomedical
application [22-24]. By virtue of this intrinsic operation of the electrospinning process, there are internal
and external factors that influence the ultimate functioning capability during the treatment of the fiber
solution during the formation of the applicable membranes. Humidity, propelling voltage, viscosity
of the solution, conductivity, number average molecular weight (M) of polymers and the solvent
dissolution (solubility parameters), affect the throughput of the electrospun materials, specifically the
morphology and the resultant properties [25,26].

Syringe
um Syringe filled with
polymer solution

+ .oyo. +

High voltage
Y/
Taylor cone C) power supply

Grounded
collector

Figure 2. Illustration of a typical electrospinning process for the preparation of electrospun nanofibers.
Electrospun Nanoparticles

Due to its versatility, electrospinning is an extremely essential technique for the treatment of
different fillers with disparate textural nature and properties, such as ceramic nanofibers, carbon
nanofibers, whiskers and extracted natural polymer materials [27,28]. The fabrication of fillers by
the electrospinning method, results in the altered nano-structural orientation of the resultant fibrous
materials, which possess significantly reduced dimensional size in order to produce outstanding
mechanical responses as well as the necessary and essential biomedical activities. The diversity
of structural identity, emanating from the processing effect, induced by the electric field of the
electrospinning process can be distinctly categorized as core-shell, bead, porous and ribbon fibers.
These structural orientations are observed by examining the electric response of the individual thread
of the fiber. However, when the threads of the fiber reorganize, upon the grounded collector, the mats
of different structural orientations are formed and the architectural blueprint leads to the generation of
beaded, random, aligned, patterned yarns and 3D structural nanofibers [28,29]. The electrospinning
technique is the most preferred over others; on the account of its: (1) simplicity when utilized to a
variety of materials and a very cost-effective method for nanofiber modification, (2) capacity to allow
the introduction of bioactive compounds into the nanofibers and (3) utilization of the electrostatic
force instead of heat during the processing of nanofibers, since heat can be detrimental to the structure
of the highly thermal sensitive materials. Thus, the different nanofillers of disparate behavior and
nativity can be, readily fabricated in order to afford nanofibers with desirable and efficient properties
for various biomedical applications [30]. In recent years, a plethora of electrospun nanoparticles
have been prepared by the electrospinning method in order to alter the dimensional size, for the
formation of ultrafine nanofibers and also to attain a uniform porosity, which provides effective use in
biomedical applications e.g., tissue engineering, wound dressing. For example, Lui and co-workers [28]
prepared the 3D Ni-multiwall carbon nanotubes/carbon fibers by the electrospinning method in order
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to afford a smooth surface hybrid material with diameters ranging between 20-30 nm, leading to a
very efficient sensing capacity for detecting sarin nerve agent at 25 °C. Notwithstanding the impressive
task that the electrospinning process possesses in the preparation of various nanomaterials with
well-controlled nanofibrous size and refined porosity across the resultant membranes, factors such as
the set-up for the electrospinning technique, conditions of an ambient environment and properties of
the pristine nanoparticles, altogether, influence the diameters and the morphologies of the envisaged
electrospun nanofibers.

In general, these electrospinning parameters have an inevitable effect on the properties of the
ensuing electrospun scaffolds as well as the morphological features in which the bioactive characteristics
can either be augmented or deteriorated, depending on the ultimate purpose in a particular organ
of the living organism. By treating raw particles, inter alia, inorganic, organic, natural or synthetic
materials; using the electrospinning process is equivalent to the structural modification and control of
the surface area-to-volume ratio that will promote the bioactivity of the resultant nanoparticles for use
in various in-vivo and/or in-vitro applications. In addition, the fabrication of bioactive particles via
electrospinning methods and the subsequent use of these treated nanoparticles in the incorporation
of the biocompatible polymer matrix like PCL has been intensively explored for the preparation of
eletrospun mats with outstanding properties that condone the usability in the biomedical technology
specifically for tissue regeneration due to the refined porosity with analogous average diameters found
in human tissues. However, PCL as the matrix has limited applicability in biomedical practices because
it cannot solely used to regenerate bone tissues due to the minimal stiffness, hydrophobicity and
marginal bioactivity. Nonetheless, the use of bioactive materials together with PCL for the preparation
of the electrospun mats has received great attention for novel development of membranes with superb
cell proliferation and wound dressing [31-34]. For example, Correia and co-workers [35] investigated
the use of extracted aloe vera chitosan nanofibrous materials and the subsequent fabrication using
electrospinning method in the application of skin recovery and wound healing. It was discovered that
the electrospun membranes promote the rapid cell proliferation and migration. Furthermore, these
electrospun mats have antimicrobial activity, which is very vital for wound dressing or healing. The
utilization of bioactive ceramic materials such as TiO, and Na;TigO13 in the electrospinning method
for the preparation of PCL nanocomposites membranes with plausible bioactivity from which the
bone tissue regeneration can be established is an area of interest in medical society. Due to their
abundance, insignificant toxicity and stable chemical structure, ceramic particles can be treated by the
electrospinning technique to allow the formation of the membranes with viable stiffness and bioactive
characteristics for cell proliferation and excellent production of bone structures [34,36].

3. Solvent Effect and Resultant Morphology of PCL

In order to determine an optimum solvent system for the electrospinning of PCL, different solvents
(single and binary solvent systems) were employed with the aim of obtaining bead-free nanofibers.
The morphology of PCL electrospinning depends on the type of solvent, electrospinning parameters,
concentration of the solvent, concentration of the polymer and the different solvent ratios employed.
In the past, chloroform has been the most employed solvent for electrospinning of PCL; this is due to
the solubility of PCL in chloroform. Van der Schueren and colleagues from Belgium [1] investigated on
a suitable solvent system in order to obtain bead-free electrospun polycaprolactone (PCL) nanofibers.
In their study, they investigated different single solvents (viz.: chloroform, formic acid and acetic acid)
and binary solvents systems (viz.: formic acid/ethanol, formic acid/methanol, formic acid/chloroform,
acetic acid/chloroform, acetic acid/ethanol, acetic acid/methanol and formic acid/acetic acid) for the
electrospinning of PCL (morphology shown in Figure 3). It was reported that acetic acid as a solvent
yielded droplets, whereas formic acid produced a fibrous structure that was composed of droplets
(Figure 3c). Chloroform resulted in uniform, but thick fibers in the micro scale rather than fibers in the
nanoscale range (Figure 3a). Formic acid/chloroform showed small fibers (500 nm), but there were
some noticeable beads in the system (Figure 3a). However, an optimum binary solvent was found for
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formic acid/acetic acid with nanoscale fibers obtained with few beads. It was concluded that the fibers
produced with formic acid/acetic acid (Figure 3e) were more than tenfold smaller than those produced
when using chloroform as a solvent for PCL electrospinning.

Figure 3. Images for various solvent systems: (a) chloroform, (b) formic acid, (c) acetic acid, (d) formic
acid/chloroform (3:1), (e) formic acid/acetic acid (1:3), produced at 30% RH [1]. Copyrights Elsevier.

Li et al. [37] examined the electrospinning of polycaprolactone (PCL) nanofibers by using water
(H,O) as an additive in PCL/glacial acetic acid solution. Water (H,O), in this study, was not used as a
solvent for PCL electrospinning, but it was employed for ionization of acetic acid and increases the
conductivity. In this study, 17 to 23 wt% of PCL were prepared by dissolving PCL into glacial acetic acid.
Optical microscopy (OM) images generally showed coarse features of the fibers, irrespective of the
concentration of the solvent. When the concentration of PCL was 17 wt%, large beads with diameters
~15 um were obtained with an average diameter of ~211 nm. The authors observed continuous micro
scale fibers with the absence of beads at 19 wt% of PCL. When the concentration of PCL was above
19 wt%, thick microfibers with high viscosity were observed. The addition of water (H,O) on the
fiber morphology was investigated by varying the water volume ratio (viz. 3 to 12 vol%), while the
concentration of PCL was kept at 17 wt%. For the effect of water on the morphology and diameter,
three parameters (viz: solution, process and ambient parameters) were key for electrospinning. The
addition of water (6%) in the PCL/glacial acetic acid (viz. 17 wt% of PCL) resulted in spindle-like
thick fibers, which were different to the one obtained in the absence of water (large beads). When the
concentration of water was increased to 9 and 12%, thick spindle-like fibers with a diameter of ~500 nm
were obtained. According to the fiber size histograms reported, it was shown that the frequency
of fibers over 500 nm was reduced with the increase in the H,O content. The fibers became more
uniform when the content of H,O reached 9 vol% and above. Based on the morphology, stable solution
conditions and the histogram results, the authors concluded that the 9 vol% of water would be the
preferred content for ultrafine fiber production under stable conditions of electrospinning process.
The optimum parameters for the production of electrospun PCL nanofibers were investigated [38].
In order to investigate the optimum solvent and PCL concentration, all other parameters were kept
fixed. Binary solvents of formic acid/acetic acid (FA/AA) and formic acid/acetone (FA/A) were used
at solvent ratios of formic acid (100%), FA:AA 90:10, 70:30, 50:50, 30:70 and 10:90 as well as acetic
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acid at 100% for electrospinning of PCL. The concentration of PCL was kept at 12.5, 15.0, 17.5 and
20.0%. It was reported that the FA/AA solvent systems produced finer fibers when compared with
FA/A, therefore, it was chosen as the solvent ratio system. The electrospun fibers fabricated at 12.5% of
PCL showed a combination of both beads and droplets. As the concentration of PCL was increased
(viz: 17.5 and 20.0%), the fibers produced was observed to have helix-shaped micro-ribbons. This was
attributed to an increase in concentration of PCL, which resulted in high amounts of entanglements. It
was further recognized that amongst the above-mentioned FA/AA solvent ratios and PCL content, the
optimum conditions for PCL nanofibers electrospinning was found to be 70:30 FA/AA solvent ratio
with 15.0% PCL concentration. Table 1 summarizes the different solvent systems commonly used for
the electrospinning of PCL.

Table 1. Selective solvent systems and morphologies of electrospinning of PCL.

Solvent System Morphological Results Refs.
1:1 tetrahydrofurane (THF)/N,N-dimethylformamide =~ SEM images of PCL fibers showed a smooth bead-less [39]
(DMF) (w/w) at concentration of 15 wt% fibrous structures g
11133 3-hexafluoro-2-propanol to a concentration  “‘nehoring of individual PCL fibers was confirmed by
(1’ 02)/"/; /;/ ) Prop optical microscopy images of the fibers before and after [40]
o WIve manipulations.
15 wt% of PCL dissolved in N,N-dimethylformamide . .
and dichloromethane solvent mixture . ‘
(DMF) and dichl hane (DCM) sol - E}Stlé;lrr?ezt with an average diameter of ~1.5 um were [41]
at 70:30 ratio: DMF:DCM ’
fligr‘(:,fi)srrie(c(gg;ss;lc?g i-t)};ng;ﬁjxf:l(\llje&t\?[)s uch as Porous structure consist of bead-free fibers having
tetrahy drofuran’ (THF) and formic acid (F. ’A) were average diameters of 1470 to 2270 nm was obtained [42]
. o .
used with poor solvent dimethylsulfoxide (DMSO) using 12:5% v/v PCL in CF/DMSO
PCL pellets was dissolved in a solvent mixture of Aligned and randomly oriented PCL nanofibers were [43]
chloroform and dimethylformamide (7:3 v:v) collected with different collectors N
PCL was dissolved in N,N-dimethylformamide
(DME), 1-methyl-2-pyrrolidone (N}Ii/IP) When NMP, AC and DMF were employed as the
tetrah ! drofuran (THF), chloroform (CF’) and solvents for PCL electrospinning, PCL fibers showed [44]
dimetiylsulfoxi de (DIV/ISO) smaller fiber diameters than those of DCM, CF and THF
Optical microscopy images showed coarse features of the
PCL was dissolved in acetic acid fibers. A 17 wt% concentration showed large beads with [37]

diameters of about 15 pm randomly spread. An increase
in concentration (viz 19 wt%) resulted in large beads only

Finer fibers were obtained for formic acid/acetic acid

when compared with those produced by formic

acid/acetone solvent system. Optimum conditions for [38]
PCL nanofibers electrospinning were produced for 70:30

FA/AA solvent ratio with 15% PCL concentration

Formic acid/acetic acid (FA/AA) and formic
acid/acetone (FA/A) for electrospinning of PCL

4. Morphology of Electrospun PCL Blends and Composites

In most cases, the electrospinning of PCL with other polymers or electrospun fibers has more of an
advantage over pure electrospun PCL. The addition of another filler or electrospun polymer and fiber
incorporated has been reported to improve the properties of PCL. Hassan et al. [45] investigated the
production of nano hydroxyapatite/poly(caprolactone) composites for tissue engineering applications.
In the absence of hydroxyapatite nanoparticles, PCL nanofibers fabricated at lower concentration
(viz 7.5% (w/v)) had beads, while those produced at higher concentration (viz 12.5% (w/v)) were
bead-less fibers with submicron dimensions. The addition of nHA resulted in bead-less fibers without
agglomerates, with the fibers thicker than those of PCL nanofibers. The development of electrospun
3D PCL/chitosan core-shell structure as scaffolds was studied for tissue engineering usage [46]. The
composite was fabricated by utilizing coaxial electrospinning technique, whereby PCL was used
as a core and chitosan as shell layer. The authors reported on bead-less and continuous core-shell
micro/nano fibers. SEM images further showed that the scaffolds were biocompatible, which suggested
that the PCL/chitosan will be a suitable candidate for scaffold in tissue engineering applications. Table 2
summarizes some selective morphologies of PCL/blends and its composites for medical applications.
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Table 2. Selective studies on electrospinning of PCL blends and composites.

7 of 17

PCL Blend or

Composite System Preparation (Solvent System) Morphological Results Application Refs.
PCL was kept at 6% and CS was
concentration was varied from 0.5%
to 2%. In the concentration of 0.5%
three concentrations of CS/PCL i.e.,
1:3, 1:1 and 3:1 were electrospun. The
Both CS and PCL were dissolved in ij;(;riggﬁssmﬁﬂ i}r\f;w:f ril'lr(;i holo Electrospun
formic acid/acetone mixture (70:30). All The increaszvin cs co\;lcentratlion togl)',i scaffold would be
Chitosan (CS)/PCL  CS/PCL solutions having different o ' applied for [47]
. and 3:1 resulted in highly beaded : .
concentrations were electrospun at room . biomedical
temperature fibers. Furthermore, CS was kept at a applications
P fixed concentration of 1% and PCL PP
was varied from 4% to 10%. At4%
PCL, both 1:3 and 1:1 compositions of
CS/PCL gave a beaded fibrous
structure. The 3:1 concentration
resulted in beaded and irregular fibers
PCL/HA was dispersed in
chloroform-methanol (3:1 v/v) mixture.
HA nanoparticles were added to AZ31
PCL/hydroxyapatite (2.9% Al, 0‘88. /O. Zn, 0.001% Fe, O.QZ (0 Mn SEM images showed cell adhesion D?gradable
(HA)YAZ31/HA and the remaining was Mg) by friction and proliferation implant [48]
stir processing to fabricate AZ31/HA P ' applications
metal composite. The HA/AZ31 was
treated with nitric acid (HNOj3) and
coated with PCL/HA by electrospinning
SEM and AFM images showed that
the nanofibers possessed uniform and
Electrospun nanofibrous membranes with ~ smooth structures in two (2D) and .
. s . . . Guided bone
. different compositions of PCL and gelatin  three (3D) dimension. The average . )
PCL/gelatin . . . A regeneration (Bone [49]
were prepared first. Then membranes diameters of the nanofibers were in fissue engineering)
were cross-linked by genipin the region of 200600 nm. The & &
addition of gelatin to PCL improved
adhesion and proliferation
Two polymer solutions with different
solve-nts were prepared. Qne of the SEM images showed that the
solutions was prepared with . .
. electrospun fibers had similar
hexafluoroisopropanol (HFIP) and the . .
. . L morphology irrespective of the
other solution with acetic acid (AA)and
o . . solvent used even after 90 days of
. formic acid (FA) mixture at 9:1 ratio . .
PCL/gelatin and : biodegradation. It was further
(AA:FA). Polymer concentration was kept . . . .
PCL/collagen o . . observed from SEM analysis that the  Tissue engineering [50]
. at 5% w/w for solutions prepared with .
nanofibers o . nanofibers electrospun from AA/FA
HFIP and 15% w/w for AA/FA mixture. . .
. . . 1 oa biopolymer were present in the form
PCL:gelatin ratios were kept 9:1, 8:2 and . .
. . ) ) strings more exposed to leaching than
7:3, while PCL:collagen was kept at 9:1. .
. those nanofibers electrospun from
All materials were electrospun at the erfluorinated alcohols
same temperature range (22-24 °C) and P
50-55% humidity
PcL/ge.latln solution was.fal-)rlcated by SEM images showed smooth and
dissolving PCL and gelatin in . A . P
. . uniform distribution of nanofibers Artificial
PCL/gelatin trifluoroethanol (TFE). Polymer s . . [51]
with interconnected pores with no periosteum

concentration was kept at 6 wt.% and the
composition of PCL:gelatin was 8:2

aggregation

5. Biomedical Indispensability of the PCL Electrospun Nanocomposites

The preparation of PCL nanocomposites by the electrospinning method in order to afford a smooth
surface of the nanocomposites materials with large surface area-to-volume ratio, exclusive properties
and required applicability, have been intensely explored in the last decades [25,27,30,48,52-82]. PCL
as a quintessential synthetic thermoplastic that possesses extremely outstanding properties, such as

sluggish rate of biodegradability, biocompatible towards numerous materials, thermal stability and
can be readily modified. On the account of these phenomenal facets, PCL has been considered as
a superb biomaterial, which can be employed in various biomedical applications (viz., scaffolds for

tissue re-engineering, wound dressing and targeted drug delivery systems) [25,52,53]. In addition, the
incorporation of a foreign nanoparticle into the PCL matrix can result in the alteration of virtually all
the native properties of PCL and account for a specific improvement in which the biomedical utility
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of the resultant PCL/nanofiber composites can be broadly expanded. Notwithstanding the excellent
properties of the synthetic PCL thermoplastic and the type of nanofiller introduced into its matrix,
electrospinning method has proved to be pertinent for the preparation of PCL/fiber nanocomposites,
with desirably envisaged properties for specific applications in the biomedical practices, particularly
in the in-vivo cures [20]. The ternary system of PCL/graphene oxide/Fe304 nanocomposites was
prepared by using electrospinning methodology at a constant concentration of Fe304 and varying
contents of graphene oxide; it was reported that the living cells decreased with the increase of the
graphene oxide due to its large surface area, triggered by an increase in the average diameter of the
nanofiber [48]. Recently, a considerable amount of research has been conducted on the preparation of
different electrospun PCL/nanofiber composites in order to assess the potential biomedical applications
in remedying of ailments or for tissue engineering for both in-vivo and in-vitro classifications [49].

For example, Kim and Kim [71] conducted the preparation of PCL/collagen electrospun membranes
for use in the wound healing applications. It was reported that the orientation of nanofibers is
responsible in facilitating the regeneration of epithelial tissues in order to expedite the healing process
of the wounds. The water contact analysis indicated the rapid water uptake, which suggests that
the prepared mats can increase the cell adhesion around the affected area. Thus, due to an increased
proliferation of the cells, the re-epithelialization phenomenon leads to a swift healing process of the
wounds. Figure 4 displays the in-vivo treatment for the healing process of the wound by dressing
scarred places with the electrospun PCL/collagen mats.

Control RONM  ANM GPN-95M GPN-30M 1

00

o o o
- ()] (=]

Wound area (cm?)

Control RONM ANM GPN-95M GPN-30M

Figure 4. The healing process relative to time of the applied PCL/collagen mats on the rat wound. Left:
Comparison of wound closure among five groups. Right: Wound areas at different day points after
grafting [71]. Copyrights Elsevier.

The treatment of PCL/alginate nanocomposites using external electric fields of different capacity
will serve as an impetus in the applications of drug delivery, especially for transfection in cell
immobilization efficiency. Alginate has been recently considered as one of the most effective nanofibers
in biomedical practices on the account that it is able to reduce cytotoxicity and alleviate excessive
adsorption imminent between serum protein and cationic polyplexes, therefore this phenomenon
will stimulate the transfection for in situ applications. The degradation rates can be controlled by
treating PCL/alginate scaffolds with external electric fields so that they could be amenable for the
gene immobilization for both gene delivery and tissue regeneration applications. Hu and Ting [74]
reported the effect of the treatment of PCL/alginate mats by using external electric fields at different
voltages in order to regulate the degradation rate of the scaffolds for the benefit in tissue regenerative
applications. It was outlined that the increase of applied voltage reduces the transfection efficiency
of scaffolds, thus manipulates the gene transportation caused by gene immobilization capacity. The
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control of the voltage within the range of 0.5 V to 1 V was found to be essential in providing the
excellent effectiveness for gene transfection properties according to Figure 5.

In recent years, a plethora of PCL/nanofibers and PCL-blend/nanofibers mats prepared by
electrospinning technique for use in different biomedical applications including drug delivery, tissue
regeneration and cell proliferation has been reported in the literature. The following table collates the
indispensability of the electrospun PCL/nanofiber composites, induced by different nanoparticles of
various properties and their potential biomedical applications. Selective studies on different nanofillers,

component systems and average diameters, are tabulated in Table 3.

Table 3. Different nanofillers, component systems, biomedical applications and the average diameters

of the electrospun. PCL/fiber nanocomposites.

Electrospun PCL/Fiber Nanocomposites

Nanofiller(s) System Biomedical Application Average Diameter (nm) Refs.
Processed PCL Mono Fast dissolving drug delivery 0.34-1.56 x 1073 [25]
Chitosan Binary Tissue engineering 400-4 x 1073 [27]
Hydroxyapatite (Ti coated) Binary Drug dehvgry, b})ne tissue 100 [30]
engineering
. Biomineralization (temporary .
AZ31/hydroxyapatite Ternary implants) 600 [48]
Cellulose nanocrystals Binary Drug delivery 233 [52]
Nanodiamond Binary Proliferation of eplthehal cells 300-600 53]
(wound healing)
Gelatin/Lawsone Ternary Wound healing, cell proliferation 238-297 [56]
Nanosilicates Binary Bone tissue engineering 241-321 [57]
Silk fibroin Binary Cell proliferation, tissue engineering 217-25 [58,59]
Encapsulated PCL Mono Drug delivery 804 + 390 [60]
Gelatin/graphene Ternary Cell proliferation 185 [61]
Zein/gum Arabic Ternary Skin tissue regene-ra‘tlon, antibacterial 367-645 [62]
activity
Chitosan/SrAl,O4:Eu®* Dy>* Ternary Retinal tissue engineering 50 [63]
. . Tissue engineering, adipogenic 3 )
Layered double hydroxide Binary differentiation 0.1-1.2 x 10 [64]
Pluronic F127/nano .. . .
hydroxyapatite Ternary Metallic implants (oesteo-integration) 534 [65]
ZnO Binary Antibacterial properties 1.019-0.511 x 1073 [66]
Collagen/elastin Ternary Tissue engineering 310-693 [67]
Gelatin Binary Tissue engineering 584 + 337 [67,68]
R . Osteogenic, angiogenic and g o
Bioactive glass Binary antibacterial potential 346-532 [69]
. Neovascularization and 3
Collagen Binary reepithelization 2.6-49x 10 [71]
Vitamin E Binary Antioxidant properties - [72]
Chitosan/hydroxyapatite Ternary Tendon and ligament regeneration 200 [73]
Alginate Binary Gene immobilization and transfection - [73-75]
Reduced graphene oxide Binary B1om1nerahzat10r.1, ost.eogeruc and cell 380-410 [76]
proliferation
Silicon nanoparticles Binary Camptothecin delivery 161 + 58 [77]
Geranyl cinnamate Binary Drug delivery 186.8 + 6.2 [78]
Triclosan Binary Drug delivery, antibacterial activity 40-60 x 1073 [79]
Dipyridamole Binary Endothelial cell growth 604-816 x 1073 [80]
F127 Binary Esophageal tissue repair 36 x 1072 [81]
Human serum albumin Binary Tissue regeneration 356 + 70 [82]




Appl. Sci. 2019, 9, 2205 10 of 17

1.5V

oV 05V 1V
g
Day 1 ~ oY
Day3- -
Days- ---

Figure 5. The effect of applied voltage on the control of the gene immobilization efficiency for

100 pm

electrospun PCL/alginate scaffolds [74]. Copyrights Elsevier.

6. Mechanical Properties of Electrospun PCL and Its Composites

The intrinsic mechanical properties of synthetic PCL thermoplastic can be improved by the
incorporation of foreign nanoparticles to form the PCL/fiber composites that can be utilized in
various applications of biomedical practices. In addition, the preparation of PCL/fiber composites by
electrospinning technique provides an added enhancement on the ultimate mechanical properties
due to its facile preparatory set-up and the formation of well-dispersed nanofibers with uniform
average diameter throughout the PCL matrix. Electrospun PCL/filler composites have shown exclusive
improvement in various mechanical properties, namely: flexural strain, tensile strain, tensile stress,
Young’s modulus and thermomechanical strength [56,58,70,79]. These mechanical properties are
closely associated with the biomedical treatments, particularly in the implantation of artificial bone and
muscle tissues regeneration, on the account that the stiffness of the electrospun PCL/fiber composites
is relatively appropriate for in-vivo applications [72]. Different fillers of disparate properties can be
treated, prior to incorporation into the synthetic PCL matrix in order to obtain the resultant PCL/filler
composites with outstanding mechanical properties in which the horizon of applicability of PCL
composites is vastly widened [57,82]. In addition, the blending of PCL with other synthetic polymers
with different properties for the preparation of polymer blends, after which the fabricated fillers can
be introduced to the blends to afford PCL/blends composites with tremendous enhancement of the
mechanical properties [79,83,84]. Table 4 summarizes the different solvent systems for electrospinning
of PCL/filler nanocomposites and their mechanical properties [27,52,56,58,62-64,67,72,80,82,84-89].

Table 4. Different solvent systems, mechanical properties of the electrospun PCL/fiber composites.

PCL/Filler

Solvent System Nanocomposites

Mechanical Properties and Observations Refs.

Ultimate tensile strength and Young’s modulus show the
increasing trend with the increase in the chitosan
nanofibrils content to the highest values of 32.9 MPa + 4.4
and 6.03 MPa + 0.65 at 10%, respectively. The increase in
Young’s modulus is due to the interaction between the
inter-molecular chains of CN and PCL. Elongation at break
presented a general decrease with the incorporation of
chitosan nanofibrils reaching the minimal value of 44 MPa
+ 15 at 7.5%. This observable decrease is explained by the
stiffening effect arising from the intrinsic structure of CN.

Dimethylformamide/chloroform  PCL/Chitosan nanofibrils [27]
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Table 4. Cont.

PCL/Filler

1 .
Solvent System Nanocomposites

Mechanical Properties and Observations Refs.

PCL/Cellulose

Acetic acid
nanocrystals

The Young’s modulus increased significantly from 23 MPa
+ 3.9 to 43 + 2.3 MPa pristine PCL to 1% of cellulose
nanocrystals (CNCs) but decreased to 39.0 +5.9,39.6 + 1
and 27.8 + 3.9 for 1.5%, 2.5 and 4% contents, respectively.
This is due to the agglomeration of the CNCs at higher
contents within the PCL nanofiber creating the stress
abetting areas. However, the tensile strength and strain
showed a general increase with increasing the
concentration of CNCs probably due to the existence of the
amorphous region.

PCL/Graphene

Dimethylformamide oxide/Fes0

Both the elongation at break and tensile strength increase

gradually with the increase of graphene oxide (GO) whilst
PCL/Fe30; ratio remains constant at 10:1. The increase of

these mechanical properties is due to the uniform [54]
distribution of GO in the composites of PCL/Fe30,, and

also the strong interfacial adhesion between the

components of the electrospun mats.

Dimethylformamide PCL/Lawsome/Gelatin

PCL/Gel shows highest tensile strength of 2.14 + 0.3 MPa,
Young’s modulus of 2.12 + 0.9 MPa and strain of 37% +
6.6%. Addition of lawsome notably reduced tensile
strength to 1.7 +£ 0.9, 1.217 + 1.4 and 0.84 + 0.8 MPa for 0.5, 1
and 1.5% concentrations, respectively, and Young’s
modulus also decreased from 1.9 + 1.1 MPa and 1.38 + 0.6 [56]
MPa for 0.5% and 1.5%. The sample presented a drastic
decrease of tensile strength by 91% from dry to wet
condition accordingly. The diminishing of the mechanical
properties is due to the plasticization arising from the
incorporation of lawsome nanofiller.

2,2,2-Trifloroethanol PCL/Nanoclay

Of all mechanical properties presented, modulus, tensile

and strain, there was a discernible increase when the

nanoclay is introduced at 1% and 5%. This could be on the

account of the increase in crystallinity of the PCL fibers in

the presence of nanoclay. However, a further increase of [57]
nanoclay to 10% diminishes the reinforcing affects and

leads to a decrease of mechanical properties. Thus, the
improvement of these mechanical properties is solely

dependent on the concentration of the nanoclay in question.

Formic acid PCL/Silk fibroin

Elastic modulus increased from pure PCL fiber of 21.6 MPa

+ 1.7 t0 49.3 MPa + 6 and 98.1 MPa + 23.7 at 20 wt% and 40

wt%, respectively. Elongation at break decreased by

roughly 50% from for both nanocomposites with the [58]
incorporation of silk fibroin. But the tensile strength

remained virtually unchanged with the addition of the silk

fibroin.

Acetic acid/formic PCL/Zein/Gum Arabic

Elongation at break and tensile strength of the electrospun

fibers increase due to the moisture quantity of gum Arabic

(GA) leading to the additional elasticity. Also, the presence [62]
of hydroxyl groups in GA and PCL causes the hydrogen

bonding in which the tensile strength is likely enhanced.

PCL/Chitosan/

Dimethylformamide/chloroform SrAl O, Eu2* Dy

An increase in the nanophosphor concentration has
considerably increased the tensile strength due to the
reduction of ductility of the PCL nanocomposites. The
observed flexibility at particularly 30% nanophosphor
content displays the strain capability analogous to that of
retinal tissue.

[63]

PCL/Layered double

Dimethylformamide hydroxide

The tensile strength and tensile strain increase with the
incorporation of nanoclay at 0.1% and 1%, but manifested a
dramatic decrease at 10%. This is largely due to the

diameter distribution and presence of stress accelerators [64]
emanating from overloaded PCL fiber. Young’s modulus

presented the gradual decreasing trend with the increase of

the nanoclay until to 2.38 MPa at 10% content.

Dioxane/isopropanol PCL/Collagen

The decrease of elastic modulus from 3.04 GPa to 0.8 GPa

was observed on the account of average diameters of fibers

and the thickness of the mats also considered to be [67]
influencing the elasticity of the treated PCL/collagen

samples.
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Table 4. Cont.

PCL/Filler

Solvent System . Mechanical Properties and Observations Refs.
Nanocomposites
Young’s modulus shows a favourable increase of about
Acetic acid/dimethylsulphoxide PCL/Chitosan 215.5 MPa, which is in analogous range with the tendon [72]

rigidity at the acceptable ligament regeneration load of 250
MPa.

There is a significant increase of the Young’s modulus with
Chloroform PCL/Graphene/Nanotube  the incorporation of graphene/nanotube at 0.5% and 1% [86]
because of the uniform dispersion of the PCL fiber.

Elongation at break and the tensile strength increase with
increasing the cellulose nanofibers content, reaching the
maximum at 1%, after which it decreases with further
increase at 5% due to the self-agglomeration of the
aggregates at higher concentration by virtue of
hydrophobicity of the matrix.

Dimethylformamide PCL/Cellulose nanofibers [87]

Young’s modulus of E-jetted scaffold, hierarchical scaffold
and TIPS PLLC show a comparable values of 6.1 MPa + 0.8,
Acetic acid PCL/F127 6.6 MPa + 0.2 and 6.67 MPa, respectively. Accordingly, the [82]
ultimate tensile strength displayed 0.7 MPa + 0.3, 0.5 MPa
+0.1and 1.8 MPa + 0.3.

Elastic modulus is of pristine PCL and the plasma treated

Acetic acid/formic acid PCL PCL remain unchanged at 6 MPa.

[88]

Loss modulus increased with the addition of gelatin into
Acetic acid/formic acid PCL/Gelatin the PCL because of the weak interaction and poor affinity [89]
between two components of the nanocomposites.

Electrospun PCL/Blend Fiber Nanocomposites

Loss and storage moduli increase with the incorporation of
LAT30 into the PCL matrix due to the long relaxation time
and improved elasticity, which control the movement of
polymer chains in the blend mats.

Melt electrospinning PCL/LATC30 [80]

Elongation at break increases from 36.8 MPa + 4 to 102.0
MPa + 4 in dry and wet conditions, respectively. Also, the
tensile strength shows an increase by 0.74 MPa =+ 0.24 and
1.61 MPa + 0.1 for wet and dry conditions accordingly. The
elastic modulus displays a decrease by nearly 81% from dry
to wet medium. The introduction of less rigid gelatin
accounts for the modulus strength close to intrinsic
myocardium.

Chloroform/methanol PCL/PGS/Gelatin [84]

The tensile strength and Young’s modulus showed

infinitesimal changes with the addition of tenofovir. The
Hexafluoroisopropanol PCL/PLGA/Tenofovir incorporation of tenofovir has insignificant effect on the [85]

general mechanical properties of the electrospun

PCL/PLGA blend.

7. Conclusions and Future Remarks

Generally, electrospinning is a technique that produces non-woven fibers in the magnitude of
a few nanometers with large surface areas, which allows an easy functionalization for a variety
of purposes and grant excellent mechanical properties. Due to its simplicity and viable setup of
parameters, electrospinning has gained an enormous interest in the production of large-scale nanofibers
in various applications. The electrospinning technique is vastly utilized in the field of biomedical
technology for both in-vivo and in-vitro treatments, and most synthetic biopolymers of different
structural compositions are electrospun in order to meet the standards of biomedical applications.
Polycaprolactone is one of the most widely used biodegradable polymers for the modification of new
materials purported for use in medical fields for tissue regeneration. Solvent system comprised of binary
solvent components manifested a magnificent potential of processing PCL solution via electrospinning
method in comparison to the single solvent system. Binary solvents have provided a breakthrough
in terms of smaller fiber diameters when compared with the commonly used solvent in the form of
chloroform. Electrospun PCL/filler composites have shown improvement in mechanical properties,
which is a key for biomedical treatments, particularly in the implantation of artificial bone and muscle
tissues regeneration. It is noted from studies that solvents are key to electrospinning and in future,
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solvents issues, such as biocompatibility and suffocating smell, should be taken in consideration. It is
advised that the process of electrospinning be appropriately conducted in well-ventilated fume-hoods
with excellent operational conditions, and the temperature should be adequately considered.
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