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Abstract: Poly(lactic acid)(PLA) is an aliphatic polyester that can be derived from natural and re-
newable resources. Owing to favorable features, such as biocompatibility, biodegradability, good
thermal and mechanical performance, and processability, PLA has been considered as one of the
most promising biopolymers for biomedical applications. Particularly, electrospun PLA nanofibers
with distinguishing characteristics, such as similarity to the extracellular matrix, large specific surface
area and high porosity with small pore size and tunable mechanical properties for diverse applica-
tions, have recently given rise to advanced spillovers in the medical area. A variety of PLA-based
nanofibrous structures have been explored for biomedical purposes, such as wound dressing, drug
delivery systems, and tissue engineering scaffolds. This review highlights the recent advances in
electrospinning of PLA-based structures for biomedical applications. It also gives a comprehensive
discussion about the promising approaches suggested for optimizing the electrospun PLA nanofi-
brous structures towards the design of specific medical devices with appropriate physical, mechanical
and biological functions.

Keywords: electrospinning; fiber morphology; scaffold; PLA stereocomplex; wound healing; tissue
engineering; drug delivery; cardiovascular; neural; musculoskeletal

1. Introduction

Poly(lactic acid) or polylactide (PLA) is a synthetic biopolymer that is widely used in
the biomedical field. PLA can be derived from natural raw materials, such as sugar cane,
rice, and corn starch. It is produced via condensation polymerization or ring-opening poly-
merization of the lactic acid. PLA has been approved by the Food and Drug Administration
(FDA) for human usage in diverse applications, such as implantable medical devices,
drug delivery carriers, and tissue regeneration scaffolds. PLA involves three isomeric
forms of Poly(D-lactide) (PDLA), Poly(L-lactide) (PLLA), and racemic poly(DL-lactide)
(PDLLA) [1-5].

PLA is a biodegradable, bioabsorbable, and biocompatible thermoplastic aliphatic
polyester with good thermal and mechanical performance. These characteristics, including
non-toxicity for humans, make it an ideal material for bioengineering applications [3,6-9].
In some applications, such as medical implants, targeted drug delivery, and tissue engi-
neering scaffolds, stereocomplex PLA (Sc-PLA) has gained great attention. Sc-PLA can be
formed by the strong interaction created by the side-by-side order of the molecular chains
of enantiomeric PLA polymers, such as PDLA and PLLA. The creation of stereocomplex
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improves the mechanical performance, thermal, and hydrolysis resistance of the PLA-based
materials [10-12].

Recently, producing PLA-based nanofibrous structures through the electrospinning
technique has received growing attention [13]. Electrospinning is an efficient procedure
to fabricate ultrafine fibers with unique features. This method is established based on
the electrostatic drawing of the polymeric jet. A droplet of a polymer solution or melt
is stretched under a strong electrical field to fine fibers, which deposit on a collector to
generate a desired structure. Due to flexibility and the possibility of selecting the materials
and altering the ultimate features, the electrospinning method has been widely applied to
develop biomedical devices [9,14,15].

PLA nanofibers with distinguished features, such as similarity to the extracellular
matrix (ECM), large specific surface area and high porosity with small pore size and
appropriate mechanical properties, have recently found advanced applications in the
medical area. The morphological, physical, mechanical, and biological characteristics of
the PLA-based nanofibrous structures for specified applications can be tuned by altering
the solution features, process variables, and controlling the methods of electrospinning.
Electrospun nanofibrous structures based on PLA have been extensively investigated as su-
tures [8,16,17], artificial blood vessels [18,19], wound dressings [7,20-22], tissue engineering
scaffolds [23-25], and drug delivery carriers [2,8,13,26,27].

Highlighting and explaining the recent progress in electrospinning of PLA-based
structures, with a focus on their applications in the biomedical field, are the intention of
this review (Figure 1). In the biomedical field, the optimization of polymer-based systems
for diverse applications is an interesting issue. This review emphasizes the promising
strategies used to optimize the electrospun PLA nanofibrous structures for designing the
specified medical devices with appropriate physical, mechanical, and biological functions.
Firstly, the fundamental concepts about PLA, with emphasis on specific needs and unique
properties for biomedical applications, are presented; further, the electrospinning proce-
dure, advantages of electrospun PLA nanofibers for medical use, and the relevance of
the electrospinning parameters and efficiency of the designed structure are considered.
Engineering of the PLA-based nanofibrous structures for biomedical applications by con-
sidering the different methods of electrospinning, controlling the morphology, architecture,
and structure of the nanofiber deposits is another issue that is intended in this review. For
this purpose, the particular studies conducted with the aim of achieving improvement in
functional features are discussed; moreover, an overview of recently developed multifunc-
tional PLA-based electrospun structures for biomedical applications are discussed. The last
section of the review involves the future prospects of PLA electrospinning for advanced
medical applications.

Poly (lactic acid) (PLA)

Figure 1. Schematic to explain the recent progress in electrospinning diverse PLA-based structures,
with a focus on their biomedical applications (IVC: inferior vena cava; Ao: aorta).
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2. PLA Synthesis

Poly(lactic acid) (PLA) is a synthetic biopolymer derived from natural renewable
resources (such as rice, sugar cane, and starch). Lactic acid (LA) is the constituent monomer
for the synthesis of PLA. Two common synthesis ways of direct polycondensation or ring-
opening polymerization of lactic acid are applicable for producing PLA. For industrial
production, ring-opening polymerization is mostly employed [4,28,29].

The chiral molecule of LA exists in both forms of L and D isomers. The isotactic
homopolymers of PLLA, PDLA, or racemic poly(dl-lactide) (PDLLA) can be obtained
from the polymerization of pure L- or D-lactides. This offers possibilities for tuning the
ultimate properties of the polymer depending on its final application [4,28,30-32]. Figure 2
represents the stereoisomers of the polymer from D-lactide and L-lactide [28].
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Figure 2. Stereoisomers of the polymer start from different lactides. Reproduced with permission
from [28] (License number: 5235811357024).

For the L or D stereoisomer as starting compounds, the synthesized polymer is
semicrystalline with a melting temperature (Tn) around 180 °C. The racemic form of
PDLLA is quite amorphous. The synthesis of stereoregular PLA is an effective approach
to alter its properties. Using this strategy, by changing the chain length and/or the block
succession, it is possible to tailor the mechanical and physical behavior of the PLA-based
material [28].

Low molecular weight PLA was firstly polymerized by Carothers in 1932. Through
subsequent attempts by DuPont, higher molecular weight PLA was synthesized and
patented in 1954. For biomedical applications, for the first time, LA-based polymers
were commercially produced as fiber materials for resorbable sutures; further, the mass
production was followed by the development of different prosthetic devices [30].

3. PLA Unique Features for Biomedical Applications

Over the years, PLA has attracted growing attention as a base material for various
biomedical applications [28]. Its medical application was firstly reported for the repair of
mandibular fractures in dogs [5]. PLA has been applied in surgery as suture materials and
bone fixation devices for about three decades. For the first time in 1973, LA and glycolic acid
were offered as degradable materials for the sustained delivery of bioactive agents. PLA
has been proved to be a proper bioabsorbable material for medical implantable devices,
such as resorbable plates and screws. Likewise, synthetic bioabsorbable polymers, such
as PLA can arouse cells to regenerate tissues and release drugs, which has recently been
attended as tissue engineering scaffolds [30].



Appl. Sci. 2022,12, 3192

4 of 42

There are several advantages offered by PLA-based materials for biomedical appli-
cations. PLA is a biopolymer obtained from renewable resources at relatively low costs.
PLA-based materials have been approved by the FDA for direct contact with biological
fluids. PLA is biocompatible, biodegradable, and bioabsorbable; it is not toxic both in solid
form and when degraded. Compared to other similar polymers, PLA is easily thermal pro-
cessable and needs low energy consumption during the procedure, typically in processes,
such as film casting, foaming, extrusion and fiber spinning. The use of PLA in biomedical
applications is also based on its thermomechanical features, likely its shape memory effect.
Considering these characteristics, PLA can efficiently fulfill the requirements for medical
implantable devices; hence, different medical matrices have been designed from different
PLA-based structures, such as degradable sutures, drug delivery devices, nanoparticles,
and scaffolds for tissue regeneration [4,11,28,30,31,33,34].

4. Electrospinning of PLA Fibers

Recently, the design of PLA-based nanofibrous structures through the electrospinning
process has been widely proposed for biomedical applications, such as wound dressings,
drug carriers, tissue engineering scaffolds, and implants [4]. The electrospinning method
is an efficient and tunable approach for fabricating ultrafine fibers with distinguished
characteristics. As presented in Figure 3, the typical set-up for electrospinning consists of a
high voltage power supply, a syringe pump, a nozzle, and a conductive collector. During
this procedure, a liquid droplet of solution or melt polymer is electrically charged to form
a jet; further, by uniaxial stretching of the viscoelastic jet under the electrostatic forces,
nanofibers are generated and deposited onto a grounded collector [35].

Syringe Pump

High Voltage Power Supply

| e
e

Collector

Figure 3. Schematic illustration of the electrospinning set-up.

4.1. PLA Electrospinnability

As one of the most important advantages of the electrospinning process, it offers differ-
ent options via tuning the fiber characteristics, such as morphology, diameter, and porosity
by controlling the process variables and type of materials. This possibility practically
allows for adjustment of the ultimate features of the fibrous structures and thus, modify
their performance and functional properties in the specified application [35,36]. Several
researchers investigated the electrospinnability of PLA. Several parameters and variables
could influence the ultimate features of fibers electrospun from PLA-based solutions, and
accordingly, their end-use functions in biomedical applications [37]. Depending on the
specifications of the solution (e.g., solvent system, concentration, viscosity, and surface ten-
sion), procedure variables (e.g., flow rate, distance, and applied voltage), and ambient state
(e.g., temperature and humidity), the characteristics of the electrospun fibers, comprising
morphology, diameter, molecular orientation, and crystallinity will control [35-37].
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4.1.1. Solution Parameters

Generally, the electrospinnability of the PLA-based solutions, and the morphological
features of the fabricated nanofibers, are specified by a set of factors relevant to the solu-
tion, such as viscosity, conductivity, polymer concentration, surface tension, and solvent
system [35,37].

Solvent Systems

Different research works performed on basic concepts of electrospinning have been
approved so that the solvent system has a great influence on the ultimate properties of
the electrospun fibers and structures, including morphology and mechanical properties.
The vapor pressure of the solvent characterizes its evaporation velocity and so the solid-
ification speed of the polymer jet. Generally, a very high evaporation rate is not proper
for the electrospinning, because the jet may solidify immediately after exiting from the
nozzle. Since the volatility is too low, the fibers may still be wet when deposited on the
collector. In addition, the dielectric constant of the solvent is also important; this feature
controls the value of the electrostatic repulsion. Depending on the dielectric constant of the
solvent, the required applied voltage during the electrospinning process will differ [35].
Dichloromethane (DCM), chloroform (CHCl3), dimethylformamide (DMF), hexafluoroiso-
propanol (HFIP), and 2,2,2-trifluoroethanol (TFE), are the commonly used solvents for
electrospinning of PLA-based solutions [35]. Several attempts have been made to consider
the effect of the solvent system on the electrospinnability of the PLA and the ultimate
properties of the fibers. In research works performed by Maleki et al., the effect of solvent
type on the electrospinning of PLA has been studied [36,37]. For this purpose, different sol-
vents of CHCl3, DCM, TFE, or HFIP were considered for electrospinning of the PLA-based
structures applicable for medical devices. The scanning electron microscopy (SEM) images
of electrospun PLA structures from different solvents are illustrated in Figures 4 and 5.
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Figure 4. SEM images of fibers electrospun from PLA solutions using different solvents of (a) HFIP
(unpublished original picture by the authors), (b) TFE (unpublished original picture by the authors),
(c) CHCl3 (unpublished original picture by the authors), (d) DCM (unpublished original picture by
the authors).
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Figure 5. SEM images of electrospun yarn structures from PLA solutions using different solvents;
(a) TFE (unpublished original picture by the authors), (b) DCM (unpublished original picture by
the authors), (c) CHCl3 (unpublished original picture by the authors), (d) Stress—strain curves of
electrospun structures (unpublished original picture by the authors).

The use of solvents with different features led to notable variations in the shape,
surface morphology, and diameter of the electrospun fibers. HFIP (Figure 4a) and TFE
(Figures 4b and 5a) based electrospun fibers had smaller diameters with a smooth surface
morphology and were more uniform compared to those obtained with other solvents.
In contrast, using CHCl3 and DCM as solvents, broad fiber diameter distributions were
obtained with higher diameters (Figures 3 and 4) [36,37]; moreover, the electrospinning
PLA solutions using solvents with high vapor pressure and lower boiling points, such
as DCM (Figures 4d and 5b) and CHCIl; (Figures 4c and 5c), may produce nanofibers
with porous surface morphology. These pores form due to the solvent evaporation and
successive phase separation during the procedure [36,37]. In addition to the morphology
and diameter, the studies have revealed that the characteristics of the solvent affect the
crystallinity and consequently the mechanical properties of the electrospun structure. In
a study performed by Maleki et al. [36,37], it was found that in the case of the solvents
with high vapor pressure, such as DCM, it is not enough time for crystal growth, thus the
electrospun fibers had lower crystallinity. When using solvents with lower volatility, such
as TFE, however, the crystals have more time to grow and this caused to development
of a structure with relatively high crystallinity; in addition, the dielectric constant of the
solvent is also effective. The solution conductivity influences the electrostatic forces which
are required to apply during the electrospinning. For example, the lower conductivity of
PLA/DCM solution caused a decrease in repulsive coulombic forces on the charged jet and
resulted in less stretching on the way between the spinneret and the collector, whereas the
higher conductivity of the TFE solution boosted the molecular orientation in the electrospun
PLA fibers [36,37]. The mechanical properties of the electrospun fibers are also affected by
the solvent system (Figure 5).



Appl. Sci. 2022,12, 3192

7 of 42

The difference in surface morphologies as well as in crystallinity influenced by solvent
vapor pressure and dielectric constant can influence the mechanical properties of the
electrospun structures. Maleki et al. [37] found that the electrospun PLLA yarns produced
from the solvent with a low evaporation rate like TFE showed a higher degree of molecular
orientation and crystallinity, and smaller diameter, and consequently higher modulus and
tensile strength (Figure 5).

Concentration

In addition to the type of solvent, the electrospinnability of PLA-based solutions
mainly depends on their concentration. The concentration can also affect the viscosity
and surface tension of the solution, and both factors may change the morphology and
diameter of the electrospun fibers. Aiming to form fibers, a minimum concentration is
required to attain the chain entanglement, which is critical to shift from electrospray (i.e.,
droplet forming) to electrospinning (i.e., continuous jet forming). At a concentration lower
than this limit, the jet will break into droplets and thus polymeric beads will form, instead
of continuous fibers. By gradually increasing the concentration, the jet may not break
up and the shape of the beads will change from spherical to spindle-like (Figure 6a). At
high enough concentrations, the adequate viscosity and surface tension allow fabricating
uniform and beadles fibers, while at very high concentrations, it is extremely hard to
overcome the viscoelastic forces and no jet will be formed [35,36,38].

Figure 6. Different morphologies of PLA fibers are obtained by tuning the electrospinning parameters:
(a) bead-on-string morphology (unpublished original picture by the authors), (b) cylindrical shape
with a smooth surface (reproduced from an open access paper [4] distributed under the terms of the
Creative Commons CC BY license, (c) flat ribbon-like morphology, reproduced from an open access
paper [4] distributed under the terms of the Creative Commons CC BY license, (d) porous reproduced
from an open access paper [4] distributed under the terms of the Creative Commons CC BY license,
(e) bead with the porous surface (unpublished original picture by the authors), (f) core-shell structure
reproduced from an open access paper [9] distributed under the terms of the Creative Commons CC
BY license.
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In an appropriate range, decreasing the concentration leads to thin fibers. The research
revealed that at high solution concentration, the average diameter of fibers increased [36].
The low concentrations with reduced viscosity facilitate the elongation of the jet under the
electrical field. At high concentrations, under the same electrical forces, the viscous nature
of the solution hinders the jet to be completely stretched and results in fibers with increased
diameters [36,38].

In addition, the solution concentration may affect the crystallinity of the PLA nanofibers.
In a research work performed by Maleki et al., it was reported that the increase of the
solution concentration led to a significant reduction in crystallinity of electrospun PLA
fibers. With increasing solution concentrations from 5 wt% to 9 wt%, PLA fibers showed a
decrease of around 47%. The lower viscosity of solutions with low concentrations boosts
the mobility of molecular chains to arrange to the fiber axis during electrospinning; this
allows a higher degree of molecular orientation. In addition, a lower solution concentration
has a slower solidification procedure, so affords more time for jet stretching which also
leads to molecular orientation in the fiber structure [36].

The solution concentration also appeared to have a considerable influence on the
mechanical performance of the electrospun PLA structures. The experimental results
obtained by Maleki et al. [38] showed an increase in tensile strength and modulus of
electrospun PLA yarns by increasing the solution concentration from 5 wt% up to around
7.5 wt%. Beaded fibers were formed at a lower concentration of 5 wt %, which almost
influenced the mechanical features of the electrospun PLA structures. By further increasing
the concentration from ~8 wt % up to 9 wt %, the fiber diameter enhanced and both tensile
strength and modulus were reduced [38].

4.1.2. Processing Parameters

The electrospinning and ultimate properties of the PLA fibers are significantly deter-
mined by the processing parameters, such as solution feed rate, applied voltage, and the
distance between the nozzle and the collector [36,38].

The applied voltage actually assesses the number of electrical charges carried by the
jet [35]. A high voltage generally favors the formation of fibers with small diameters, while
it can also cause more solution ejection from the nozzle, resulting in thicker fibers than those
obtained at a low voltage under the same processing conditions [35,38]. The experimental
works on electrospinning of PLA fibers have revealed an interdependence of concentration
and applied voltage on fiber diameter; however, the evaluation of diameter data shows
that the solution concentration is the most important parameter, the applied voltage can
change some factors, such as volume of solution ejected from the nozzle, stretching of the
jet by the electrostatic force, and also the morphology of the electrospun fibers. To regulate
the morphology and diameter of the fibers, an equivalency between applied voltage and
concentration should be made [38].

The distance between the tip of the nozzle and the grounded collector gives the amount
of instability to the jet before deposition on the collector. Enough distance is required to
ensure complete elongation and solidification of the jet. In a certain range, generally, by
increasing the distance, fibers with a smaller diameter will be formed. Regarding the flow
rate of the solution, any increase will usually lead to the formation of fibers with higher
diameters [35,38].

In general, the interdependence of all the processing parameters tunes the morphology
and diameter of the electrospun fibers. For example, with the increase of flow rate, it is
necessary to enhance the applied voltage, and also the working distance between the nozzle
and the collector to ensure complete extension and solidification of the jet and fabricate the
uniform fibers. Therefore, it is required to optimize all the processing parameters to control
an electrospinning process [35,36,38].
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5. Engineering of PLA-Based Electrospun Structures for Biomedical Applications

Considering the wide range of potential applications of PLA in the biomedical field,
one of the main challenges in the electrospinning approach is the design of structures with
controllable features. By tuning the substances and methods of electrospinning, the com-
position, architecture, and characteristics of the PLA-based nanofibrous structures can be
engineered for specific applications [35]. In this context, several process and post-treatment
modifications are proposed, such as the employ of multiple jets [39], manipulating the
alignment and/or patterning using different collection devices or manipulating the elec-
tric field [37,38,40,41], coaxial electrospinning [9,20,42,43], yarn electrospinning [37,44,45],
blends with other biopolymers [8,9,15], the use of micro or nanoparticles, and biomolecules
in the polymer matrices [22,26,46], and surface modifications [4,38,40,41]. In addition, by
controlling electrospinning process parameters, environmental conditions (e.g., temper-
ature, humidity), and precise choice of solvent system, the electrospun PLA structures
may exhibit distinguished features, such as wrinkles, porous, beaded, or hollow morpholo-
gies [35-38,47,48].

5.1. Control of Morphology

Commonly, research works are focused on determining the optimized electrospin-
ning conditions to fabricate PLA structures composed of uniform bead-less fibers with
a cylindrical shape, and smooth surfaces (Figure 6b), while to fulfill the requirements of
some specified applications, it is also necessary to obtain electrospun nanofibers with other
morphologies [35]. By precise control of the electrospinning parameters and applying
spinnerets and collectors with specific shapes, nanofibers with diverse morphologies have
been explored; for example, it is found that the drug release from electrospun fibers with
flat ribbon morphology (Figure 6¢) with higher surface area to volume ratio, may happen
via diffusion from a shorter distance. In addition, the flat ribbon-like morphology limits
the volume of entrapped air at the fiber-water interface, and thus influences the surface
hydrophobicity which is important for their biological function in some applications like
drug release, and cell adhesion and proliferation [4].

Generally, nanofibers fabricated by electrospinning have a solid structure with a
smooth surface. Since the fiber morphology changes to a porous state (Figure 6d,e), some
fiber characteristics likely specific surface area, network porosity, and thus functional
flexibility will enhance [4,35]. For many biomedical applications, such as scaffolds for
tissue engineering, wound dressing, and carriers for drug delivery, PLA-based fibers are
electrospun purposefully to have porous morphology. The porous fibers can mimic the
native ECM and the increased network porosity assists cell attachment and creates adequate
space for cell penetration and thus improving their efficiency as tissue engineering scaffold.
The network porosity of the electrospun matrices with tiny pores can increase hemostasis,
and successfully preserve the wound site from bacterial permeation. The porosity of
electrospun fibers may increase drug loading efficacy. Small pores and enhanced surface-to-
volume ratio can also affect the release behavior from porous fibrous structures [4,8,36,47].

Several types of research have been focused on electrospinning of PLA fibers with
porous morphology using a volatile solvent or solvent/non-solvent system [47,49-51]. As
mentioned in Section Solvent Systems by proper choice of solvent system, and within
appropriate environmental conditions whereby porous fibers can be electrospun from
PLA-based solutions. Figure 4c,d show SEM images of the nanofibers with porous surface
morphology were fabricated by electrospinning of PLA solutions in highly volatile solvents
of CHCI3 and DCM, respectively [35-37]. Solvent and non-solvent combination is another
approach that has also been proposed to induce porosity in PLA fibers; for example,
Natarajan et al. [50] found that the addition of DMF to the PLA/DCM system led to
forming fibers with porous morphology, and the same system for producing porous PLA
fibers has been applied by Li et al. [52]. Qi et al. [49] used 1-butanol (BuOH) as a non-solvent
to create porosity on PLA fibers. In another research work, Rezabeigi et al. [53] fabricated
PLA porous fibers, by electrospinning of PLA-DCM-hexane solution.
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However, the uniform and beadles’ fibers are usually preferred to form, but bead-on-
string nanofibers (Figure 6a,e), with versatility in the bead diameter, shape, and surface
morphology, have been proposed as a potential for some specific applications. Electrospun
fibers with beaded morphology can provide efficient encapsulation of biomolecules and
a controlled release profile as a drug carrier for tissue engineering and wound dressing
applications. The diameter of the formed beads affects the release behavior of the bead-
on-string nanofibers [54]. As discussed in Section Concentration, PLA-based nanofibers
with beaded morphology can be obtained by changing the concentration, and thus surface
tension and viscosity of the electrospinning solution, and also by tuning the density of
electrical charges on the jet. Generally, lower viscosity and lower density of surface charge
both facilitate the formation of beaded nanofibers, whiles a decrease in the surface tension
induces the beads to vanish gradually [35].

Core-Shell Structure

Electrospinning of PLA nanofibers with core—shell structure is an attractive strategy
for biomedical applications. The coaxial electrospinning makes it possible to produce
multicomponent fibers with a core—shell structure. Core—shell nanofibers compose of
diverse materials for the core and the sheath (or shell). This method is also a versatile
approach for producing hollow nanofibers by optionally eliminating the core part from the
core—shell fibers. Coaxial electrospinning has boosted several challenges in the medical area,
such as sustained drug release [9,35,42]. The ordinary use of this strategy is to encapsulate
biological agents in the core site. Therefore, the shell part preserves the biomolecules
and the delivery function occurs in a controlled manner by minimizing the burst release.
Enhanced mechanical properties and the feasibility to functionalize the surface without
affecting the core component are the other advantages of this technology; moreover, this
approach is suggested to alleviate some limitations of PLA, such as its brittleness and
hydrophobic nature [9,42]. In a research work performed by Maleki et al. [9], coaxial
electrospinning was applied to fabricate core-shell (PVA)-PLA nanofibers (Figure 6f). This
allowed the hydrophilic feature of PVA and the biocompatibility of PLA to be combined in
one structure.

5.2. Control of the Architecture of PLA-Based Nanofibrous Structures

In a typical electrospinning process, nanofibers are deposited randomly to form a
nonwoven web with no orientation [8,36]. Besides the morphological features, the ar-
chitecture and arrangement of the fibers in the structure also greatly affect the ultimate
function of the nanofibrous matrices. For example, it influences adhesion, proliferation, and
penetration of the cells, and also releases the behavior of the biomolecules from the matrix;
furthermore, the architecture and structure of scaffolds also considerably affect the wound
healing procedure. In addition, the mechanical performance of the matrices is important
and can notably be regulated by the arrangement of the fibers in the structure [8,35]; hence,
many attempts have been performed to control the alignment and patterning of PLA-based-
electrospun structures.

By employing various collection devices or by manipulating the electrical field during
the electrospinning procedure, fiber deposition and structure architecture can be tuned,
in the form of random (Figure 7a), up to uniaxial orientation (Figure 7b). Compared to
randomly oriented nonwovens, in aligned structures, cells adhere and grow in the direction
of the fiber arrangement. Aligned fiber orientation in the structure can also control the
release of incorporated biomolecules by tuning the network porosity [4,8].

In a research work performed by Lopresti et al. [40], the effect of the fiber arrangement
on the morphology and mechanical performance of PLA-based electrospun scaffolds has
been investigated.

In this work, the electrospun nanofibers were collected on a grounded rotary drum
with the speed of 10 rpm and 200 rpm to form the randomly and uniaxially oriented
fibrous depositions, respectively. The stress-strain curves of the PLA-based scaffolds were
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strongly affected by the fiber orientation. The tensile strength and elastic modulus of
the randomly oriented structures were significantly lower than those of aligned matrices.
In vitro biological tests confirmed that the aligned arrangement induced homogeneous
colonization of the pre-osteoblastic cells. Electrospinning of the PLA-based structures with
the oriented arrangement of fibers, such as aligned bundles or twisted yarns (Figure 7c), is a
promising approach to develop a new generation of materials for various medical devices.

Figure 7. Different arrangements of fiber deposits produced via electrospinning of PLA: (a) random.
Reproduced with permission from [40] (License number: 5235950005044), (b) oriented, reproduced
from an open access paper [4] distributed under the terms of the Creative Commons CC BY license,
and (c) yarn, Reproduced with permission from [45] (License number: 5235871036609).

5.3. PLA-Based Electrospun Yarns

Initial research on the electrospinning of PLA for biomedical engineering has been
centralized on the fabrication of randomly oriented fibrous webs which is suitable for
wound dressings, tissue regeneration scaffolds, and drug carriers. Nevertheless, the low
mechanical performance of such random fibrous webs has restricted their efficiency; hence,
in addition to the optimized morphology and uniformity, it is a substantial challenge to
develop PLA nanofibrous structures with improved mechanical functions [11]. In order to
meet the requirements for particular loadbearing applications in biomedical engineering,
in recent years, electrospinning of aligned structures and yarns with improved mechanical
features has received attention. Aiming to increase the adhesion and frictional forces
between the fibers, and thus enhance their strength, twist was inserted into the fibrous
bundle during the electrospinning procedure [37]. The superior lateral interaction and
cohesion between fibers in twisted yarns significantly improve their mechanical properties.

Electrospun PLA yarns have recently attracted great attention and offered advanced
applications as medical devices in the form of sutures and implants, artificial blood vessels,
high-performance and functional fabrics, drug delivery carriers, and tissue scaffolding
materials [8,37,38]. In recent years, a variety of electrospinning technologies have been
proposed by researchers to produce uniaxially aligned bundles and yarns. In several
research works performed by Maleki and coworkers, a double-nozzle electrospinning
set-up has been applied to produce PLA-based twisted yarns for biomedical application.

This set-up includes a high voltage power supply, two syringe nozzles, a neutral
surface, and a take-up twister unit (Figure 8a). Using this device, a PLA fibrous structure in
the form of continuous twisted yarn was electrospun (Figure 8b). Through a comprehensive
study, they have investigated the effects of processing parameters (i.e., voltage, take-up
rate, and distances) [38], twist level [45], and post-draw treatment [55] on the morphology,
diameter, crystallinity, and mechanical features of electrospun PLA yarns. Finally, they
concluded that the mechanical behavior of yarns was affected by the yarn geometry and
characteristics of individual fibers in the yarn structure [8,38,45,55]. In a recently published
work, Sharifisamani et al. [17], have suggested the same electrospinning set-up to produce



Appl. Sci. 2022,12, 3192

12 of 42

PLA-based twisted yarns with a core-shell structure for suture application (Figure 8c). The
investigations revealed that the electrospun core—shell drug-loaded yarn with desirable
physical and mechanical properties can use as a suitable drug carrier for wound healing.
Additionally, the loading efficiency of drug and release profile could versatility be con-
trolled by tuning the structural characteristics of electrospun yarns as an effective tool for
developing suture yarns with appropriate functions.

(a)

\\LJE-_LE roller
;

Twister

Figure 8. (a) Double-nozzle electrospinning set-up to produce continuous twisted yarns, Reproduced
with permission from [45] (License number: 5235871036609), (b) SEM images of the PLA twisted
yarn prepared by double-nozzle electrospinning set-up Reproduced with permission from [45]
(License number: 5235871036609), (c) cross-section image of electrospun PLA yarn with core—shell
structure, reproduced from an open access paper [17] distributed under the terms of the Creative Com-
mons CC BY license, (d) SEM image of the cross-section of hollow PLA nanofiber yarn reproduced
from [56], distributed under the terms of the Creative Commons CC BY license, (e) electrospinning
set-up composed of a rotating collector having a plurality of point electrodes to produce, adapted
from [16], reprinted with permission from [16] Copyright @2022 American Chemical Society. (f) Dual
plied PLA suture yarn, reprinted (adapted) with permission from [16] Copyright @2022 American
Chemical Society.

Padamkumar et al. [16] produced electrospun core—shell yarns as surgical sutures,
with PLLA core, and drug-loaded Poly-Lactic-co-Glycolic acid (PLGA) as a shell. Firstly,
the core part in the form of continuous yarn was separately electrospun using an apparatus
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made from a rotating collector, and an infusion pump equipped with a syringe (Figure Se).
The fibrous bundle was twisted to form a yarn and drawn using a guidewire and further
wound on a rotating bobbin. To produce yarn with core-shell structure, PLGA/drug
solution electrospun upon the pre-spun PLLA core yarn (Figure 8f).

The double-nozzle electrospinning set-up also has been applied by Banitaba et al. [48,56]
to collect PLA-based nanofibrous yarns with hollow structures as vascular scaffolds (Figure 8d).
For this purpose, firstly, a three-layered nanofibrous structure composed of PVA multifilament,
PVA nanofibers, and electrospun PLA fibers, as the core, middle, and shell layers respectively,
were fabricated. Afterward, in order to form a hollow PLA nanofibrous structure, the middle
layer was eliminated in water, and the core part was also extracted. In this study, besides
the mechanical properties, cell attachment, biocompatibility, and blood compatibility of PLA
hollow yarn were considered to evaluate its potential as a vascular graft.

6. Melt Electrospinning

Recent attempts have also offered the use of the melt electrospinning technique
(Figure 9a) for the production of PLA-based nanofibers with desired features (Figure 9b) [35].

(@) Spinneret

Temperature
Controller

DC Power Supply

100 pm

Figure 9. (a) A schematic illustration of the melt electrospinning apparatus, reproduced with permis-
sion from [57] (License number: 5236501189506), (b) Morphology of PLA melt-electrospun nanofibers
Reproduced with permission from [57] (License number: 5236501189506), (¢) Macroscopic view of
PLA tubular model produce via melt electrospinning procedure, reproduced from an open access
paper [58] distributed under the terms of the Creative Commons CC BY license.

This method has been presented as an eco-friendly approach that eliminates the
cytotoxic effects of solvents in the solution electrospinning for utilization of medical-grade
polymers. Electrospinning of a polymer melt has recently attracted scientific attention to
fabricate highly porous nano- or micro-fibrous scaffolds for biomedical applications [59,60].
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Morphology control of PLA fibers via melt electrospinning was performed by Yu et al. [60];
they reported that the average diameter of melt-electrospun PLA fibers decreased by increasing
the process temperature (from 200 °C to 250 °C); moreover, it was found that the average
diameter of the electrospun PLA fiber reduced with enhancing the applied voltage, while the
fiber diameter increased at higher spinning distances. In another study by Nazari et al. [59],
the influences of processing parameters (applied voltage, spinning temperature, and nozzle
to collector distance) on the morphology of melt-electrospun PLA-based fibers have been
evaluated. Effects of process parameters on macromolecular orientation and crystallinity of
melt-electrospun PLA fibers for future biomedical studies have also been investigated by
Lietal. [57].

In a research work by Lee et al., to examine the solvent-free effect on cellular activities,
melt-electrospun poly(lactic acid) (PLA) fibrous structures were successfully produced with
a gas-assisted melt electrospinning set-up for bone tissue regeneration; they concluded
that the possible residual solvent in solvent-based electrospun scaffolds decreased cell
viability and osteogenic expression; hence, melt electrospinning can be employed as a
suitable process for spinning PLA nanofibers [61]. Mazalevska et al. have also applied the
melt electrospinning process to prepare PLA webs with tubular structures for potential
application as cardiovascular implants (Figure 9c¢) [58,62].

7. Electrospinning of PLA Stereocomplex Nanofibers

The biocompatible, biodegradable, and non-toxic electrospun PLA fibers with desired
thermomechanical properties are suitable materials to develop various medical devices;
however, PLA-based nanofibrous structures have several limitations that considerably
narrow their applications [11,12]. PLA is brittle with a low impact toughness, which
is a hindrance in mechanically intensive applications, such as medical implants. It has
a low thermal resistance and is hydrolytically sensitive which may restrict its function
on prolonged operations in physiological media. Accordingly, the improvement of the
physical and mechanical properties of PLA nanofibers is an essential matter for their
ultimate functions [11,12,32,63,64].

Several research attempts have been performed to modify the PLA’s physical limi-
tation. Stereocomplexation, which was firstly reported by Ikada et al. in 1987 [65], has
presented a suitable approach to control these restrictions. This strategy has attained in-
creasing attention and offered a feasible procedure to design and develop the PLA-based
biomaterials with specified and tunable features, such as degradation behavior, thermal
stability, and mechanical properties [11,12].

Sc-PLA can be formed via crystallization of the mixture of enantiomers of PLLA and
PDLA in solution or under melting conditions. In addition to the denser structure and
higher melting temperature of the stereocomplex crystals than PLA homopolymers, the
formation of stereocomplex also developed PLA-based materials with enhanced mechanical
performance, thermal stability, and hydrolysis resistance [11,12,63,64]. Different research
studies have focused on the fabrication of Sc-PLA fibers through the solution or melt
spinning. Since, in the fibers spun via these methods, in addition to the stereocomplex
crystallites, the homocrystallites also exist in the structure [11,12]. Tsuji et al. [66] realized
that the electrostatic forces during the electrospinning may facilitate the molecular chain
orientation in the polymer and thus enhance the possibility for Sc crystallites growth
and hinder the homocrystallites formation (Figure 10a) [67]. For the first time, Tsuji and
colleagues employed the electrospinning strategy to form the Sc-PLA crystallites in the
nanofibers; in line with this, several research efforts have been performed to modify the
PLA limitations by creating Sc crystallites in the PLA electrospun fibers. In comparison to
homo-crystallized, Sc-PLA nanofibers exhibited distinguished characteristics likely lower
degradation rate, improved mechanical performance, and enhanced thermal stabilities [68].
Electrospun Sc-PLA structures have been positively considered in the biomedical field as
tissue engineering scaffolds, drug delivery matrices, among others [68].
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In research works performed by Maleki et al., in order to provide the requirements
for some loadbearing applications in biomedical engineering, the mechanical function of
the nanofibrous structures has been improved. Their approach was to electrospun Sc-PLA-
aligned structures in the form of twisted yarns (Figure 10b). Sc-PLA nanofibrous yarns
prepared by electrospinning of a blend solution of high molecular weight PLLA and PDLA
and their characteristics compared with pure PLLA fibers [11,12]. The results indicated that,
upon heat treatment, stereocomplex crystals were completely formed in the Sc-PLA electro-
spun fibers, without any homocrystallites formation [11,12]. The formation of Sc led to form
fibers and yarns with smaller diameters and also narrower diameter distributions [11,12,64];
moreover, the thermal analysis revealed that the strong interaction between PLLA and
PDLA chains enhanced the melting temperature of the Sc-PLA nanofibrous structures by
around 56 °C compared to homopolymers (Figure 10d) [11,12,64]. The stereocomplexation
phenomenon also affects the mechanical performance of the electrospun PLA structures.
The results of this study confirmed that the formation of stereocomplex crystals led to the
higher stress-at-break and Young’s modulus for electrospun Sc-PLA yarns (Figure 10c) [11].
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Figure 10. (a) Intermolecular ordering for stereocomplex formation in the electrospun PLA fibers
Reproduced with permission from [67] (License number: 5237071296979), (b) SEM micrographs of
electrospun Sc-PLA structures, unpublished original picture by the authors, (c) Stress—Elongation
curves of PLA-based electrospun yarns, unpublished original picture by the authors (d) DSC curves
of electrospun PLLA and Sc-PLA fibers, unpublished original picture by the authors.
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In the other work, Ishii et al. [69] investigated the in vivo biocompatibility and inflam-
mation response of Sc-PLA and PLLA fibrous materials by subcutaneous implantation in
rats, and the in vitro degradation of the fibrous materials was also evaluated; they found
that the Sc-PLA fibrous matrices were degraded slower than PLLA, due to the differences
in the crystal structure of the fibrous materials.

8. Biomedical Applications of PLA-Based Nanofibrous Structures

Biodegradability, biocompatibility, non-toxicity combined with good thermomechani-
cal properties, make PLA a suitable candidate for the use in bioengineering applications
especially, in medical implants, Sc-PLA has attracted growing attention [4,6,70-72]. Electro-
spun PLA nanofibers have been widely investigated for biomedical applications as wound
dressings, drug carriers, and tissue engineering scaffolds [71-73]. The related researches are
briefly reviewed in this section, with a focus on the application of electrospun PLA-based
structures, its blends with other polymers, and electrospun PLA composite structures in
wound healing, drug delivery, and tissue engineering applications.

8.1. Wound Healing

In view of research, the lack of antibacterial properties of traditional dressings, poor
cell respiration at the wound infection, and slow wound healing rate during use would
be possible easily. Wound dressing can replace damaged skin to act as a temporal barrier
in the wound healing process. The ideal wound dressing should accelerate healing of the
wound, prevent infection, and restore skin structure in a short period of time. Wound
dressings based on functional PLA nanofiber have been studied by a wide range of scholars.
A large specific surface area, a controllable porosity and pore size, good ductility, and good
biological properties of PLA fibers are not only useful to cell respiration, but also can prevent
bacterial infection of wounds, and can improve cell proliferation and speed up wound
healing. Furthermore, due to the good air permeability, they can efficiently absorb wound
exudate and keep the wound in an ideal moist state. At the same time, it is conducive to the
full contact of the wound with external oxygen and promotes the timely gas exchange of
cells, thereby accelerating wound healing; moreover, the biodegradability of PLA provides
better meets the current new requirements for the development of environmentally friendly
materials, which is promising in the field of wound dressing research and development
in the future [4]. Since the composition of electrospun nanofibers is controllable, loading
antibacterial agents in PLA electrospun nanofibers can effectively inhibit wound infection.
In addition, PLA nanofiber wound dressings with biologically active substances can be
prepared according to the needs of medical treatment, which can better promote the
adhesion and proliferation of cells at the wound and accelerate wound recovery. Table 1
shows different studies in which electrospun PLA-based structures have been used as a
wound dressing for wound healing applications.
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Table 1. Different studies in which electrospun PLA-based structures have been used as a wound dressing.

Molecular Weight Average Fiber
Polymers and Blends g.mol 1 & Solvent (s) Active Compound Diameter Type of Cell Reference
’ (nm)
Dogmebasne i1 |
PLA Mw = 124,900 chloroform: DMF Emuls‘1on' 2]
(80.20 'U/ZJ) Betamethasone 254 + 34 eleCtrOSplmlng
(14 w/w%)
Curcumin Human adult dermal Emulsion
PLLA Mn = 200,000 DME: DCM (3:7 v/v) (10/%) 380 + 113 fibroblasts (HDFa) electrospinning [74]
_ chloroform: DMAc Curcumin CCl1, Emulsion
PLA Mn = 200,000 (80:20 w/w) (0.125 w/w%) 943 + 383 myoblast cells electrospinning [75]
o _ chloroform: acetone Curcumin Blend
PLA/PEG (20 wt%) Mn = 146,000 (2:1 0/0) (10 wt %) 430 MG-63 cells clectrospirming [70]
_ DMAC/acetone (1:1, Enrofloxacin L1929 mouse skin Emulsion
PLA Mw =90 000 w/w) (20 w/w%) 640 fibroblasts (1.929 MSFs) electrospinning [76]
PLA /collagen Mw = 250,000 HEIP Agpalathus hpea;ls 154 Neonata.l epidermal Blen.d . [77]
(4% w/v) /silver sulfadiazine keratinocytes electrospinning
PLA Mn = 265 kDa HFIP Doxycycline (30%) 424 + 62 1929 mouse fibroblast Emulsion [78]
cells electrospinning
Silver (I) rat full-thickness skin Emulsion
PLA DCM metal-organic 600 £ 50 infection ston [79]
framework mode electrospinning
Chloroform
Coagulation bath: Rat bone marrow stem
PLA Mw = 160,000 aqueous solution of 274 £ 76 cells Wet electrospinning [80]
sodium hydroxide
(NaOH, pH~13)
Immortalized human
s keratinocytes HaCaT
PLLA Mw = 300 kDa DCM anflAis)latlc acid Mouse mononuclear Electrospinning [81]

macrophage cell line
RAW 264.7
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Table 1. Cont.

Molecular Weight Average Fiber
Polymers and Blends " 1 8 Solvent (s) Active Compound Diameter Type of Cell Reference
g.mol (nm)
_ Chloroform/DMF 9:1
PLLA Mw =217.000 to (v/v), . PLLA =186 + 68
225.000, S Hypericum Normal human dermal Blend
PEO, Mw = 100.000 ethanol /distilled water | (S (HP) PEO_CS = 141 + 46 fibroblasts (NHDF) electrospinnin [82]
Chitosan (CS) ed 8:2 (v/v), P PEO_HP_CS = 88 = 29 pring
Mw = 50.000-190.000 o A
14% acetic acid (v/v)
1,000,000 DCM/DMEF L.
PLA (DG-DL400), 21 (v/0) 402 + 106 1929 cells Electrospinning [7]
DCM/DMSO . Emulsion
PLA (L207S) 41 (0/2) Triterpene extract 927 + 214 electrospinning [83]
_ ) Ibuprofen HDF & HEK from L
PLA Mw = 70,000 DME/ chloroform (1:3) (20 wto%) 478.31 £167.61 adult human skin Electrospinning [84]
P(LLA-CL)/PDEGMA HEID Clprooﬂoxacm 032 + 011 1929 cells Emuls'1on' [85]
1:1 0.9% w/v electrospinning
PLA/polyurethane Mw = 100,000 Acetone: DMA Doxorubicin (DOX) Emuls.mn. [86]
electrospinning
PLLA and polyhedral Plasmid .DNA Human umbilical vein
. . _ 5 DME: DCM encoding . Blend
oligomeric Mn=1 x 10 (1:3 0/2) aneiopoietin1 0.78 £+ 0.10 endothelial cells electrospinnin [87]
silsesquioxane (POSS) ’ 8lop (HUVECs) P &
(pAng)
PLA/poly(1, Blend
8-octanediol-co-citric Mw =1 x 10° HFIP Aspirin 716 + 122 nm electrospinnin [88]
acid) (POC) 75:25 p g
v-PGA (core) MwPLA = 500,000 CH2CL2 for PLA & Rhodamine B and 190 4 31 1 Mﬁﬁfﬁb‘ﬁ?ﬂiﬁi‘m Coaxial 6]
PLA (shell) MwPGA = 1,000,000 CH3COOH for PGA coumarin-6 electrospinning
(NTH/3T3)
PCL as core ; i
‘ chloroform/methanol Tetracycline Coaxial
blends of PCL/PLA as was 19:1 hydrochloride (TCH) ~l4 electrospinning [89]

shell
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Table 1. Cont.
. Average Fiber
Polymers and Blends Molec1:111a0rly\{e1ght Solvent (s) Active Compound Diameter Type of Cell Reference
& (nm)
PLLA as shell, PLLA Chloroform for PLA L929 cells, Twenty-four Coaxial
poly(glycerol sebacate) ’ DCM and DMF (v:v = 1000 nm 6-week adult female . [1]
(Mn = 200 KDa) . electrospinning
as core 3:1) for PGS mice
Pig iliac endothelial
HFIP for PLLA cells (PIECs) for
PLLA as core B 3%HAc: DMSO:triton  Graphene oxide (GO) in vitro, Twelve adult Coaxial
CS: PEO as shell (Mw =500 kDa) X-100 (10:1.0: sheet for coating 240 £132 female electrospinning 501
0.3) for CS:PEO Sprague-Dawley rats
for in vivo
PLLAasshell, PVAas  MnPLA=125x10°, o e (19ratioy _ Conmective tissue 260 4+ 140 ker: gifé’?l?f;n B Coaxial 1]
core Mn PVA =90 x 103 ' growth factor (CTGF) Y electrospinning

endothelial cells




Appl. Sci. 2022, 12, 3192

20 of 42

In most of these studies, bioactive PLA-based electrospun membranes have been de-
veloped as wound healing products with multifunctional properties, in which electrospun
fibers are carrying different drugs; for example, Alves et al., demonstrated that PLA electro-
spun membranes are promising wound dressings with the ability of sustainable released
drug delivery [2]. Physical adsorption and blend electrospinning techniques have been
used to load anti-inflammatory agents, Betamethasone (BEX), and Dexamethasone acetate
(DEX) into PLA fibers and their release efficiency has been compared (Figure 11a—c). Blend
electrospinning resulted in a better-sustained release profile with a burst release during the
first five hours, while physical adsorption of the drug on the PLA electrospun membranes
resulted in a significant burst release. Pankongadisak et al. [74] incorporated curcumin as
an anti-inflammatory and an antioxidant agent inside electrospun PLLA fibers for wound
dressing application (Figure 11d,e). The fabricated membrane protected cell attachment
and proliferation and was non-toxic to human adult dermal fibroblast (HDF) cells. Since
curcumin is hydrophobic, in another attempt, different contents and molecular weights of
poly(ethylene glycol) (PEG) were used to modify the hydrophilicity of curcumin-loaded
electrospun PLA fiber for wound dressing applications (Figure 11f) [70]. Results showed
that the increase in concentration and a decrease in the molecular weight of PEG led to
an increase in the weight loss values. The curcumin-loaded PLA /PEG electrospun mem-
brane improved the conditions for cell growth and speeded up the drug release through
balancing the hydrophilicity—hydrophobicity of the medium. Zou et al. used the blend
electrospinning of PLA /Poly(1,8-octanediol-co-citric acid) (POC) in order to improve the
elasticity and hydrophilicity of the Aspirin-loaded PLA nanofibrous as wound dressings.
The presence of POC significantly improved the elasticity, hydrophilicity, biodegradability,
and namely tensile deformation of the nanofibrous membrane which are important char-
acteristics in wound dressing applications [88]. Cui et al. [78] used doxycycline (DCH),
a broad-spectrum antibiotic, as a model drug, inside PLA nanofibers (Figure 11g,h). The
resulted fibers revealed favorable cytocompatibility to L929 mouse fibroblasts and showed
reasonable antibacterial activity, which can be considered as a promising wound dressing
for chronic wound healing. To avoid the disadvantages of wound dressings loaded with
conventional antibiotics, Zhang et al. [79] developed an antibiotic-free wound dressing
based on silver (I) metal-organic frameworks-PLA nanofibers with the effective antibacterial
capability to promote tissue regeneration (Figure 11i).

In vivo results showed that the electrospun fibrous composite could significantly
speed up the healing rate of infected wounds. Ilomuanya et al. [77] used Aspalathus
linearis (AL) fermented extract and silver sulphadiazine (Ag + S) in PLA and collagen-
PLA electrospun fibrous scaffolds to improve the antibacterial activity for wound healing
applications. Antibacterial properties and cellular biocompatibility were improved. The
obtained composite fibers were non-toxic to the cells and presented favorable substrates
for cell attachment and proliferation. Ghorbani et al. [80] used a wet electrospinning tech-
nique including a liquid coagulation bath collector to produce 3D porous PLA nanofibrous
scaffolds for wound healing application. Wet electrospun nanofibers had higher porosity
and surface area in comparison to the dry electrospinning technique. Rat bone marrow
stem cells (BMSCs) were seeded on the fibers. In vitro and in vivo results demonstrated
the potential of the 3D electrospun fibrous PLA as a suitable wound dressing. In another
study, a novel wound dressing was designed based on PLA /PVA /SA (sodium alginate)
electrospun fibers. The mouse fibroblasts (L929 cell line) were grown on both PLA and
PLA/PVA/SA fibers with better adhesion and proliferation on PLA/PVA/SA than on the
PLA membranes. The in vivo assay also confirmed the significant efficacy of PLA/PVA/SA
electrospun membranes for wound healing compared to commercially available gauzes [7].
Li et al. [87] used the electrospinning technique to produce bioactive PLLA /polyhedral
oligomeric silsesquioxane (POSS) nanofibers as a delivery vehicle of plasmid DNA en-
coding angiopoietin-1 (pAng) (Figure 11j-1). The nanofibrous scaffold could sustainably
release pAng, considerably increase the gene transfection efficiency, and effectively promote
wound healing.
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Figure 11. SEM images of the PLA e(PLA-D) fibrous mats (a) pure, (b) with 14% of BET and
(c) DEX, reproduced with permission from [2] (License number: 5232480112869), SEM images of neat
(d) and curcumin-loaded PLLA fiber mats (e) reproduced with permission from [74] (License number:
5232490308135). (f) SEM micrographs of electrospun PLA/CUR/PEG nanofibers containing 10 wt%
of PEG with a molecular weight of 400, reproduced with permission from [70] (License number:
5232490801255), Morphology of (g) the pure PLA nanofibers and (h) PLA nanofibers with 5% DCH
contents, reproduced with permission from [78] (License number: 5232491264115). (i) SEM images
of Ag2[HBTC][im]-PLA composite fibrous mat Reproduced with permission from [79] (License
number: 5232491480582). SEM images of the electrospun fibers of (j) neat PLLA, (k) PLLA /POSS
and (1) PLLA /POSS/pAng, reproduced with permission from [87] (License number: 5272940375894).

In a series of studies, the potential of core—shell electrospun fibers has been investigated
in wound healing applications. The coaxial electrospinning method has been used by
Fang et al. [6] to produce core-shell nanofibers based on PLA, and PGA for wound healing
application. Different core-shell structures with compact core structures and with porous
core structures have been obtained (Figure 12a,b). The in vitro cell culture study and in vivo
assay on PLA /-PGA core-shell nanofiber substrate represented desirable biocompatibility
to the wound. In another study, poly(glycerol sebacate) (PGS) (core)/PLLA (shell) fibrous
scaffolds were developed via coaxial electrospinning as a novel wound dressing. The shell
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fibers with surface pores showed excellent ability to repair tissues of the skin wound. The
core—shell structure, compared to pure PLLA scaffold, showed superior cell proliferation,
with a lower inflammatory response [1]. The coaxial electrospinning method was also
applied by Yang et al. [90] to fabricate the core-shell PLLA /chitosan nanofibrous scaffolds
for wound dressing applications. In order to present a synergistic microenvironment
for wound healing, graphene oxide (GO) nanosheets have been coated on the surface of
nanofibers which significantly increased the hydrophilicity of the electrospun scaffold and
improved its antibacterial activity; they also promoted the growth of pig iliac endothelial
cells (PIECs). In vivo results demonstrated the potential of GO-coated chitosan/PLLA
nanofibrous scaffolds in wound healing applications. In a research work performed by
Augustine et al. [91], a connective tissue growth factor (CTGF) was encapsulated inside the
PVA fibers as core which was covered by a thin layer of PLA fibers as the shell (Figure 12c).
The core—shell structure of the scaffold enhanced sustained release of CTGF which is crucial
for diabetic wound healing procedures.

Figure 12. TEM images of core-shell nanofibers: (a) with compact core structure; (b) with porous core
structure Reproduced with permission from [6] (License number: 5232520656228), (c) SEM image of
coaxial PLA-PVA-CTGF membranes, reproduced from an open access paper [91] distributed under
the terms of the Creative Commons Attribution—Non-Commercial (v3.0) License.

8.2. Drug Delivery

In recent years, a lot of research has been done for discovering nanotechnology proce-
dures (especially nanofibers) as a drug delivery system for transdermal uses by different
scientists. Nanofibers are used to deliver drugs and are able to release the drugs under
controlled conditions for a long period of time. In these cases, PLA is one of the well-known
synthetic polymers in biomedical usage since it has good biodegradability and biocompati-
bility. PLA, which is a liner aliphatic polyester can be synthesized from 100% renewable
materials, such as rice and wheat through fermentation and polymerization. The FDA
has accepted PLA as a biomaterial application, such as, for instance, sutures, bone plates,
abdominal mesh, and drug delivery systems [71].

There are some mechanisms, such as coating, embedding, or encapsulating for drug load-
ing and drug releasing from nanofibers to achieve control over drug release kinetics [92-94].
It is possible to dissolve the drug and the polymer directly in the polymer solution if they both
are soluble in the same solution [85]. On the other hand, when drugs and polymers are not
soluble in the same solvent, the drug can be dissolved in another solvent and then added to
the polymer solution [95]. There is another method for dissolving drugs and polymers which
are not soluble in the same solvent: in this method, the drug is dissolved in a solvent that is
immiscible with the solvent in which the polymer is dissolved, and both solutions are loaded
in different capillaries to be electrospun coaxially, or both solutions can be mixed and the
emulsion electrospun [96]; this method is an encapsulation tactic of the drug in the polymer
matrix [97]. Another method has been suggested for loading the drug in nanofibers after the
nanofiber was made; in this method, the nanofiber is immersed in a drug solution and the
drug is absorbed by nanofibers through capillary property [84,98,99].
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Several mechanisms are involved in the release of drugs from nanofibers, including
desorption from the nanofiber surface layer, diffusion through the canals and pores of
nanofibers, or matrix degradation [100,101]. The drug release kinetics can be changed
with the type of polymer, geometry, control over the diameter of nanofibers, porosity,
morphology, and adjustment of multiple processing variables during the production of
nanofibers [92,102]. Figure 13 shows a scheme image of the different methods for load-
ing the drug into nanofibers. PLA-based nanofiber structures have been investigated as
drug carriers in different types of systems, such as nanofibers containing chemical drugs,
nanofibers coated with drugs, porous nanofibers combined with growth factors, and core-
shell fibrous structure containing drugs in the core [84,103,104]. Table 2 shows different
studies in which electrospinning has been used for the production of drug-loaded PLA

fibers for drug delivery application.
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Figure 13. The scheme image of the different methods for loading the drug in nanofibers, reproduced
from an open access paper [71], under the terms of Creative Commons Attribution 4.0 International

(CC BY 4.0) License.
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Table 2. Different electrospinning studies reporting the production of drug-loaded PLA fibers for drug delivery application.
. Average Fiber .
Polymers and Molecular X\{elght Solvent (s) Drug Diameter Type of Illness Techl.nques for Refs.
Blends g.mol (um) Loading Drugs
PLA Mw = 205 kDa chloroform: tetracycline hydrochloride 3to6 Emuls.lon. [105]
electrospinning
PLLA Mn = 470,000 DMEDCM Rhodamine B 4325+022 Coaxdal [106]
(I:1v/v) electrospinning
Doxorubicin in hydrophilic
DMEDCM form (Dox-HCI) 0.32 +0.05 Emulsi
: mulsion
PLA Mw = 111,000 (1:1v/v) Doxoruplcm mn Cancer electrospinning [107]
hydrophobic free base 0.30 = 0.03
form (Dox-base)
PLA Mw = 75kDa Chloroform Doxorubicin 0.1+0.01 Emulsion [108]
electrospinning
Trichloromethane Emulsion
PLA (TCM)/acetone Carvacrol 1.54 +1.07 . [103]
. electrospinning
2:1v/v
N DCM/trifluoroacetic Emulsion
PLA Mw =~ 100 kDa acid 2:1 (w0, w) polyethylene glycol (PEG) 0.28 clectrospirming [109]
Assembly of
Lysozyme-loaded PVP particle-fiber
PLA 70:30 Resomer LR708 DMF/THEF (1:1 v/v) /PLGA core/sheath 0.75 +£0.11 composites by [110]
nanoparticles emulsion
electrospinning
PDLLA Mw = 170 kDa DCM/Chloroform Rifampicin Emulsion [111]
9:1to1:1 electrospinning
PLA, D isomer < 5% CHCI3/DMF = 6:1 caffeine 0.97 +0.35 Emulsion [112]
electrospinning
PLA Mw = 100,000 DME: Chloroform Salicylic acid (SA) 0.69 & 0.14 Skin care Emulsion [113]

1.9 w/w

4,8,12 wt%

electrospinning




Appl. Sci. 2022, 12, 3192 25 of 42
Table 2. Cont.
. Average Fiber .
Polymers and Molecular X\{elght Solvent (s) Drug Diameter Type of Illness Techl.nques for Refs.
Blends g.mol (um) Loading Drugs
DCM,/DME For minimizing the Emulsion
PLA Mw = 103~259 kDa 25-hydroxy vitamin 3 1.2+£03 chance of surgical site v s.1o . [114]
41v/v . . electrospinning
infection
Propolis ethanolic extract
(PEE) 0.37 £ 0.25 Ant ) d
= 20 wt% ntiseptic an
PLA Mn = 112,890 chloroform 0 ° - antimicrobial activity [115]
silver nanoparticles
(AgNPs) 5 wt% 0.25 +0.25
0.78 +0.28
Aloe Vera (AV) 0.50 + 0.17
1,1,1,3,3,3- AV & magnes1um.ox1de 033 + 0.95
hexafluoro- (MgO) nanoparticles
PLACL (70:30) Mw =150 kDa . | Breast cancer therapy [116]
1sopropano Av & MgO &curcumin 0.36 -+ 0.94
(HFP) (CUR) - .
Av & MgO &
-cyclodextrin (3-CD) 0.32 £ 0.80
PLLA/ Chloroform/DMF Emulsion
Pluronic®P123 6:10/0 Dexamethasone 0.98 £ 0.41 Bone defects electrospinning [117]
. Chloroform/ethanol . . .
PLA/ Cloutosan Mw = 35,000 (1:1, v/0) & formic Tetracycline hydrochloride 0.28 + 0.01 Emuls.1on. [118]
30% . loaded electrospinning
acid for CS
Mn = 120,000 Mw DMEF/Chloroform . ..
PLA/PEG PEG = 6000 10:90 v/0 Graphene oxide 0.38 £ 0.09 Co-electrospinning [119]
PLLA/ /silk fibroin
as sheath & 1-Ascorbic coaxial
polyoxyethylene/ as Mw = 500,000 HEIP acid-2-phosphate sodium electrospinning [120]
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. Average Fiber .
Polymers and Molecular X\{elght Solvent (s) Drug Diameter Type of Illness Techl.nques for Refs.
Blends g.mol (um) Loading Drugs
PLA/ oleic acid
(OA)-coated Chloroform and the diame(tzlrlt(ffr ~0.64 Emulsion
magnetite iron oxide Mw =100 kDa Vancomycin hydrochloride L . [121]
nanoparticles DMF) and an inner electrospinning
(OA-MIONGs) diameter of ~0.28
PLA as core Dichloromethane for Combreta;rsltzgleél (CA4) UV photo-
N-Isopropyl Mw =10 kDa PLA, N, N—, Core = 0.5, Shell = 0.3 Tissue engineerin polymerization [122]
acrylamide (NIPAM) B deionized water for ¢ . It e & & combined with blend
hell NIPAM Methylenebisacrylamide electrospinning
ass (MBA) in shell
1;%]1; 255 i};il Mw = 240,000 (TT(;;SI})II/%%H&?TT/U Flurbiprofen axetil (FA) 0.7 + 0.01 Pharmaceutical science Coaxial (23]
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Yuan et al. [107] investigated the possibility of loading the hydrophilic doxorubicin
hydrochloride (Dox-HCI) and hydrophobic free doxorubicin (Dox-base) in a PLA carrier
matrix. Drug—polymer miscibility, fiber wettability, and fiber degradability were investi-
gated as a function of the drug release profile of the fibers. In the hydrophilic Dox-HCl/PLA
mixture, there was a larger agglomerate on the fiber surface or inside the fiber due to poor
drug—polymer compatibility (Figure 14a).

(a) PLA-HCI @ Doxorubicin molecule on PLA surface
M1. Dissolution of Dox-  \ey \warer permeation @ Dox molecule dissolved/dispersed in PLA matrix
particles on fiber surface 54 4rue diffusion € Water molecule

» Pores and voids of polymer matrix

M3, Polymer dcgndwoq/«ouon
(c) PLA-HCl{dmso)

M2. Water permeation and drug diffusion
¢ o %
Q o 9 9 9 & @ 9O
9
o @ &9 o0 o~ o
v v \"

M3, Polymer degradation/erosion

Figure 14. Illustration of doxorubicin drug release mechanisms from a PLA fiber matrix. (a) PLA-
HCI; (b) PLA-base; (c¢) PLA-HCI (DMSO). M1, dissolution of drug molecules; M2, water permeation
followed by drug diffusion; M3, polymer degradation followed by drug dissolution/diffusion.
Reproduced from an open access paper [107], distributed under the terms of the Creative Commons
Attribution-NonCommercial 3.0 Unported Licence.

In this way, the drug is released so fast because of the accumulation of the drug at
the surface of the fibers. The hydrophobic free doxorubicin was perfectly dispersed in the
PLA matrix (Figure 14b) but the drug release was very slow. Dimethyl sulfoxide was used
to solve the Dox-HCI, so then the drug mixing in the polymer matrix improved, and the
electrospinning fibers containing drugs with uniform distribution in the polymer matrix
were obtained (Figure 14c). The release of the drug from such fibers was very low and this
low release caused low toxicity to hepatocellular carcinoma.

Doustgani et al. [108] developed doxorubicin-loaded PLA (PLA /DOX) nanofibers
with a defined release mechanism. Some electrospinning parameters, such as distance,
concentration, temperature, flow rate, and applied voltage, on the average diameter of
PLA/DOX nanofibers, were investigated. The results of DSC showed that DOX was
effectively loaded in the nanofibers. In vitro results showed that diffusion is the prevailing
drug release mechanism for drug-loaded fibers.
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Scaffaro et al. [103] investigated the possibility of mixing carvacrol (CAR) in PLA
nanofibers; they effectively formulated PLA nanofibers that are capable to hold the dis-
persed CAR. The results demonstrated that PLA and CAR have good compatibility. CAR
was released regularly from nanofibers and caused an inti-microbial activity up to 144 h.
More than 60% of total collective CAR was released after 6 h when the samples were
immersed in KBS at 37 °C. At the end of the examination, the total released CAR was about
90% of the loaded amount.

The novel Dexamethasone releasing PLLA /Pluronic P123 multilayer nanofibers con-
structed by Birhanu et al. [117] are ideal for drug delivery usage. The drug was loaded in
the central layer. The scaffolds constructed have appropriate surface-layer properties, but
with various mechanical strengths and osteogenic proliferation and differential. The drug
release profiles of the scaffolds were entirely various: single layer scaffolds displayed burst
release on the first day, whereas multilayer scaffolds a controlled delivery of Dexametha-
sone with better osteogenesis. Therefore, the existence of a layer covering the drug-loaded
layer is necessary for the controlled release of drugs and or bioactive molecules at the
position of scaffold implantation.

PEG is a hydrophilic polyether that is easily accessible in the market in various
molecular weights. PEG with different molecular weights of 2000, 6000, 10,000, and
20,000 g/mol were selected as model molecules for investigating the effect of molecular
weight on the release rate and the total released quantity. PEG has a significant effect on
drug release; in one study, PEG was mixed into the polymer solutions and was included
in PLA nanofibers through electrospinning. The release behavior of these molecules was
investigated in water. The release experimental investigations showed two different styles:
the release rate is depended on the molecular weight of model PEGs and the type of
nanofibrous polymer. Large molecules were released very fast with the compression of
small molecules. The release rate and total released quantity are affected by the molecular
weight of incorporated molecules [109].

The combination of electrospinning and electrospray techniques for the fabrication of
3D polymeric and composite nanofibrous scaffolds creates added value for final product
applications [124]. Accordingly, Bae et al. [110] fabricated PLA electrospun fibers coated
with electrosprayed core-shell PVP-PLGA particles enables the scaffold to be degradable
independently and at the same time deliver active ingredients (Figure 15a). The core-shell
particles were uniformly located on the surface of fibers (Figure 15b). Their results showed
that the composition of the binary solvent mixture ethyl acetate (EA) and benzaldehyde
(BA) has a critical role in the degree of combination between the PLGA particles and the
PLA fibers. This assembled particle-fiber system can improve the functional characteristics
of the final scaffold for tissue engineering.
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Figure 15. (a) In situ combination of encapsulated particles and fibers via electrospinning and
electrospray techniques. (b) SEM (left) and confocal microscopy (middle and right) images of
particle-fiber composites produced with different solvent compositions: EA:BA = 1:9, Reproduced
with permission from [110] (License number: 5232980582910).

8.3. Tissue Engineering

PLA nanofibrous scaffolds have a good potential for tissue engineering, as a substrate
for bio-functionalization, suitable topographical surface for cell adhesion, and as a reservoir
for drug delivery. The small diameter of PLA nanofiber closely matches that of ECM
fibers, and the relatively large surface area is beneficial for cell attachment and bioactive
factor loading. Electrospinning is a versatile technique for the production of nanofibrous
scaffolds, and recent advancements in this process aided the creation of particular scaffolds
addressing the needs of specific tissues, such as loading different bioactive molecules and
having fiber alignment. Many studies have been investigated PLA nanofibrous scaffolds
in vitro, but the application of these scaffolds into the human body will require more testing
in suitable animal models. The perspective of PLA would likely be its combination with
other biomaterials in order to improve its strengths and reduce its weaknesses, which
would be a promising strategy for the engineering of complex tissues [72].

8.3.1. PLA Electrospun Structures for Musculoskeletal Tissue Engineering

Musculoskeletal Disorders are injuries that affect the human body’s movement or
musculoskeletal system (i.e., bones, tendons, muscles, ligaments, nerves, etc.). Ignoring
defects in bone, muscle, or tendon can lead to reduction and even loss of their function
and subsequently lower quality of life for those affected. Due to the considerable role of
PLA in the orthopedic field, the continued use of PLA in many musculoskeletal tissue
engineering strategies is not surprising [125]. Worldwide, over two million bone grafting
procedures are annually performed but in the cases of large defects and complex healing
optimal bone regeneration and repair is still challenging [126]. Innovative approaches
are based on the application of new materials or growth factors in order to mimic the
physiology of the tissue. Scaffolds for bone tissue engineering should provide mechanical
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stability and an environment conducive to bone regeneration [127,128]. On the other hand,
a lot of tissues in our body have been demonstrated piezoelectric effects [129]. Bone is
a tissue with piezoelectric constants similar to those of quartz, the main component of
the bone organic ECM. For this reason, the application of piezoelectric materials, such as
polyvinylidene fluoride (PVDF) and PLA in bone tissue engineering has been invoked to
support tissue function [126]. Scaffolds with (3D) nanofibrous structures have received a
lot of attention in the field of bone regeneration since nanofiber mimic the bone ECM [130].
Electrospinning is one of the most important techniques for the fabrication of 3D scaffolds
with nanoscale features and interconnected pores. Electrospun PLA nanofibrous scaffolds
have a greater surface area than raw PLA material, which consequently results in higher
protein adsorption but also faster degradation. The degradation kinetics and mechanical
properties of PLA-based scaffolds can be adjusted by changing the racemic mixture of
lactic acids composing the polymer chains [131]. Table 3 shows different studies in which
electrospun PLA fibers have been used for bone tissue engineering.

Table 3. Different studies in which electrospun PLA fibers have been used for tissue engineering

applications.

Polymers and Blends Solvent (s) Additive Scaffold Properties Tissue Refs.
Diameter of aligned nanofiber:
0.58 + Q,10 um, Diameter Qf random
PLLA, average Mw = 138,000 HEIP nanofiber: 0.5 + 0.10, Alignment Bone [130]
improved the ability to promote
proliferation, migration and facilitating
the osteogenic differentiation of BMSCs
Dopamine and Highly porous with a rougher
DCM: DMF SiO, surface, good
PLLA, PL 65 055 'w/w) nanoparticles to Hydrophilicity, mechanical properties, Bone [132]
' be coated on the biocompatibility and improved cell
surface of fibers attachment and proliferation
The scaffold was
coated with
hydroxyapatite
PLLA CHCl; nanoparticles Impro;l?d ce_llulgr attachmerlllt;md Bone [133]
and immobilized proliferation due to nano
with BMP-2
loaded liposomes
Nano- nHA /PLA /GEL scaffold r immobilized
PLLA/gelatin : with peptides have Interconnected and )
(25/75 wt%) HFIP hydr(c;);_}lliljatlte multilevel porous structures similar to Bone [154]
native ECM
Nano Bipolar nanofibrous membrane of nHA
_ DCM: DMF - and PLLA represented a novel treatment
PLLA Mw =50 kDa (2:1w/w) hydl‘(%)gip;atlte modality for enhancing the tendon-bone Bone [135]
healing
Enhancement in the mechanical and
Cellulose thermal properties, cell viability,
PLA CHCI3: DMF (3:1) nanocrystals mineralization and expression of Bone [136]
(4%) osteogenic gene markers for composite
fibers
PLLA /lecithin DCM Dimeter: 0.15-3 pum Bone [137]
PLLA/ .
_ —cO-3- . . Diameter 2.89 + 0.51 um,
Polﬁf(z hydroTybL:tglli?I:IeBc\;) 3 TCM: l?l\/)IF o1 Significantly promote the osteogenic Bone [138]
Y roxyv?;;)a € v/v commitment in BMSCs
PLA, DCM: DMF Multiwalled %ﬁgﬁ;ﬁf;‘gﬁ;ﬁﬁ%‘gﬂ;
(Mw: 90,000-120,000 g/mol), B:lw/w), carbon Wettability: 51.4 + 1.4 ©) Bone [139]
Gelatin Acetic acid for nanotubes Tensile st };h 1’2 34 1 9 MP -
(Mw: 40,000-100,000 g/mol) gelatin (MWCN) 1%(wt) enstie strengtn: L. . a

Young’s Modulus: 898 &+ 91 MPa
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Table 3. Cont.

Polymers and Blends Solvent (s) Additive Scaffold Properties Tissue Refs.
PLA 4043D HFIP for PLA and Introduction of regenerated cellulose in
celluloseacetate ,(C A) DMAc/acetone, 2:1 the scaffolds improved superabsorbent Bone [140]
w/w for CA property and mechanical strength
PLA scaffolds with CS
island-nanotopology surfaces were
PLA Mw: 150 000 g/mol and favorable for the spread of cells and the
CS (DA 90%) TFA CS accelerated the mineralization of HA, Bone [141]
as well as endowed the scaffold with a
better ability to form bone
Smooth and bead-free fibers with porosity
PLLA (Mw = 240,000 g/mol) Chlorof d and well-interconnected pore, Tensile
and PHB OOME Curcumin 5% strength: 33.23 + 0.12 MPa, Curcumin Bone [142]
(Mw = 300,000 g/mol) improves viability, cell attachment, and
protein adsorption
The presence of PEG improved the
_ MWCNTs and ductility of nanofibers, MWCNTs could
PLA 180~210 kDa and PEG DCM Dexamethasone adsorb DEX to facilitate the even Bone [143]
distribution of DEX in the nanofibers
Aligned, cell-containing, micro-scale
_ hollow fibers were prepared, PC12 cells
Plﬁ]ﬁé ((Il\\/[/[vvx\f, = ;glflllf)%ﬁ)r DME/DCM PC12 cells showed attachment, proliferation, and Nerve [144]
PEO (Mw = 900 kDaS finally differentiation, in the tubular
scaffold with the addition of the neuron
growth factor
1,1,1,3,3,3-
Hexafluoro-2-
Silk fﬁcﬁrf?;%ei core propanol Ner‘l’fagé‘r”"th 0.22 + 0.04 Nerve [145]
(HFP) for PLA,
water for SF
PLA as shell A novel, highly aligned core/sheath fiber
poly(34- Chllg)E()Aforrré for structure with a conductive polymer core
ethylenedioxythiophene) oleic acai(r:ll for and an insulating [146]
(PEDOT): polystyrene PEDOT the sheath was successfully produced and
sulfonate (PSS) as core characterized
Histologic analysis
of explanted TEVG grafts showed the
presence of CD31-positive endothelial
monolayer
and F4/80-positive macrophages after 4, 8,
and 12 months in vivo. Cells positive for
PLA HFIP a- Vascular [147]
smooth muscle actin was observed within grafts
TEVG, demonstrating the presence of
smooth muscle
cells (SMCs). A neo-extracellular matrix
consisting mostly of collagen types I and
IIT were
observed at 12 months post-implantation
chloroform: The electros PLA /SF-gelati
_ s ) pun gelatin
PLAMW =1.0 x 10 .kg/ mol acetone (2:1v/v) composite tubular scaffolds possess a Blood ,
(outer layer), Silk Fibroen for PLA, Formic d h and 1 [148]
latin (inner layer) acid for SF and porous structure, a equate Ast.rgngt an vessels
ge Y gelatine excellent biocompatibility
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Formic acid, attachment and proliferation of PLA
PLA.(MW ~ 350,000), chloroform and scaffolds. Aligned nanofibers highl Vascular [149]
gelatin (MW ~ 15,000) : gn gy
’ acetone in (2:2:1) supported the SMCs and improved the
proliferation of cells
PLLA sodium lauryl A three-dimensional fiber network with a Tissue en
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Regarding the importance of topographic cues of electrospun membranes, such as
alignment and diameter on cellular behaviors, Xie et al. [130] investigated the influence of
PLLA fiber diameter and alignment on cellular responses of bone marrow mesenchymal
stem cells (BMSCs), including cell attachment, migration, proliferation, and osteogenesis.
The results verified that aligned nanofibers (AN) with smaller diameters had obvious
advantages in promoting cell migration and proliferation and facilitating the osteogenic
differentiation of BMSCs in comparison with random fibers. Scaffolds with randomly
oriented fibers hinder effective cell infiltration (Figure 16a;—ag).

In order to improve the biocompatibility of PLA scaffolds, some additives have been
applied on the surface of electrospun fibers [132,133]; for example, Lu et al., coated with
silica nanoparticles (SiNPs), with high surface area and good biocompatibility, the sur-
face of porous PLLA fibrous membrane in order to improve better bone cell attachment
(Figure 16b). The membrane was designed to serve as substrates of SiNPs for bone tissue
engineering. To improve the coating strength of SiNPs on PLLA fibers, Dopamine (DOP)
was used to modify the surface of PLLA fibers. Hydrophilicity and mechanical properties
of PLLA/DOP/SiNP composite membranes were significantly improved due to the pres-
ence of SiNPs; they concluded that PLLA /DOP/SiNP membrane with improved cellular
biocompatibility, and more cell adhesion and proliferation are promising materials for bone
regeneration applications [132].

In another study, Mohammadi et al. [133] used surface grafting to modify the surface
of PLA fibrous scaffold to better immobilize BMP-2 peptides liposomes on the surface of
fibers (Figure 16c¢). The treated scaffolds showed higher attachment efficiency of liposomes.
In another study, a polydopamine (pDA)-assisted coating strategy was used in order to
immobilize bone morphogenetic protein-2 (BMP-2)-derived peptides on the surface of
nano-hydroxyapatite/PLLA /gelatin (nHA /PLA /GEL) scaffolds (Figure 16d). In vitro and
in vivo results showed that nanofibrous scaffolds containing nHA and BMP-2 peptides
have suitable biocompatibility and osteoinductivity; they also showed sustained release
ability, so they are excellent candidates in bone regenerative medicine [134]. Using blend
electrospinning of PLA with other polymers, such as chitosan also has received attention
in order to improve different properties of fibrous scaffold for bone tissue engineering
application [72]; for example, Xu et al. [137] mixed PLLA and bioactive lecithin to fabri-
cate fibrous scaffolds, with improved cytocompatibility and hydrophilicity, where great
interaction between PLLA /lecithin scaffolds and cells took place, resulting in cells being
induced on scaffolds for keeping morphological shape and integrating with the fibers in
order to develop a 3D network. Wang et al. [138] developed a PLLA electrospun scaffold
incorporated with Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) to improve the
shape memory functionality and mechanical properties. PLLA-PHBYV scaffold considerably
promoted the osteogenic commitment in BMSCs with osteoinductive factors in a syner-
gistic manner, which has a great potential to be used as a multifunctional 3D scaffold
for bone regeneration. One of the important challenges in bone tissue engineering is the
manufacturing of biomimetic scaffolds, which are able to fill the gap between porous
structure requirements and mechanical strength. Although electrospinning technology
develops nanofibrous structures similar to ECM, the restricted shapes and pore size of
the electrospun mesh limits its application in bone tissue engineering; regarding this,
Chen et al. [140] combined electrospinning, freeze-drying, and crosslinking to fabricate a
novel (3D) PLLA /regenerated cellulose (PLA /RC) scaffold (Figure 16e). Due to the pres-
ence of RC nanofibers, hydrophilicity and biological activity of the final scaffolds have been
improved. PLA/RC scaffolds also exhibit excellent biomineralization ability in the SBF
solution that can be considered as a promising scaffold bone tissue engineering application.
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Figure 16. Effect of fiber alignment on the morphology of BMSCs on electrospun membranes
(az—a4) Immunofluorescence images of AN, AM, RN and RM. (as—ag) SEM images of AN, AM,
RN and RM, Reproduced with permission from [130] (License number: 5232540107019). SEM
images of (b1) SiNPs, (bz) porous PLLA membrane after DOP surface modification and porous
PLLA/DOP/SiNP membranes with different SiNP concentrations (b3 = 0.05, by = 0.10) Repro-
duced with permission from [132] (License number: 5232550661164), SEM image of (c1) nanoHA-
coated nanofibers, (cz) liposome-loaded scaffolds (liposcaffolds), Reproduced with permission
from [133] (License number: 5232550143142). SEM images of the internal morphological structures
of (d1) PLA/GEL, (d2) nHA/PLA/GEL, and (d3) nHA /PLA/GEL-PEP 3D nanofibrous scaffolds,
respectively, Reproduced with permission from [134] (License number: 5232541047315). SEM images
of surface morphology of the P3C1 scaffolds after biomineralization for (e1) 7 days, (ez) SEM image
of mineral clusters after 7 days mineralization in SBF with high magnification, reproduced with
permission from [140] (License number: 5232551100684). SEM images of electrospun fibers prepared
at different temperatures (f; = 35 °C), (f2 = 50 °C), (f3 = 60 °C) using a PLA/CS 70:30 weight ratio;
Reprinted (adapted) with permission from [141]. Copyright (2022) American Chemical Society.
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A core—shell and island-like structure scaffold composed of a bicomponent was
developed by Xu et al. [141] to improve cell biocompatibility of the PLA membrane through
designing nanosized topography with highly bioactive chitosan onto PLA electrospun
fiber surface (Figure 16f). This method in which bioactive modification and topographic
effects at the interface between cells and materials happens is based on automatic phase
separation of two incompatible polymers during the electrospinning; indeed, by rapid
solvent evaporation under a high temperature in jets, the chitosan molecular chains did
not have enough time to migrate to the surface of electrospun jets to cover the fibrous
shell. The structure of the intermittent island was therefore formed, which results in a
controllable balance of the hydrophilicity and hydrophobicity of the surface, desirable
surface roughness for cell attachment, and cell recognition sites.

8.3.2. PLA Scaffolds for Neural Tissue Engineering

Nerve tissue repair and regeneration strategies have become crucial challenges, be-
cause they directly affect the patient’s quality of life. Recent advances in nerve regeneration
have included the use of tissue engineering principles, and this has opened up a new
perspective on neurotherapy [152]. Synthetic scaffolds for nerve tissue engineering are
usually either hollow or filled tubes developed to be biocompatible, immunologically inert,
biodegradable, infection-resistant biomaterial, and mechanically matched to nerves to
support neurite outgrowth [153]. Due to such design criteria, PLA and its composites
have been used for the development of biodegradable nerve scaffolds. In recent years, a
lot of research has been focused on changes in the topography, alignment, and mechani-
cal properties of PLA fibrous scaffolds to aid in neural regeneration [72]. Table 3 shows
different studies in which electrospun PLA fibers have been used for nerve tissue engi-
neering. A bio-coaxial electrospinning technique has been used by Shih et al. [144] for the
development of oriented tubular PLA scaffold containing PC-12 cells to be used as a nerve
guide conduit (NGC). Randomly oriented and aligned hollow fibers have been developed
with diameters in tens of micrometers and wall thicknesses of around a few micrometers.
PC12 cells were successfully located inside the hollow fibers, and after the addition of
the nerve growth factor, have been differentiated with neurite extended along the hollow
fibers in the desired direction. Co-electrospinning was used also by Tian et al. [145] to
develop PLA /Silk Fibroin/Nerve Growth Factor (called PS/N) through encapsulating
nerve growth factor (NGF) along with silk fibroin (SF) as the core. The effect of air plasma
treatment of PS/N scaffold on cell behavior was investigated and the results showed that
plasma-treated PS/N scaffolds supported the attachment and differentiation of PC12 cells,
and have a great potential to be used in nerve tissue engineering.

8.3.3. PLA Scaffolds for Cardiovascular Tissue Engineering

The development of novel tissue engineering strategies to replace cardiovascular
tissues is very important since cardiovascular disease is the leading cause of death world-
wide [154]. Like in nerve conduit scaffolds, a biocompatible and biodegradable tube with
hollow lumen is required for designing vascular scaffolds that mechanically match with
the graft site. The application of PLA nanofibrous scaffolds would aid the large-scale
requirement of heart and blood vessels regeneration. Conduits for vascular tissue engineer-
ing are often limited by the tendency for the lumen to clot, especially in small diameter
vessels, preventing blood flow from occurring; however, Kurobe et al. [147]. Constructed
tissue-engineered vascular graft (TEVG) composed of PLA tubular nanofiber scaffolds and
successfully implanted these grafts in mice as aortic interposition conduits without any
graft stenosis or aneurysmal dilatation (Figure 17). Wang et al. [148] developed a bilayered
electrospun scaffold containing PLA nanofibers mesh outer layer and silk fibroin-gelatin
nanofibrous inner layer to improve scaffold biomimicry for blood vessel application. In
another study, the potential of PLA /gelatin scaffold with aligned fibers was investigated
for vascular tissue engineering application (Figure 18).



Appl. Sci. 2022, 12, 3192

35 of 42

Figure 17. (a) Structure of TEVG. Implanted TEVG was composed of biodegradable electrospun
PLA nanofibers with a length of approximately 3 mm and an inner luminal diameter of 500-600 pm.
Scanning electron microscopy (SEM) demonstrates macro- and micro-arrangement of graft. (b) TEVG
after surgical implantation (IVC: inferior vena cava; Ao: aorta). (c,d) High-resolution post-mortem
microCT angiography at 12 months post-implantation. The results indicated a smooth endoluminal
surface and absence of aneurysmal dilatation or stenosis. Yellow bar indicates the approximate
location of the vascular graft. TEVG resembles native aorta on microCT throughout the 12 month-
experiment; (n = 5 in each group), reproduced from [147], distributed under the terms of Creative
Commons Attribution License.

10 36 SEI 10 36 SEI

Figure 18. SEM image of SMCs on the surface of the scaffolds after 120 h (a) PLLA alone,
(b) nonwoven PLLA with 5% gelatin, (c) aligned PLLA with 5% gelatin, (d) nonwoven PLLA with
10% gelatin, (e) aligned PLLA with 10% gelatin (f) nonwoven PLLA with 20% gelatin and (g) aligned
PLLA with 20% gelatin. (h)The electrospun PLLA /gelatin tubular constructs. Reproduced with
permission from [149] (License number: 5232561220454).
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Results showed that fiber alignment had a significant effect on endothelial cells orien-
tation so that cells have been elongated with the direction of the fibers, and the presence of
gelatin led to an enhancement of human umbilical vein endothelial cells and smooth muscle
cell adhesion (Figure 18) [149]. Although PLA nanofibrous scaffolds were most commonly
applied for vascular tissue engineering, there are cases in which PLA nanofibrous patches
are developed for the treatment of cardiac muscle [155].

9. Conclusions and Future Trends

Electrospun PLA-based fibrous structures have shown considerable potential in
biomedical applications (wound healing, controlled drug delivery, scaffolds for tissue
engineering of different tissue, such as bone, nerve, and cardiac tissues) as a result of their
specific properties, such as the high surface area to volume ratio, high porosity, biocompati-
bility, biodegradability, and sustainability. The electrospinning technique has advantages
since some physical properties of nanofibers, such as fiber diameter, surface morphology,
and porosity can be optimized, simply by controlling electrospinning process parameters
to mimic the specific tissue in the body. Nevertheless, this technique has some limitations
for biomedical applications including difficulties in the fabrication of 3D scaffolds with
macropores and scaling up into industrial-scale. New strategies are used to overcome such
limitations including the development of novel electrospinning systems.

For example, conventional electrospinning uses a needle spinneret for the generation
of nanofibers and is associated with many limitations and drawbacks (i.e., needle clogging,
limited production capacity, and low yield); needleless electrospinning (NLES) has been
proposed to overcome these problems. Ultrasound-enhanced electrospinning (USES) is a
novel NLES approach as a continuous orifice-less technique for the fabrication of nanofibers
in which high-intensity focused ultrasound is used for the fabrication of nanofibers.

Edge electrospinning is another needleless technique that provides a straightforward
approach for scaled-up production of high-quality nanofibers through the formation of
many parallel jets. Near-field electrospinning (NFES) is a micro-additive manufacturing
technique that uses DC electric fields to continuously print micro- and nanofibers onto
moving collectors. Several notable examples of electrospinning in combination with other
techniques, such as microfluidics and additive manufacturing have been performed but
these combinations and their innovative products are still in their infancy.
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