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Abstract: Electrospinning is a simple and affordable method of producing nanofibers, offering
a large specific surface area and highly porous structures with diameters ranging from nanometers
to micrometers. This process relies on an electrostatic field, providing precise control over the fiber
dimensions and morphologies through parameter optimization and the use of specialized spinnerets
and collectors. The paper extensively covers the electrospinning process and parameters, shedding
light on the factors influencing electrospinning. It addresses the morphological and structural aspects
of electrospun fibers that are used in different applications. Additionally, this paper explores various
polymeric and non-polymeric materials used in electrospinning. Furthermore, it investigates the
incorporation of fillers during electrospinning, using an electric field to enhance properties and
functionality. The review concludes by offering insights into upscaling electrospinning production.
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1. Introduction

Nanofibers have received considerable focus and interest from scientific researchers
and industry professionals due to their exceptional properties and wide-ranging appli-
cations. These nanofibers offer distinct advantages over conventional fibrous structures,
such as a high surface area-to-volume ratio, tunable porosity, superior mechanical strength,
and a broad range of material options. These qualities make nanofibers highly suitable for
diverse applications, including filtration and separation, electronics and sensors, tissue en-
gineering, and energy storage [1,2]. Among the different methods of producing nanofibers,
electrospinning stands out as one of the most practical approaches due to its simple equip-
ment requirements, cost-effectiveness, and the ability to produce continuous nanofibers
with outstanding features such as diameters down to the nanometer range, large specific
surface area, and high porosity [2,3]. The earliest efforts to apply electrospun nanofibers
for practical purposes date back to the late 1930s in the Soviet Union, when Petryanov
and his colleagues used fibrous cloth (Petryanov filters) to protect against radioactive
aerosols [4]. This pioneering work led to the establishment of a factory for manufacturing
gas masks with nanofiber-based mats, achieving a production capacity of 6.5 kg/h in the
1950s-1960s. Subsequently, in the 1980s, the United States saw the commercialization of
its first sub-micrometer electrospun nanofiber product for air filtration by Donaldson Co.,
Inc. [5]. The 1989 development of microdenier fibers by DuPont marked another milestone
in the field [5]. In the 1990s, electrospinning received renewed attention when Reneker and
his colleagues demonstrated electrospinning’s capability to produce nanoscale materials
and the significant value of the resulting organic nanomaterials [6,7]. This period marked
a turning point in electrospinning’s history, as it gained recognition for its potential in
various applications. Throughout the 21st century, electrospinning has garnered significant
attention. A diverse array of materials and solvents have been combined to tailor the
properties and functions of electrospun products, which have been studied in various
fields, including filtration, tissue engineering, drug delivery, and more [3].
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Several insightful reviews have been previously published on electrospinning and
its diverse applications [3,8-12]. This comprehensive review expands upon the existing
literature by offering a complete overview of the effects of different parameters on the
morphology of electrospun fibers. It also explains the fabrication methods for fibers
with different structures and sheds some light on the diverse array of materials used
in electrospinning, including various polymers and fillers, and carefully considers the
upscaling methods involved. By covering these different subjects, this contribution aims to
provide a precise and in-depth reference for the complex interactions related to the field
of electrospinning.

This paper begins by explaining the basic principles of the solution electrospinning
process. It then describes the parameters that influence electrospinning. Subsequently,
it explores the various morphologies and structures of electrospun fibers. The paper
discusses the diverse types of nanofibers that can be produced through electrospinning.
It also describes the different nanofillers used in electrospinning. Finally, it addresses the
upscaling production of electrospun fibers.

2. Principles of Solution Electrospinning

Electrospinning is a unique technique that relies on the application of an electrostatic
field to generate ultrafine fibers [13]. Generally, this process uses a straightforward setup
consisting of four main components, as shown in Figure 1: a high-voltage power supply,
a syringe pump, a spinneret (a syringe with a blunt-tip needle), and a fiber collector. In this
process, a polymer is dissolved in a highly volatile solvent which is ejected from a syringe
at a constant/controllable rate via the syringe pump. Due to the electrostatic force applied,
a separation of positive and negative charges occurs within the liquid and charges of the
same sign as the needle’s polarity move toward the surface, resulting in the formation
of a charged polymer droplet at the needle’s tip [3,14]. By increasing the intensity of the
electrostatic field, the surface charges density on the droplet rises, leading to enhanced
mutual charge repulsion on the liquid’s surface. This, in turn, causes an expansion of
the droplet’s surface area, mitigating repulsion. Consequently, the drop shape changes to
a Taylor cone. Ultimately, the electrostatic repulsion overcomes surface tension, and a jet
emerges, which is rapidly moving toward the collector. As the jet progresses towards the
collector, the polymer solution elongates and undergoes a whipping phenomenon, while

the solvent undergoes evaporation. These processes collectively result in the formation of
very small fibers.
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Figure 1. Schematic representation of a solution electrospinning setup [15]. Reproduced with

permission from Bonakdar et al., Polymer; published by Elsevier, 2023.
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Typically, the electrospinning procedure can be divided into four successive steps: the
formation of a Taylor cone at the needle’s tip, the ejection of the charged jet in a straight
line, the stretching of the jet into finer diameters and the growth of physical instability, and
finally, fiber solidification and deposition on the collector [16,17].

A well-formed Taylor cone is crucial for establishing a stable electrospinning process
which controls the diameter and morphology of nanofibers [18,19]. Irregular or unstable
Taylor cones can lead to non-uniform nanofibers or even the formation of beads. Fur-
thermore, Zhao et al. [20] have both theoretically determined and experimentally verified
a direct relationship between the height of the Taylor cone and the diameter of the resulting
nanofibers. This relationship can be valuable in optimizing the electrospinning process and
improving the quality of the produced nanofibers.

The jet emerging from the Taylor cone initially moves in a nearly straight line. This
specific segment, often of short length, is designated as the near-field region [3] (Figure 2c).
The velocity, length and diameter of the jet within the straight segment was studied by
several research groups [21,22]. Zheng and colleagues [23] conducted a study examining
the effect of the jet’s path on polystyrene (PS) fibers. Their research revealed that an increase
in the length of the straight segment resulted in an increase in fiber diameters.

While the jet accelerates in a straight line, its diameter continuously decreases. How-
ever, even a small perturbation at this stage can disrupt the straight trajectory, leading
to instability. This instability can easily arise due to electrostatic repulsion among the
surface charges on the jet as it enters the far-field regime [3]. This electrically charged jet
can undergo three types of physical instabilities, as shown in Figure 2a,b, which affect the
size and geometry of the electrospun fibers [3,13]. The first is the axisymmetric Rayleigh
instability (jet centerline). The second is also an axisymmetric instability and the third,
which is known as a whipping instability, is non-axisymmetric. The Rayleigh instability
leads to jet breakup and the formation of a beaded fiber. The high surface tension and
low viscosity of the solution contribute to the occurrence of this instability, which can be
suppressed by a higher electric field or by increasing the polymer concentration in the
solution. Electrospinning of a 4 wt.% poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV
solution at 10 kV produced fibers with beads initially featuring a 1.5 pm fiber diameter with
an average bead size of 14 um. However, increasing the voltage to 30 kV while keeping
the other parameters constant resulted in fibers with uniform diameters of 1.5 um [24].
The second type of instability happens in a stronger electric field than the first type due to
electrostatic repulsion between the jet surface charges leading to the generation of a series
of loops and a coil with numerous turns around the original direction. This effect causes
the thinning and elongation of the jet.

However, in the electrospinning process, non-axisymmetric whipping instability plays
a central role in reducing the jet diameter from micrometer to nanometer. The whipping
instability was extensively explored and comprehensively explained by Reneker et al. [7].
For strong electric fields, the charge density in the jet is enhanced so the axisymmetric
instabilities become repressed and non-axisymmetric instability increases. As a result, the
length of the jet increases with a large elongation rate (up to 10® s~1), and ultimately, the
jet experiences a large reduction in diameter [3]. The solidification of the jet into fibers
occurs through solvent evaporation [3]. The rate of solidification plays an important role in
determining the characteristics of the resulting fibers. Slower solidification leads to longer
elongation, producing thinner fibers. Once solidified, the fibers retain their charges but
become stable. They subsequently accumulate on a grounded collector, forming various
morphologies based on the state of instability. Some residual charges remain on the fibers’
surface after deposition, often limiting the mat thickness to around 0.5-1 mm due to
charge repulsion [25].
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Figure 2. (a) Schematic representation showing the trajectory of an electrospinning jet [26]. Repro-
duced with permission from Renker, and Yarin, Polymer; published by Elsevier, 2008. (b) snapshot of
an electrospinning jet; (c) straight part of an electrified jet [27]. Reproduced with permission from
Han et al., Polymer; published by Elsevier, 2007.

3. Parameters Related to Solution Electrospinning

Optimization of the electrospinning conditions attracted the interest of a large group
of researchers. Their studies focused on several variables used to obtain nanofibers with
specific morphology and desirable properties in a reproducible way. Generally, these
variables can be classified into the following three categories [14,17]:

e  Solution parameters: polymer molecular weight (Mw), polymer concentration (C),
solution conductivity (k), solution surface tension (y), and type of solvent.

e  Process parameters: flow rate (Q), applied voltage (V), distance between the needle
and collector (d), needle diameter (D), and type of collector (fixed or mobile).
Ambient parameters: temperature, relative humidity, and air velocity.

The main effects of these parameters on the fiber morphology are discussed in
Table 1, while a comprehensive explanation of each parameter is provided in the
following section.

Table 1. Electrospinning parameters and their effects on fiber morphology.

Parameters * Effect Reference
Concentration 1 71 fiber diameter, beads disappear [28,29]
Viscosity 1 71 fiber diameter, beads disappear [30,31]
Solution parameters Molecular weight 1 beads disappear [32,33]
Surface tension | fiber formation [34,35]
Conductivity 1 | fiber diameter, beads disappear [36,37]
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Table 1. Cont.
Parameters * Effect Reference
Voltage 1 J fiber diameter [38,39]
Process parameters Distance between the needle and collector 1 |} fiber diameter, beads disappear [38,40]
Flow rate 1 1 fiber diameter [38,41]
Temperature 1 } fiber diameter [42]

Ambient parameters

Controversial effect on fiber diameter
Humidity 1 (dependence on polymer [43,44]
hydrophilicity /hydrophobicity)

* All parameters increased within optimal range.

3.1. Solution Parameters
3.1.1. Concentration, Viscosity, and Molecular Weight

Generally, solution viscosity (1), polymer molecular weight (Mw), and polymer concen-
tration (C) are interrelated parameters. These parameters are known to affect the solution
electrospinnability and consequently the final morphology (diameter, roughness, poros-
ity, etc.) of the nanofibers. Unfortunately, they cannot be investigated separately [34,45].
Solution concentration is one of the key factors for optimizing the morphology of the
nanofibers [40]. The solution concentration determines the spinnability of polymer solu-
tion due to its effect on the viscosity/elasticity (rheology) and surface tension. When the
solution is too dilute, individual drops are formed (electrospray) instead of continuous
fibers due to high surface tension and low viscosity. With a slight increase in concentra-
tion, the nanofibers become unstable, resulting in a mixture of beads and fibers. At the
optimum concentration, bead-free nanofibers are produced, as shown in Figure 3. Polymer
solutions with high concentration are unsuitable for electrospinning due to their elevated
viscosity [19,46]. Furthermore, it has been shown that increasing the solution concentra-
tion leads to larger fiber diameter. For instance, Bosworth et al. [28] conducted a study
investigating the effect of polycaprolactone (PCL) concentration in acetone and found
that higher concentrations (10% w/v) resulted in the production of bead-free fibers with
a wide range of diameters. Gu and Ren [29] reported similar findings for poly(D,L-lactide)
(PDLA) in a solvent mixture of chloroform and acetone (2/1 v/v). Bead-on-string structures
were generated at lower concentration (3 wt.%), while continuous and uniform nanofibers
were obtained at higher concentration (7 wt.%) and the average fiber diameter increased
with the polymer solution concentration. It is worth noting that the solution viscosity
can be controlled by adjusting the polymer concentration [14]. The effect of viscosity on
electrospun nanofibers aligns with that of concentration: as the viscosity increases, the
shape of the beads changes from spherical to spindle-like until it ultimately results in the
formation of smooth fibers, but with increased diameter. For instance, Cooper et al. [47]
conducted a study involving film-grade biobased poly(butylene succinate) PBS solutions at
three distinct concentrations (5%, 10%, and 15% w/v) in chloroform /dimethyl sulfoxide
(DMSO) solvent systems. Their findings revealed distinct outcomes based on solution
concentration. In the first solution (5%), the viscosity was notably lower compared to
the other two solutions, resulting in the formation of spherical droplets characterized by
a roundness value of 0.70 = 0.17. Moving to the second solution (10%), the increased
viscosity allowed for the generation of fibrous structures. However, the Rayleigh instability
remained prominent, giving rise to spindle-like fibers with a roundness value of 0.55 £ 0.15.
The third solution (15%) exhibited higher viscosity, effectively suppressing the Rayleigh
instability in favor of other bending instabilities and ultimately producing defect-free fibers.
Moreover, molecular weight, alongside concentration and viscosity, is a predominant factor
influencing the morphology and diameter of electrospun fibers [48]. Zaarour et al. [30] con-
ducted a study illustrating that molecular weight significantly affected the surface structure
and mechanical properties of wrinkled electrospun polyvinylidene fluoride (PVDF) fibers.
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Increasing the molecular weight resulted in an enhanced degree of surface wrinkling and
a larger diameter with a higher tensile strength and Young’s modulus.

Figure 3. SEM images of electrospun polyvinyl pyrrolidone (PVP) fibers in aqueous solutions at
different concentrations [49]. Reproduced with permission from Higashi et al., Scientific reports;
published by Nature, 2020.

In terms of molecular weight effects, maintaining a constant concentration while
decreasing the molecular weight results in the formation of beads. Conversely, increasing
the molecular weight leads to the generation of smooth fibers [33]. Mwiiri et al. [32] studied
the effect of molecular weight and concentration on the electrospinning of poly(vinyl
alcohol) (PVA). The molecular weight of PVA ranged from 67,000 to 186,000 g/mol, and
the concentration (C) of the polymer in the solution varied from 5 to 20 wt.%. The fiber
diameter was found to increase with both molecular weight and concentration. However,
a further increase in molecular weight resulted in the formation of flat and non-uniform
thicker fibers.

Polymer chain entanglement is another crucial factor determined by molecular weight.
It prevents the electrospun jet from breaking and results in the formation of a continuous
polymer jet rather than droplets or beads [50]. To quantify the effect of entanglements on
the electrospun fiber formation, the following relation is used [45]:

1
Y= 1

T w
where C* is the critical chain overlap concentration and [n] represents the intrinsic viscosity.
Based on this analysis, four concentration regimes for polymers dissolved in a good solvent
were identified: dilute (C/C* < 1), semi-dilute unentangled (1 < C/C* < 3), semi-dilute en-
tangled (C/C* > 3), and concentrated. The transition between the semi-dilute unentangled
and semi-dilute entangled concentration regimes is observed at C/C* ~ 3, which is a sufficient
level of entanglements needed to produce nanofibers and can be defined as the entanglement
concentration (Ce) [45]. In the dilute concentration regime, due to the separation of polymer
chains and insufficient chain overlap, only polymer droplets are generated. In the semi-dilute
unentangled regime, as the concentration increases, droplets and beaded fibers are collected. In
the semi-dilute entangled regime, when the concentration is higher than Ce, beaded as well as
uniform fibers are produced. The number of beaded fibers decreases as the polymer concentra-
tion increases, ultimately leading to the production of uniform fibers. This phenomenon occurs
when the concentration is 2-2.5 times Ce [51].

3.1.2. Surface Tension

Surface tension, which is affected by the type of solvent and molecular interaction
within the polymer solution, plays a key role in controlling the morphology of electro-
spun fibers. Therefore, a careful selection of the solvent is important not only to achieve
a homogeneous polymer solution, but also to obtain an appropriate surface tension [52].
To start the electrospinning process, the electrostatic force must overcome surface tension.
Surface tension tends to decrease the surface area by forming a sphere-like shape, while the
electrostatic force tends to increase the surface area through elongation [26]. Basically, if
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all the other variables are fixed, surface tension establishes the upper and lower boundaries
of the electrospinning window [53]. High surface tension inhibits the process of electro-
spinning, leading to instability with an increased tendency for the jet to break, resulting
in beaded fibers. Conversely, studies have shown that reducing the surface tension of the
polymer solution allows for the production of nanofibers without beads, resulting in a more
uniform fiber structure [34,53]. But different methods were proposed to adjust the surface
tension of polymer solutions. For instance, by using solvents with lower surface tension,
an adequate surface tension can be achieved for electrospinning. Yang and colleagues
explored the effect of ethanol, N,N-dimethylformamide (DMF) and methylene chloride
(MC) on the morphologies of electrospun polyvinyl pyrrolidone (PVP) fibers [54]. The
study revealed that by reducing the surface tension of the solution while maintaining
constant concentrations, they could reduce the occurrence of bead formation and achieve
a uniform production of nanofibers. Adding a surfactant to the solution is another way
to reduce the surface tension and generate more uniform fibers [26]. However, the effect
of surface tension on the fiber diameter has been reported in two opposite manners. The
addition of a surfactant can either promote an increase in surface area, thus limiting bead
formation and promoting the formation of finer jets, or it may result in an increase in
fiber diameter. This increase can be attributed to higher viscosity, hindering the stretching
process, ultimately leading to the production of thicker fibers. Castkova et al. [55] observed
that the diameter of poly(vinylidene fluoride) (PVDF) fibers was significantly affected by
the addition of cetyltrimethylammonium bromide (CTAB), resulting in a decrease from
649 to 276 nm. Deng et al. [56] investigated the effect of three types of surfactants, non-ionic
(Tween 80), anionic (sodium dodecyl sulfate, SDS), and cationic (cetyltrimethylammonium
bromide, CTAB), on the morphology of gelatin nanofibers. They observed that adding 1%
SDS, CTAB or Tween 80 resulted in a sudden drop in surface tension from 37.86 mN/m to
31.08 mN/m, 19.24 mN/m, and 19.76 mN/m, respectively. Furthermore, their findings
revealed that all three surfactants produced smooth fibers. However, SDS significantly
increased the fiber diameter.

3.1.3. Conductivity

Conductivity represents the charge density and repulsion of the charges at the surface
of the electrospinning jet and is responsible for the amount of elongation and stretching of
a jet due to the enhanced whipping instability [14,34]. Several studies have shown that in
general, fibers with smaller diameters and less beading can be produced by increasing the
electrical conductivity of the solution [36,37,47]. It should be mentioned that when a solu-
tion without significant conductivity is used, fiber formation becomes impossible because
the charges cannot be conducted from the interior of the solution to its surface [3]. However,
if the solution is highly conductive, the radius of curvature of the Taylor cone becomes very
small, making the initiation of bending instability more challenging; thus, increasing the
electrical conductivity in a proper range will lead to the formation of thinner fibers [3,57].

The addition of salts is another strategy to decrease bead formation and improve the
production of thinner nanofibers [36,37]. For instance, Klairutsamee et al. [58] incorporated
an organic salt (alkyl ammonium ethyl sulfate, AAES) into a solution of 12% w/v polybuty-
lene succinate (PBS) in chloroform (CF) for a concentration ranging from 0.25 to 1% w/v.
It was observed that the addition of salt resulted in a substantial increase in the solution
conductivity and a significant drop in the fibers’ diameter. Similarly, Topuz et al. [59] re-
ported that tetraethylammonium bromide (TEAB) salt highly enhanced the conductivity of
polyimide (PI) solutions, substantially improving spinnability and leading to thinner fibers.
Conversely, it is worth mentioning that the addition of salt to electrospinning solutions can
also result in the generation of nanofibers with a larger diameter. Nartetamrongsutt and
Chase [60] found that as the concentrations of LiCl and MgCl, increased, a notable rise in
the average diameter of polyvinyl pyrrolidone (PVP) fibers was observed. However, NaCl
did not exhibit a similar effect. Mit-Uppatham et al. [61] also reported that increasing the
salt (NaCl and LiCl) content in polyamide (PA) solutions led to higher solution conductivity,
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solution viscosity, and fiber diameter. They explained that the formation of larger fibers
is the result of increased viscoelastic force (mainly viscosity), which contracts Coulombic
stretching force and prevents the stretching of the charged jet by the electrostatic forces.
Furthermore, the ion size of the solution has a significant influence on the diameter of
nanofibers [62]. Ions with smaller atomic radius, due to their higher charge density and
higher mobility under an external electric field, produce uniform nanofibers with a narrow
distribution of fiber diameter.

Another strategy for increasing conductivity is the addition of surfactant. Zheng et al. [63]
examined the effect of various types of surfactants, including anionic sodium dodecyl sul-
fate (SDS), cationic hexadecyl trimethyl ammonium bromide (CTAB), and non-ionic (Triton
X-100) surfactant, on the diameter and morphology of polyvinylidene fluoride (PVDF)
nanofibers. The presence of surfactants increased the net charge density and instability
of the charged jet, leading to the stretching of jets into finer fibers. The conductivity of
the polymer solution increased with higher concentrations of SDS and HTAB. However,
the addition of Triton X-100 did not affect the conductivity due to its non-ionic structure,
which could not increase the free charge in the polymer solution. In addition, the use of
an anionic surfactant (SDS) resulted in nanofibers with the smallest diameter, while the
cationic surfactant (CTAB) improved bead formation and contributed to the production of
uniform nanofibers.

It was also reported that the addition of conductive fillers /particles, such as carbon
nanotubes (CNT), can change the charge density of a solution, resulting in finer fibers when
using a CNT-containing solution compared to a solution without CNT [64].

3.1.4. Type of Solvent

The selection of an appropriate solvent plays an important role in the fabrication
of smooth and bead-free electrospun nanofibers [65]. Two key factors are involved: the
polymer’s solubility in the solvent and the solvent’s boiling point, which are vital for
easy processing. The boiling point is related to the solvent’s volatility. Volatile solvents
are preferable as they facilitate the nanofibers” formation via evaporation during their
trajectory from the capillary tip to the collector surface. However, highly volatile solvents
are generally avoided due to their low boiling points and rapid evaporation rates, which can
lead to the drying of the jet at the needle tip. This drying effect may cause a blockage at the
needle tip, consequently hindering the electrospinning process. On the other hand, solvents
with high boiling points may not completely evaporate before reaching the collector, leading
to the formation of beaded nanofibers and fibers” coalescence [65,66].

Other important parameters are the dipole moment and conductivity of the solvent,
which can affect the electrospinnability of polymer solutions and the morphology of fibers.
Jarusuwannapoom et al. [67] investigated the effect of 18 solvents on the spinnability of
polystyrene (PS) solutions. The results revealed that only five solvents (DMF, THF, ethyl
acetate, methyl ethyl ketone, and 1,2-dichloroethane) were suitable for electrospinning.
This selection was based on the solvents’ superior conductivity and dipole moment.

3.2. Process Parameters
3.2.1. Voltage

The applied voltage is one of the crucial parameters in the electrospinning process due
to its effect on the shape of the initial droplets, the formation of the Taylor cone, and the
ejection of the polymer solution. Electrospinning occurs when a voltage higher than the
critical voltage is applied, inducing the necessary charges on the droplets” surface to over-
come the surface tension of the solution; thus, an electrically charged jet is ejected [14,50].
There is still controversy in the literature about the effect of increasing the voltage on the
diameter of electrospun fibers. Several studies have shown that increasing the applied
voltage leads to fibers with smaller diameters due to continuous stretching caused by the
electrical force [68-70]. For example, the morphological observations of Chowdhury and
Stylios [38] clearly showed that thinner Nylon 6 fibers were collected by increasing voltage.
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A similar result was reported by Megelski et al. for polystyrene (PS) nanofibers [39]. On the
other hand, some authors observed that the fiber diameter increased, and its distribution
became broader with increasing voltage [71,72]. This was explained by the ejection of
more solution and the shorter flight time of the jets [17]. Liu et al. [73], via numerical
simulation and experimental verification, found that under high voltage, the number of jets
emitted from the needle tip increases. Subsequently, the entire electrospinning process and
the resulting nanofiber morphology were highly affected by the jet evolution mechanism.
They attributed this observation to the fact that as voltage increased, a more concentrated
electrical field at the needle tip led to a gradual disappearance of protruding droplets,
ultimately resulting in the emission of multiple jets afterwards (Figure 4). Therefore, the
electrospinning process can be divided into two stages: before and after the disappearance
of the protruding droplet. In the first stage, as the voltage is increased, the fiber diameter
decreases, leading to a relatively uniform diameter distribution. However, in the second
stage, the fiber diameter increases due to a higher number of jets causing the electrical
field to be distributed among these multiple jets. Each jet faces a weakened electrical field,
which contributes to the formation of thicker nanofibers and a broader fiber distribution.
This occurs because the spinning process becomes unstable due to different electrical field
intensity being imposed on each jet and a variable number of jets. As a consequence, the
appropriate voltage for fabricating nanofibers with a small diameter and narrow fiber
diameter distribution is the critical value before the protruding droplets disappear.

(b)

Figure 4. (a) The overall effect of increasing voltage on the protruding droplet length and number
of generated jets, along with their respective field distribution patterns [73]. Reproduced with
permission from Liu et al., Nanoscale research letters; published by Springer, 2019. (b) Four jets
emerging from a single droplet with a well-defined electrical bending coil [26]. Reproduced with
permission from Renker, and Yarin, Polymer; published by Elsevier, 2008.

3.2.2. Distance between the Needle and Collector

The distance between the collector and the needle tip has been considered as another
approach to controlling fiber diameter and morphology due to the effect of distance on the
jet path, traveling time, and solvent evaporation [14]. In general, increasing the distance
leads to the formation of thinner fibers due to higher stretching forces (when the distance is
too short, jet stretching is limited), resulting in large diameter and beaded fibers [28,38,40].
If the distance is too far, beaded structures are formed due to the weak electric field strength
generated [38]. Therefore, an optimum distance is required to produce bead-free fibers. This
occurs when the electric field strength is sufficient to overcome the surface tension force
and the residence time is long enough for sufficient solvent evaporation [74]. However,
there are some exceptions. For instance, some authors reported that the fiber size does
not significantly change when varying the distance, but bead formation may occur when
the distance is too short [39,75]. Lee et al. [76] showed that the diameter of poly(vinyl
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alcohol) (PVA) nano-fibers increased with a longer distance because of less stretching on
the resultant fibers as a consequence of reduced electrostatic force.

3.2.3. Flow Rate

The morphology and diameter of electrospun nanofibers are highly influenced by
the solution flow rate. In fact, the flow rate affects the jet velocity and stability of the
Taylor cone, making it essential to find the optimal value. Generally, reducing the polymer
solution flow rate results in smaller nanofiber diameters and the formation of uniform
fibers because it allows sufficient time for solvent evaporation [41]. However, when the
flow rate falls below a certain threshold, the solution at the needle tip is removed at a faster
rate than the flow rate generated by the electric forces, leading to an unstable jet, thereby
resulting in beaded nanofibers or even needle blockage [70]. Conversely, increasing the
flow rate leads to larger fiber diameters. However, an excessively high flow rate results
in the formation of beaded fibers due to the instability of the Taylor cone and improper
evaporation/solidification time [41,70].

3.2.4. Collector

During the electrospinning process, nanofibers are usually deposited on a conductive
collector. The type of collector has a significant effect on the productivity, nanofiber
alignment, and structure of the collected mat. In terms of productivity, a conductive
collector influences the reduction of the charges on the deposited fibers, therefore reducing
the repulsive forces between the fibers [77]. This results in a higher number of fibers
being collected. For a less conductive collector, the number of fibers deposited is reduced,
and beaded fibers may be generated. To promote the deposition of fibers on a collector
when dealing with materials of low conductivity, it can be beneficial to decrease the
charge density of the electrospinning jet by minimizing the accumulation of residual
charges [77]. One approach to collecting fibers onto a nonconducting surface involves
the use of AC high-voltage electrospinning as an alternative to the conventional DC high-
voltage method [78]. Moreover, a study focusing on the effect of various support materials
(polypropylene, polyethylene, polyethylene terephthalate, aluminum, acetate fiber and
paper) and grounding electrodes (a drum, wire, or a support material positioned 40 mm
away from the wire electrode) in collecting polyvinyl alcohol fibers revealed that the choice
of grounding electrode had a more significant effect on the amount of collected fibers
compared to the type of support material [79]. The electrospinning process typically leads
to the formation of a layer of nanofibers on a collector, often forming a nonwoven network
on a smooth surface. The intentional control of fiber structures has important implications
for the performance of these fiber assemblies. Consequently, substantial efforts have been
directed toward modifying collectors to broaden the scope of application for electrospun
fibers by controlling the fiber alignment and orientation as well as the mats’ structures [3].
More detailed information on this topic can be found in the section dedicated to aligned
structures (Section 4.1).

3.3. Ambient Conditions

Ambient conditions such as temperature and humidity can influence the diameter and
morphology of electrospun nanofibers [80]. The effect of temperature on the average fiber
diameter can be explained by two opposing effects: (a) an increase in the solvent evapora-
tion rate, and (b) a decrease in the viscosity/surface tension of the polymer solution. Vrieze
et al. [42] reported that smaller PVP nanofibers were produced at both the lowest (283 K)
and highest (303 K) temperatures. At the lowest temperature, the dominant factor was the
rate of solvent evaporation, which decreased with lower temperature, resulting in higher
jet elongation. However, at the highest temperature, the viscosity became the dominant
factor. In fact, increasing the temperature enhanced the polymer chain’s mobility, leading to
a viscosity drop. Consequently, the stretching rate increased, resulting in thinner fibers. For
the humidity, the effect of this parameter depends on the hydrophilicity /hydrophobicity
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of the polymer and the solvent properties [43]. Icoglu et al. [44] showed that electrospin-
ning at higher humidity led to the formation of large-diameter polyethylenimine (PEI)
fibers. This was attributed to the rapid precipitation of PEI in the polymer solution jet
by absorption of water, resulting in lower jet elongation. On the other hand, Pelipenko
et al. [81] reported that the diameter of PVA nanofibers decreased when the humidity
increased from 4% to 70%. Beaded fibers were also produced at the highest humidity (70%).
Furthermore, low humidity resulted in larger nanofibers with a more homogeneous size
distribution, while high humidity led to smaller nanofibers with a more homogeneous size
distribution. Variation in humidity could be explained by the rate of solvent evaporation as
it is reduced at high humidity and the polymer jet solidifies more slowly, resulting in the
formation of thinner nanofibers. Additionally, the mechanical properties of the fibers were
affected by humidity: smaller nanofibers were achieved at higher humidity and exhibited a
stiffer structure. Nezarati et al. [82] performed the electrospinning of three different poly-
mers: poly(ethylene glycol) (PEG), poly(caprolactone) (PCL), and poly(carbonate urethane)
(PCU), which were dissolved in three different solvent systems: chloroform (CF), a mixture
of CF/DMEF (80/20 v/v), and dimethylacetamide (DMACc), respectively, to investigate the
effect of humidity (5-75%). The authors observed distinct differences between the mor-
phology of nanofibers from various polymer-solvent systems. At lower humidity (<50%),
fiber breakage for all three polymers occurred because of the low electrostatic charge dis-
sipation of the jet. At higher humidity (>50%), beaded and broken fibers of hydrophilic
polymer (PEG) were observed due to improved water absorption and reduced solution
concentration. On the contrary, electrospinning of hydrophobic polymer (PCL dissolved in
CF) produced porous fibers. This was explained by a hydrophobic polymer, high-volatility
solvent (CF), and a water-miscible solvent (DMF) that facilitated the vapor-induced phase
separation (VIP) phenomena. For PCU, the most hydrophobic of the three polymers, raising
the humidity (20-75%) resulted in smooth and uniform fibers due to the low volatility of
DMACc (water-miscible solvent), but the fiber cross-section showed a porous core attributed
to the polymer hydrophobicity. In addition, the density of PCU fibers decreased at higher
humidity (50-75%) due to a drop in charge dissipation.

4. Structures/Morphologies

An appealing aspect of electrospinning is its ability to produce nano- to micro-fibers
with diverse structural arrangements and morphologies, which are tailored to yield differ-
ent properties for specific applications. Through careful optimization of the electrospinning
parameters, as well as the selection of specialized spinnerets and collectors with unique
configurations, researchers have successfully generated nanofibers with special morpholo-
gies such as aligned, core-shell, hollow, porous, etc. Typical examples are presented in
Figure 5. Additionally, Table 2 provides a comprehensive list of fiber structures, along with
the corresponding spinnerets and collectors used in their production. The table also reports
on the applications associated with each configuration. In the subsequent sections, more
exploration of the final morphology is presented.

Figure 5. Cont.
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Figure 5. SEM images of fibers with different morphology: (a) aligned [83]. Reproduced with per-
mission from Mathew et al., Applied Polymer Science; published by Wiley, 2006. (b) core—shell [84].
Reproduced with permission from Sun et al.,, Advanced Materials; published by Wiley, 2003.
(c) hollow [85]. Reproduced with permission from Li et al., Nano letters; published by Ameri-
can Chemical Society, 2004. (d) porous [86]. Reproduced with permission from Rezabeigi et al.,
Macromolecules; published by American Chemical Society, 2018. (e) multichannel tubular [87].
Reproduced with permission from Zhao et al., Macromolecules; published by American Chemi-
cal Society, 2007. (f) nanowire in microtube [88]. Reproduced with permission from Chen et al.,
Langmuir; published by American Chemical Society, 2010. (g) ribbon-like [89]. Reproduced with per-
mission from Koombhongse et al., Polymer Science Part B: Polymer Physics; published by Wiley, 2001.
(h) necklace-like [90]. Reproduced with permission from Jin et al., Langmuir; published by American
Chemical Society, 2010. (i) firecracker-shaped [91]. Reproduced with permission from Chang et al.,
Chemical Communications; published by Royal Society of Chemistry, 2011.

Table 2. Fiber structures and processing configurations: materials, collectors, spinnerets, and applications.

Fiber Structure Materials Spinneret Collector Application Reference

PLLA Single needle Rotating Wire drum Bone tissue engineering [92]

PLGA Single needle Rotating drum Drug delivery [93]

. . Rotating mandrel Skeletal muscle tissue
PCL/Gelatin Single needle collector engineering [94]
Aligned i
g PCL Single needle Rotating two poles Scaffolds for nerve [95]
parallel collector reconstruction
PVDF/CNT Single needle Rotating drum Piezoelectric sensor [96]
PEUU Single needle Rotating conical Curvilinear scaffolds for heart [97]
mandrel valve leaflet engineering
PLGA Single needle Parallel electrodes Gradient scaffold for bone [98]

Aligned-to-random

tissue engineering

PCL, PEO, PEG, CA Single needle Magnetic collector

Complex gradient materials

for tissue engineering [99]
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Table 2. Cont.
Fiber Structure Materials Spinneret Collector Application Reference
PU/PS Coaxial needle Rotating mandrel QOil sorbent [100]
Core/shell PCL/gelatin Coaxial needle Grounded collector Drug d.elivery [101]
PEO/PVA /Fe30, Coaxial needle Grounded collector Thg;?lglgler;;eerrflice [102]
PVDEF-HFP Coaxial needle Rotating drum Polymeric rn.icrot.ubes for [103]
Hollow water filtration
PCL Coaxial needle Grounded collector Biomedical application [104]
PS Single needle Grounded collector Oil sorbent [105]
Porous PEOT/PBT Single needle Grounded collector Drug delivery [106]

4.1. Aligned Structure

Control over the alignment and orientation of nanofibers is of significant importance
for creating anisotropic structures with improved complexity and performance for various
fields [107]. In drug delivery, aligned fibers were shown to be beneficial in controlling
release performance. Compared to randomly arranged fibers, aligned fibers showed
a decrease in burst release with an increase in sustained and controlled drug release [93].
In tissue engineering for the regeneration of muscles [94], bones [92], and neural cells [95],
several studies have reported that cell cultures on uniaxially aligned nanofibrous scaffolds
were more favorable as they promoted cell adhesion, migration, and proliferation [92,94].
In sensor applications, Wu et al. [96] reported that well-aligned nanofibers were more
efficient in producing piezoelectric sensors.

Based on the value of orienting electrospun nanofibers, several modifications were
introduced to the electrospinning collector’s geometry. Due to the benefit and importance
of the orientation of electrospun nanofibers, a great deal of effort was devoted to modify-
ing the collector. These modifications are facilitated by taking advantage of mechanical,
electrostatic, and magnetic forces [3].

A rotating collector takes advantage of high velocities and mechanical tensile force
to induce fiber alignment [108]. In this method, a substrate that is moving at a high speed
is used to control the deposition pattern of the high-velocity jet [108]. The rotational
speed of the collector has an important effect on the fiber diameter and alignment as
increasing the speed of rotation can lead to a smaller fiber diameter [109,110]. Effective
fiber alignment is only achieved when the rotational velocity is above a critical threshold,
at which point an increase in speed corresponds to improved alignment, but operating the
collector at excessively high speeds can result in fiber breakup. This critical speed varies
across different systems [111]. Courtney and colleagues [112] showed how the speed of
rotation influenced the degree of alignment. Their findings indicated that a minimum
velocity of 2 m/s was essential to initiate alignment, emphasizing the importance of
this threshold in creating anisotropic structures. Additionally, as the rotational speed
increased, the alignment degree improved. This enhanced fiber alignment was associated
with improved mechanical properties in the preferred direction, including an increased
modulus. Moreover, researchers improved fiber alignment by modifying the geometry
of the rotating collector to suit their specific applications. This includes using options
such as a rotating disc, rotating rod, or conical mandrel (Figure 6) [107]. Xue et al. [113]
reported on the fabrication of aligned nanofibrous scaffolds with an average diameter of
500 nm mimicking the structure of the middle layer in a native artery. They achieved this
structure using electrospinning with a rotating disk collector with a sharp edge. In another
study, scaffolds produced using a conical mandrel showed anisotropic microstructures with
changing fiber alignment angles, mimicking a heart valve [97]. This curvilinear alignment
potentially homogenized the strain field and decreased the stress concentration compared
to linearly aligned fibers. Finally, when using mechanical alignment, it is important to
take into account variables such as the mat dimensions, desired level of alignment, and
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capacity to fine-tune alignment angles. Although rotating collectors offer some control over
anisotropy, they may not be suitable for applications requiring extremely precise alighment.

(a) (b)

2

(c)

Figure 6. Schematic representation of different rotating collectors: (a) rotating drum; (b) rotating disc;
(c) conical mandrel; (d) rotating rod.

The parallel collector represents an alternative method of producing highly aligned
electrospun materials [111]. It is composed of two parallel electrodes separated either
by an air gap or an insulating substrate. In contrast to the rotating collector method,
which relies on mechanical force, the parallel collector uses electrical forces to induce
fiber alignment.

Li et al. [114] conducted research on the preparation of aligned fibers using a collector
composed of two electrically conductive substrates separated by a gap ranging from
micrometers to several centimeters. The insulating gap distance was observed to have
a significant effect on the degree of fiber orientation; a larger gap often resulted in superior
fiber alignment [115]. However, a maximum gap size exists beyond which exceedingly thin
nanofibers are prone to break due to their inability to withstand both their own weight and
the repulsive charges from neighboring fibers [114].

Additionally, this technique is constrained by the achievable thickness of mats. As the
thickness increases, residual charge accumulates, eventually leading to repulsion among
fibers and a loss of fiber alignment. Consequently, as the mat thickness increases, the deposi-
tion of increasingly random fiber orientations becomes inevitable [3]. Several modifications
have been made on parallel collectors to achieve the desired microstructure for specific
applications such as the rotating wire drum and two-pole parallel collector (Figure 7).
Xie et al. [98] reported on the fabrication of aligned-to-random scaffolds by using a parallel
collector mimicking the arrangement of collagen fibers at the tendon-to-bone insertion
site. The result revealed that only the nanofibers spanning across the electrodes exhibited
uniaxial alignment, while those deposited directly onto the electrodes displayed no align-
ment. This transition within the scaffold from aligned to random design yielded notable
benefits, especially in terms of enhanced mechanical properties. In particular, the aligned
section exhibited a significant increase in both tensile modulus and ultimate strength
compared to the randomly oriented section. This gradient scaffold design replicates the
natural transition between tendon and bone, which has good potential for bone tissue
engineering. Katta et al. [116] used the benefit of parallel conductive plates and rotating
collectors to develop a copper wire-framed rotating drum collector (Figure 7a) to produce
aligned nanofibers, effectively addressing the challenges associated with thickness and size
limitations. In another study, Jha et al. [73] introduced a two-pole air gap electrospinning
method (Figure 7b) to produce a 3D cylindrical scaffold made of polycaprolactone (PCL)
with longitudinally aligned fibers. The system offers precise control over fiber alignment
and void space volume, potentially facilitating tissue regeneration in nerve injuries.
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Figure 7. Schematic representation of different parallel collectors: (a) rotating wire drum and
(b) two-pole parallel collector.

Applying an external magnetic field provides an alternative means of controlling
nanofiber alignment within a conventional electrospinning setup [107]. This method
often involves the use of two nonconductive permanent magnets affixed to a grounded
flat plate collector. These magnets generate a magnetic field affecting the spinning jet,
modifying its diameter and increasing its stability. As the jet approaches the collector, it
aligns with the magnetic field gradient, resulting in the creation of highly oriented fibers on
the collector surface [107]. For the first time, Yang et al. [117] introduced a straightforward
and efficient approach to create well-aligned polymeric micro- and nano-fibers across
extensive areas. This technique involves magnetizing a polymeric solution with a small
quantity (<0.5 wt.%) of magnetic nanoparticles and spinning within a magnetic field. The
latter guides the magnetized electrospun fibers to align them parallel along the field lines,
resulting in essentially parallel arrays of fibers.

The properties of electrospun fibers influenced by a magnetic field depend on various
manufacturing factors such as the magnetic susceptibility of the electrospinning polymer,
the presence of magnetic nanoparticles in the electrospinning solution, the strength of the
magnetic field, and the configuration of the magnet [107]. Tindell et al. [99] reported an
application of magnetic field-assisted electrospinning for precise spatial control over fiber
alignment. In the presence of a magnetic field, the fibers aligned strongly, transitioning to
random alignment as they moved away. Depending on the magnet configuration, different
fiber gradients were generated, including alignment-to-random, multi-directional, and
other intricate patterns. This study emphasized the utility of fiber alignment gradients as
topographical cues for controlling cell alignment and elongation on these gradient fiber
networks. Additionally, it highlighted the creation of a wavy interface between aligned and
randomly oriented fibers, helping to reduce stress concentrations at material interfaces.

Highly ordered nanofibers can be created not only by using a magnetic field, but also
by introducing an extra electric field to manage how the nanofibers are collected [111]. In
this process, the shape and strength of the large-scale electric field between the anode and
cathode can be adjusted to reduce and control the bending instability and the jet path. It is
important to note that this method is typically used in conjunction with other techniques,
such as rotational alignment and gap electrospinning. This combined approach enhances
the alignment precision and allows for greater control over the microarchitecture of the
resulting nanofibers [118,119]. Zhao et al. [118] used a positively charged copper ring as
an auxiliary electrode to mitigate bending instability and increase alignment during gap
electrospinning. Their study showed a notable enhancement in fiber alignment when using
these auxiliary ring electrodes, achieving alignment levels over 70%, compared to 45% with
standard gap electrospinning. Furthermore, the degree of alignment remained above 35%
even after spinning for 60 min when auxiliary ring electrodes were used, while the standard
gap method yielded less than 5% alignment over the same period. Arras et al. [119] used
a combination of two plate-like auxiliary electrodes and a rotating collector to improve
fiber alignment in an adjustable direction. The results showed that fiber alignment on
a rotating target was successfully achieved in both the parallel and perpendicular direction
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of rotation, leading to a significant improvement in fiber alignment by more than one order
of magnitude. At a velocity of 0.9 m/s, about 90% of the fibers exhibited an angular
deviation of less than 2°, while the deviation reached 70° at the same speed without the
auxiliary electrodes. Furthermore, auxiliary electrodes serve a dual purpose: reducing
bending instability and indirectly suppressing buckling instability.

4.2. Core=Shell Structures

Nanofibers with a core-shell structure are fabricated using two distinct types of
materials for the core and sheath in a way that a well-defined boundary separates both com-
ponents. Coaxial electrospinning and emulsion electrospinning are two technically viable
and economically feasible methods that are widely used for the preparation of core—shell
nanostructure fibers (Figure 8) [3]. In the coaxial electrospinning process, two different
polymer solutions are simultaneously delivered through a coaxial spinneret, consisting
of two concentric hollow needles, driven by separate syringe pumps. This arrangement
results in the generation of a coaxially charged jet. As the core and shell polymer solutions
meet at the tip of the coaxial needle, the core solution becomes surrounded by the sheath
solution, forming a compound Taylor cone when subjected to a high electrostatic field.
Subsequently, the ejection of a coaxial jet occurs, leading to the production of core-shell
nanofibers with distinct compositions for the core and shell [3].

Several important factors play a central role in generating continuous and uniform
core—shell nanofibers [120-122]: (i) The miscibility of the solutions, as generating a stable
coaxial jet is challenging when using two miscible solutions. Only immiscible and semi-
miscible solutions can produce a stable coaxial jet. In semi-miscible solutions, the blending
of both materials can occur at the interface of the core and shell solutions. (ii) The flow
rates of both solutions should be carefully controlled to ensure that the inner fluid is fully
surrounded by the outer fluid. The flow rates can have a significant effect on the shell
thickness and core diameter. Nguyen et al. [123] reported a significant correlation between
the core-shell solution flow rates, as well as the porosity and stability of core—shell fibers.
Lower flow rate led to the production of a more stable core—shell structure with higher
fiber porosity. (iii) Viscosities of the solution, as high viscosity can overcome the interfacial
surface tension between the core and shell and form stable core—shell fibers [120]. Kaerk-
itcha et al. [124] observed that the viscosity ratio (outer/inner) affected the morphology of
electrospun core—shell fibers. An increase in the viscosity ratio resulted in thicker walls.
However, the core diameter decreased, and the overall fiber diameter increased with higher
outer/inner viscosity ratios. The authors recommended maintaining the outer/inner vis-
cosity ratio within the range of 1.22-2.82. (iv) Evaporation of solvent [121] is also a factor,
as the morphology of the core and shell nanofibers is strongly influenced by solvent evap-
oration in both regions. When the evaporation rate in the shell solution exceeds that of
the core solution, the fibers collapse and are unable to withstand atmospheric pressure.
Conversely, a high evaporation rate in the core solution can create a vacuum within the
core, ultimately causing fiber collapse under atmospheric pressure.

Core-shell nanofibers have attracted the attention of several authors due to their
unique characteristics and wide range of applications [5]. For instance, this method is able to
produce composites with desirable properties by taking advantage of the positive properties
of each of the contributing sides (core and shell materials) [120]. Huang et al. [125] produced
biodegradable composite membranes from polylactic acid (PLA) and PBS using coaxial
electrospinning. The shell solution consisted of 20 wt.% PBS in hexafluoroisopropanol
(HFIP)/chloroform (4/1 w/w), while the core solution was composed of 7 wt.% PLA
in DCM/DMF (4/1 w/w). The resulting membranes exhibited a porous structure with
interconnected pores. Also, the core—shell membrane displayed higher tensile strength
and elongation at break compared to neat PBS and PLA membranes. These findings
highlighted the complementary influence of PBS and PLA on the mechanical properties
of the membranes. Furthermore, coaxial electrospinning allows for the production of
nanofibers from non-electrospinnable materials [122]. In this method, a polymer solution
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that is effectively electrospinnable and has suitable viscosity is used as an outer solution to
guide the core materials and produce nanofibers. Subsequently, neat fibers composed of
the core materials can be obtained by extracting the shell polymer using an appropriate
solvent [122]. One study by Sun et al. [84] reported that by using the coaxial electrospinning
technique, nanofibers were produced from poly(dodecyl thiophene) (PDT) and a metal
salt (palladium (II) diacetate (Pd(OAc);)), for which neither was electrospinnable alone.
Core-shell fibers of PEO/PDT and PLA /Pd(OAc), were fabricated by using PEO and PLA
as templates for the formation of PDT and Pd(OAc); nanofibers, respectively.

For applications, core/sheath nanofibers are considered a suitable candidate in drug
delivery applications due to their ability to generate homogeneous encapsulation of
a wide variety of drugs, delay the onset of the initial burst release, and enable controlled
sustained release [121]. For example, Mao et al. [126] reported that PLA /graphene oxide
(GO) nanofiber membranes with a coaxial structure showed a lower release rate compared
to single axial structure, and this coaxial membrane could suppress the initial burst release
of the drug. In addition, this technique was explored for its potential applications in tissue
engineering [127]. Core-shell membranes composed of poly(methyl methacrylate) (PMMA)
and silk (SF) were fabricated using coaxial electrospinning [128]. The results indicated that
cell adhesion and proliferation were more effective on PMMA /SF mats compared to neat
PMMA. The SF shell enhanced cell affinity on the fiber surfaces, while the PMMA core
provided mechanical support for tissue regeneration.

In emulsion electrospinning, core-shell nanofibers are directly produced by using
a single needle [129]. Emulsions consist of two or multiple immiscible phases, where
generally one phase is dispersed as drops in the other phase, making the continuous
phase. Normally, the phase dispersed as the drop in the emulsion is converted into the
core of the electrospun fibers and the continuous phase turns into the shell. Fabrication of
core—shell fibers is performed by two types of emulsions: water-in-oil (W/O) or oil-in-water
(O/W). For water-in-oil emulsions, the dispersed phase is based on the solution of a water-
soluble polymer with dissolved polar and hydrophilic molecules. On the other hand, the
continuous phase is formed by a hydrophobic polymer solution. In the case of oil-in-water
emulsions, the dispersed phase is oil (mineral or vegetal) and the continuous phase is
formed by the hydrophilic solution. This type of emulsion is used for the encapsulation of
hydrophobic drugs. The process involves the fast evaporation of solvent from the region
close to the surface, leading to a rapid increase in the viscosity of the outer layer compared
to that of the inner layer. It also causes the drop to be incorporated into the inner layer.
Subsequently, the drops are stretched into elliptical shapes along the axial direction of
the fibers to form the core fibers [129]. For instance, Xu et al. [130] fabricated uniform
core-sheath nanofibers via electrospinning of a water-in-oil emulsion. This emulsion
comprises a water-based phase containing a poly(ethylene oxide) (PEO) solution with
an oil-based phase made up of an amphiphilic poly(ethylene glycol)-poly(L-lactic acid)
(PEG-PLA) diblock copolymer dissolved in chloroform. The resulting fibers had a PEO core
surrounded by a distinct PEG-PLA sheath, creating a well-defined boundary between both
components. Ma et al. [131] used emulsion electrospinning for the fabrication of natural
polymer fibers that were challenging to electrospin. In their study, they initially created
core-shell polycaprolactone/chitosan (PCL/CS) composite nanofibers through an emulsion
system. Subsequently, ultrafine CS fibers were obtained by removing the PCL shell.
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Figure 8. Schematic representation of: (a) coaxial electrospinning; (b) emulsion electrospinning [130].
Reproduced with permission from Xu et al., Macromolecular Rapid Communications; published by
Wiley, 2006.

4.3. Hollow Fibers

Coaxial electrospinning is commonly used to produce fibers with hollow structures. In
general, high-aspect-ratio hollow fibers are generated after electrospinning by removing the
core from core—shell nanofibers. Core removal can be achieved through one of two methods:
core extraction or core decomposition. In the first method, the core materials are selectively
dissolved by the solvent. There is therefore a limitation in selecting the polymer for the
core and shell. The second method involves heat treatment to eliminate the core material.
Similar to any extraction method, the choice of the polymer for the shell is limited because
it must remain stable during the decomposition of the core material [120]. Lee et al. [132]
produced continuous uniform nanofibers with a hollow structure via coaxial electrospin-
ning with an inner silicon oil and outer polymer solutions. For this purpose, poly(methyl
methacrylate) (PMMA) dissolved in formic acid (FA) was chosen as the shell solution, while
silicon oil was chosen as core fluid, and n-hexane was used as the solvent to remove the
mineral oil. The effect of concentration and dielectric constants of the solvent was also
studied. It was found that increasing the concentration increased the fiber diameter, but
increasing the dielectric constants slightly decreased the diameter while the wall thickness
of the hollow fiber substantially decreased. They also used polycarbonate (PC) for the
shell solution and showed that increasing the polymer molecular weight increased the wall
thickness and the overall diameter of hollow fibers. However, the wall thickness decreased
when the viscosity of the inner silicon oil decreased. In another study by Lee et al. [133],
coaxial electrospinning was used to produce hollow carbon nanofibers. Poly(acrylonitrile)
(PAN) solutions were set as the shell liquid, while poly(styrene-co-acrylonitrile) (SAN)
solutions were used as the core liquid. This process, followed by heat treatment, led to
PAN in the shell being carbonized while the core component (SAN) was degraded and
eliminated. A careful study on the three different core components revealed that SAN
was highly suitable for the sacrificial core. SAN exhibited good coaxial electrospinnability
for fabricating uniform core—shell nanofibers due to its immiscibility with PAN. In addi-
tion, SAN had excellent thermal stability, preventing shell shrinkage and preserving the
shell structure.

4.4. Porous Structure

The production of electrospun nanofibers featuring a porous structure offers a sub-
stantial improvement in the specific surface area of the resulting nanofibers [8,134]. This
expanded surface area makes them suitable for a diverse array of applications, including
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filtration, tissue engineering, drug delivery and release. Four methods based on different
mechanisms have been introduced for the pore formation within electrospun structures.

)

(i)

(iii)

(iv)

Breath figure: This mechanism is based on condensing water vapor on a cold surface
during electrospinning [135]. As the solvent evaporates, it cools the fiber’s surface,
leading to the condensation of water vapor. Then, the condensed water droplets
create pores on the fiber’s surface and these pores become more pronounced as
the water droplets evaporate. This mechanism requires high relative humidity and
a significant temperature decrease. This is why volatile solvents (DCM, CF and THF)
are used. Furthermore, this method is mainly used for hydrophobic polymers such
as PS, PMMA, and PLA [135]. Huang and Thomas [136] produced porous PLA
electrospun fibers using a chloroform (CF) solution. Circular pores were visible only
on the fiber’s surface and not inside. They tested different solvents including acetone
(ACe) and CF and found that CF, a water-immiscible solvent, created porous fibers,
while ACe, a water-miscible solvent, resulted in smooth fibers. Water-immiscibility
significantly affected the fiber morphology.

Vapor-induced phase separation (VIPS): This process runs when a nonvolatile solvent
slowly evaporates during electrospinning, allowing time for water vapor to diffuse
into the charged jet [135]. The water vapor causes a liquid-liquid phase separation
within the jet, resulting in an internal porous structure. VIPS is typically used for
hydrophobic polymers dissolved in water-miscible solvents at high relative humidity.
The low volatility of the solvent and environmental humidity are critical factors
influencing the fiber’s structure [135]. Zheng et al. [137] fabricated electrospun porous
PS fibers from a 25% PS/DME solution at 60% relative humidity. They observed that
the solvent properties and humidity levels were critical factors in shaping the fibers.
The low volatility of DMF allowed water molecules to penetrate the polymer/solvent
jet, leading to the formation of a porous structure through separation of the polymer-
rich and polymer-lean phases.

Non-solvent-induced phase separation (NIPS): This method creates porous fibers
by combining a non-solvent with a polymer solution [138]. It is crucial to select
a non-solvent with lower volatility than the solvent. The mixture forms a polymer-
rich phase with most of the polymer and some solvent, as well as a polymer-lean
phase with a blend of the remaining solvent, non-solvent, and a small portion
of polymer. The polymer-lean phase evaporates during electrospinning, forming
a porous structure, mostly on the surface [138]. Unlike the challenges of the breath
figure method, NIPS offers better control, resulting in more uniform porous fibers
and overcoming the issues of variable fiber diameter caused by low solvent dielectric
constants [136]. Huang and Thomas [136] examined the changes in fiber morphology
when varying the concentration of ethanol (EtOH) in PLA /CFE. Using different EtOH
content (5%, 10%, 20% and 30% v/v), they observed that 5% v/v EtOH produced
elliptical pores on the surface. Increasing the EtOH content led to a transition from
surface pores to a scalloped surface (shallow surface pores connected by ridges), even-
tually resulting in a smooth surface with some wrinkles. This progression was as
follows: porous surface — scalloped surface — smooth fibers with minor wrinkles.
Notably, all these fibers had a non-porous interior. They attributed these findings
to the NIPS mechanism. The transition from scalloped to smooth surfaces was due
to water droplets expanding on the fibers’ surface in a humid environment with
high water-EtOH-miscibility.

Thermally induced phase separation (TIPS): This method takes place when the electro-
spun jet faces a substantial temperature decrease during its travel to the collector [135].
The driving force to produce the porous structure is the temperature difference.
Ye et al. [139] achieved a highly porous structure by integrating a high-temperature
electrospinning process into a thermally induced phase separation. They increased
the spinning solution temperature to 200 °C and the hot jet was quickly cooled as it
reached the collector, leading to a thermally induced phase separation. This method
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produced porous fibers with over a 100-fold increase in specific surface area, which is
a precise way of forming pores.

5. Electrospun Nanofibers Materials

Electrospinning is a versatile technique for producing nanofibers from various ma-
terials, including polymers, small molecules, and sol-gels [140]. Among these materials,
organic polymers are commonly used. The introduction of nanoscale components, such as
nanoparticles, nanosheets, and nanotubes into polymer solutions offers a wide range of
possibilities to produce composite nanofibers. The following section will discuss the differ-
ent types of nanofibers obtained via electrospinning, including polymeric, non-polymeric,
and carbon nanofibers.

5.1. Polymeric Nanofibers

Success in electrospinning organic polymer solutions depends on various factors,
including the polymer’s properties, solvent choice, processing conditions, and environ-
mental factors. To ensure effective solution electrospinning, two essential conditions are
vital: (i) the polymer must have a suitably high molecular weight, and (ii) there must be
an appropriate solvent to dissolve the polymer. Polymer molecular weight controls the
solution rheology, as lower Mw favors beads formation over fibers due to limited chain
entanglement [140]. A uniform solution depends on the solvent solubility parameters, but
high solubility does not guarantee electrospinning suitability [141,142]. Solvent volatility
affects the evaporation and jet solidification rates, but excessive volatility leads to prema-
ture solidification (needle blockage) and low volatility causes wet fibers (residual solvent).
A variety of solvents, including chloroform (CF), alcohols (al), dimethylformamide (DMF),
dichloromethane (DCM), tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), acetone
(ACe), trifluoroethanol (TFE), and hexafluoroisopropanol (HFIP), are commonly used to
dissolve organic polymers. The selection of the right solvent system is important for its
specific application.

Several polymers, both natural and synthetic, have been successfully used in solu-
tion electrospinning, including natural biopolymers (chitin, chitosan, alginate, collagen),
synthetic polymers (polystyrene (PS), poly(vinyl chloride) (PVC)), biocompatible and
biodegradable polymers (poly(lactic acid) (PLA), polycaprolactone (PCL), poly(lactic-co-
glycolic acid) (PLGA)), conductive polymers (polyaniline (PANI), polypyrrole (PPy)), and
functional polymers (poly(vinylidene fluoride) (PVDEF)) [140]. The following section focuses
on biopolymers used for sustainability reasons.

5.1.1. Natural Polymers

Natural polymers can be sourced from a diverse range of origins, including plants,
animals, and microorganisms [143]. These materials are highly sought because they are
renewable resources. This is why researchers have undertaken extensive research for
the development of electrospun nanofibers suitable for biomedical applications [144],
filtration [145], and food packaging [146]. The main objective in selecting natural polymers
for electrospinning is to achieve the highest level of biocompatibility, closely mimicking
the extracellular matrix (ECM) in its original state. Additionally, some of these natural
polymers have anti-inflammatory and antimicrobial properties, such as chitosan [143] and
polycurcumin [147]. In general, electrospinning natural polymers is challenging due to
their low stability. Blending them with synthetic polymers enhances mechanical strength,
making them more suitable for various applications [143]. Two types of biobased polymers
are used: (i) polysaccharides such as chitosan, alginate, and cellulose, and (ii) proteins such
as collagen and gelatin.
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Polysaccharide-Based Polymers
Chitosan

Chitosan is mainly obtained from the partial N-deacetylation of chitin with the molec-
ular formula (CgH11NOy)n, along with the chemical name (1,4)-2-amino-2-deoxy-f3-D-
polyglucose. Chitin, the second most abundant natural polysaccharide following cellulose,
is widely found in the exoskeletons of sea animals, insects, and microorganisms. Due to its
prevalence in these biological sources, chitosan is considered a resource-rich material [148].
Chitosan shows outstanding biocompatibility, full biodegradability, and minimal toxic-
ity. Therefore, chitosan-based materials have attracted research attention across different
fields such as wound dressing, tissue engineering, wastewater treatment, and air filtration.
However, the fabrication of electrospun chitosan nanofibers with uniform morphology is
a challenging task due to its low solubility, polycationic charge, high viscosity, high crys-
tallinity, and high-intensity hydrogen bond [149]. To overcome this problem, researchers
have investigated suitable methods of overcoming these shortcomings for the purpose
of electrospinning. One possibility is blending with other polymers or adding metal
nanoparticles [148]. For example, Darbasizadeh et al. [150] reported that the introduction of
poly(ethylene oxide) (PEO) into a chitosan solution improved chain entanglement and the
spinnability of the solution. This enhancement was attributed to the formation of hydrogen
bonds between the polyether oxygen in PEO and the amine group in chitosan. The result
revealed that the successful production of uniform nanofibers with an average diameter
of 80 nm was achieved with a chitosan-PEO weight ratio of 6:4. Subsequent crosslinking
with tripolyphosphate resulted in composite nanofibrous structures with suitable drug
delivery abilities. In another study, biocompatible chitosan/PVA nanofibers were fabricated
using electrospinning [151]. The results indicated that as the PVA content increased, the
number of beads decreased, and the formation of fibers occurred more gradually. When
the chitosan-PVA ratio reached 50:50, all the beads disappeared, and uniform fibers were
achieved. Thus, the polymer composition significantly influenced the morphology and
diameter of electrospun nanofibers. The resulting electrospun fibrous mat showed potential
as scaffolding material for skin regeneration [151]. Moreover, Pan et al. [152] developed
chitosan/PEO@MOF-5 composite nanofiber membranes via co-electrospinning. The me-
chanical properties of the chitosan-based membrane were improved by the introduction of
a stable metal organic framework (MOF-5). In addition, the membrane showed an excellent
filtration performance for PM2.5, achieving a filtration efficiency of 99.95% while keeping
a minimal pressure drop.

Alginate

Alginate is an anionic polysaccharide derived from dark and brown algae, composed
of (1,4)-linked p-D-mannuronate (M) and x-L-guluronate (G) residues, resulting in a lin-
ear unbranched copolymer structure. Alginate is non-toxic, biocompatible, cost-effective,
non-immunogenic, and has high absorption capacity, making it popular in biomedical
applications such as drug delivery and tissue engineering [153]. However, challenges exist
in obtaining continuous and uniform nanofibrous structures from pure alginate solutions
via electrospinning, as no successful report has been found to date [154]. Alginate’s inability
to form nanofibers via electrospinning is attributed to factors such as its electrical conduc-
tivity, high surface tension, and lack of molecular entanglement. Researchers have studied
different strategies to improve alginate’s electrospinnability, using carrier polymers, modi-
fying alginate, and using co-solvents and surfactants [155]. For example, Daemi et al. [156]
developed the fabrication of alginate-based nanofibers via solution electrospinning by
sulfation of the hydroxyl functional groups of alginate (alginate modification) and blending
with PVA. In another study, alginate-based membranes composed of sodium alginate (SA)
and poly(vinyl alcohol) (PVA)-encapsulating antimicrobial agents such as moxifloxacin
hydrochloride (MH) were fabricated by electrospinning and showed good potential for
wound dressing applications [157].
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Cellulose

Cellulose, the most prevalent natural polymer in the world and found in nearly
all plant structures, has attracted significant attention due to its abundance, renewability,
biodegradability, and impressive physico-chemical characteristics [158]. However, elec-
trospinning of cellulose is difficult due to its resistance to dissolve in common solvents.
Finding a suitable solvent for electrospinning is challenging because of the cellulose’s strong
intermolecular and intramolecular hydrogen bonds [159]. A blend of lithium chloride and
N,N-dimethylacetamide (LiCl/DMAc) is a common solvent for the electrospinning of
cellulose, but its effectiveness can vary based on factors such as cellulose source, molecular
weight, and crystallinity [158]. Chen et al. [160] proposed pre-activated cellulose with
monohydric alcohols before dissolution as an effective method to improve the fiber quality
from LiCl/DMAc solvent. Alternative solvents, such as trifluoroacetic acid (TFA) [161] and
N-methylmorpholine-N-oxide (NMMO) [162], were used, offering unique advantages and
challenges for electrospinning, but provided options for different cellulose applications.
Additionally, ionic liquids (IL) are emerging as a potential eco-friendly replacement for
traditional solvents in cellulose dissolution due to their high thermal and chemical stability
and simple recycling process [158]. Ionic liquids’ polar nature, low vapor pressure, and
interaction with cellulose hydroxyl groups make them attractive for cellulose dissolution.
However, a pure cellulose solution in ionic liquid is not easily electrospun due to its high
viscosity and low volatility. Therefore, co-solvents, such as dimethylformamide (DMF)
and N,N-dimethylacetamide (DMACc), are introduced alongside ionic liquids to enhance
spinnability by lowering viscosity and increasing partial polarity [163].

Cellulose derivatives, such as cellulose acetate (CA), cellulose acetate butyrate (CAB),
and ethyl cellulose, were also dissolved in common solvents and introduced as substitutes
to address the challenges associated with cellulose electrospinning [158]. For instance, Dos
Santos et al. [161] reported on the fabrication of CA scaffolds loaded with annatto (a natural
dye from tropical plants). Their findings revealed that these nanofibers not only stimulated
the proliferation of fibroblast cells, but also facilitated their spreading and penetration
within 48 h. Additionally, the bioactive compounds present in the material had the ability
to regulate the inflammatory process in vitro, suggesting its potential for wound healing
applications. In another study, core-shell nanostructures were created using a thin layer
of CA to coat a drug protein [164]. The results revealed that these core-shell nanofibers
exhibited a linear/cylindrical morphology with diameters ranging from 0.66 to 0.87 pm.
More importantly, they displayed distinct core-shell configurations with a shell thickness
varying from 1.8 to 11.6 nm. The initial rapid release of ibuprofen typically observed in
monolithic drug-protein composites was mitigated due to the CA coating. Furthermore,
this coating allowed for precise control of the drug release rate, achieving a 90% release
rate within a customizable timeframe ranging from 23 to 44 h.

Protein-Based Polymers
Collagen

Collagen is composed of 90% of the protein in humans. It shows favorable properties
for cell attachment due to its easy degradation and absorption by the human body [165,166].
However, pristine collagen fibers have some drawbacks, including poor thermal stability,
limited solvent resistance, and low mechanical strength, limiting its range of applications.
Consequently, collagen is frequently used as a composite material and blended with other
substances, including ceramics and synthetic polymers [165,166]. Rath et al. [167] reported
on the fabrication of nanofibrous collagen mats loaded with silver nanoparticles (AgNP)
using electrospinning. The results revealed that these composite nanofiber mats showed
favorable wound-healing effects due to their intrinsic antibacterial and anti-inflammatory
properties, as well as a controlled drug release profile achieved through the successful
incorporation of AgNP. In another study [168], collagen and PLLA were mixed at a 3:7 ratio
to fabricate membranes with both aligned and randomly oriented fibers. The presence
of collagen had several effects: it influenced fiber orientation and reduced fiber diameter
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(from 439 to 259 nm). Additionally, the water contact angle decreased in the collagen/PLLA
electrospun material, which was attributed to the hydrophilic groups of collagen. Fi-
nally, the study also indicated that the membranes based on aligned fibers showed higher
crystallinity and mechanical performance. More importantly, they also promoted the prolif-
eration of human fibroblasts. Ribeiro et al. [169] fabricated collagen/nano-hydroxyapatite
(nHA) nanocomposite scaffolds using simultaneous electrospinning and electrospraying
techniques to mimic bone ECM. The findings revealed that the scaffolds showed elastic
moduli between 0.3 and 2 GPa with 30 nm fiber diameter. Additionally, both collagen
and biocomposite mats were non-cytotoxic and effectively supported osteoblast adhesion.
However, osteoblasts cultured on neat electrospun collagen nanofibers displayed lower
levels of metabolic activity compared to those cultured on biocomposite ones. The incorpo-
ration of nHA into type I collagen scaffolds significantly promoted osteoblast proliferation
after 4 days of cell culture. This membrane showed great potential to treat bone defects by
guiding bone tissue regeneration and addressing bone diseases.

Gelatin

Gelatin, derived from collagen by hydrolysis, is found in animal skin, ligaments, carti-
lage, and bone [170]. The ability of gelatin fibers to mimic the extracellular matrix (ECM)
structure of human tissues, coupled with their excellent biocompatibility, biodegradability,
and widespread commercial availability, makes them suitable for a range of applications.
These include drug delivery and tissue engineering [170,171]. Gelatin, being soluble in
water, faces challenges in electrospinning due to substantial hydrogen bonding [170]. To
address this issue, combination with other polymers is used as a simple strategy to pro-
duce gelatin-based nanofibers [172]. Zangh et al. [173] fabricated gelatin/PCL composite
membranes via electrospinning with improved mechanical properties and enhanced wet-
tability. These membranes served as promising scaffolds for bone marrow cell culture,
demonstrating favorable cell attachment, growth, and migration within the scaffold. The
addition of acidic solvent to gelatin and its blends was also shown to facilitate nanofiber
production [172]. Okutan et al. [174] dissolved gelatin in 20% (v/v) acetic acid aqueous
solution and fabricated bead-free and smooth fibers with diameters in the range of several
tens of nanometers. Furthermore, different organic solvents, such as trifluoroacetic acid
(TFA), trifluoroethanol (TFE), and hexafluoro isopropanol (HFIP), were used as a solvent
for electrospun gelatin [172]. Huang et al. [175] introduced TFE as an effective solvent with
a concentration of 5% (w/v) showing excellent spinnability and yielding the smallest fiber
diameter (100 nm).

5.1.2. Synthetic Biodegradable Polymers

Innovative technologies centered around biobased and biodegradable polymers hold
significant promise in reducing our dependence on fossil fuels and alleviating the global bur-
den of plastic waste and pollution [176,177]. These polymers play a pivotal role in address-
ing multifaceted challenges related to the environment, public health and sustainability,
which have long been associated with traditional synthetic (petroleum-based) polymers.

Among the various options, degradable polyesters, such as PCL, PLA and PBS, have
received substantial attention due to their intrinsic biodegradability, origins in renewable
resources, scalability in production, and versatility for diverse applications [178]. Notably,
these synthetic materials can be efficiently electrospun and have found wide-ranging uses
in biomedical [179], air filtration [180], and food packaging industries [181].

Polycaprolactone (PCL)

PCL is a semi-crystalline polyester synthesized via ring-opening polymerization of
e-caprolactone with catalysts [171,182]. Under physiological conditions, PCL undergoes
degradation via the hydrolysis of its ester linkages, which occurs at a slower rate. Due to
its exceptional properties and the possibility to adjust its biodegradation rates, PCL has
gained significant recognition for a wide range of applications [183]. These applications
span various fields, including drug delivery systems, scaffolds for tissue engineering, and
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implantable biomaterials. To overcome the challenges associated with its slow degrada-
tion and limited mechanical properties, PCL can be combined with other polymers or
nanomaterials to create composites, copolymers or blends. For instance, electrospun PCL
composite scaffolds loaded with silica nanoparticles (Si-NPs) were fabricated for bone
regeneration [179]. The results revealed that Si-NPs were uniformly distributed inside the
PCL electrospun fibers, leading to the tensile strength improving by more than two folds.
Furthermore, the scaffolds showed cytocompatibility. In another study, coaxial electro-
spinning was used to encapsulate bovine serum albumin (BSA), along with poly(ethylene
glycol) (PEG) within PCL [184]. This core-sheath structure significantly reduced the initial
burst release. By using this core-sheath structure, the possibility of direct contact with bioac-
tive agents or exposure to organic solvents was substantially decreased. This protective
mechanism served to prevent any loss of BSA activity.

Polylactic acid (PLA)

PLA, an aliphatic thermoplastic polyester, can be derived from annually renewable
resources. It is typically synthesized through either a simple polycondensation reaction
or the ring-opening polymerization of lactide monomers. Lactic acid, the precursor, has
a chiral carbon, resulting in two enantiomeric forms: L-lactic acid and D-lactic acid. Con-
sequently, poly(lactic acid) encompasses a group of polymers, namely poly-L-lactic acid
(PLLA), poly-D-lactic acid (PDLA), and poly-D,L-lactic acid (PDLLA). PLLA and PDLA
show crystalline properties, while PDLLA is completely amorphous [185]. It is important
to note that PLA is a polymer whose stereochemical structure can be readily modified
by controlling the mixture of enantiomeric forms during the polymerization process, en-
abling the production of high-molecular-weight amorphous or crystalline polymers [186].
Additionally, PLA is seen as a promising biopolymer that is suitable as a substitute for
conventional petrochemical-based polymers in industrial applications due to its biocom-
patibility, biodegradability, good mechanical properties, and processability [187]. However,
PLA tends to be brittle at room temperature, resulting in a low elongation at break. This
limitation restricts its use in applications requiring high elongation or mechanical tough-
ness. To address this issue, blending was introduced as a simple method to enhance the
elongation at break and tensile toughness without adversely affecting the tensile strength
and tensile modulus [188]. PLA stands out as one of the most extensively researched and
used synthetic aliphatic polyesters within the field of electrospinning, owing to its promis-
ing properties. Electrospun nanofibers based on PLA show great potential across a wide
range of applications, including tissue engineering scaffolds, drug delivery systems, and
wound healing applications [189], filtration processes [180], and packaging solutions [181].
In one study, calcium oxide nanoparticles (n-CaO) sourced from eggshell waste were incor-
porated into PLA and electrospun to produce PLA /n-CaO scaffolds showing potential for
bone tissue regeneration [190]. The presence of n-CaO significantly improved the mechani-
cal properties by increasing the Young’s modulus (122-138%) compared to neat PLA fibers.
Moreover, n-CaO introduced both bioactivity and antimicrobial properties, improving the
overall biological performance of the PLA matrix. In the context of drug delivery appli-
cations, a study by Mao et al. [126] involved the fabrication via coaxial electrospinning of
PLA/graphene oxide (GO) nanofiber membranes for drug release. The drug release perfor-
mance was assessed using an organic dye, Rhodamine B (RhB), as a model drug. The results
showed that GO addition significantly enhanced the release of RhB from the nanofibers.
Based on these findings, it can be concluded that PLA /GO nanofiber membranes hold
great promise for drug delivery systems. In the context of filtration applications, Wang
et al. [180] reported that electrospun porous bead-on-string PLA nanofibrous membranes
were produced by controlling the solvent composition and concentration of the polymer
solution. The filtration performance of the resulting membranes was investigated by mea-
suring the penetration of sodium chloride (NaCl) aerosol particles. The thin nanofiber and
nanopore on the beads contributed to excellent air filtration performance. In the context of
food packaging, Feng et al. [191] conducted a study where they fabricated an electrospun
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nanocomposite mat based on PLA/TiO, with a TiO, nanoparticle content of 0.75 wt.%.
PLA, in its pristine form, does not display inherent biological activity. Nevertheless, adding
TiO, as an active agent with antibacterial properties increased the PLA functionality.

Poly(butylene succinate) (PBS)

Poly(butylene succinate) is another biodegradable aliphatic polyester synthesized
through the polymerization of two monomers: succinic acid (SA) and 1,4-butanediol (BD).
It can be 100% biobased depending on the origin of the monomers, i.e., whether they are
derived from fossil resources or bacterial fermentation [192]. PBS is a semi-crystalline poly-
mer with a glass transition temperature (Tg) around —32 °C. Its mechanical and thermal
properties are related to its crystal structure and degree of crystallinity [193]. Another
notable characteristic of PBS is its compostability, a feature that when combined with its
mechanical resistance, ductility, toughness, and impressive impact resistance positions
PBS as a promising material for sustainable applications [194]. In recent years, PBS has at-
tracted significant attention in both industrial and scientific fields, especially in the context
of preparing electrospun nanofibers for a wide range of applications [195]. Keratin—PBS
electrospun mats were fabricated for drug delivery and cell growth scaffolds [196]. Despite
keratin and PBS’s natural incompatibility, blending them in equal proportions allowed
successful electrospinning, resulting in finer and more uniform nanofibers than PBS alone.
The introduction of keratin into PBS improved its mechanical properties, while maintaining
its advantages. The nanofibers retained high swelling capacity and facilitated diclofenac
permeation under physiological conditions. Additionally, these mats supported significant
fibroblast adhesion and growth, making them promising cell growth scaffolds. In another
study [197], antimicrobial mats made from PBS were developed by incorporating natural
food-grade agents using blend electrospinning. These agents consisted of edible gums
(arabic, karaya, tragacanth), essential oils (coriander, lavender), and a free fatty acid (linoleic
acid). The inclusion of these agents not only conferred antimicrobial properties, but also en-
hanced the mechanical properties of PBS mats, bringing them closer to the performance of
human skin. Notably, the PBS mats showed high biocompatibility when tested with mouse
fibroblasts. Recently, auxetic (having a negative Poisson ratio) electrospun PBS membranes
were produced by the careful control of processing conditions to achieve an appropriate
degree of fiber orientation and, leading to this unique feature in PBS membranes [198].

PBS was also used in combination with other polymers, resulting in materials having
favorable properties based on both polymers, ultimately improving their overall perfor-
mance [199,200]. Phiriyawirut et al. [199] investigated the fabrication of porous electrospun
nanofibers by blending PLA and PBS. Round fibers with pores on the surface were pro-
duced from PBS (17% (w/v)) and PLA (17% (w/v)) in DCM/DMF at different PLA /PBS
ratios (16 kV and 18 cm of distance). Increasing the PBS content in the blend led to lower
fibers diameter, while the shape of the pores on the surface changed from round to oval.
For the thermal properties, adding PBS increased the glass transition temperature (Tg) of
PLA, but the melting temperature (Tm) of the electrospun nanofibers did not change. The
PLA /PBS nanofibers at a blend ratio of 95/5 showed the best tensile properties, while the
Young’s modulus was increased compared to the neat electrospun fibers.

5.2. Carbon Nanofiber

One class of materials that can be produced through electrospinning is carbon nanofibers,
which find applications in various fields such as energy conversion and storage, cataly-
sis, sensors, adsorption, and biomedical [201]. Carbon nanofibers, with submicron and
nanometer size, can be synthesized using a solution electrospinning method involving
a sequence of three key stages [3,202]. Initially, a polymer or a polymer blend is subjected
to electrospinning to produce the fibers. It is important to note that the diameter, mor-
phology, and porosity of the precursor nanofibers have a direct effect on the properties of
the resulting carbon nanofibers. In cases in the precursor nanofibers have a porous struc-
ture, there is a possibility that these pores may be retained in the final carbon nanofibers.
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Subsequently, the electrospun fibers are subjected to thermal treatment in air, typically at
temperatures ranging from 200 to 300 °C. This process transforms the polymer into a ladder-
like compound, imparting stability to the fibers and allowing for further processing at
higher temperatures [203]. This stabilization turns the thermoplastic precursor nanofibers
into dense thermosetting polymers through intricate physical and chemical reactions (cy-
clization, dehydrogenation and polymerization) [202]. A slow heating rate is important
to prevent the polymer from melting, thereby preserving the fibrous structure during
subsequent carbonization. Additionally, applying external tension can help to maintain
the preferred molecular orientation along the fiber axis and prevent fiber shrinkage during
stabilization. Lastly, the stabilized fibers are subjected to carbonization in a controlled inert
gas atmosphere [3]. This process takes place at temperatures ranging from 400 to 1800 °C.
It results in the production of carbon fibers containing more than 90% carbon content,
while selectively removing non-carbon elements in a gaseous form without compromis-
ing the fibrous morphology. Additionally, carbonization converts the ladder structure to
a graphite-like one, decreases the polymer fibers” diameter, increases the surface area, and
enhances conductivity. In some cases, an additional graphitization process is applied at
extremely high temperature (up to 3000 °C) to further eliminate heteroatoms, promoting
the growth of graphitic layers and increasing the stacking order of the material.

To obtain carbon nanofibers with desired properties, the selection of a suitable pre-
cursor polymer is important. Polyacrylonitrile (PAN) is the most widely used precursor
due to its outstanding properties, including high carbon yield (>50%), spinnability, and
commercial viability [3,202]. Carbon nanofibers made from electrospun PAN show su-
perior mechanical properties. Arshad et al. [204] successfully produced robust carbon
nanofibers with diameters ranging from 150 to 500 nm and lengths extending to cen-
timeters when using PAN as the precursor. Individual nanofibers carbonized at 1400 °C
exhibited a tensile strength of 3.5 & 0.6 GPa with an elastic modulus of 172 + 40 GPa.
These impressive mechanical properties were achieved by optimizing the electrospinning
parameters for the production of strong PAN nanofibers, as well as by selecting the opti-
mal stabilization and carbonization temperatures. However, PAN is based on fossil fuel
resources. Besides PAN, several other types of polymers were explored for the production
of carbon nanofibers, including poly(vinylidene fluoride) (PVDF) [205], poly(vinyl alcohol)
(PVA) [206], polyphenylsilane (PPS) [207], and pitch [208].

Today, renewable resources are being investigated. Lignin, an abundant natural
polymer, represents an affordable option as a precursor material for the production of
versatile carbon fibers. Lignin can convert to carbon fiber with diameters as fine as 200 nm,
but its carbon conversion efficiency remains relatively low (20-40%) [3]. Lallave et al. [209]
reported on the production of both solid and hollow carbon fibers from lignin using co-
electrospinning, without the need for additional polymers. This process yielded remarkably
fine carbon fibers, as small as 200 nm in diameter, displaying a smooth surface without
defects. These carbon fibers comprised finely crystallized carbon structures, predominantly
oriented along the fiber axis.

5.3. Non-Polymeric Nanofibers

Metallic and ceramic nanofibers, both non-polymeric in nature, can be produced
through via electrospinning [3]. To generate metallic nanofibers, two main methods are
available: direct electrospinning and deposition onto the surface of as-spun polymer
nanofibers [210]. When composite nanofibers are generated via direct electrospinning,
a two-step process is needed. First, calcination in the presence of air is used to eliminate
the polymer component from the as-spun composite nanofibers, resulting in the forma-
tion of metal oxide nanofibers. Subsequently, a reduction step takes place in a reduced
atmosphere to transform the metal oxides into metallic nanofibers. In this method, the
concentration of the metal precursor plays a crucial role in determining the nanofiber’s
structure [140]. It is essential to maintain sufficient concentration to prevent nanofiber
breakup during the heat treatment. Additionally, the choice of carrier polymer is of the
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utmost importance. The polymer selected should be compatible with the metal precursor
and should be easily removed through thermal treatment. Another influential factor is the
thermal treatment conditions, including temperature, duration and atmospheric conditions,
which can significantly affect the nanofiber diameter. Different metal nanofibers, including
Fe, Co, Ni and Pt, were produced by this direct method [3]. For instance, to create smooth
and pure nickel metal nanofibers, a sol-gel solution containing nickel (II) acetate (NiAc),
and polyvinyl alcohol (PVA) was electrospun, forming PVA /NiAc nanofibers [211]. These
nanofibers were then dried and subjected to calcination at 700 °C for 5 h with a heating rate
of 2.3 °C/min in an argon (Ar) atmosphere. During this process, the PVA was completely
removed and the NiAc decomposed, resulting in pure nickel metal nanofibers with an
average diameter of 120 nm.

In the indirect method of producing metal nanofibers through electrospinning, the
process involves coating electrospun fibers with a thin layer of metal using standard thin-
film deposition techniques such as thermal evaporation, electron beam evaporation, or
magnetron sputtering [212]. In the subsequent step, the polymer templates are removed by
immersion in water or other organic solvents. As a result, the metallic nanofibers typically
display a hollow-shaped cross-section. This method was used to fabricate fibers based
on a wide range of metals, including Au, Ag, Cu, Pt, Al, Cr, Ni, and their various alloys,
forming a network of nanofibers [212].

Ceramic nanofibers can also be produced through the electrospinning of a homo-
geneous precursor solution [210]. This solution comprises a blend of polymers with an
inorganic sol-gel precursor. The initial step involves the creation of as-spun composite
nanofibers. Subsequently, calcination at elevated temperatures is performed to achieve
the desired ceramic phase while simultaneously eliminating the organic components. As
an example to fabricate anatase TiO, nanofibers, one of the most commonly synthesized
electrospun metal oxide materials, a precursor solution was initially prepared [213]. This
solution comprised polyvinyl pyrrolidone (PVP) as the polymer matrix and titanium
tetraisopropoxide (Ti(OiPr)4) as the inorganic component. Electrospinning resulted in the
formation of as-spun TiO,/PVP fibers with an average diameter of 79 + 9 nm. Subse-
quently, to produce anatase nanofibers, the as-spun fibers underwent calcination in air at
500 °C for 3 h. This thermal treatment led to a reduction in fiber diameter (53 4+ 8 nm). This
reduction was mainly attributed to the removal of the PVP component and the densification
of the TiO, material. The resulting anatase nanofibers displayed fused TiO; nanoparti-
cles, each measuring about 10 nm in diameter, with observable voids between adjacent
nanoparticles [213].

It is worth noting that the diameter and morphology of ceramic nanofibers can be
influenced by various factors, including the diameter and composition of the composite
nanofibers and the conditions during calcination [213,214]. For example, Kumar et al. [214]
showed the formation of highly crystalline hierarchical TiO, nanostructures with diverse
morphologies. These morphologies ranged from one-dimensional regular fibers to porous
rods, hollow tubes and spindles. These structures were achieved by controlled annealing
of the electrospun TiO, /composite fibers at temperatures between 400 and 800 °C. Fur-
thermore, through careful control of the precursor concentration in the polymeric solution,
unconventional morphologies, such as flowers, rice grains, multi-channeled fibers and
others, were also synthesized for various applications. For instance, Kumar et al. [215]
synthesized flower-shaped SnO, structures using electrospinning by precisely controlling
the precursor concentration in a polymeric solution. These flower-shaped structures were
composed of nanofibrils with diameters of 70-100 nm. Within these fibrils, linear arrays
of single crystalline nanoparticles (20-30 nm) were found. These flower-shaped SnO,
nanostructures showed exceptional characteristics, including high crystallinity and sub-
stantial specific surface area, as well as improved electron density, diffusivity, and mobility
compared to conventional fibers. As a result, these flower-shaped SnO, fibers were used to
fabricate high-performance dye-sensitized solar cells.
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So far, various ceramic nanofiber compositions have been studied for different ap-
plications. These include CuO-ZnO composites [216], ZrC/SiC nanofibers [217], and
5i0; nanofibers/Al,O3 composites [218], as well as nanoparticles for water treatment and
purification, electromagnetic interference (EMI) shielding materials and separators for
lithium-ion batteries (LIB).

6. Fillers

By incorporating organic or inorganic nanoparticles into electrospun nanofibers,
nanocomposite materials produced via electrospinning can show distinctive multifunc-
tionality and remarkable attributes [219,220]. These properties give them a wide range
of desirable performances that are well-suited for various applications such as filtration,
catalysis, sensing, energy storage, and biomedical purposes Additionally, electrospinning
has been shown to be a convenient technique for facilitating the self-assembly, effective
orientation, dispersion, and alignment of nanoparticles.

Electrospun nanocomposite fibers are generated by two main approaches [220]. The
first one involves the production of fibers indirectly, following the electrospinning process,
through post-processing methods. This method is very useful when the nanoparticles
are poorly dispersed in the initial solution or when large-scale fabrication is not possi-
ble. The second approach involves the direct production of the nanocomposites during
electrospinning. In this method, the as-prepared nano-components are introduced and
evenly distributed within the polymer solution. Subsequently, the nanocomposite fibers
can be directly manufactured via electrospinning. This one-step technique has gained
widespread popularity for the production of diverse nanocomposites using various types
of nanoparticles [220]. In the following sections, specific types of nanoparticles suitable for
electrospinning are presented and discussed.

6.1. Metal/Metal Oxide Nanoparticles

Metal and metal oxide nanoparticles have significant promise for various applications
as they can improve the properties of electrospun fibers by modifying their chemical,
optical, magnetic and conductive characteristics [220].

Silver nanoparticles (AgNP) are one of the important metallic materials [221]. Sil-
ver nanoparticles are known for their antibacterial properties, making them effective in
biomedical materials. These nanoparticles also have the ability to scatter light and generate
surface plasmon resonance, which is valuable in optical and photovoltaic materials for
increasing light-related processes. PLGA /silver composite nanofibers were created via
electrospinning [222]. The incorporation of AgNP into these composite nanofibers occurred
without any alterations in their structure or chemistry. The dimensions of the nanofibers
and AgNP ranged from 50 to 100 nm and 5 to 10 nm, respectively. According to the results,
these nanofibers are a valuable choice as antimicrobial agents in biomaterials or water
purification systems. In another study, Ag/PVP electrospun nanofibers with nonwoven,
aligned and crossed patterns were fabricated using a coaxial electrospinning technique for
potential use in advanced plasmonic solar cell devices [223]. The smallest diameter of the
composite nanofibers led to the highest orientation of the Ag nanoparticles, resulting in
increased conductivity and showing a surface plasmon resonance effect. In particular, the
crossed or nonwoven patterns further enhanced high carrier mobility, compared to that of
the aligned pattern, resulting in improving power conversion efficiency.

Gold nanoparticles (AuNPs) are another important metallic material often incorpo-
rated into electrospun fibers, owing to their antibacterial and biocompatible properties,
distinctive plasmonic characteristics, exceptional electrical conductivity, and outstanding
stability [220,224]. AuNP-loaded polyvinylpyrrolidone/ethylcellulose coaxial electrospun
nanofibers were developed as promising scaffolds in the field of bone tissue regenera-
tion [225]. AuNPs were successfully encapsulated into electrospun scaffolds, and their
addition improved the porosity and mechanical properties. These scaffolds also showed ex-
cellent biocompatibility and osteogenic bioactivities. Manjumeena et al. [226] documented
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the fabrication of PVA-AuNP nanofibers with significant potential for cancer treatment
and for antimicrobial wound dressings. PVA, known for its inherent hydrophilic proper-
ties, became even more hydrophilic with a very low loading of AuNPs. This increased
hydrophilicity resulted in enhanced cell adhesion and proliferation. Additionally, these
nanofibers displayed notable antiproliferative effects against cancer cells and showed
promising antibacterial and antifungal activities. In another study [227], a flexible non-
volatile flash transistor memory device was introduced using a poly(ethylene naphthalate)
(PEN) substrate and poly(3-hexylthiophene) (P3HT)-AuNP electrospun fibers as the chan-
nel material. Within this device, AuNPs served as localized charge traps distributed along
the nanofiber channel, allowing for the programming and erase of the device, resulting in
transitions between low-conductance (OFF) and high-conductance (ON) states when an
electrical field was applied.

Metallic oxides, known for their superior chemical stability compared to pure metals,
are gaining popularity in electrospinning [228]. This trend involves incorporating metallic
oxide nanoparticles, such as 5iO;, TiO,, MgO, ZnO and ZrO; with varying sizes, into both
hydrophobic and hydrophilic polymers [220].

Titanium dioxide nanoparticles (TiO,) are one of the most attractive metal oxides
for improving textiles’ functionalities [229]. This is due to their distinct structural and
electrical characteristics, photocatalytic self-cleaning, and antimicrobial activity, as well
as their non-toxicity and cost-effectiveness. Sharma et al. [230] successfully produced
porous PVP-TiO; electrospun nanofibers with a suitable pore size (1.44 to 4.08 nm). These
nanofibers showed versatility and held promise for a range of applications, including water
filtration, air purification, and the production of protective masks designed to mitigate
environmental hazards (COVID-19). A photocatalyst composed of TiO,-PMMA nanofibers
was also created by hydrothermally treating electrospun PMMA loaded with titanium
n-butoxide [231]. This photocatalyst based on TiO, nanoparticles showed 90% methyl
orange (a model pollutant) degradation under 32 W of UV light for 60 min. Toniatto
et al. [232] reported on the fabrication of electrospun PLA fibers with high loadings (5 wt.%)
of TiO; nanoparticles. These fibers exhibited no cell toxicity and showed antibacterial
activity, suggesting their potential use as a bacteria-resistant implant coating material.
These findings hold promise for the design of implant surfaces in surgical applications.

Another significant category of metal oxide nanoparticles includes magnetic nanopar-
ticles (MNPs), which can vary from simple oxides (Fe,O3 or NiO) to complex functional
oxides (CoFe;O). Magnetic composite nanofibers, integrating these magnetic NPs, are
expected to display intriguing mechanical responses influenced by magnetic fields, with
potential applications across different fields [233]. For example, a fibrous sorbent was
engineered by integrating Fe30O4 nanoparticles into a PS matrix via electrospinning, aiming
for responsive oil/water separation [234]. This sorbent, characterized by a hierarchical pore
structure, exhibited remarkable selectivity for both oil and water, along with exceptional
oil adsorption capacity. Due to the magnetic response provided by the Fe3O, nanoparticles,
the oil adsorption could be controlled remotely. In another study, magnetic electrospinning
was used to embed y-Fe,O3 nanoparticles in PVA fibers [235]. The prepared PVP/vy-Fe;O3
composite fibers showed excellent magnetic properties and high electrical conductivity,
resulting in the best electromagnetic interference (EMI) shielding performance. Prasad
et al. [236] studied electrospun PVDF/ZnFe,O, composite fibers. The results indicated that
the addition of ZnFe,O, into PVDF improved the dielectric constant and energy storage
density of PVDEF. The energy storage density increased by 1.4 times compared to that of
neat PVDE

6.2. Carbon Nanotubes (CNTs)

CNTs, due to their exceptional mechanical, electrical and thermal properties, have
been studied and widely used as an excellent candidate for the development of high-
performance nanocomposites [237,238]. CNTs can improve the thermal and electrical
conductivity and the mechanical performance of polymer matrices.
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CNTs formed by rolled graphene sheets are classified into two categories: single-
walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). Their
outstanding properties are attributed to their high aspect ratio, strong covalent bond be-
tween carbons, and arrangement in cylindrical nanostructures. However, owing to their
small diameter and highly hydrophobic surface property, CNT dispersion in a polymer ma-
trix is difficult, so several researchers have attempted to overcome this challenge [237,238].
Mathew et al. [239] successfully prepared polybutylene terephthalate (PBT)/MWCNTs via
electrospinning using PBT solutions in hexafluoroisopropanol with 5 wt.% MWCNTs. The
CNT dispersion was carried out by intermediate sonication. It was reported that the fiber
diameter increased with MWCNT addition due to increased viscosity. A rougher surface
was also observed for PBT-MWCNT fibers attributed to the protrusion of MWCNTs on the
surface. Morphological analyses revealed that MWCNT was aligned parallel to the fiber
direction. The thermal stability of the fibers was enhanced by 8-9 °C and the mechanical
modulus was improved by about three times with the addition of 5 wt.% MWCNTs. In
another study, Macossay et al. [240] reported on the fabrication of MWCNT-reinforced PU
nanofibers. The MWCNT was first dispersed in DMF and subjected to ultrasound for 1 h to
yield a series of MWCNT content (0.1, 0.5 and 1 wt.%). Then, the dispersions were added
to the solution of PU/THE. Finally, the polymer-MWCNT dispersions were electrospun by
using a single needle setup with a rotating collector. The fiber diameter exhibited a signifi-
cant decrease when adding 0.5 and 1 wt.% MWCNTs, due to the improved conductivity of
the solution. Also, the fibers” Young’s modulus was improved by addition of MWCNTs.

CNTs are known to disperse well in a limited number of polymer/solvent systems, lim-
iting the selection of suitable polymers for electrospinning. Furthermore, the effectiveness
of the nanotube filler decreases when exposed to a prolonged duration of ultrasonication
due to fragmentation. Therefore, the addition of a surfactant, such as sodium dodecyl
sulfate (SDS) or gum arabic (GA), was introduced as a method to improve CNT dispersion.
Diouri and Baitoul [241] used SDS to stabilize CNT dispersions for the electrospinning
of CNT-reinforced PVA nanofibers. The surfactant, CNT, and distilled water were mixed
and sonicated for 30 min to yield a homogenous dispersion. PVA was dissolved in deion-
ized water by a hot plate stirrer at 80 °C. Then, both solutions were mixed for 10 min at
room temperature. PVA /CNT-SDS nanocomposite fibers were generated by electrospin-
ning. The results showed that the average diameter of the composite fibers significantly
decreased. Interaction between the components and improved interfacial interactions
between SDS/CNT and the PVA in electrospun fibers were also confirmed. Generally, high
surfactant content, which is used to improve the CNT dispersion, has a negative effect on
the nanofibers’ properties. Therefore, an alternative method of increasing the interfacial
interaction and improving dispersion is to perform a chemical surface modification, such
as an acid treatment, leading to the formation of carboxylic acid groups (-COOH) on the
CNT surface; their nature changed in that they become more compatible with the polymer
matrix [242]. Zhu et al. [243] prepared MWCNTs by immersion in a mixture of concen-
trated sulfuric acid and nitric acid (3:1 volume ratio). The solution was sonicated for 24 h,
washed with DI water, and filtered. The modified MWCNTs (1 to 4 wt.%) were then added
together with either poly(L-lactide) (PLLA, with 100% L-isomer) or poly(D-lactide) (PDLA,
containing 4% D-isomer) into hexafluoroisopropanol (HFIP) and stirred overnight at room
temperature. It was found that the addition of MWCNTs decreased the fiber diameter,
and the distribution became narrower. Lower CNT content also led to a higher speed of
crystallization and higher degree of crystallinity. Rana et al. [244] conducted an investiga-
tion on the effect of CNT on core-sheath polyurethane (PU) nanofibers. These nanofibers
consisted of a polyurethane (PU) core and a PU composite sheath with CNT embedded.
The core-sheath nanofibers with CNT incorporated showed rapid shape recovery and
improved mechanical properties compared to neat PU nanofibers. This suggested the
potential to create more responsive and intelligent materials.
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6.3. Graphene and Graphene-Based Nanoparticles

Graphene is a 2D nanocarbon sheet composed of sp? carbon atoms arranged in
a hexagonal honeycomb lattice [245]. It exhibits exceptional properties, including a large
specific surface area, high thermal and electrical conductivity, remarkable mechanical
strength, hydrophobicity, and antibacterial activity. Additionally, it shows good biocompat-
ibility and biodegradability [246], making it an ideal candidate as nanofiller. Due to these
attributes, graphene has attracted significant interest as a nanofiller for electrospinning.
Graphene can also be seen in other forms such as GO (graphene oxide), GNPs (graphene
nanoplatelets), and rGO (reduced graphene oxide) [247]. GO is basically a graphene sheet
with oxygen functional groups (epoxy, carboxyl or hydroxyl), and compared to graphene,
it exhibits better hydrophilicity and easier modification [248]. GO is typically prepared
through oxidation of graphite into graphite oxide and exfoliation of graphite oxide into
graphene oxide by sonification. Typically, the modified Hummers method is used to oxidize
graphite [249]. rGO is created by subjecting graphite oxide (GO) to either thermal or chem-
ical reduction processes [250]. It functions as an intermediate structure, falling between
a pure graphene sheet and highly oxidized GO. Another interesting form of graphene is
graphene nanoplatelets (GNPs) due to their accessibility, cost-effectiveness, and suitability
for large-scale production [247]. They consist of stacked graphene monolayers held together
by weak van der Waals forces, typically produced through prolonged milling of graphite
with surfactants. GNPs’ smaller size makes them better suited for incorporation into fine
electrospun fibers compared to larger graphene or graphene oxide (GO) sheets, aligning
well with the typical diameter range achievable in electrospinning (generally between
10 nm and 10 pm).

Graphene-based electrospun nanofibers have a wide range of applications. For exam-
ple, the inclusion of GNPs into electrospun PLA-PCL fibers altered the physico-chemical
properties of the electrospun matrices [251]. This modified both the morphology and diam-
eter distribution, fine-tuned the mechanical and thermal characteristics of the matrices, and
improved fibroblast cell attachment and proliferation. Li et al. [252] developed wearable
sensors by producing electrospun PLLA /graphene composite nanofibers. The addition of
graphene led to reduced fiber diameters, increased thermal stability, enhanced crystallinity,
and improved piezoelectric properties. This flexible sensor with high sensitivity found
applications in physiological monitoring and healthcare, including phonetic recognition.
In another work, electrospun PEO/CS/GO nanocomposite scaffolds were used for the
controlled release of the anticancer drug doxorubicin (DOX) [253]. Improved drug loading
efficiency (98%) and controlled release were achieved through the -7 stacking interaction
between GO and DOX within the PEO/CS/GO structure. More importantly, the drug
release rate was influenced by the pH, with rapid release observed at pH = 5.3, possibly due
to hydrogen bonding interactions between GO and DOX, leading to instability in acidic
conditions. Cell viability studies revealed that this composite could serve as an alternative
to free DOX in drug delivery, potentially minimizing the harmful side effects associated
with it. Wang et al. [254] fabricated electrospun PVA fibers reinforced by GO. The thermal
and mechanical properties of the nanofibers were significantly influenced by the addition
of different GO contents. The decomposition temperature decreased from 298 °C (0% GO)
to 248 °C (0.2 wt.% GO) with GO addition, which can be explained by the reduction of
GO producing CO, CO, and H,O, which may accelerate the PVA decomposition. The
tensile strength of the nanofibers increased by 42 times from 0.22 MPa (0% GO) to 9.37 MPa
(0.02 wt.% GO), but the elongation at break significantly dropped (180% to 145%) compared
to neat PVA nanofibers after adding a very small amount of GO (0.02 wt.%). The effect
of GO on the elongation at break was attributed to the large aspect ratio and the interac-
tion between GO and the matrix, which limited the mobility of the polymer chains. The
fabrication of an electrospun Nylon 6 (PA6) spider-wave-like nano-nets mat was reported
by Pant et al. [255] by controlling the amount of graphene oxide (GO) in the polymer
solution. A double-layered morphology (a bimodal fiber diameter-distributed mat) was
generated by embedding an optimum GO content (125 mg) in the PA6 solution (4/1 wt.%
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of acetic acid (HAc)/formic acid (FA)). This change in fiber morphology is linked to Nylon
6 degradation caused by formic acid. The presence of well-dispersed GO sheets in the
Nylon 6 solution accelerates this degradation and leads to the creation of spider-wave-like
structures. This phenomenon is attributed to the increased content of solvent-degraded Ny-
lon 6 and its complex phase separation, with the low-molecular-weight degraded polymer
forming a surface layer and the non-degraded one (with high molecular weight) forming
the core during jet-whipping under electrospinning. The formation of core—shell structure
nanofibers in single-nozzle electrospinning supports this proposed mechanism.

7. Upscaling Electrospun Fibers’ Production

While electrospinning technology holds great potential for creating unique nanofiber-
based materials and shows operational simplicity at the lab scale, improving its production
capacity and reproducibility remain significant challenges. Consequently, research is
actively being carried out to improve the efficiency and productivity of electrospinning by
modifying the equipment and configuration. These modifications include the development
of multiple needles in series and needleless electrospinning [65,256].

Multi-needle electrospinning, extending the conventional single-needle electrospin-
ning method, is a simple and effective method for the mass production of nanofibers [257].
This method increases productivity and allows for the simultaneous creation of nanofibers
with different properties. However, this method faces two main challenges: electrostatic
field interaction among the needles and issues related to needle clogging leading to varia-
tions in the fiber size distribution. To overcome this problem, different arrangements, such
as one-dimensional linear or two-dimensional configurations (elliptical, circular, triangular,
square, hexagonal, etc.) have been investigated [257]. Tomaszewski et al. [256] studied
three compact forms of multi-jet electrospinning heads (series, elliptic, and concentric).
They found that the concentric electrospinning head was the best in terms of both process
efficiency and quality. It should be mentioned that multi-needle systems need higher
voltage due to the larger mass of solution being delivered [65]. At higher voltages, all the
jets reached the collector, but were not completely dried, likely due to the high stretch-
ing effect produced by the strong electric field. Rotating spinnerets reduce the risk of
clogging by using centrifugal force to push the solution through the nozzle [256]. This
risk is further reduced when spinnerets have orifices instead of needles. The continuous
stretching of the liquid jet due to centrifugal force enables fiber production with increased
yields, even without applying voltage [256]. Vass et al. [258] reported higher production
rates of biopharmaceutical-containing electrospun fibers by using a high-speed rotating
spinneret. The flow rate was increased to about 30 times higher than the usual rate used
for single-needle electrospinning. This technique used both centrifugal and electrostatic
forces to generate fibers with a productivity up to 240 g/h. Despite the modifications
performed, the complexity of the multi-needle electrospinning system significantly limits
its widespread application [259].

Needleless electrospinning was developed to overcome limitations associated with
needle-based electrospinning [65]. This innovative approach offers several advantages,
including the potential for higher production rates, scalability, and the elimination of poten-
tial clogging issues associated with traditional needle-based electrospinning setups [256].
However, it is important to note that needleless electrospinning requires very high voltage
to overcome the liquid’s surface tension, a parameter influenced by the type of spinneret
used [257]. Additionally, maintaining consistent solution viscosity can be challenging due to
solvent evaporation. Needleless electrospinning can be classified in two groups according to
the type of spinneret: (i) rotating and (ii) stationary [259]. Needleless electrospinning relies
on an external agitating force to concentrate the electrical field on the liquid surface [259].
The goal is to achieve the required intensity level to initiate a Taylor cone, a key aspect of
electrospinning. In rotating spinnerets, rotation is used to supply a polymeric solution to
the initiated Taylor cones. This rotational mechanism ensures a continuous and uninter-
rupted electrospinning process. Taylor cones are typically formed away from the polymeric
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solution, specifically at positions where the electrical field intensity is suitable for sustaining
the electrospinning process. Different spinneret shapes, including cylinder, disk, ball, and
wire were used as a rotating spinneret in needleless electrospinning [259].

Generally, the rotating spinneret surface is partially immersed in the polymer solution
and a thin layer is formed on the spinneret surface. Then, perturbations on the solution
layer are increased, causing the formation of conical spikes on the free liquid surface. When
a high voltage is applied, these spikes deform into Taylor-like cones. Finally, the polymeric
jets are stretched out and nanofibers are collected on the collector [65].

The Elmarco Company (Liberec, Czech Republic) pioneered the development of the
first industrial needleless electrospinning setup, known as Nanospider®. This innovative
technology used a charged rotating electrode instead of conventional electrospinning
nozzles [259,260]. The application of this technology extends widely to the production of
nanofibers for pharmaceutical purposes [261,262]. For instance, the PU/PVA /PU multi-
layered sandwich-structured electrospun nanofibers were fabricated using Nanospider®
technology, with gentamicin incorporated into the middle PVA layer [261]. The results
showed that this mat effectively controlled the release of gentamicin from the nanofibrous
structures while retaining antimicrobial activity.

Niu et al. [263] conducted a comparative study on three rotating spinnerets (cylinder,
disk, and ball) to produce PVA nanofibers. The results highlighted the significance of
the fiber generator geometry, including shape and dimensions, as important parameters
influencing needleless electrospinning, fiber diameter, and productivity. The disc spinneret
was found to produce finer nanofibers with a narrower diameter distribution compared
to the other two spinnerets. Despite the larger surface area of the cylinder spinneret,
an uneven distribution of the electric field on the fiber-generating surface was observed.
Conversely, the ball spinneret generated an electric field with lower intensity, resulting in
the production of fewer jets compared to the disc and cylinder spinnerets. Furthermore, it
was observed that thinner disc spinnerets increased the electric field intensity, leading to the
production of finer nanofibers and higher productivity. Additionally, reducing the cylinder
diameter was found to enhance the electric field intensity in the middle area, positively
impacting fiber productivity [263].

A stationary spinneret uses external sources of force such as a magnetic force, high-
pressure gas flow, and gravity [259]. For example, in bubble electrospinning, jets begin to
eject from bubbles rather than at the tips of Taylor cones [264,265]. The underlying principle
involves generating bubbles on the free surface of a polymeric solution by introducing
a pressurized gas (air or nitrogen (N3)) into the solution. As these bubbles burst on
the solution’s surface, multiple jets are drawn out, initiating the electrospinning process.
In another method taking advantage of magnetic force, a sublayer of a ferromagnetic
suspension is located under an upper layer of polymeric solution [256]. A strong electric
field, along with an external magnetic field, is used to form the jets on the liquid surface.

Although needleless electrospinning is a promising technique and multiple studies
have introduced different spinnerets, further improvement is still required in terms of
process optimization, fiber consistency and quality, and solvent consideration [65,259].

8. Conclusions

In this comprehensive review, the fundamental process of electrospinning and the
parameters influencing this process were thoroughly discussed. Furthermore, the remark-
able versatility of electrospinning was shown by the introduction of various collector types
and spinneret configurations, which have resulted in a diverse range of structures and
morphologies tailored for specific applications.

The remarkable versatility of electrospinning is evident in its ability to produce var-
ious types of nanofibers, including polymers, ceramics, and metals, and its efficiency in
fabricating functional nanomaterials and composite nanofibers with precisely engineered
compositions and structures.
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Despite the simplicity and efficiency offered by electrospinning for continuous nanofiber
production, several challenges still need to be addressed. These include the development
of improved control mechanisms to ensure consistent and predictable nanofiber structures.
Additionally, adapting electrospinning for large-scale industrial applications is essential,
requiring solutions to challenges related to speed, efficiency, and scalability. Environmental
considerations mean there is a need for the development of environmentally friendly
and biodegradable materials for electrospinning that can address sustainability concerns.
Moreover, methods for recycling used nanofiber materials can significantly reduce waste
and contribute to sustainability goals. Lastly, there is a need to advance characterization
techniques to gain a more profound understanding of nanofiber structures, properties, and
performance. By resolving these challenges, electrospinning can continue to revolutionize
a wide range of fields and applications.
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Abbreviations

AAES Alkyl ammonium ethyl sulfate
ACe Acetone

al Alcohol

AuNCs Au nanocages

AuNPs Gold nanoparticles

BD 1,4-butanediol

BSA Bovine serum albumin

C Concentration of the solution
CA Cellulose acetate

CAB Cellulose acetate butyrate

CF Chloroform

CS Chitosan

CTAB Cetyltrimethylammonium bromide
d Distance between the needle and collector
D Needle diameter

DMAc Dimethylacetamide

DMF N,N-dimethylformamide
DMSO Dimethyl sulfoxide

DOX Doxorubicin

ECM Extracellular matrix

EMI Electromagnetic interference
EtOH Ethanol

FA Formic acid

GNPs Graphene nanoplates

GO Graphene oxide

HAc Acetic acid

HFIP Hexafluoroisopropanol

IL Ionic liquids



Macromol 2024, 4

92

k

LIB
MC
MNPs
MOF
Mw
MWCNTs
nHA
NIPS
Oo/W
PA
PA6
PAA
PAN
PANI
PBS
PBT
PC
PCL
PCU
PDLA
PDLLA
PDMS
PDT
PEG
PEI
PEN
PEO
PEOT
PEUU
PGA
PHBV
PI
PLA
PLGA
PLLA
PLMC
PMMA
PPS
PPy
PS
PTFE
PTT
PU
PVA
PVDF
PVDEF-HFP
PVP
Q
rGO
RhB
SA
SAN
SDS

Conductivity of the solution
Lithium-ion batteries

Methylene chloride

Magnetic nanoparticles

Metal organic framework
Molecular weight

Multiwalled carbon nanotubes
Nano-hydroxyapatite
Non-solvent-induced phase separation
Oil-in-water

Polyamide

Nylon 6

Poly(acrylic acid)
Poly(acrylonitrile)

Polyaniline

Polybutylene succinate
Polybutylene terephthalate
Polycarbonate
Poly(e-caprolactone)/Polycaprolactone
Poly(carbonate urethane)
Poly(D,L-lactide)/poly D-lactic acid
Poly-D,L-lactic acid
Polydimethylsiloxane

Poly(dodecyl thiophene)
Poly(ethylene glycol)
Polyethylenimine

Poly(ethylene naphthalate)
Poly(ethylene oxide)

Poly(ethylene oxide terephthalate)
Poly(ester urethane)urea
Polyglycolide
Poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
Polyimides

Poly(lactic acid)/polylactide
Poly(lactic-co-glycolic acid)
Poly(L-lactide)/poly-L-lactic acid
Poly(D,L-lactide-co-trimethylene carbonate)
Poly(methyl methacrylate)
Polyphenylsilane

Polypyrrole

Polystyrene
Polytetrafluoroethylene
Poly(trimethylene terephthalate)
Polyurethane

Poly(vinyl alcohol)

Poly(vinylidene fluoride)
Poly(vinylidene fluoride-co-hexafluoropropylene)
Polyvinyl pyrrolidone

Flow rate

Reduced graphene oxide
Rhodamine B

Succinic acid
Poly(styrene-co-acrylonitrile)
Sodium dodecyl sulfate
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SF Silk

Si-NPs Silica nanoparticles

SWCNTs Single-walled carbon nanotubes
TEAB Tetraethylammonium bromide
TFA Trifluoroacetic acid

TFE Trifluoroethanol

Tg Glass transition temperature
THF Tetrahydrofuran

TIPS Thermally induced phase separation
\% Applied voltage

VIPS Vapor-induced phase separation
W/0O Water-in-oil

R Surface tension

m Viscosity
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