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Abstract:

Portable in-situ electrospinning devices have emerged as a transformative solution for personalized
wound care, particularly in emergency situations. These devices enable the direct deposition of nanofiber
layers onto wound sites, providing a protective barrier, promoting hemostasis, and facilitating the
incorporation of antimicrobial agents and healing accelerators. This review examines the technological
advancements in portable electrospinning devices, various application methods, and their clinical
relevance in emergency wound care. The fundamentals of electrospinning technologies, including
needle-based, needle-free, melt, emulsion, and solution electrospinning, are discussed, elucidating their
unique strengths and limitations. The development of battery-operated and generator-powered portable
devices has expanded the scope of electrospinning applications, enabling their utilization in diverse
environments such as remote locations, surgical settings, and home care. Comparative analysis of
portable electrospinning devices and traditional methods for wound healing applications reveals the
potential of these devices to produce nanofiber dressings with enhanced mechanical properties, barrier
functions, and biocompatibility. However, challenges persist in achieving consistent fiber quality,
scalability, and further refinement of device portability. The future of portable in-situ electrospinning
devices presents significant potential for revolutionizing wound care, tissue engineering, and
personalized medicine, with advancements in automation, material innovation, and the integration of
bioactive components expected to drive further progress in this field.

Keywords: Portable electrospinning, emergency wound healing, nanofiber dressings, in-situ application,
personalised medicine, tissue regeneration

1. Introduction

Millions of individuals sustain injuries annually, necessitating immediate medical attention
due to accidents, burns, and surgical procedures [1], [2]. In emergency situations, expeditious
and efficacious wound management is crucial to mitigate the risk of infection, expedite
healing, and enhance patient comfort [3]. Conventional wound dressings are frequently
manufactured with standardised dimensions and configurations, which may inadequately
address wounds with irregular surfaces or profound tissue damage [4]. In this context,
portable in-situ electrospinning devices present a transformative solution by facilitating the
direct application of nanofiber layers to the wound site [5]. Electrospinning enables the
production of nanofibers from biocompatible polymers that conform precisely to the
morphology and structure of the wound [6]. This approach not only provides a protective
barrier but also allows the incorporation of antimicrobial agents and healing accelerators
directly into the wound area [7].

In emergencies, the advantages of portable electrospinning devices are substantial. Their
capacity for on-site application renders them invaluable for utilisation outside hospital
settings, including in accident scenes and remote locations [5]. By generating customised
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nanofiber dressings, electrospinning devices ensure that each wound is treated with a layer
that is specifically tailored to its dimensions and depth [8], [9]. This capability is particularly
crucial for irregular or complex wounds, which are challenging to manage with conventional
dressings [10].

Electrospinning technology also facilitates rapid hemostasis by applying fibre layers that
promote clotting and reduce haemorrhage [11]. This process enables immediate wound
coverage, which can significantly minimise blood loss and initiate tissue repair [12].
Furthermore, the nanofiber layers function as a barrier against microorganisms, reducing the
risk of infection. The fibres can be infused with antibacterial agents to further enhance the
protective properties of the dressing [13], [14].

The portable and lightweight design of battery-powered or generator-supported
electrospinning devices enhances their utility in field environments, rendering them suitable
for military operations, disaster relief, and rural healthcare [15]. The development of these
devices represents a significant advancement in wound care, extending beyond hospital
settings to provide essential support during emergencies, natural disasters, and remote medical
situations [16]. This article examines the technological advancements in electrospinning
devices, various application methods, and their clinical relevance in emergency wound care.

Melt electrospinning, in contrast to its solution-based counterpart, is considered more
advantageous and environmentally sustainable because it does not involve solvents, thus
eliminating harmful residues. This method allows the utilisation of biocompatible polymers
that lack suitable solvents at room temperature. The unique properties of melt electrospinning
render it particularly well-suited for in situ applications [17]. Conventional melt
electrospinning devices typically rely on heating methods, such as resistance wires, lasers,
microwaves, or heated air and oil, all of which require a main power supply. This dependence
on electricity limits their practicality, particularly in remote or outdoor settings [17].
Alternative methods involving alcohol lamps or candles have been attempted, but these are
often cumbersome, inefficient, and difficult to transport. Efforts to integrate resistance wire
heating with high-voltage electrospinning have faced challenges owing to electromagnetic
interference, complicating the development of portable devices [18]. To address this issue, a
compact and lightweight portable in situ melt electrospinning device was designed. This
device operates on AAA batteries and incorporates heat preservation and an antistatic unit to
minimise interference. Weighing approximately 450 g and measuring 24 x 6 x 13 cm enables
direct electrospinning of polymers, such as PCL, onto wounds. The melt electrospinning gun
has potential applications in personal healthcare, medical procedures, cosmetic treatments,
and educational demonstrations [19].

Despite advancements in nanofiber technology, there remains a lack of a widely adopted,
clinically validated in situ electrospinning device capable of consistently producing
nanofibrous dressings directly on wounds in diverse medical settings. This investigation
examined the feasibility of developing a portable electrospinning device to address this unmet
need [20].

Conventional electrospinning systems, while efficacious in laboratory and controlled clinical
settings, lack the requisite portability and scalability for deployment in dynamic, real-world
environments such as disaster zones, remote locations, and battlefields. Extant portable
devices frequently encounter challenges pertaining to the consistency of fiber production, the
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incorporation of biocompatible polymers, and the precision necessitated for complex wound
morphologies [21]. Moreover, despite advancements in prototype designs, clinical validation
of portable in situ electrospinning devices remains limited, impeding widespread adoption
[22].

This review addresses these critical gaps by examining advancements in portable
electrospinning technologies and proposing future directions to enhance their practicality and
reliability in diverse medical settings. Through an analysis of the evolution of these devices
and their applications, this work aims to bridge the gap between laboratory innovation and
real-world clinical needs.

2. Electrospinning Technologies
Electrospinning is a process driven by high voltage that utilises electrohydrodynamic
principles to generate fibres from polymeric solution [23]. The application of a high voltage to
a liquid droplet results in its electrification, producing a jet that undergoes elongation and
stretching to form fibres [24]. The resultant fibres exhibit diameters ranging from nanometers
to several micrometres [25]. A primary advantage of electrospinning is its versatility, which
enables the fabrication of fibres with diverse configurations and structures [26].

A typical electrospinning apparatus comprises three primary components [27].

i.  High-voltage power supply: This generates the electric field required for fibre
formation.
ii.  Spinneret (metallic needle) — Directs the polymer droplet for jet formation.
iii.  Grounded collector: Collects spun fibres in the form of a non-woven mat.
iv.  The collector can assume various forms, including flat plates, spinning drums, or
rotating discs.

The fundamental mechanism of electrospinning can be elucidated by considering a charged
droplet of conductive liquid. When placed in a vacuum, the droplet experiences two opposing
forces:[28]

I.  Electrostatic repulsion — Tends to disrupt droplet integrity.
ii.  Surface tension: The spherical shape of the droplet was maintained.

As voltage is applied to the droplet at the spinneret tip, the droplet elongates into a conical
shape known as a "Taylor cone.” The droplet generates a stream directed toward the collector
when the electrostatic force exceeds the surface tension. This liquid can be a polymer melt, a
solution, or an emulsion. Solid fibres form as the polymer cools, or the solvent evaporates
during the trajectory of the jet from the Taylor cone to the collector, resulting in the deposition
of fibres on the collector [29]. Electrospinning can be categorised on the basis of the setup
shown in Figure 1.
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Figure 1. Electrospinning categorisation based on the setup used

This versatile technique can produce fibres with tailored properties for diverse applications,
rendering it a critical method in the fields of nanotechnology and materials science.

2.1.Needle-based electrospinning
During needle electrospinning, a spinneret analogous to a needle is used, and a characteristic
cone shape is formed at the needle tip when subjected to an electric field [28].

2.1.1. Single nozzle

The most fundamental configuration of electrospinning employs a single needle as the
spinneret, as shown in Figure 2. This arrangement facilitated the production of individual
nanofibers with controlled diameters and orientations. However, single-needle electrospinning
has limitations in terms of the production rate and scalability for industrial applications [30].
To address these constraints, researchers have developed various modifications to the basic
configuration, including multi-needle systems and needle-free electrospinning techniques.
During this procedure, an equivalent voltage is applied to both solutions, and the resultant
fibre typically separates due to repulsive forces between the two liquids [31].

Figure 2. Schematic Design of Needle Electrospinning Setup

2.1.2. Coaxial electrospinning
Coaxial electrospinning uses a coaxial needle comprising two concentric hollow needles to
generate a coaxially electrified jet. The conventional method for constructing a coaxial needle
involves inserting a smaller inner needle into a larger outer needle in a coaxial configuration.
Two syringe pumps were employed to fill the outer and inner needles with separate solutions,
enabling independent control of the flow rates [32]. When subjected to an external electric
field at the coaxial needle exit, the shell solution envelops the core solution, forming a
compound Taylor cone and subsequently ejecting a coaxial jet (Figure 3). The successful
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fabrication of core-shell nanofibers is contingent upon several factors, including the
characteristics of the inner and outer solutions and electrospinning parameters. Specifically,
the inner and outer solutions must possess appropriate viscosities to maintain consistent jet
flow. Additionally, precise control of the flow rates of the two solutions is crucial to ensure
the complete encapsulation of the inner solution by the outer solution. Modulation of these
flow rates also allows for modification of the nanofiber diameter and shell thickness [33].
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Figure 3. Schematic Design of Coaxial Setup

Coaxial electrospinning provides enhanced control over nanofiber compositions for diverse
applications and facilitates the production of nanofibers from unspinnable liquids by utilising
them as the inner fluid regulated by the outer fluid. Hollow nanofibers with a customisable
wall thickness can be fabricated through selective elimination of the core from the spun core-
shell nanofibers [34]. The core-shell structure of coaxially electrospun fibres presents
opportunities for the development of multifunctional materials through the incorporation of
various functional components into the two compartments of the concentric structure [35].

2.1.3. Tri-axial electrospinning

Figure 4 illustrates the trilayer spinneret and triaxial electrospinning apparatus, which
incorporates three nested metal capillaries. This technique is frequently employed to generate
a three-layered structure, typically comprising a drug-infused core, hydrophobic middle
section, and hydrophilic exterior layer. A significant challenge in producing high-quality
multicompartment fibres is preventing the mixing of spinning solutions. To accomplish this,
the solutions must be either immiscible or evaporate at identical rates. If one solution
evaporates more rapidly than the others, the compartments may separate, thereby
compromising the structure of the fibre. Spinneret design is crucial for maintaining fibre
integrity, as it must be tailored to specific application requirements [36].
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Figure 4. Schematic design of tri-axial electrospinning

A well-engineered spinneret can regulate fluid behaviour under an electric field and serve as a
template for creating the desired nanofiber structures. The initial demonstration of triaxial
electrospinning utilised a combination of ethanol, lignin, and glycerin arranged from the
outermost layer to the innermost layer. Ethanol was employed to prevent Taylor cone
solidification, and glycerin served as the template fluid. This pioneering approach established
the foundation for the development of intricate fibre architectures for various applications
[37].

2.1.4. Multichannel electrospinning
The fundamental configuration for multichannel electrospinning comprises the placement of
three metal capillaries at the vertices of an equilateral triangle within a syringe, as illustrated
in the schematic representation (Figure 5). This arrangement facilitated the fabrication of
complex fibre structures. One of the initial demonstrations of this technique was the
introduction of a multifluid compound jet electrospinning method, which enabled the
expeditious and efficient production of biomimetic hierarchical multichannel microtubes [38].
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Figure 5. Multichnannel spinneret

In this approach, multiaxial electrospinning was utilised to develop a biomimetic system by
employing multiple inner paraffin oil channels within a titanium isopropoxide solution. The
organic components were subsequently removed to form multilayer channels that emulated
the natural structures. This methodology demonstrates the potential of multichannel
electrospinning for fabricating intricate fibre architectures for advanced applications [39].



2.2.Needle-free electrospinning

In response to the limitations of conventional needle-based electrospinning, particularly
regarding productivity and scalability, needle-free electrospinning methodologies have been
developed and refined [40]. This technique was pioneered by Jirsak et al. at the Technical
University of Liberec in the early 2000s [41]. Their primary objective was to overcome the
low production rates of needle-based systems, which constrain large-scale manufacturing of
nanofibers. Needle-free electrospinning involves the generation of multiple cones without the
requirement of a needle or small open structure. The process of jet formation in this
methodology is self-organising, occurring on an unconfined liquid surface, and is not driven
by capillary action. Instead, it relies on an external agitation force to concentrate the electric
field on the free liquid surface, intensifying it to the required level for initiating a Taylor cone
[42]. Figure 6 shows a schematic of the needle-free electrospinning setup. In this
configuration, the polymer solution was dispensed onto a rotating or vibrating pedestal. The
control pump regulated the solution flow. A high voltage is applied to the pedestal, generating
multiple jets of fibres from the polymer solution, which are subsequently collected on the
collector surface. This design eliminates the need for a traditional spinneret, thus enabling
higher productivity and large-scale nanofiber production [43].

This innovative approach facilitates higher throughput and scalability than traditional needle-
based electrospinning techniques. The absence of a needle eliminates issues such as clogging
and enables the use of more viscous polymer solutions. Furthermore, needle-free
electrospinning offers greater flexibility in terms of fibre production because multiple jets can
be generated simultaneously from a single liquid surface [44], [45].
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Figure 6. Needle-free electrospinning setup

The primary objective of needle-free electrospinning is to facilitate large-scale production of
nanofibers by eliminating the requirement for individual nozzles or needles. In contrast to the
utilisation of a spinneret for fibre ejection from a single point, needle-free electrospinning
employs a rotating or vibrating surface (such as a wire, disc, or roller) that concurrently
generates multiple jets of a polymer solution. This approach substantially enhances the
throughput and enables the continuous production of nanofiber mats [46].

2.3.Melt electrospinning
Melt electrospinning eliminates the requirement for solvent removal and recycling, thereby
addressing the environmental and toxicity concerns associated with solvent utilisation. In this
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process, the polymer is melted and introduced into a capillary tube. The entire operation must
be conducted under vacuum conditions, necessitating the enclosure of the capillary tube,
trajectory of the charged melt fluid jet, and metal collector [47].
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Figure 7. Schematic diagram of melt electrospinning setup [48].

One advantage of melt electrospinning is the production of highly uniform fibres with
minimal variations in diameter. However, this methodology exhibits certain limitations,
including the requirement for specialised equipment and the challenges presented by the high
viscosity and low electrical conductivity of the polymer melt [49]. Despite its advantages,
melt electrospinning has not achieved widespread adoption or frequent utilisation compared
with electrospinning from polymer solutions. This limited implementation is primarily
attributed to the high viscosity, elevated process temperatures, and challenge of producing
fibres in the nanometer range [50].

2.4.Emulsion electrospinning
Emulsion electrospinning involves two distinct methods. The first approach involves
propelling an emulsion through a single nozzle during the electrospinning process, facilitating
the rearrangement of the emulsion structure and resulting in a core-shell fibre analogous to
that produced by coaxial electrospinning [51]. The second methodology utilises multiple
nozzles to electrospun an emulsion, generating multiple jets, thereby increasing production
rates while still yielding core-shell fibres through structural reorganisation [52].
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Figure 8. Schematic diagram of emulsion electrospinning [51].

This technique enhances the loading capacity of drug-polymer systems with limited
compatibilities, such as water-soluble drugs or proteins incorporated into hydrophobic
polymers for extended-release. In contrast to conventional blending techniques, emulsion
electrospinning eliminates the necessity for a solvent capable of simultaneously dissolving
both the drug and the polymer. Surfactants and other emulsifying agents are frequently used to
encapsulate and stabilise the drug phase [53].

2.5.Solution electrospinning

Solution electrospinning is the most frequently employed method, in which the polymer to be
electrospun is dissolved in an appropriate solvent at a suitable concentration. The production
of nanofibers is predominantly accomplished through solution electrospinning, a technique
preferred for its straightforward methodology and adaptability to diverse materials and
conditions. In this process, a polymer solution was prepared by dissolving the desired polymer
in a suitable solvent at an optimal concentration. The selection of solvent and concentration is
critical, as it directly affects the viscosity, surface tension, and conductivity of the solution,
which in turn influences fibre formation and morphology [54].

The prepared polymer solution was loaded into a syringe or capillary tube connected to a
high-voltage power supply. An electric field is applied between the needle tip and the
grounded collector as the solution is extruded through a fine needle or nozzle. This electric
field induced charges in the polymer solution, causing it to form a Taylor cone at the needle
tip. A fine jet is ejected from the cone toward the collector when the electrostatic forces
exceed the surface tension of the solution. During this trajectory, the solvent evaporates, and
the jet undergoes stretching and whipping motions, resulting in the formation of ultrafine
fibres that are deposited on the collector as a non-woven mat [55].

3. Fundamentals of portable electrospinning devices
The adaptability of mobile electrospinning units is attributed to several modified components,
particularly the spinneret and high-voltage supply systems. The degree of mobility for each
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device varied based on the specific modifications implemented. These modifications include
on-site spinnerets connected to standard power supply configurations, the utilisation of
compact high-voltage power supplies with converters, and the incorporation of alternative
power sources such as batteries or generators [56]. The advantages and disadvantages of the
various devices are listed in Table 1. The portability of these electrospinning systems,
combined with their compatibility with polymer systems found in existing dressings, is
advantageous for the development of personalised wound care. Portable electrospinning
devices can potentially be utilised for various wound types, including incised skin of variable
depth, irregular grazed skin wounds, burned skin wounds, excised liver wounds, and dural
repairs [57]. Moreover, in situ, spinning and precise deposition provide opportunities to
manage wound sites expeditiously and promote wound healing. The safety in use partially
depends on the lower electrical current during processing (several milliamperes) and readily
adjustable operating distances between the spinneret and wound site (2-12 cm) [58].
Furthermore, the compact size, lightweight, and ability to operate independently of the main
power supply enable these devices to function both indoors and outdoors, which may be
beneficial in emergency situations or remote locations. Recent advances in portable
electrospinning device technology and in situ applications in wound care are shown in Table
1.

Table 1. Advantages and Disadvantages of Different Electrospinning Methods

Electrospinning Advantages Disadvantages Reference
Method
Needle-based - Provides high control | - Not suitable for large- | [59]
Electrospinning over fibre diameter and | scale production due to
morphology. low production rates.
- Requires low-cost and | - Needle clogging and
simple setup. maintenance may be
required.
Needle-free - It offers high - Limited control over | [42], [45]
Electrospinning production capacity, fibre diameter and
which is advantageous | distribution.
for industrial
applications.
- Eliminates needle
clogging issues.
Solution - Allows for the use of - Solvent evaporation [54]
Electrospinning various polymers. can pose
- Facilitates surface environmental and
modification and health risks.
functionalisation of - Solvent recovery may
fibres. be necessary during
production.
Melt Electrospinning | - Environmentally - High temperatures [50]
friendly, as no solvents | are required, but they
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are required.

- Suitable for producing
biocompatible and
biodegradable fibres.

are not suitable for
heat-sensitive
polymers.

- Fiber diameter
control may be less
precise.

Emulsion - Enables the - Emulsion stability [51]
Electrospinning production of and control can be
multilayer or core-shell | challenging.
fibres. - The process is more
- Suitable for drug complex and requires
delivery and biomedical | optimisation.
applications.
Portable (In-situ) - Enables on-site - Limited production [56]

Electrospinning application, which is capacity, not suitable
beneficial for wound for large-scale
dressings. manufacturing.

- Compact and user- - Fiber quality and
friendly design. uniformity may depend

on operator skill.

3.1.Advancements in Portable Electrospinning Devices for

In-Situ Nanofiber

Fabrication

Portable electrospinning devices have revolutionised nanofiber production by enabling on-site
and in-situ fabrication for a variety of applications. These devices are designed to provide
flexibility, precision, and ease of use, making them suitable for fields such as biomedical
engineering, environmental protection, and advanced material development [60]. Depending
on the power source and operational design, portable electrospinning devices can be
categorised as hand-held spinnerets, battery-powered systems, and generator-powered setups
[61]. Each type of device offers distinct benefits and limitations based on its power source,
application, and operational constraints (Table 2).

The versatility of these devices allows for customised nanofiber production tailored to
specific research or industrial requirements. Hand-held spinnerets offer the highest level of
portability and manoeuvrability, making them appropriate for precise small-scale applications
in confined spaces. Battery-powered systems strike a balance between portability and
operational duration, thereby providing a compromise for medium-scale production in field
settings [62].

Table 2. Comparison of Portable Electrospinning Devices

Type of Portable Advantages Disadvantages References

Device

Hand-held Versatile in the It requires mains [63], [64]
application; enables in | electricity; it is bulky
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Spinnerets

situ spinning; provides
higher voltage; offers
precise control over
voltage and flow rate;
ensures safe and
accurate fibre

and heavy to transport,
and it is relatively
expensive.

deposition.

Battery Powered Highly portable Voltage capacity is [62]
(compact, lightweight, | limited; operational
and easy to handle); time is constrained by
adaptable for in situ battery life.
spinning; ensures safe
and accurate fibre
deposition; cost-
effective.

Generator Powered Provides reliable and High voltage may be [65]
sufficient power inconsistent and

supply; portable and
lightweight; adaptable
for in situ spinning;
cost-effective and safe

unstable, and there may
be a limited flow rate;
fibre deposition may be
difficult to control.

for use.

Hand-held spinnerets are compact instruments that facilitate direct fibre deposition onto
surfaces or biological tissues. Their ergonomic design and manoeuvrability render them
particularly efficacious for the application of nanofibers to irregular surfaces, such as wounds
or complex geometries. These devices typically comprise a polymer reservoir, metallic
needle, and integrated heating or airflow system that facilitates real-time fibre production
[66], [67]. Their primary advantage lies in their capacity to achieve localised and targeted
applications, making them highly valuable in personalised healthcare, wound dressing, and
drug delivery [68].

Battery-powered electrospinning devices further enhance portability by eliminating the need
for a direct power supply. These systems are equipped with rechargeable or replaceable
batteries that power the high-voltage generator required for electrospinning. This design
allows for nanofiber fabrication in remote areas or environments where electricity is not
readily accessible [69], [70]. The mobility of battery-powered devices renders them suitable
for field applications, although their operational time is limited by their battery life,
necessitating efficient power management and lightweight construction [71].

Generator-powered electrospinning devices provide stable and continuous power sources for
large-scale or long-duration applications. These systems are designed for industrial or outdoor
use, and the high voltage required for electrospinning must be sustained over extended
periods. Generator-powered setups are advantageous for producing nanofiber mats or coatings
on a larger scale, supporting filtration projects, protective textiles, and environmental
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remediation. However, the added weight and bulk of the generator can reduce the mobility
and limit their utilisation in precision-focused tasks [18], [61].

By integrating portability with the advanced capabilities of electrospinning, these devices
present new possibilities for real-time fibre deposition across various disciplines. For medical,
industrial, and environmental applications, portable electrospinning technology represents a
significant advancement towards more accessible and versatile nanofiber production.

3.1.1. Portable electrospinning devices and their in situ applications

The development of portable electrospinning devices has facilitated novel opportunities for in
situ fabrication of nanofibers. These hand-held systems offer enhanced flexibility and
mobility compared with conventional benchtop apparatuses, enabling the direct application of
nanofibers in diverse field environments. The compact nature of these devices, in conjunction
with their capacity to produce high-quality nanofibers, renders them particularly promising
for applications in wound healing, tissue engineering, and environmental remediation (Figure
9) [72].
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Figure 9. Schematic demonstration of the portable electrospinning device [72].

Yue et al. developed a portable electrospinning device capable of in-situ fabrication of
waterproof and breathable (W&B) nanofibrous membranes for wound dressing applications
(Figure 10). To address the challenge of developing flexible, skin-like membranes suitable for
irregular wound surfaces, the apparatus was designed with adjustable perfusion rates ranging
from 0.05 mL/h to 10 mL/h and was capable of generating elevated voltages up to 11 kV [72].
Using this system, thymol-loaded ethanol-soluble polyurethane (EPU) membranes
incorporating fluorinated polyurethane (FPU) were fabricated. The resultant membranes
exhibited a uniform structure, robust waterproofness with a hydrostatic pressure of 17.6 cm
H:0, excellent breathability at 3.56 kg/m?/day, high tensile stress of 1.83 MPa, tensile strain
of 453%, and strong antibacterial activity. These findings demonstrate the potential of this
device as a versatile tool for producing antibacterial membranes directly on wound surfaces,
representing a significant advancement in the development of portable electrospinning
technology.
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Figure 10. (a) Photographic representation of in situ electrospinning of EPU/FPU/thymol
nanofibrous membranes on a human hand. (b) Photographic documentation illustrating the
mass of the portable electrospinning device, measured using a portable scale. (¢) Scanning
electron microscopy (SEM) micrographs of the PVB fibrous membranes. (d) SEM
micrograph of PVP fibrous membranes. (€) SEM micrograph of EPU fibrous membranes. (f)
SEM micrograph of EPU/FPU fibrous membrane. (g) Stress-strain curves of PVB, PVP, EPU,
and EPU/FPU fibrous membranes. (h) Water contact angle (WCA) measurements of PVB,
PVP, EPU, and EPU/FPU fibrous membranes [72].
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Xu et al. investigated the use of a portable hand-held electrospinning device for the in-situ
deposition of polyvinyl alcohol (PVA) and bone marrow-derived stem cells (BMSCs) to
promote wound healing in rats (Figure 11). Their findings revealed that electrospun
PVA/BMSC scaffolds significantly accelerated the wound healing process compared to the
control and PVA-only groups. By day 7, the wound area in the PVA/BMSC group was
reduced by approximately 52%, whereas the PVA-only group exhibited a reduction of 33%,
and the control group showed only 21% closure. By day 14, the PVA/BMSC group achieved
complete wound closure, whereas the PVA-only group achieved approximately 85% closure,
and the control group achieved approximately 70% closure. Microscopic examination
revealed that the PVA/BMSC-treated group demonstrated the enhanced formation of
granulation tissue, increased collagen deposition, and improved vascularisation. The results
indicated the efficacy of the hand-held electrospinning device in accelerating wound healing
and enhancing skin regeneration, demonstrating its potential for clinical and emergency
applications [63].
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Figure 11. In situ applications of the hand-held apparatus. (A) In situ electrospinning on the
wound of rat. (B) Electrospinning jets can be observed from the spinneret. (C) Electrospun
mats. (D) Electrospun films obtained from rat wounds [63].

Long et al. developed a device for rapid hemostasis utilising airflow-directed in situ
electrospinning. The apparatus comprises four primary components: a high-voltage power
supply, a syringe pump, an air pump, and a specially designed coaxial spinneret. As illustrated
in Figure 12, an air pump was connected to the coaxial spinneret to enhance electrospinning
and regulate the area of fibre deposition. A conical aluminium auxiliary electrode has been
recently implemented to facilitate precise and expeditious fibre placement. Furthermore,
airflow can be employed to cleanse wound areas prior to initiating in situ electrospinning.
Utilising this configuration, fibres of a medical adhesive, 2-octyl cyanoacrylate (OCA), were
electrospun and applied to the wound, as demonstrated in Figure 12c [68].
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Figure 12. (a) Schematic representation of the airflow-directed in-situ electrospinning
apparatus incorporating a custom-designed portable spinneret (inset). (b) Using this apparatus,
precise deposition of fibres composed of medical adhesive (OCA) was achieved. (c) Optical
micrographs of OCA fibres were fabricated using this apparatus [68].
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In recent years, commercially available devices have supplanted homemade electrospinning
setups with mobile spinnerets. These mass-produced hand-held electrospinning apparatuses
comprise a gun-shaped spinneret (Figure 13a) and an air channel. Consequently, the
electrospinning streams are confined by the airflow, as illustrated in Figure 13b, enabling
precise deposition of electrospun fibres on the intended surface. The mobility and controllable
fibre deposition of this apparatus have further enhanced the potential for on-site
electrospinning in wound treatment applications (Figure 13c and d). Although the
aforementioned electrospinning devices are portable, only the spinneret component can be
manually operated, as the remainder of the unit is excessively bulky and heavy for facile
transportation [5].

(b)

B

Figure 13. (a) Image of the electrospinning apparatus from Qingdao Junada Technology Co.,
Ltd. (b) Fibers being directed towards the target site. (c) Utilisation of the hand-held
apparatus. (d) Direct deposition of fibres onto a human hand [5].

3.1.2. Battery-operated portable electrospinning devices and their applications
The initial in situ electrospinning systems, as previously described, demonstrated some level
of mobility due to their hand-held spinneret design. However, this mobility was limited by the
need for a bulky power source and connection to the main electrical supply. To address the
constraints imposed by the main electrical connections, researchers have made various efforts,
resulting in the creation of battery-operated devices [69]. Researchers have developed a
portable, battery-operated electrospinning apparatus capable of depositing biodegradable
polymers directly onto soft tissue wounds. This novel device enables the in situ fabrication of
fibrous dressings. The hand-held electrospinning instrument, designed for the on-site

application of biodegradable polymer dressings to soft tissue injuries, is illustrated in Figure
14.
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Figure 14. battery-operated hand-held electrospinning apparatus [69].

Greiner et al. developed a hand-held electrospinning device capable of directly depositing
nanofibers onto wound surfaces. The device operates by utilising standard batteries to supply
high voltages, enabling modular construction and utilisation of different polymer solutions.
This versatility facilitates the application of various polymer-carriers and drugs tailored to
different types of wounds. Similarly, researchers at the University of Singapore have proposed
a device based on the same principle, although limited technical details and practical
applications have been disclosed for these battery-operated systems [62].

Josef Haik et al. investigated the feasibility of this portable electrospinning device for the
production of directly applied wound dressings. The device was employed to electrospin
various polymers onto wounds for in vivo studies, with macroscopic evaluations conducted on
days 2, 7, and 14 to assess the adherence, exudate levels, eschar presence, skin reactions,
wound closure, ease of dressing removal, and healing time. The device facilitated rapid
application, creating nanofibrous dressings in less than one minute, which significantly
reduced the risk of infection and cross-contamination. This hand-held system has
subsequently been commercialised as the SpinCare™ System, which comprises a hand-held
electrospinning device and sterile pre-filled SpinKit™ solution syringes, providing an
efficient and user-friendly approach to wound care (Figure) [57].

Figure 15. Application of the Portable Electrospinning Device for Wound Dressing (a)
portable hand-held electrospinning device developed by Nicast Ltd., Lod, Israel. (b-d) In vivo
electrospinning of biocompatible medical-grade polyester, polycarbonate, and polyurethane
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polymers directly onto the wound sites. (e-f) Generation of nanofibrous dressings within one
minute, demonstrating the appropriate thickness and adherence to the wound [57].

The advent of portable electrospinning devices has expanded the potential for in situ
nanofiber fabrication. These hand-held apparatuses provide enhanced versatility and
portability compared to conventional benchtop configurations, enabling direct nanofiber
applications across diverse field environments. The compact design of these instruments,
coupled with their capacity to generate high-quality nanofibers, renders them particularly
promising for applications in wound healing, tissue engineering, and environmental
remediation [62], [63].

A portable, battery-operated electrospinning apparatus (BOEA) was developed by Long et al.
for in situ application in wound healing treatments. This compact instrument is capable of
performing electrospinning directly at the point of care [64]. The device operates using two
AAA batteries (3 V), providing a high voltage of up to 10 kV and enabling continuous
operation for over 15 h with minimal current output. The positive electrode of the high-
voltage converter was connected to the syringe needle, whereas the negative electrode was
linked to a conductive metal foil. This design allows the user to transfer charge through the
body by touching the foil, thereby preventing charge accumulation during the operation [62].
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Figure 16. (a) Schematic of the hand-held battery-operated electrospinning apparatus
(BOEA) developed by Long et al. The diagram delineates the essential components, including
the syringe, high-voltage converter, battery, and wiring for the positive and negative
electrodes, facilitating direct nanofiber deposition for in situ applications. (b) Photographic
representation of assembled portable electrospinning device [5].

More recently, Long et al. investigated the application of BOEA for direct electrospinning of
the medical adhesive, N-octyl-2 cyanoacrylate (NOCA), to produce fibrous media suitable for
soft tissue hemostasis, as illustrated in Figure 17, which pertains to liver hemostasis. In this
specific application, controlling tissue adhesion post-surgery is crucial, necessitating precise
deposition of hemostatic medical adhesive. To achieve precise deposition, a metal cone was
affixed to the spinning nozzle, as depicted in Figure 17a. The researchers observed that the
deposition range of the electrospun fibres could be modulated by altering the size of the metal
cone ( Figure 17b). This modified BOEA was subsequently employed for the deposition of
NOCA fibres onto the resection site of the rat liver to achieve rapid hemostasis within 10
seconds, as shown in Figure 17c. Postoperative pathological results indicated a reduced
inflammatory response and tissue adhesion in this method compared with that in the airflow-
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assisted group [73]. These findings suggest the potential for the modified BOEA to be
developed for emergency medical procedures or for community patient care or home care
settings, where portability and ease of operation would be particularly advantageous.
However, the voltage in this device was fixed, thereby limiting the extent to which the
physical properties and dimensions of the dressings produced in situ can be modified. The
spinning solution delivery was dependent on the pressure applied by the operator to the
trigger, which could fluctuate during use, potentially resulting in inconsistent fibre deposition.

Figure 17. (a) Schematic representation illustrating the process of generating NOCA fibres
through electric-field-enhanced electrospinning for liver resection hemostasis, (b) correlation
between the metallic cone's diameter and the area of deposition, (c) application of NOCA
medical adhesive fibres onto the liver tissue surface utilising an electric field-assisted
electrospinning apparatus for achieving hemostasis[73].

Ye et al. investigated the development of a novel portable electrospinning apparatus with an
adjustable voltage and flow rate, controlled via a microcontroller, to accommodate a wide
range of electrospinning and electrospraying applications. The device, with a mass of 1.11 kg,
incorporated three primary components: a high-voltage converter, linear actuator, and
rechargeable battery system. A high-voltage converter (model F101, EMCO High Voltage
Corporation, US) generated voltages from 0 to 14 kV and was powered by ten NiIMH AA
batteries. The T-NA linear actuator coupled with a MAX-232 module functioned as a syringe
pump, enabling flow rates between 0 and 10 mL/h. Using this device, polycaprolactone (PCL)
was electrospun into submicron fibres both directly from a cartridge and through a pen-shaped
extension. The electrospun fibres exhibited a uniform morphology and enhanced deposition
precision. Furthermore, polylactic-co-glycolic acid (PLGA) microparticles were successfully
electrospray to expand the potential applications of the apparatus. The device demonstrated
the capacity to electrospun various polymers, including poly(dioxanone) (PDO), poly(3-
hydroxybutyrate) (PHB), poly(vinyl alcohol) (PVA), poly(ethylene oxide) (PEO), and
poly(vinyl butyral) (PVB). In vivo applications include direct electrospinning of PDO fibres
onto pig skin defects and achieving complete coverage of the wound site with fibrous
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dressings. Similarly, PEO fibres were electrospun directly onto human skin, covering areas
such as the arms and hands. The results demonstrate the efficacy of this portable device in
producing personalised wound dressings, highlighting its potential for cost-effective, flexible,
and transportable medical applications [74].

Battery-operated portable electrospinning devices represent a significant advancement in
wound healing and medical applications because they enable in situ nanofiber deposition
directly onto wound sites. These hand-held devices mitigate the limitations of traditional
electrospinning systems, such as the dependence on the main electricity and large, stationary
equipment. By incorporating lightweight designs, battery power, and modular components,
researchers, including Greiner, Haik, Long, and Ye, have demonstrated that these devices are
capable of producing fibrous wound dressings with enhanced adherence, antimicrobial
properties, and accelerated wound closure [52], [57], [60], [74].

In vivo and in vitro studies revealed significant advantages, including a reduction in infection
risk, enhanced tissue regeneration, and accelerated healing times. Devices such as the BOEA,
SpinCare™ system, and modified electrodes for hemostatic applications have demonstrated
efficacy in diverse medical scenarios, from emergency wound care to surgical procedures.
However, challenges persist in achieving consistent fibre deposition, adjustable voltage, and
controlled delivery, underscoring the need for further refinement and research.

3.1.3. Generator-operated portable electrospinning devices and their applications
Generator-operated portable electrospinning devices provide a reliable solution for in-situ
nanofiber fabrication by utilising self-powered high-voltage systems, enabling continuous
fibre deposition without dependence on external electrical sources. These devices are
particularly valuable for remote or emergency medical applications, allowing the creation of
customised wound dressings and tissue scaffolds directly at the site of injury [61].

While hand-held devices exhibit adequate portability, their battery life remains limited. To
address this constraint and ensure continuous operation, Han et al. proposed a self-powered
electrospinning apparatus utilising a hand-operated Wimshurst generator (Figure 17a and
17b). In contrast to battery-powered devices, this configuration substitutes the high-voltage
supply with a Wimshurst generator, capable of producing approximately 15 kV through
electrostatic induction. As illustrated in Figure 17a, clockwise rotation of the handle generates
positive and negative charges in distinct disc regions, which are subsequently stored
separately in two Leyden jars. This process establishes a high voltage differential between the
needle and collector, facilitating stable electrospinning jets observable via a high-speed
camera (Figure 17c). Various polymer solutions, including polystyrene (PS), PVDF, PCL, and
polylactic acid (PLA), have been successfully electrospun into fibre webs (Figure 17d) and
three-dimensional fibre structures (Figure 17e) employing this methodology. Additionally, this
self-powered apparatus is proposed for in situ electrospinning of wound dressings in scenarios
involving power outages (Figure 17f) [61].
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Figure 17. (a) Schematic representation of a self-sustaining electrospinning apparatus
utilising a Wimshurst machine, (b) visual depiction of the experimental setup, (c) high-speed
camera imagery of the electrospinning process employing this device, (d) optical microscopy
image illustrating a network of electrospun PS fibres, and (e) PS fibres arranged in a three-
dimensional stratified configuration. (f) Direct deposition of fibres onto the epidermal surface
through in situ electrospinning[61].

By substituting the needle and incorporating a heating apparatus, this self-powered device can
function as a portable melt-electrospinning system (Figure 18a, 18b). This novel apparatus
mitigates electrical interference prevalent in conventional setups and enhances portability.
Utilising this device, polymers such as PLA (Figure 18c) and PCL (Figure 18d) melts can be
electrospun into fibres with diameters of approximately 20 pum. The absence of residual
solvent in melt-electrospun fibres renders them more suitable for direct in situ wound
dressings due to reduced toxicity (Figure 18e, 18f). The temperature of melt-electrospun
fibres upon contact with porcine liver tissue ranged from 33.6 to 24.2 °C (PCL fibres) as the
spinning distance increased from 8 to 10 cm, approximating human body temperature.
Furthermore, the adhesion of PCL fibres to liver tissue was approximately 1.0-1.2 N [18],
[71].
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Figure 18. (a) Schematic representation elucidating the conceptual framework and (b)
advanced self-powered melt electrospinning apparatus, accompanied by its application for the
electrospinning of (c) PCL and (d) PLA fibres. (e) In situ electrospinning of fibres directly
onto porcine hepatic tissue, demonstrating (f) an extended surgical incision and (g) melt
electrospun PCL fibres applied as a wound dressing[18], [71].

Self-powered electrospinning devices, which operate independently of direct electrical
connections or batteries, frequently encounter challenges related to instability in the high
voltage generated by Wimshurst generators or R-TENGS. In response to this issue, Yan et al.
developed a hand-operated, solar-cell-powered portable electrospinning (SHPE) device,
which demonstrates the potential for applications in wound dressings, similar to other
reported portable devices [20], [61].

The SHPE device can also be utilised for melt electrospinning by modifying the spinneret into
a conical metal nozzle, in which polymer particles can be heated into a melt using a heat gun
or alcohol lamp, as depicted in Figure 19a—c. Melt electrospinning jets were subsequently
formed during electrospinning (Figure 19c). Materials such as PLA, PCL, and polyurethane
(PU) were melt-electrospuned into microfibers using the SHPE device (Figure 19d-f) [20],
[61].
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Figure 19. Optical micrographs of the SHPE device for melt electrospinning using (a) a
heating gun and (b) an alcohol lamp as the heating system, (c) the melt electrospinning
process employing the device, and scanning electron microscopy (SEM) images of the as-
spun (d) PLA, (e) PCL, and (f) PU fibres [75].

The generator-operated portable electrospinning apparatus is self-powered and stable during
use, but it is larger than battery-operated devices. To reduce volume and weight, Duan et al.
proposed a simplified electrospinning setup using a piezoelectric (PZT) ceramic generator
(Figure 20a) instead of a high-voltage supply system, resulting in a significantly smaller
device (5 x 1 x 1 cm?, see Figure 20b and 20c). Using the PZT generator, a high pulsed
voltage of approximately 56 kV was generated, which was sufficient to enable
electrospinning. Using this apparatus, several types of polymer solutions, such as PVP (Figure
20d), PVDF (Figure 20e), and PS, were successfully electrospun into ultrathin fibres,
confirming the feasibility of this apparatus. However, because a pulsed voltage is generated
by PZT, the electrospinning process cannot operate continuously, and this device can only be
utilised for demonstration purposes. Nevertheless, this approach established a fundamentally
novel method for the design of an ultra-portable electrospinning apparatus [76].
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Figure 20. (a) Schematic representation of a PZT, (b) a conceptual illustration of the PZT-
driven electrospinning apparatus, and (c) a photographic image of the portable electrospinning
device prototype. Scanning electron microscope (SEM) micrographs of electrospun (d) PVP
and (e) PVDF fibres fabricated using this apparatus [76].

Portable electrospinning devices exhibit variations in power sources, fibre outputs, and
application scopes, offering tailored solutions for diverse environments and requirements.
Battery-operated devices, such as BOEA, provide extended continuous operation and
precision, rendering them suitable for biomedical applications, including wound dressing.
Conversely, manually operated devices, such as the Wimshurst generator, deliver high-voltage
output without dependence on external power sources, making them appropriate for field use
but with limited control over fibre uniformity. Melt electrospinning devices powered by
alcohol lamps facilitate solvent-free fibre production, which is essential for heat-resistant
polymers but constrained by larger fibre diameters. Solar-powered devices, such as SHPE,
offer sustainable outdoor operation but produce fibres with submicron diameters, thereby
limiting scalability [62].

4. Comparative Analysis of Portable Electrospinning Devices and Traditional Methods
for Wound Healing Applications

Portable electrospinning devices have emerged as innovative tools for producing nanofiber-
based wound dressings directly at injury sites, enabling personalised, efficient, and
accelerated healing. Yue et al. investigated the development of a portable electrospinning
device for the in situ fabrication of thymol-loaded polyurethane (PU) fibrous membranes
intended for wound dressing applications. Their findings indicate that the device operates with
adjustable perfusion speeds (ranging from 0.05 mL/h to 10 mL/h) and high voltages up to 11
kV. The electrospun fibrous membranes exhibited significant antibacterial activity, excellent
waterproofing properties with a hydrostatic pressure of 17.6 cm H20, and superior
breathability (3.56 kg/m?*day). The resultant membranes demonstrated a high tensile strength
(1.83 MPa) and strain (453%), rendering them suitable for irregular wound surfaces. This
research suggests that portable electrospinning technology can be used to fabricate
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antibacterial membranes directly onto wounds, enhancing the practicality of electrospinning
in medical applications. Traditional electrospun polyurethane membranes can achieve tensile
strengths of up to 4.95 MPa and hydrostatic pressures of 55.4 cm H20. In some instances,
polyurethane fibrous membranes fabricated through conventional electrospinning have
demonstrated tensile strengths as high as 9.8 MPa and hydrostatic pressures reaching 104.9
cm H:O. This indicates that while portable electrospinning devices offer enhanced flexibility
and capability for in situ application, their mechanical performance and barrier properties may
be lower than those of larger, stationary setups.

Liu et al. investigated the development of a portable electrospinning device for the in situ
fabrication of "dry-wet" conversion nanofiber dressings aimed at enhancing wound healing.
Their study utilised an aqueous solvent-based system to fabricate PVA/SF/SA/GelMA
nanofiber dressings that were directly deposited onto wounds of varying sizes.
Electrospinning was conducted at 10 kV with a receiving distance of 15 cm and a flow rate of
0.4 mL/h. The dressings exhibited excellent air permeability, tensile strength (9—12 KPa), and
strain (60-80%), ensuring mechanical support during healing. Additionally, the dressings
absorbed up to eight times their weight in the fluid, forming hydrogel structures that maintain
a moist environment conducive to healing. The results demonstrated superior cell
compatibility and enhanced cell proliferation owing to the addition of silk fibroin (SF),
rendering these dressings highly promising for emergency wound care. In comparison,
conventional electrospinning methods generally produce membranes with tensile strengths in
the range of 6-10 MPa and tensile strains between 60% and 70%. The nanofiber membranes
prepared with the PVA/SF/SA/GelMA system exhibited 35% higher tensile stress and 32%
longer tensile strain than those prepared without GelMA, demonstrating the advantages of
photo-crosslinking  networks in  enhancing mechanical properties. Conventional
electrospinning methods have achieved tensile strengths of 2-5 MPa for PVA/SA membranes.
This comparison shows that while portable electrospinning devices offer significant flexibility
and the ability to perform in situ electrospinning, their mechanical properties and tensile
strengths tend to be lower than those achieved using conventional setups. However, the ability
of portable systems to create hydrogel-forming dressings and adapt to different wound
environments renders them a valuable tool for rapid and effective wound care, particularly in
emergency scenarios. The portable electrospinning device developed by Liu et al.
demonstrated potential for the on-site fabrication of advanced wound dressings with tailored
properties. The capability to create "dry-wet" conversion nanofiber dressings directly on
wounds of varying sizes illustrates the versatility and adaptability of this technology in
emergency wound care scenarios. Furthermore, the superior cell compatibility and enhanced
cell proliferation observed with these dressings, attributed to the incorporation of silk fibroin,
highlights the potential for improved wound healing outcomes compared to traditional
dressing methods.

Recent studies have elucidated the advantages and practical applications of portable
electrospinning devices compared to conventional methods for wound healing. Edirisinghe et
al. proposed a hand-held electrospinning device capable of depositing PLGA fibres directly
onto confined target areas, rendering it suitable for irregular wounds and burn sites. Their
investigation demonstrated that fibres could be applied within 300 s to form a thin protective
film over wounds. Similarly, Long et al. developed a battery-operated hand-held device that
utilised AAA batteries to generate voltages up to 10 kV. This apparatus successfully
electrospun fibres, such as PVP, PVDF, and PCL, with diameters in the nanometer range.
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Table 4 demonstrates the influence of voltage and device configuration on fibre diameter and
morphology across various polymers and electrospinning methodologies. For
polyvinylpyrrolidone (PVP), needle-based electrospinning at 15 kV produces fibres with an
average diameter of 1320 + 860 nm, while battery-operated devices at 10 kV generate fibres
with a larger diameter of approximately 1.8 um. Solar hand-powered configurations operating
at 3.8 kV vyield significantly finer fibres with diameters of 379 = 120 nm. PZT generator
devices exhibit versatility, producing fibres ranging from 650 nm to 1050 nm at voltages
between 15 and 25 kV. Polyvinylidene fluoride (PVDF) fibres exhibit varying diameters
contingent upon the electrospinning method employed. Needle-free systems at 50 kV generate
fibres with diameters between 200 and 500 nm, while needle-based systems at 15-25 kV
produce fibres with comparable diameters of 150 to 400 nm. Battery-operated systems at 10
kV yield even finer fibres with diameters of 170 nm. Triboelectric rotating disk or PZT
generators at 56 kV result in fibres with larger diameters of approximately 973 nm. For
polycaprolactone (PCL), needle-free devices at 70 kV produce extremely fine fibres with
diameters of 262.7 nm, whereas needle-based devices at 15 kV generate fibres with larger
diameters of approximately 1029.3 nm. Battery-operated systems at 10 kV achieve relatively
fine fibres with diameters of 266 nm. Self-powered melt electrospinning at 15 kV produces
fibres with diameters ranging from 800 to 900 nm. Polylactic acid (PLA) fibres exhibit
varying thicknesses dependent on the electrospinning method utilised. Needle-free
electrospinning at 20 kV results in fibres with average diameters of 373 + 30 nm, while needle
electrospinning at 8.5 kV produces fibres with larger diameters of 585 + 125 nm. Self-
powered melt electrospinning at 15 kV, analogous to PCL, yields fibres with larger diameters
of 1 um.

Table 4. Comparison of Portable and Traditional Electrospinning Devices for Wound Healing
Applications

Polymer Device Type Voltage (kV) Fibre Results/Findings
Diameter
(nm/pm)
PVP Needle-Free
Needle 15kV 1320 +860 nm | [77]
Battery- 10 kv 1.8 um [60]
Operated
Solar Hand 3.8kV 379+120 [75]
Power
PZT Generator | 15-25KkV 650-1050 nm [78]
Device
PVDF Needle-Free 50 kv 200-500 nm [79]
Needle 15-25kV 150-400 nm [79]
Battery- 10 kV 170 nm [60]
operated
electrospinning
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(BOEA)
Triboelectric 56 kV 973 nm [76]
Rotating Disk
Generator
PZT Generator | 56 kV 973 nm [78]
Device

PCL Needle-Free 70 kV 262.7 nm [80]
Needle 15kV 1029.3 nm [80]
Battery- 10kV 266 nm [60]
operated
electrospinning
(BOEA)
Self-powered 15 kV 800-900 nm [61]
Melt
Electrospinning

PLA Needle-Free 20kV 373 +30 nm [81]
Needle 8.5kV 585+ 125 nm [82]
Self-powered 15 kV 1 um [61]
Melt
Electrospinning

The findings demonstrate that higher voltages generally produce thinner fibres, particularly in
needle-free systems, while lower voltages and melt electrospinning tend to yield thicker
fibres. The versatility of self-powered and battery-operated systems, as well as the utilisation
of triboelectric and solar-powered devices, underscores the increasing potential for portable
and efficient electrospinning solutions, particularly in resource-limited or on-site applications
such as wound healing and hemostasis. The capacity to fine-tune fibre diameter through
voltage and device type offers significant advantages for tailoring nanofiber properties to
specific biomedical, filtration, and textile applications.

5. Conclusion
The development and application of portable in situ electrospinning devices represent a
significant advancement in the fields of wound care and biomedical engineering. These
devices offer a practical solution to the challenges associated with traditional wound
dressings, particularly in emergency and remote environments, where immediate and
customised treatment is essential. By facilitating the direct deposition of nanofiber layers onto
wounds, portable electrospinning technology enhances wound healing, minimises infection
risks, and provides tailored wound coverage, even in complex or irregular cases. As
elucidated in this study, various electrospinning techniques, including needle-based, coaxial,
and melt electrospinning, demonstrate unique strengths that cater to different medical and
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industrial needs. The emergence of battery-powered and generator-operated portable devices
has expanded the scope of electrospinning applications, enabling their use in field
environments, surgical settings, and home care. These devices not only simplify the
fabrication of wound dressings but also allow for the integration of antimicrobial agents and
other therapeutic compounds, thereby accelerating the healing process and improving patient
outcomes.

Despite the promising potential of portable electrospinning devices, challenges persist in
terms of achieving consistent fibre quality, scale-up production, and refining device
portability. Additionally, addressing the issue of solvent residues and developing more
environmentally friendly materials are crucial for ensuring the widespread adoption of this
technology. Further research and innovation in electrospinning technology are essential for
optimising the device design, improving the operational efficiency, and expanding the range
of biocompatible polymers available for use. With continued advancements, portable in situ
electrospinning devices have the potential to revolutionise personalised healthcare, providing
rapid and efficient solutions for wound care in both clinical and non-clinical settings.

The future of portable in situ electrospinning devices presents a significant potential for
revolutionising wound care, tissue engineering, and personalised medicine. As technology
advances, improvements in portability, automation, and material innovation will drive the
expansion of these devices across medical and industrial fields. Enhancing portability using
lighter materials, compact designs, and efficient battery technologies will increase
adaptability in emergency and remote environments. Automated systems capable of real-time
fibre deposition adjustments are required to minimise operator variability and ensure
consistent and precise wound coverage. Material innovations, particularly the development of
biocompatible and biodegradable polymers with antimicrobial properties, will enable the
production of advanced nanofiber dressings tailored to specific wound types. Furthermore, the
integration of growth factors, stem cells, and drug-loaded fibres accelerates tissue
regeneration and provides localised treatment, enhancing the overall healing outcomes.

6. References

[1] M. G. Jeschke, M. E. van Baar, M. A. Choudhry, K. K. Chung, N. S. Gibran, and S.
Logsetty, ‘Burn injury’, Nat Rev Dis Primers, vol. 6, no. 1, p. 11, 2020, doi:
10.1038/s41572-020-0145-5.

[2] J.Rose, T. G. Weiser, P. Hider, L. Wilson, R. Gruen, and S. W. Bickler, ‘Estimated need
for surgery worldwide based on prevalence of diseases: implications for public health
planning of surgical services’, Lancet Glob Health, vol. 3, no. Suppl 2, pp. S13-S20,
Apr. 2015, doi: 10.1016/S2214-109X(15)70087-2.

[3] N.Wuand L. Li, ‘A review on wound management strategies in enhanced recovery after
craniotomy: An in-depth analysis of their influence on patient recovery and surgical
outcomes’, Int Wound J, vol. 21, no. 1, p. 14595, Jan. 2024, doi: 10.1111/iwj.14595.

[4] A.Sood, M. S. Granick, and N. L. Tomaselli, ‘Wound Dressings and Comparative
Effectiveness Data’, Adv Wound Care (New Rochelle), vol. 3, no. 8, pp. 511-529, Aug.
2014, doi: 10.1089/wound.2012.0401.

[5] Y. Xu, M. Yu, S. Ramakrishna, S. Russell, and Y.-Z. Long, ‘Advances in portable
electrospinning devices for in-situ delivery of personalized wound care’, Nanoscale, vol.
11, May 2019, doi: 10.1039/C9NRO02802A.

[6] R.Abdulhussain, A. Adebisi, B. R. Conway, and K. Asare-Addo, ‘Electrospun
nanofibers: Exploring process parameters, polymer selection, and recent applications in

28



pharmaceuticals and drug delivery’, Journal of Drug Delivery Science and Technology,
vol. 90, p. 105156, Dec. 2023, doi: 10.1016/j.jddst.2023.105156.

[7] F. Moradifar, N. Sepahdoost, P. Tavakoli, and A. Mirzapoor, ‘Multi-functional dressings
for recovery and screenable treatment of wounds: A review’, Heliyon, vol. 11, no. 1, p.
e41465, Jan. 2025, doi: 10.1016/j.heliyon.2024.e41465.

[8] F. Jonidi Shariatzadeh, S. Currie, S. Logsetty, R. Spiwak, and S. Liu, ‘Enhancing wound
healing and minimizing scarring: A comprehensive review of nanofiber technology in
wound dressings’, Progress in Materials Science, vol. 147, p. 101350, Jan. 2025, doi:
10.1016/j.pmatsci.2024.101350.

[9] J. Zhao et al., ‘Recent advances in coaxial electrospun nanofibers for wound healing’,
Materials Today Bio, vol. 29, p. 101309, Dec. 2024, doi: 10.1016/j.mtbio.2024.101309.

[10] R. G. Frykberg and J. Banks, ‘Challenges in the Treatment of Chronic Wounds’, Adv
Wound Care (New Rochelle), vol. 4, no. 9, pp. 560-582, Sep. 2015, doi:
10.1089/wound.2015.0635.

[11] T. Liu et al., ‘Electrospun kaolin-loaded chitosan/PEO nanofibers for rapid hemostasis
and accelerated wound healing’, International Journal of Biological Macromolecules,
vol. 217, pp. 998-1011, Sep. 2022, doi: 10.1016/j.ijbiomac.2022.07.186.

[12] S. A. Eming, P. Martin, and M. Tomic-Canic, ‘Wound repair and regeneration:
Mechanisms, signaling, and translation’, Sci Transl Med, vol. 6, no. 265, p. 265sr6, Dec.
2014, doi: 10.1126/scitranslmed.3009337.

[13] Z. Moazzami Goudarzi, A. Zaszczynska, T. Kowalczyk, and P. Sajkiewicz, ‘Electrospun
Antimicrobial Drug Delivery Systems and Hydrogels Used for Wound Dressings’,
Pharmaceutics, vol. 16, no. 1, p. 93, Jan. 2024, doi: 10.3390/pharmaceutics16010093.

[14] Q. Liu, S. Luo, J. Peng, and R. Chang, ‘Electrospun Nanofibers from Plant Natural
Products: A New Approach Toward Efficient Wound Healing’, Int J Nanomedicine, vol.
19, pp. 13973-13990, Dec. 2024, doi: 10.2147/1JN.S501970.

[15] F. Fadil, N. D. N. Affandi, M. 1. Misnon, N. N. Bonnia, A. M. Harun, and M. K. Alam,
‘Review on Electrospun Nanofiber-Applied Products’, Polymers, vol. 13, no. 13, Art. no.
13, Jan. 2021, doi: 10.3390/polym13132087.

[16] Q. Shu et al., ‘Disaster-Related Wound Care: A Scoping Review’, Nurs Open, vol. 11,
no. 11, p. e70066, Nov. 2024, doi: 10.1002/nop2.70066.

[17] M. Bubakir, H. Li, A. Barhoum, and W. Yang, ‘Advances in Melt Electrospinning
Technique’, 2017, pp. 1-30. doi: 10.1007/978-3-319-42789-8_8-1.

[18] Y. Xu et al., ‘Portable melt electrospinning apparatus without an extra electricity
supply’, RSC Adv., vol. 7, pp. 33132-33136, Jun. 2017, doi: 10.1039/C7RA04937D.

[19] Y.-T. Zhao et al., ‘Self-powered portable melt electrospinning for in situ wound
dressing’, Journal of Nanobiotechnology, vol. 18, no. 1, p. 111, Aug. 2020, doi:
10.1186/s12951-020-00671-w.

[20] E. Rezvani Ghomi et al., ‘Advances in electrospinning of aligned nanofiber scaffolds
used for wound dressings’, Current Opinion in Biomedical Engineering, vol. 22, p.
100393, Apr. 2022, doi: 10.1016/j.cobme.2022.100393.

[21] Q. Hu, X. Shen, X. Qian, G. Huang, and M. Yuan, ‘The personal protective equipment
(PPE) based on individual combat: A systematic review and trend analysis’, Defence
Technology, vol. 28, pp. 195-221, Oct. 2023, doi: 10.1016/}.dt.2022.12.007.

[22] S. Preetam et al., ‘Emergence of microfluidics for next generation biomedical devices’,
Biosensors and Bioelectronics: X, vol. 10, p. 100106, May 2022, doi:
10.1016/j.biosx.2022.100106.

[23] T. Senthil and S. Anandhan, ‘Fabrication of styrene—acrylonitrile random copolymer
nanofiber membranes from N,N-dimethyl formamide by electrospinning’, Journal of

29



Elastomers & Plastics, vol. 47, no. 4, pp. 327-346, Jun. 2015, doi:
10.1177/0095244313514987.

[24] G. K. Sharma, N. R. James, G. K. Sharma, and N. R. James, ‘Electrospinning: The
Technique and Applications’, in Recent Developments in Nanofibers Research,
IntechOpen, 2022. doi: 10.5772/intechopen.105804.

[25] O. I. Kalaoglu-Altan et al., ‘Silver Nanoparticle-Coated Polyhydroxyalkanoate Based
Electrospun Fibers for Wound Dressing Applications’, Materials (Basel), vol. 14, no. 17,
p. 4907, Aug. 2021, doi: 10.3390/ma14174907.

[26] C. Wang et al., ‘Fabrication of Electrospun Polymer Nanofibers with Diverse
Morphologies’, Molecules, vol. 24, no. 5, p. 834, Feb. 2019, doi:
10.3390/molecules24050834.

[27] J. Xie, M. Macewan, A. Schwartz, and Y. Xia, ‘Electrospun nanofibers for neural tissue
engineering’, Nanoscale, vol. 2, pp. 35-44, Jan. 2010, doi: 10.1039/b9nr00243j.

[28] J. Xue, T. Wu, Y. Dai, and Y. Xia, ‘Electrospinning and Electrospun Nanofibers:
Methods, Materials, and Applications’, Chem Rev, vol. 119, no. 8, pp. 5298-5415, Apr.
2019, doi: 10.1021/acs.chemrev.8b00593.

[29] M. Ahmadi Bonakdar and D. Rodrigue, ‘Electrospinning: Processes, Structures, and
Materials’, Macromol, vol. 4, no. 1, Art. no. 1, Mar. 2024, doi:
10.3390/macromol4010004.

[30] G. Anusiya and R. Jaiganesh, ‘A review on fabrication methods of nanofibers and a
special focus on application of cellulose nanofibers’, Carbohydrate Polymer
Technologies and Applications, vol. 4, p. 100262, Dec. 2022, doi:
10.1016/j.carpta.2022.100262.

[31] A. Varesano, R. Carletto, and G. Mazzuchetti, ‘Experimental investigations on the multi-
jet electrospinning process’, Journal of Materials Processing Technology, vol. 209, pp.
5178-5185, Jun. 2009, doi: 10.1016/j.jmatprotec.2009.03.003.

[32] A. L. Yarin, ‘Coaxial electrospinning and emulsion electrospinning of core—shell fibers’,
Polymers for Advanced Technologies, vol. 22, pp. 310-317, Mar. 2011, doi:
10.1002/pat.1781.

[33] N. Rajabifar et al., “Wound Dressing with Electrospun Core-Shell Nanofibers: From
Material Selection to Synthesis’, Polymers, vol. 16, no. 17, Art. no. 17, Jan. 2024, doi:
10.3390/polym16172526.

[34] A. Moghe and B. Gupta, ‘Co-axial Electrospinning for Nanofiber Structures: Preparation
and Applications’, Polymer Reviews - POLYM REV, vol. 48, pp. 353-377, May 2008,
doi: 10.1080/15583720802022257.

[35] J. Khan, A. Khan, M. Q. Khan, and H. Khan, ‘Applications of co-axial electrospinning in
the biomedical field’, Next Materials, vol. 3, p. 100138, Apr. 2024, doi:
10.1016/j.nxmate.2024.100138.

[36] L. Wang, Z. Ahmad, J. Huang, J.-S. Li, and M.-W. Chang, ‘Multi-Compartment
Centrifugal Electrospinning Based Composite Fibers’, Chemical Engineering Journal,
vol. 330, Jul. 2017, doi: 10.1016/j.cej.2017.07.179.

[37] H. He, M. Wu, J. Zhu, Y. Yang, R. Ge, and D. Yu, ‘Engineered Spindles of Little
Molecules Around Electrospun Nanofibers for Biphasic Drug Release’, Advanced Fiber
Materials, vol. 4, Nov. 2021, doi: 10.1007/s42765-021-00112-9.

[38] B. Abadi, N. Goshtasbi, S. Bolourian, J. Tahsili, M. Adeli-Sardou, and H. Forootanfar,
‘Electrospun hybrid nanofibers: Fabrication, characterization, and biomedical
applications’, Front Bioeng Biotechnol, vol. 10, p. 986975, Dec. 2022, doi:
10.3389/fbioe.2022.986975.

30



[39] F. Li, Y. Zhao, Y. Song, F. Li, Y. Zhao, and Y. Song, ‘Core-Shell Nanofibers: Nano
Channel and Capsule by Coaxial Electrospinning’, in Nanofibers, IntechOpen, 2010.
doi: 10.5772/8166.

[40] M. Wagas et al., ‘Design and development of a nozzle-free electrospinning device for
the high-throughput production of biomaterial nanofibers’, Medical Engineering &
Physics, vol. 92, pp. 80-87, Jun. 2021, doi: 10.1016/j.medengphy.2021.04.007.

[41] O. Jirsak, F. Sanetrnik, D. Lukas, V. Kotek, L. Martinova, and J. Chaloupek, ‘Method of
nanofibres production from a polymer solution using electrostatic spinning and a device
for carrying out the method’, US7585437B2, Sep. 08, 2009 Accessed: Jan. 05, 2025.
[Online]. Available: https://patents.google.com/patent/US7585437B2/en

[42] X. Wang, H. Niu, T. Lin, and X. Wang, ‘Needleless Electrospinning of Nanofibers With
a Conical Wire Coil’, Polymer Engineering and Science, vol. 49, pp. 1582-1586, Aug.
2009, doi: 10.1002/pen.21377.

[43] S. Palwai, ‘Physics of Electrospinning’, in Electrospinning - Theory, Applications, and
Update Challenges, IntechOpen, 2023. doi: 10.5772/intechopen.113010.

[44] S. Lian, D. Lamprou, and M. Zhao, ‘Electrospinning technologies for the delivery of
Biopharmaceuticals: Current status and future trends’, International Journal of
Pharmaceutics, vol. 651, p. 123641, Feb. 2024, doi: 10.1016/j.ijpharm.2023.123641.

[45] S.-L. Liu, Y.-Y. Huang, H.-D. Zhang, B. Sun, J.-C. Zhang, and Y.-Z. Long, ‘Needleless
electrospinning for large scale production of ultrathin polymer fibres’, Materials
Research Innovations, vol. 18, pp. S4-833, Jul. 2014, doi:
10.1179/14328917147.000000000802.

[46] A. Al-Abduljabbar and I. Farooq, ‘Electrospun Polymer Nanofibers: Processing,
Properties, and Applications’, Polymers, vol. 15, no. 1, Art. no. 1, Jan. 2023, doi:
10.3390/polym15010065.

[47] T. D. Brown, P. D. Dalton, and D. W. Hutmacher, ‘Melt electrospinning today: An
opportune time for an emerging polymer process’, Progress in Polymer Science, vol. 56,
pp. 116-166, May 2016, doi: 10.1016/j.progpolymsci.2016.01.001.

[48] Y.Jin et al., ‘Fabrication of heterogeneous scaffolds using melt electrospinning writing:
Design and optimization’, Materials & Design, vol. 185, p. 108274, Jan. 2020, doi:
10.1016/j.matdes.2019.108274.

[49] A. Bachs-Herrera, O. Yousefzade, L. J. del Valle, and J. Puiggali, ‘Melt Electrospinning
of Polymers: Blends, Nanocomposites, Additives and Applications’, Applied Sciences,
vol. 11, no. 4, Art. no. 4, Jan. 2021, doi: 10.3390/app11041808.

[50] H. Xu, M. Yamamoto, and H. Yamane, ‘Melt electrospinning: Electrodynamics and
spinnability’, Polymer, vol. 132, Nov. 2017, doi: 10.1016/j.polymer.2017.11.006.

[51] C. Zhang, F. Feng, and H. ZHANG, ‘Emulsion electrospinning: Fundamentals, food
applications and prospects’, Trends in Food Science & Technology, vol. 80, Aug. 2018,
doi: 10.1016/j.tifs.2018.08.005.

[52] N. Nikmaram et al., ‘Emulsion-based systems for fabrication of electrospun nanofibers:
food, pharmaceutical and biomedical applications’, RSC Advances, vol. 7, no. 46, pp.
28951-28964, 2017, doi: 10.1039/C7RA00179G.

[53] R. CeCe, L. Jining, M. Islam, J. G. Korvink, and B. Sharma, ‘An Overview of the
Electrospinning of Polymeric Nanofibers for Biomedical Applications Related to Drug
Delivery’, Advanced Engineering Materials, vol. 26, no. 1, p. 2301297, 2024, doi:
10.1002/adem.202301297.

[54] C. Salas, ‘Solution electrospinning of nanofibers’, 2017, pp. 73-108. doi: 10.1016/B978-
0-08-100907-9.00004-0.

[55] I. Alghoraibi and S. Alomari, ‘Different Methods for Nanofiber Design and Fabrication’,
in Handbook of Nanofibers, A. Barhoum, M. Bechelany, and A. Makhlouf, Eds., Cham:

31



Springer International Publishing, 2018, pp. 1-46. doi: 10.1007/978-3-319-42789-8 11-
2.

[56] M. Caya, B. Rabago, and T. Rodrigo, Development of a Portable Electrospinning Device
with Tunable Voltage for Nanofiberm Production. 2021, p. 6. doi:
10.1109/HNICEM54116.2021.9731883.

[57] J. Haik, R. Kornhaber, B. Blal, and M. Harats, ‘The Feasibility of a Handheld
Electrospinning Device for the Application of Nanofibrous Wound Dressings’, Advances
in Wound Care, vol. 6, no. 5, pp. 166-174, May 2017, doi: 10.1089/wound.2016.0722.

[58] O. M. Alvarez, P. M. Mertz, R. V. Smerbeck, and W. H. Eaglstein, ‘The healing of
superficial skin wounds is stimulated by external electrical current’, J Invest Dermatol,
vol. 81, no. 2, pp. 144-148, Aug. 1983, doi: 10.1111/1523-1747.ep12543498.

[59] F. Zhou, R. Gong, and I. Porat, ‘Needle and Needleless Electrospinning for Nanofibers’,
Journal of Applied Polymer Science, vol. 115, pp. 2591-2598, Mar. 2010, doi:
10.1002/app.31282.

[60] Y.-Z. Long, J. Zhang, Z. Liu, B.-C. Wang, M. Yu, and S. Ramakrishna, ‘Application of
Hand-Held Electrospinning Devices in Medicine’, 2022, pp. 605-630. doi: 10.1007/978-
3-030-99958-2_21.

[61] W. Han et al., ‘Self-powered electrospinning apparatus based on a hand-operated
Wimshurst generator’, Nanoscale, vol. 7, Feb. 2015, doi: 10.1039/C5NR00387C.

[62] S.-C. Xu et al., ‘A battery-operated portable handheld electrospinning apparatus’,
Nanoscale, vol. 7, no. 29, pp. 12351-12355, Jul. 2015, doi: 10.1039/C5NR02922H.

[63] S. Xu, T. Lu, L. Yang, S. Luo, Z. Wang, and C. Ye, ‘In situ cell electrospun using a
portable handheld electrospinning apparatus for the repair of wound healing in rats’, Int
Wound J, vol. 19, no. 7, pp. 1693-1704, Nov. 2022, doi: 10.1111/iw;j.13769.

[64] A. Dubson, ‘Portable electrospinning device’, US20170239094A1, Aug. 24, 2017
Accessed: Jan. 05, 2025. [Online]. Available:
https://patents.google.com/patent/US20170239094A1/en

[65] C.-C. Qin et al., ‘Melt electrospinning of poly(lactic acid) and polycaprolactone
microfibers by using a hand-operated Wimshurst generator’, Nanoscale, vol. 7, Sep.
2015, doi: 10.1039/c5nr05367f.

[66] P. Sofokleous, E. Stride, W. Bonfield, and M. Edirisinghe, ‘Design, construction and
performance of a portable handheld electrohydrodynamic multi-needle spray gun for
biomedical applications’, Mater Sci Eng C Mater Biol Appl, vol. 33, no. 1, pp. 213-223,
Jan. 2013, doi: 10.1016/j.msec.2012.08.033.

[67] Z. Chen, Z. Wang, and Z. Gu, ‘Bioinspired and Biomimetic Nanomedicines’, Acc Chem
Res, vol. 52, no. 5, pp. 1255-1264, May 2019, doi: 10.1021/acs.accounts.9b00079.

[68] K. Jiang et al., ‘Airflow-directed in situ electrospinning of a medical glue of
cyanoacrylate for rapid hemostasis in liver resection’, Nanoscale, vol. 6, no. 14, pp.
7792-7798, Jun. 2014, doi: 10.1039/C4NR01412).

[69] Z.-M. Huang, Y.-Z. Zhang, M. Kotaki, and S. Ramakrishna, ‘A review on polymer
nanofibers by electrospinning and their applications in nanocomposites’, Composites
Science and Technology, vol. 63, no. 15, pp. 2223-2253, Nov. 2003, doi:
10.1016/S0266-3538(03)00178-7.

[70] D. J. Smith, D. H. Reneker, A. T. McManus, H. L. Schreuder-Gibson, C. Mello, and M.
S. Sennett, ‘Electrospun fibers and an apparatus therefor’, US6753454B1, Jun. 22, 2004
Accessed: Jan. 05, 2025. [Online]. Available:
https://patents.google.com/patent/US6753454B1/en

[71] R.-H. Dong et al., ‘In situ deposition of a personalized nanofibrous dressing via a handy
electrospinning device for skin wound care’, Nanoscale, vol. 8, no. 6, pp. 34823488,
Feb. 2016, doi: 10.1039/C5NR08367B.

32



[72] Y. Yue et al., ‘In-situ electrospinning of thymol-loaded polyurethane fibrous membranes
for waterproof, breathable, and antibacterial wound dressing application’, Journal of
Colloid and Interface Science, vol. 592, pp. 310-318, Jun. 2021, doi:
10.1016/j.jcis.2021.02.048.

[73] W.-L. Luo et al., ‘Electric- Field-Modified In Situ Precise Deposition of Electrospun
Medical Glue Fibers on the Liver for Rapid Hemostasis’, Nanoscale Res Lett, vol. 13,
no. 1, p. 278, Sep. 2018, doi: 10.1186/s11671-018-2698-8.

[74] P.-A. Mouthuy, L. Groszkowski, and H. Ye, ‘Performances of a portable electrospinning
apparatus’, Biotechnol Lett, vol. 37, no. 5, pp. 1107-1116, May 2015, doi:
10.1007/s10529-014-1760-6.

[75] X. Yan et al., ‘A portable electrospinning apparatus based on a small solar cell and a
hand generator: design, performance and application’, Nanoscale, vol. 8, no. 1, pp. 209—
213, 2016, doi: 10.1039/C5NR06858D.

[76] X.-P. Duan et al., ‘Simple piezoelectric ceramic generator-based electrospinning
apparatus’, RSC Adv., vol. 6, no. 70, pp. 66252-66255, Jul. 2016, doi:
10.1039/C6RA14695C.

[77] M. Ataei, H. Afrasiabi Garekani, M. Alizadeh Sani, D. Julian McClements, and F.
Sadeghi, ‘Evaluation of polyvinyl pyrrolidone nanofibers for encapsulation, protection,
and release of curcumin: Impact on in vitro bioavailability’, Journal of Molecular
Liquids, vol. 397, p. 124115, Mar. 2024, doi: 10.1016/j.molligq.2024.124115.

[78] J. Yun et al., ‘The effect of PVP contents on the fiber morphology and piezoelectric
characteristics of PZT nanofibers prepared by electrospinning’, Materials Letters, vol.
137, pp. 178-181, Dec. 2014, doi: 10.1016/j.matlet.2014.08.139.

[79] Z. He, F. Rault, M. Lewandowski, E. Mohsenzadeh, and F. Salaiin, ‘Electrospun PVDF
Nanofibers for Piezoelectric Applications: A Review of the Influence of Electrospinning
Parameters on the B Phase and Crystallinity Enhancement’, Polymers, vol. 13, no. 2, Art.
no. 2, Jan. 2021, doi: 10.3390/polym13020174.

[80] D. Li et al., ‘Three-dimensional polycaprolactone scaffold via needleless electrospinning
promotes cell proliferation and infiltration’, Colloids and Surfaces B: Biointerfaces, vol.
121, pp. 432-443, Sep. 2014, doi: 10.1016/j.colsurfb.2014.06.034.

[81] V. Salaris, I. San Félix Garcia-Obregon, D. Lopez, and L. Peponi, ‘Fabrication of PLA-
Based Electrospun Nanofibers Reinforced with ZnO Nanoparticles and In Vitro
Degradation Study’, Nanomaterials, vol. 13, no. 15, Art. no. 15, Jan. 2023, doi:
10.3390/nan013152236.

[82] C.Huang and N. L. Thomas, ‘Fabricating porous poly(lactic acid) fibres via
electrospinning’, European Polymer Journal, vol. 99, pp. 464-476, Feb. 2018, doi:
10.1016/j.eurpolymj.2017.12.025.

33



