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Abstract

Nanofibers are increasingly recognized as adaptable nanostructured materials with significant promise
across biomedical, pharmaceutical, environmental, filtration, energy, and industrial fields. Their
nanoscale size, large surface-area-to-volume ratio, flexibility, porosity, and adjustable properties render
them especially appealing for advanced drug delivery, wound healing, tissue engineering, cancer
therapy, gene delivery, and biosensing. A range of fabrication methods—such as electrospinning,
centrifugal spinning, solution blow spinning, phase separation, self-assembly, and nanofiber printing—
have been established to create nanofibrous structures. Of these, electrospinning continues to be one of
the most extensively studied techniques, owing to its adaptability and capacity to produce fibers with
controlled morphology. The characteristics of the resulting nanofibers are heavily affected by material
choice and processing parameters, including polymer concentration, viscosity, molecular weight, solvent
properties, applied voltage, and environmental conditions.

Natural and biodegradable polymers have attracted growing interest as substitutes for conventional
synthetic polymers, thanks to their biocompatibility, biodegradability, and environmental benefits.
Nevertheless, difficulties concerning mechanical strength, stability, solvent toxicity, reproducibility,
production cost, and large-scale manufacturing still limit broader application. Nanofiber-based systems
also demand thorough assessment of toxicity, stability, drug-release behavior, characterization, and
long-term biological effects prior to clinical and commercial translation.

From a regulatory standpoint, nanofiber-based pharmaceutical products pose added challenges involving
standardized characterization, quality control, manufacturing consistency, safety assessment,
environmental impact, and regulatory harmonization. Differences in fiber diameter, morphology,
porosity, composition, and processing conditions can influence product performance and make quality
and regulatory assessment more complex. Consequently, future progress in nanofiber technology should
emphasize sustainable materials, safer solvents, solvent-recovery systems, scalable manufacturing,
advanced process monitoring, artificial intelligence-assisted optimization, and harmonized regulatory
approaches. Cooperation among researchers, industry, and regulatory authorities will be crucial for
moving nanofiber technologies from laboratory research into safe, effective, reproducible, and
commercially viable applications.
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1. Introduction

Nanofibers have turned into a point of interest because of their properties including elevated surface
zone, nanoscale width and fexibility that make them suitably supportive in healthcare, flteration,
pressing, electronics and garment ventures. In general, the diameter of nanofibers is less than 100 nm,
which increases its performance in many advanced applications. The global nanofiber market is
expected to grow rapidly — expanding from approx. USD 9.87 billion in 2022 to USD 53.54 billion by
end of the forecast year — with polymers and composite materials anticipated to lead the industry
throughout this timeframe. Nanofibers have some advantages, however producing nanofibers at scale
faces several road-blocks including scalability of production routes resulting in non-uniform giber
properties and cost of production being high [1].

Moreover, the synthetic process usually employs toxic organic solvents and non-biodegradable
conventional polymers that bring about several environmental and health issues [2]. To overcome these
problems, researchers are now directing their attention toward the development of plant-, animal- and
microorganism-based biopolymer nanofibers from renewable resources [3]. These biopolymer molecules
offer a cost-effective and biodegradable, stable and environmentally friendly methodology for the
production of safer nanofibres [4]. All these bio-fabricated/biopolymers are sustainable, biodegradable
and compatible for in vivo application.

The type of polymer chosen and the technique used to fabricate nanofibers plays a significant role in
determining the yield of polymeric nano-fibers [5]. At present, electrospinning, centrifugal spinning,
solution blow spinning, electro-blown spinning, wet spinning and melt spinning techniques have been
developed for the preparation of nanofibers over the years [6]. These approaches have their own
strengths and weaknesses in terms of production efficiency, cost, operational complexity and material
properties [7]. Electrospinning continues to be the most widely studied and employed technique for
nanofiber fabrication among all of the existing techniques [8]. It has the ability to prepare ultrafine fibers
with nanoscale diameter by using electrostatic force that stretches polymer solution or polymer melt into
a fiber [9]. On the other hand, in non-electrospinning methods nanofibers are formed from mechanical or
aerodynamic forces rather than electrical energy [10].

Nanofibers are strongly affected by several processing and environmental parameters [11]. Significantly
polymer concentration, molecular weight and viscosity of the polymer solution, the type of solvent used,
feed rate (ml/h) and distance between nozzle and collector [12]. In electrospinning and similar methods,
polymer morphology and fiber performance is influenced to a large extent by parameters such as voltage
and air pressure [13]. In electrospinning, various setups adjust the electric field and flow to regulate jet
formation, thinning, and fiber arrangement [14]. Organic solvent nanofiltration (OSN) refers to the
membrane technology created to carry out precise molecular separations and recover solvents within the
chemical and pharmaceutical sectors [15]. Centrifugal spinning is one effective technique for producing
nanofibers from a range of materials [16]. Practical effectiveness is frequently undermined by their
strong tendency to degrade [17]. Electrospinning is an effective technique for producing micro- and
nanofibres that are applied in areas including biomedical engineering, filtration, and energy storage. One
crucial element in successful electrospinning is selecting the right solvent, since it influences how
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effectively the polymer dissolves, the characteristics of the solution, the quality of the fibres, and how
efficient the process is overall [18].

One of the main problems correlated with nanofiber technology is using common synthetic polymers
and organic solvents. [19] However, a large number of conventional polymers are persistent and have
low biocompatibility services, limiting their utility for biological engineering and bioscience [20].
Further, commonly used toxic volatile organic solvents in processing may present risks to human health
and the environment [21]. These difficulties have stimulated researchers to prioritize the use of
biodegradable biopolymers and eco-friendly solvents as environmentally friendly substitutes [22]. Due
to their renewable nature and source, biopolymers are attractive because they yield biodegradable and
environmentally benign nanofibers [23]. However, they also exhibit certain processing challenges in
spite of their benefits [24]. Extraction and purification processes usually required for these are complex,
expensive, and require long periods of time [25]. Moreover, it is known that many biopolymers are more
heat sensitive than conventional poly(s) and may degrade at high processing temperature during
recycling [26]. As an example, polycaprolactone has a melting temperature of about 58 °C, polylactic
and polyglycolic acid is about 175 °C and 228 °C respectively [27]. Processing conditions and eventual
application are governed by their thermal properties [28].

Sustainability and safety in terms of nanofiber technology is another important factor [29]. Recycling
nanofibers can be considered as a viable option that could contribute to minimizing the harmful effect on
the environment and increasing the efficiency of recycling [30]. However, despite the promising
features, there might be some negative aspects related to the development and operation of nanofibers
[31]. First of all, the presence of highly charged equipment at the stage of electrospinning makes the
process rather dangerous and leads to an increased risk of electrocution [32]. Secondly, toxic solvents
and nanosized fibers can cause some health problems when animals are exposed to these elements and
such problems are possible in case of people as well [33]. As a result, the process of further
improvement of nanofiber technology involves not only production improvement but also sustainability
and safety issues as well [34].

2. Classification of nanofiber by key characteristics- Material-based nanofibers

Natural polymer nanofibers

Due to their physicochemical similarities to the extracellular matrix, natural polymers have emerged as
excellent biomaterials for biomedical and tissue engineering purposes [35]. Natural polymers consist of
naturally existing molecules such as proteins, lipids, nucleic acids, and polysaccharides [36]. They are
better biocompatible and less immunogenic than synthetic polymers, which mean that they are less
likely to cause any biological reactions in the body [37]. Being rich in proteins, which include amino
acids like glycine and aspartic acid, they provide effective adhesion of cells and their proliferation,
growth, and differentiation [38].

Various types of natural polymers have been studied in order to synthesize nanofibers; these include silk
fibroin, collagen, elastin, gelatin, chitosan, chitin, cellulose acetate, casein, and fibrinogen [39]. There
are a number of approaches to producing nanofibers, such as melt-blowing, template synthesis, self-
assembly, direct stretching, wet spinning, electrospinning, centrifugal jet spinning, plasma-induced
synthesis, pressurized spinning, and solution blow spinning [40]. Nevertheless, most of the above-
mentioned techniques have certain disadvantages [41]. Thus, for instance, melt-blowing is applicable
only to thermoplastic polymers, template synthesis results in the formation of short fibers that cannot
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easily be separated from the template, direct stretching is characterized by poor productivity and
inability to obtain nanofibers smaller than 100 nm, and self-assembly requires rather expensive
amphiphilic materials [42]. Electrospinning is among the most successful fabricating technologies due to
its simplicity, reproducibility, versatility, and economic feasibility [43]. This method allows for creating
nano and microfibers using polymer solutions or melts of either natural or synthetic origin [44].

Natural polymers have a number of advantages, including biodegradability, bioactivity, low level of
toxicity, and good tissue compatibility [45]. Natural polymers usually degrade without producing toxic
materials; besides, they cause only a minimal response from the immune system [46]. Moreover, natural
polymers are generally available and inexpensive [47]. However, natural polymers have a number of
drawbacks as well [48]. For instance, they usually have low mechanical strength, high hygroscopicity,
low solubility, and high solution viscosity; all this makes fabrication of materials more difficult
(including electrospinning) [49]. To enhance nanofibers stability and mechanical properties, cross-
linking of natural polymers is necessary [50]. In addition, proteins can change their structure under high
voltage; besides, there can be differences in composition because of possible contamination during their
extraction [51].

Inorganic nanofibers

Inorganic biomaterials have attracted significant research interest as carriers for drug delivery owing to
their good biocompatibility, ease of functionalization, and ability to increase the bioavailability of the
drug [52]. Many inorganic nanoparticles such as halloysite, laponite, nano-hydroxyapatite, attapulgite,
carbon nanotubes, and graphene have been used in the fabrication of nanofibers in order to increase the
efficiency of drug delivery systems [53]. The main characteristics of the inorganic nanoparticles are that
they have high surface area and are able to be tailored on the surface and thus can provide controlled and
sustained drug release [54]. In combination with electro spun polymer nanofibers, inorganic
nanoparticles are able to control the release rate of drugs and reduce the chance of burst release [55]
Carbon-Based nanofibers-

Carbon nanofibers (CNFs) are carbon-based materials with unique physical and chemical properties that
are of great interest to scientists and technologists [56]. In contrast to regular carbon fibers with diameter
sizes of micrometers, CNFs have very small dimensions and range in size from 3 to 200 nm. CNFs are
often obtained by catalytic pyrolysis of carbon-containing precursors or electrospinning and then
carbonizing polymers [57]. CNFs may be synthesized by the methods of catalytic chemical vapor
deposition (CVD) as well as electrospinning and then carbonizing of polymer precursors [58]. Such
properties are useful for different areas of application like energy-storage electrodes, reinforcement for
carbon-fiber composites, and bone tissue engineering [59]. Due to increasing commercial production and
academic interest, CNFs will likely become more significant in development of green technologies,
especially by using with other types of carbon fibers and carbon nanotubes [60].

Peptide and protein nanofibers

In recent years, new developments in the field of nanotechnology have improved the delivery of drugs
by means of nanoparticles, nanospheres, nanogels, and nanofibers, which help to resolve problems
related to poor solubility and low bioavailability and provide for targeted drug delivery [61]. Nanofibers
produced by electrospinning show great interest among drug delivery systems because of high specific
surface area, porosity, flexibility of pore size regulation, increased permeability and possibility of
loading different kinds of molecules [62]. There are various polymers that could be used in order to
create nanofibers. Proteins and peptides represent one of the most promising candidates owing to their
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biocompatibility and biological properties [63]. Peptide is the name for a short chain of amino acids,
while protein is a complex molecule that serves certain biological purposes, like catalyzing reactions,
hormones' regulation, protection against diseases, molecular transportation [64]. Large size and complex
organization of proteins make them very vulnerable to physical and chemical damages, affecting
absorption and delivery of the protein molecule across different biological barriers [65]. As a result, new
nanofiber drug delivery system could serve as an effective way of increasing stability, controlled release
and efficiency of protein- and peptide-based drugs [66].

Comparison of peptides/proteins with other materials

Unlike manufactured and natural chemicals, peptides and proteins are macromolecules that are
important in the structure of the body, hence showing great biocompatibility. The ability of peptides and
proteins to be easily biodegraded means that surgery and other invasive measures do not have to be
adopted to get rid of the peptide and protein-containing substance from the body [67]. Therefore, peptide
and protein-containing nanofibers show more benefits than nanofibers made from natural and artificial
polymers because the artificial polymers can endanger living beings [68]. Since nanofibers are fibrous
just like the extracellular matrix, it is always favorable to have them as a form of drug delivery system
[69]. Different drugs can be embedded within nanofibers through dissolution of the drug within the
polymer solution prior to fabrication, ensuring that the drugs are well-loaded [70]. The uniform loading
of the drug into the nanofibers is crucial, making it necessary to have cross-linkers and co-solvents [71].

3. Methods for manufacturing of nanofibres-

Fabrication methods

Nano-fibers are fibers having diameter less than 100 nm [72]. Nanofibers are fabricated using several
methods that operate on different principles for their preparation and application [73]. Some of the
commonly employed methods for the fabrication of nanofibers are electrospinning, self-assembly, phase
separation, template-based preparation, and nanofiber printing [74].

Electrospinning

Among various methods that can be used to fabricate ultrafine nanofibers, electrospinning is regarded as
one of the most widespread ones [75]. The principle of this technique is to apply an electrical field onto
a solution or melt of the selected material, which results in jet generation followed by its solidification
due to solvent evaporation prior to collecting on the ground collector [76]. Electrospinning equipment
includes several key elements such as a high-voltage power source, syringe pump, capillary needle, and
grounded collector [77]. The procedure starts with forming of a Taylor cone on the needle tip, where
electrostatic forces overcome surface tension of the polymer solution [78]. Further increase in the
applied voltage leads to jet generation by the thin polymer solution, which stretches, elongates, and
experiences solvent evaporation until nanofibers are formed on the collector [79].

The features of electrospun nanofibers significantly depend on certain parameters that are usually
characterized as solution, processing, and ambient parameters [80]. Such solution parameters as
concentration, viscosity, conductivity, surface tension, and molecular weight of the polymer solution
affect greatly fiber morphology and stability [81]. It is very important to use adequate concentrations and
viscosity to receive smooth beads-free fibers, while conductivity influences fiber diameter and jet
formation [82].
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Phase separation

By causing polymer phase separation by gelation, phase separation is a straightforward and economical
technique for creating nanofibers. The technique facilitates the immediate formation of porous
nanofibrous matrices, wherein polymer concentration governs fiber attributes such as porosity and
mechanical resilience [83]. The ultimate nanofiber configuration is achieved through the extraction and
freeze-drying of the solvent post gel formation [84]. Nonetheless, the extensive commercial and
biomedical applications of the approach are constrained by its failure to produce continuous fibers, its
laborious process, and its limitation to polymers with appropriate gelation properties [85]. To enhance
practical utility, current investigations seek to improve process efficiency, broaden polymer
compatibility, and refine control over nanofiber morphology [86].

Nanofiber printing method

Nanofibrillated cellulose (NFC) preparation is the first step in the sequential process of nanofiber
printing, which concludes with the creation of structures using 3D printing methods [87].

Material selection

Because it determines the end product's structural and functional characteristics, material selection is
crucial to the creation of nanofibers [88]. Because of their superior biocompatibility, biodegradability,
and capacity to promote tissue regeneration, natural polymers like chitosan, collagen, gelatin, alginate,
cellulose, hyaluronic acid, and silk fibroin are widely used in drug delivery and other biomedical
applications [89].

4. Biomedical applications

Textiles, automotive, construction, civil engineering, solar energy, environmental management,
transportation, agriculture, and food processing are just a few of the many industries where
nanotechnology is widely used to improve performance, efficiency, and creativity [90].
The use of nanofibers in wound healing, targeted drug administration, cancer therapy, gene delivery,
tissue engineering, and biosensing technologies has increased due to recent developments in nanofiber
synthesis techniques, particularly electrospinning [91].

Nanofibers are useful for a variety of therapeutic applications because they can control drug-release
behavior, enhance biocompatibility, and closely resemble the structure of the natural extracellular matrix
[92]. In order to improve treatment effectiveness and functionality, current research is increasingly
concentrated on novel strategies such nanoparticle-loaded nanofibers, stimuli-responsive nanofiber
systems, and the coupling of nanofibers with 3D printing technologies [93].

Large-scale production challenges, expensive manufacturing, long-term biocompatibility issues, and
complicated regulatory approval procedures are some of the main drawbacks [94]. Therefore,
overcoming these obstacles and optimizing the potential of nanofibers in contemporary biological
applications would require future advancements in precise fabrication techniques, sustainable production
methods, and interdisciplinary research collaboration [95].

Because of their special mechanical characteristics, high surface-area-to-volume ratio, and versatility in
drug delivery systems, nanofibers have drawn a lot of attention in the rapidly developing field of
nanotechnology in biomedicine [96]. The use of nanofibers in wound healing, targeted drug
administration, gene therapy, cancer treatment, tissue engineering, and biosensing has increased due to
recent developments in fabrication techniques, especially electrospinning [97].

IJFMR260588685 Volume 8, Issue 5, September-October 2026 6



http://www.ijfmr.com/

i International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

Their relevance in therapeutic applications has increased due to their capacity to deliver regulated drug
release, improve biocompatibility, and mimic the extracellular matrix [98]. Innovative strategies
including stimuli-responsive drug delivery systems, nanofibers loaded with nanoparticles, and
integrating nanofibers with 3D printing technologies are becoming more and more the focus of current
research [99]. However, issues with long-term safety, manufacturing costs, large-scale manufacture, and
regulatory approval still prevent them from being widely used in clinical settings [100].

5. Commercialization and Regulatory Aspects

The use of toxic solvents and synthetic compounds in many reported electrospinning processes has
created substantial regulatory and safety issues, as several of these ingredients are not allowed under
current pharmaceutical regulations [101]. Therefore, great emphasis is being put into developing safer
electrospinning technologies, optimal processing conditions, and environmentally benign materials for
nanofiber production [102].

Research in this sector focuses on increasing electrospinning parameters, characterisation techniques,
and safety evaluation methodologies to generate high-quality and repeatable nanofibers [103]. The
characterisation of nanofibers, particularly those containing entrapped pharmacological molecules, plays
a critical role in determining their performance, stability, and regulatory acceptance [104]. However,
poor comprehension of nanofiber characterisation techniques can result in problems with repeatability,
reproducibility, and incorrect result interpretation [105].

The final characteristics and electrospinning behavior of drug-loaded nanofibers are significantly
influenced by their composition [106]. Toxic solvents and unapproved crosslinking agents have been
used in numerous prior researches, which restricts their direct medicinal applicability [107]. In order to
increase the compatibility and regulatory acceptance of nanofiber-based drug delivery systems,
researchers are currently investigating safer biopolymers and non-toxic solvents [108].
Standards and recommendations for the manufacturing and assessment of nanofibers are also being
developed by regulatory bodies in a number of nations [109]. Future commercialization and wider
pharmaceutical use of drug-loaded nanofibers are anticipated to be supported by emerging trends
including innovative biopolymers and sustainable nanofiber technology [110].

6. Regulatory issues in nanofiber-

Significant prospects for scientific and technological improvements have been made possible by
nanotechnology, which manipulates materials at the microscopic level [111]. However, a number of
regulatory issues pertaining to environmental safety, human health, and ethical issues have also been
brought about by its quick development [112]. Risk and toxicity assessment of nanomaterials,
appropriate definition and characterization, product labeling, environmental impact assessment,
international regulatory harmonization, intellectual property protection, and ethical considerations are
important regulatory issues in nanotechnology [113].

Nanomaterials may have unanticipated biological and environmental consequences because they
frequently have distinct physical and chemical characteristics that set them apart from their bulk forms
[114]. Because of this, regulatory bodies have a hard time assessing their toxicity and possible risks.
Therefore, it is crucial to establish standardized testing procedures and efficient risk assessment
frameworks for nanomaterials [115].
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Furthermore, because elements like particle size, shape, and surface characteristics have a significant
impact on their behavior and safety profile, identifying and describing nanomaterials is still difficult
[116].

To guarantee consumer knowledge and well-informed decision-making, nano-enabled products must be
properly labeled [118]. Because nanoparticles can build up in ecosystems and have a detrimental impact
on wildlife and natural resources, environmental issues also arise [119]. The necessity for stringent
environmental monitoring and safety requirements is further highlighted by the release of nanoparticles
during manufacture, usage, or disposal activities [120].

For nanotechnology-based goods to be safely commercialized and accepted worldwide, international
harmonization of regulatory standards is required [121]. Furthermore, because nanotechnology is
multidisciplinary, it poses special intellectual property issues that complicate patent evaluation and
protection [122].

Regulatory decision-making must also take into account ethical and societal issues, such as privacy,
technological abuse, and fair access to the advantages of nanotechnology [123].
Global regulatory bodies are actively creating safety frameworks, standards, and cooperative research
projects to address these issues and encourage the ethical development and manufacture [124].
Because of their distinct structural and functional characteristics, nanofibers have garnered significant
attention in the domains of environmental research, pharmaceuticals, and biomedical engineering [125].
Despite their enormous promise, a number of manufacturing, technical, and regulatory obstacles make it
difficult for nanofiber-based products to be successfully commercialized [126]. While there are clear
benefits to a variety of manufacturing methods, including as electrospinning, centrifugal spinning,
solution spinning, and self-assembly, there are also issues with process standardization, validation, and
regulatory compliance [127].

Consistent quality, safety, and efficacy are requirements set by regulatory bodies like the Food and Drug
Administration (FDA) and the European Medicines Agency (EMA), which can be challenging to meet
with existing nanofiber production techniques [128].

The scalability of manufacturing processes is a significant issue [129]. While other techniques like melt-
electrospinning writing and rotary jet spinning exhibit better scalability, they still need to be further
optimized to guarantee reliable and repeatable industrial production [130]. Another crucial issue is
maintaining reproducibility because fiber diameter, morphology, porosity, and overall performance can
be greatly impacted by variables such polymer concentration, solution viscosity, humidity, temperature,
surface tension, and collection settings [131]. Complying with strict regulatory standards can be made
more difficult by even little changes in these conditions, which can lead to significant deviations in
product quality [132].

The absence of widely recognized techniques for characterizing nanofibers is another significant
problem [133]. Researchers and manufacturers currently employ a wide range of methods to evaluate
structural homogeneity, mechanical characteristics, stability, drug release behavior, and biological
interactions [134]. The regulatory approval procedure is slowed down and standardized quality criteria
are difficult to develop due to this lack of harmonization [135]. Nanofiber-based systems must also
exhibit biocompatibility, long-term stability, the absence of impurities, repeatable drug release profiles,
and uniform performance across production batches in pharmaceutical and tissue engineering
applications [136]. Comprehensive preclinical and clinical evaluation is also crucial for regulatory
approval [137]. Although some nanofiber formulations have demonstrated promising outcomes in
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laboratory and animal experiments, thorough information on toxicity, biodistribution, pharmacokinetics,
immunogenicity, and long-term biological effects is necessary for successful translation into clinical
application [139].

Rather than poor therapeutic effectiveness, promising treatments frequently fail to advance due to a lack
of adequate regulatory proof [140]. Additionally, developers frequently have to prepare separate
regulatory applications to meet the criteria of various jurisdictions due to the lack of globally unified
rules for nanotechnology [141]. This raises the cost of development and lengthens the time it takes for
approval, especially for new businesses and academic institutions [142].

7. Challenges in Spinning Process Engineering

The manufacturing process has a significant impact on the quality of nanofibers. Despite being the most
popular industrial processes, centrifugal spinning and electrospinning nevertheless have a number of
technical drawbacks [143]. The diameter, pore size, and fiber shape of nanofibers made using these
methods often vary, resulting in uneven product quality. Mechanical characteristics and filtering
effectiveness may also be negatively impacted by structural flaws including beads, drops, and uneven
fiber alignment [144].

Numerous operational factors, including as polymer concentration, solution viscosity, electrical
conductivity, applied voltage, spinning distance, nozzle geometry, and collector design, must be
optimized in order to improve process consistency [145]. High-speed cameras, optical sensors, and real-
time imaging systems are examples of advanced monitoring technologies that help researchers better
comprehend jet generation and fiber deposition during spinning [146].

In order to anticipate process behavior, optimize operating conditions, and enhance product
repeatability, artificial intelligence, machine learning, and computational modeling are being
increasingly used into nanofiber manufacturing [147]. These intelligent manufacturing techniques have
the ability to improve process standardization and drastically cut down on experimental trial-and-error
[148]. Additionally, hybrid electro-centrifugal spinning technologies have garnered a lot of attention
lately since they combine the benefits of centrifugal and electrospinning, leading to increased production
and better fiber quality [149].

8. How to overcome issue-

Nanofiber Stability in Various Environments-

One of the most important elements influencing the practical use of polymeric nanofibers is their long-
term durability [150]. The nature of the polymer, the surrounding environment, and the intended usage
all affect their physical and chemical stability [151]. Nanofibrous membranes must sustain their
structural integrity and filtration effectiveness over extended operation in applications like water and air
filtration [152]. Their performance can be greatly diminished by any deterioration, dissolution, or loss of
mechanical strength [153]. However, because they are resistant to environmental deterioration and
typically need to be burned after use, very stable nanofibers[154].

On the other hand, a number of biomedical applications benefit from regulated biodegradation. After
their therapeutic purpose is fulfilled, nanofibers intended for tissue engineering, wound dressings, drug
delivery, and regenerative medicine are anticipated to progressively break down [155].

Many modification techniques have been studied to increase the durability of water-soluble nanofibers
without sacrificing their biodegradability [156]. One of the best methods for decreasing water solubility
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while maintaining the fibers' structural properties is chemical cross-linking [157]. Additionally, a
number of physical and chemical post-treatment methods have been used to improve the durability of
nanofibrous structures, such as heat treatment UV curing [158].

The utility of nanofibers has been further extended by recent developments in surface engineering [159].
Mechanical strength, chemical resistance, and environmental stability are greatly enhanced by the
addition of inorganic oxides and ultrathin protective coatings [160]. Additional biological activities like
improved biocompatibility, regulated medication release, and antibacterial activity are also introduced
by these surface alterations [161].

While maintaining the nanofibrous architecture, advanced deposition methods like as Atomic Layer
Deposition (ALD), Vapour Phase Infiltration (\VVPI), and Physical Vapour Deposition (PVD) allow for
exact control over coating thickness and surface chemistry [162].

The development of biodegradable polymeric and composite nanofibers with adjustable degradation
profiles and multipurpose surface characteristics is a growing focus of current research [163]. These
materials are especially promising for biomedical applications requiring transient structural support,
such as wound healing, tissue regeneration, and cosmetic formulations [164]. Future research is
therefore anticipated to concentrate on creating ecologically friendly nanofibers that combine controlled
biodegradability with good performance [165].

Polymer-Solvent Interactions and suitable material Selection-

Choosing the right polymers and solvents is one of the main issues in the production of nanofibers [166].
Since most traditional polymers used in electrospinning, such as polyamide and polyacrylonitrile, are
insoluble in water, organic solvents like formic acid or dimethylformamide are needed [167]. These
solvents are costly, poisonous, and environmentally dangerous even if they successfully breakdown
polymers and create high-quality nanofibers [168].

Water-soluble polymers, on the other hand, offer a more secure and eco-friendly processing method
[169]. However, when exposed to watery environments, these materials frequently show poor moisture
resistance and quickly lose their structural integrity [170]. As a result, its direct use is restricted in
applications that call for extended contact to water or humid environments [171].

As a result, scientists are creating new biodegradable polymers, smart polymers, and conjugated polymer
systems that combine superior process capability with improved environmental stability [172]. Despite
these developments, many naturally occurring polymers have complicated branched molecular structures
and high molecular weights, which make it challenging to electrospin them because electrostatic forces
are not enough to stretch the polymer solution into continuous[173].

Solvent management is still a significant economic and environmental issue, in addition to polymer
selection [174]. A significant amount of solvent is lost during processing and evaporates into the
atmosphere during the manufacture of nanofibers [175]. One efficient way to reduce solvent waste is to
develop solvent recovery systems, such as adsorption, condensation, and closed-loop recycling
technologies [176].

Production Rate and Industrial Scale-Up

Industrial-scale manufacturing of nanofibers is still difficult, despite the fact that laboratory-scale
production has established itself [177]. Instead of using continuous manufacturing, the majority of
current production systems use batch mode, which limits productivity and costs [178].
Because water evaporates more slowly and residual moisture frequently necessitates additional drying
steps, water-based spinning systems typically show lower production rates than organic solvent-based
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processes [179]. Optimizing solution preparation, polymer feeding, solvent evaporation, nanofiber
collection, and quality assurance is  necessary to increase  efficiency  [180].
To boost manufacturing capacity, a number of engineering strategies have been put forth [181].
Production rates can be significantly increased by automated fiber collection, enhanced airflow control,
optimal spinneret layouts, and multi-nozzle electrospinning systems [182]. Furthermore, rheological
modeling, artificial intelligence, and computational fluid dynamics can be used to improve process
factors and lower production variability [183].

Close cooperation between university researchers and commercial manufacturers will be necessary for
the effective commercialization of nanofiber technology [184]. These collaborations can enhance
equipment design, speed up process optimization, and ease the shift from laboratory-scale research to
large-scale industrial production [185].

9. Safety Considerations

The commercial acceptability of nanofibers is still influenced by safety concerns, despite tremendous
scientific advancements [186].  Misconceptions about the possible health dangers of fibrous
nanomaterials have been caused by historical links with asbestos fibers [187]. Because of this, despite
the proven benefits of nanofiber-based technologies [188].

Standardized testing procedures, transparent regulatory frameworks, thorough toxicological evaluation,
and efficient dissemination of scientific data are all necessary to address these issues [189].
Toxicological Assessment

The safety of tailored nanofibers has been positively demonstrated by recent toxicological studies [190].
Inorganic nanofibers are often not more harmful than nanoparticles made of the same chemical
substance, according to comparative research [191]. Nanofibers are less likely to penetrate intact skin or
reach the deepest parts of the respiratory tract due to their greater size [192].

When compared to equivalent nanoparticles, experimental research using ceramic nanofibers has shown
little detrimental effects on lung cells [193]. These results imply that many nanoscale particle materials
may provide greater health risks than well-designed nanofibers [194]. To create thorough safety
standards for upcoming clinical and industrial uses, however, more study into long-term exposure,
inhalation toxicity, biodegradation behavior, and occupational safety is still necessary [195].

10. Conclusion-

In the fields of biomedicine, the environment, energy, filtration, and industry, nanofiber technology has
shown great promise [196]. Its widespread commercialization is nevertheless constrained by a number of
manufacturing and technical issues, despite notable progress [197]. Enhancing nanofiber stability,
lowering manufacturing costs, optimizing polymer-solvent systems, increasing production efficiency,
and putting sustainable solvent recovery techniques into practice are some of the main concerns [198].
The performance and economic viability of nanofibers will be greatly enhanced by addressing these
constraints through creative material design, cutting-edge production processes, and efficient post-
processing procedures [199].

Strong cooperation between academic researchers, industry manufacturers, and regulatory agencies is
necessary for the successful transfer of nanofiber technology from laboratory research to industrial
applications [200]. These collaborations can guarantee product quality, safety, and regulatory
compliance, standardize production procedures, and quicken technical innovation [201].
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Additionally, it is anticipated that further research into intelligent manufacturing, green processing
technologies, biodegradable materials, and multifunctional surface changes will expand the range of
nanofiber uses while promoting sustainable development [202].

All things considered, nanofibers continue to be among the most useful and adaptable nanomaterials on
the market today [203]. To overcome current obstacles and fully realize their potential in next clinical,
environmental, and industrial applications, ongoing scientific innovation, interdisciplinary research, and
technology breakthroughs will be crucial [204].

Future Perspectives

The development of environmentally friendly polymers, green solvent systems, effective solvent
recovery techniques, intelligent process control, and continuous large-scale manufacturing should be the
main goals of future developments in nanofiber technology [205]. Concurrently, advances in surface
fictionalization, biodegradable composites, and multifunctional nanofibers will increase their use in
enhanced healthcare, filtration, energy storage, environmental remediation, and medicine [206]. While
maintaining product quality, safety, and environmental sustainability, it is anticipated that the
combination of automation, artificial intelligence, and uniform regulatory frameworks will speed up
commercialization [207].
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