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Abstract


The growing antimicrobial resistance and the increasing environmental concerns associated with conventional antibacterial agents have prompted a search for more effective and sustainable alternatives. Biopolymer-based nanofibers are promising candidates to produce environment-friendly antibacterial coatings, owing to their high surface-to-volume ratio, structural adaptability, and tunable porosity. These features make them particularly well-suited for delivering antimicrobial agents in a controlled manner and for physically modifying the surface of medical devices. This review critically explores recent advances in the use of electrospun fibers enhanced with natural antimicrobial agents as eco-friendly surface coatings. The mechanisms of antibacterial action, key factors affecting their efficacy, and comparisons with conventional antibacterial agents are discussed herein. Emphasis is placed on the role of a “green electrospinning” process, which utilizes bio-based materials and nontoxic solvents, to enable coatings able to better combat antibiotic-resistant pathogens. Applications in various clinical settings, including implants, wound dressings, surgical textiles, and urinary devices, are explored. Finally, the environmental benefits and prospects for the scalability and sustainability of green coatings are discussed to underscore their relevance to next-generation, sustainable solutions in healthcare.
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1. Introduction


Traditional antibacterial agents such as disinfectants and antibiotics have long been fundamental in infection control within healthcare and industrial settings [1,2]. These agents are critical for preventing microbial proliferation and ensuring public health. However, their widespread use has raised significant concerns, particularly regarding microbial resistance [3,4], environmental impact [5,6], and toxicity [7,8]. Microbial resistance is now recognized as a global issue, as bacteria are evolving mechanisms to evade conventional antibacterial strategies, thereby diminishing the effectiveness of many treatments and complicating the management of infectious diseases [9,10]. Additionally, conventional antibacterial agents persist in the environment, accumulating in water bodies and soil, which disrupts ecosystems and contributes to resistance diffusion [7,11]. Furthermore, the toxicity of certain disinfectants and antimicrobial additives—especially with prolonged exposure—poses risks to both human health and the environment [12,13].



Given these challenges, researchers are actively exploring sustainable and biocompatible alternatives [13,14]. Polymer-based electrospun fiber coatings represent a promising solution [15]. These materials offer a combination of high surface area, tunable porosity, and mechanical robustness, which makes them ideal platforms for incorporating antimicrobial agents [16,17]. Unlike traditional approaches, these fibers can facilitate controlled drug release, enhanced interaction with microbial cells, and prolonged antibacterial efficacy.



Electrospinning (ES) is a versatile technique for the formation of nano/ultrafine fibers that facilitates the incorporation of bio-based polymers, natural antimicrobial additives (such as essential oils and plant extracts), and environmentally friendly solvents. When incorporated into medical devices such as urinary catheters, wound dressings, or surgical drapes, these coatings significantly reduce the risk of biofilm formation and device-associated infections, such as catheter-associated urinary tract infections (CAUTI) [18,19,20]. Moreover, by replacing chemical-laden disinfectants, these fibers support environmental sustainability and reduce chemical waste [21]. Fiber coatings exhibit superior performance compared to conventional antibacterial agents. Unlike antibiotics, which chemically target specific bacterial mechanisms and contribute to resistance development, electrospun fibers employ multiple antibacterial strategies, such as sustained drug release and enhanced physical interactions with bacterial cells [22,23,24,25]. This multifaceted approach reduces the likelihood of resistance emergence. Additionally, their structural flexibility allows for customized coatings tailored to specific applications, including wound dressings, filtration systems, and implant coatings. Polymer-based fibers also offer sustainability advantages. Unlike conventional antibacterial agents that usually rely on non-renewable resources as well as polluting and energy-intensive manufacturing [26,27], electrospun fibers can be synthesized from biodegradable and renewable polymers, minimizing environmental impact [28]. Their controlled-release mechanisms ensure long-term efficacy, reducing the need for frequent reapplications and lowering overall costs in healthcare and industrial applications. However, despite their potential, challenges persist, particularly regarding the long-term efficacy of coatings and the possibility of including microbial resistance [24]. Moreover, polymer-based electrospun fibers face challenges related to large-scale production, regulatory approval, and cost-effectiveness. While initial production costs may be higher than conventional agents, their durability and reduced application frequency can offer long-term economic benefits. Addressing these challenges through research and technological advancements will be critical in realizing the full potential of polymer-based fibers’ antibacterial coatings [29]. Consequently, ongoing research into green nanotechnologies, biodegradable materials, and scalable fabrication methods is crucial for overcoming these limitations and fully harnessing the potential of polymer-based fibers [25,26,27].



This review provides a comprehensive evaluation of polymer-based electrospun fibers as green alternatives for antibacterial coatings, addressing the critical limitations of conventional agents. By synthesizing recent advancements in material science, sustainability, and antimicrobial technology, it highlights how these innovative fibers can effectively combat infections while minimizing environmental and health risks. As the demand for safer and more sustainable antimicrobial strategies grows, this review offers valuable insights to guide future research, development, and implementation across biomedical and industrial domains.




2. Fundamentals of Polymer-Based Electrospun Fibers


2.1. Definition and Characteristics of Electrospun Fibers


Recent advancements in nanotechnology have significantly increased the development and biomedical application of nanoscale materials, with polymer-based nanofibers emerging as particularly promising candidates [30,31]. Fibers are defined as one-dimensional, elongated structures. Electrospun fiber diameters are known to range from approximately 10 nanometers to a few micrometers [32]. Properly, nanofibers are defined with diameters lower than 100 nanometers, whereas the electrospun fibers usually obtained are so-called “ultrafine” by showing diameters between 100 nanometers and a few microns. Their unique physicochemical characteristics, such as a high surface area-to-volume ratio, remarkably interconnected porosity, and advanced mass transport properties, make electrospun fibers highly suitable for various biomedical fields [33,34]. These structural features enable nano-to-ultrafine fibers to fulfill essential roles in tissue engineering [35], drug delivery [34], and wound dressing [36]. They can function both as scaffolds and as delivery platforms for bioactive agents, including antibiotics, peptides, or growth factors, thus enabling localized and controlled therapeutic delivery [37]. Notably, by having diameters in the range of collagens’ ones, their ability to mimic the fibrous architecture of the extracellular matrix promotes cell adhesion, proliferation, and tissue regeneration, thereby further enhancing their biomedical applications.




2.2. Methods of Nano/Ultrafine Fiber Fabrication


The fabrication of polymer-based ultrafine fibers involves various advanced techniques, each with distinct advantages and limitations tailored to specific applications. Common methods include ES, rotary jet spinning, and solution blow spinning. These approaches differ in how they generate fiber structures and influence specific properties, such as fiber diameter, porosity, surface area, and mechanical integrity, thus making them suitable for diverse biomedical, environmental, and industrial applications. Among these methods, ES is the most widely used technique due to its simplicity, versatility, and precision. The typical setup includes a syringe pump, a metal needle, a high-voltage power supply, and a collector [38]. Key process parameters, such as polymer solution properties, process conditions (including voltage, flow rate, and needle-to-collector distance), as well as ambient factors like temperature and humidity, affect the morphology and functional properties of the resulting fibers. Figure 1 shows a schematic representation of a typical ES setup.



Beyond ES, other methods are gaining interest for their scalability and lower environmental impact. Rotary jet spinning (also known as centrifugal spinning) uses centrifugal force instead of electric fields, providing a solvent-compatible, high-throughput, and voltage-free alternative. Solution blow spinning, which utilizes compressed gas to stretch polymer solutions into fibers, allows for rapid production with potential applications in filtration media and disposable medical textiles. As sustainability becomes a key consideration, these fabrication methods are being optimized to reduce environmental impact. Traditional ES systems often rely on volatile organic solvents, which raise concerns about emissions and resource waste. However, modern eco-friendly ES systems, including closed-loop solvent recovery and capture and reuse of solvents, are taken into consideration as they may considerably reduce emissions and operational costs.



Additionally, the use of water-based or bio-derived solvents further enhances the safety and environmental compatibility of electrospun fibers [40,41,42]. Innovation in fiber fabrication continues to evolve within a very dynamic scenario. Innovations such as coaxial ES for core–shell fiber structures, multi-fluid spinning, and the creation of functionalized ultrafine fibers are driving breakthroughs in some specific applications, such as drug delivery and tissue engineering [43]. The integration of these advanced manufacturing techniques with sustainable practices ensures that the development of electrospun fiber remains both high-performing and environmentally responsible [44,45]. A deep understanding of the diverse fabrication techniques, along with their environmental implications, is vital to engineer advanced fiber-based materials that are not only high-performing and customizable but also scalable and eco-friendly. Therefore, convergence of technological and green innovation can support the growing demand for scalable, safe, and effective antibacterial coating solutions.




2.3. Types of Polymers


Polymer-based ultrafine fibers provide a versatile platform for antibacterial coatings due to their high surface area, tunable porosity, and excellent biocompatibility. These characteristics make them ideal for delivering antimicrobial agents to targeted surfaces in a controlled manner [46]. In the context of wound dressings, for instance, these fiber coatings have the potential to facilitate sustained release of antimicrobial agents directly at the wound site, thereby enhancing infection control and accelerating healing processes [47]. Similarly, fiber coating on medical implants has been shown to inhibit bacterial colonization and biofilm formation, thereby reducing the risk of post-surgical infection and enhancing implant longevity and performance.



A wide range of polymers can be used in fiber production, each one offering distinct advantages depending on the intended application [48]. Synthetic polymers, including polyethylene (PE), polycaprolactone (PCL), polyethylene oxide (PEO), and polyvinyl alcohol (PVA), offer predictable and customizable properties [49,50]. PE is a petrol-based polymer known for its chemical inertness, flexibility, and durability, making it suitable for packaging, medical devices, and implants [51]. PCL is widely used in drug delivery and tissue engineering due to its biocompatibility and slow degradation profile [52,53]. PEO is favored in hydrophilic applications like wound dressings for its non-toxic, water-soluble nature [54]. With its remarkable chemical resistance, biocompatibility, and capacity to form hydrogels, PVA is used in both tissue scaffolds and wound care systems [55].



In contrast, biobased polymers, derived from renewable resources, are gaining prominence due to their possible biodegradability and exceptional biocompatibility with living tissues [56]. Examples include polylactic acid (PLA) [57], polyhydroxyalkanoates (PHA) [36], and cellulose [58], which are among the most studied bio-derived polymers for biomedical use. These polymers are biodegradable, ensuring their environmental sustainability, and are often produced via sustainable methods such as microbial fermentation [39,59]. Their mechanical strength, chemical stability, and healing-promoting properties make them especially attractive for applications like wound healing and tissue regeneration. With their biodegradability and inherent compatibility with living systems, biobased polymers represent a significant transition toward more sustainable and effective materials in healthcare and other fields [60,61,62]. Through the judicious selection of the polymer matrix, researchers can optimize the performance and functionality of fiber coatings for antibacterial applications. One strategy involves the integration of synthetic polymers, renowned for their mechanical strength, with natural polymers, which possess inherent biological activity. This integration results in the formation of hybrid fibers that exhibit a combination of durability and bioactivity. Such a methodology facilitates the development of advanced materials that can effectively inhibit bacterial growth while promoting tissue regeneration and reducing environmental impact. The incorporation of biopolymers in the manufacturing of fibers enhances the biocompatibility and sustainability of coatings, aligning with the principles of green chemistry and sustainable development goals [28].





3. Green Approaches in the Synthesis of Polymer-Based Electrospun Fibers


3.1. Sustainable Polymer Sources


The ES process frequently employs synthetic polymers, such as polyurethane (PU), PVA, and PCL. Although these materials are extensively used, they typically exhibit a deficiency in bioactivity, which constrains their interactions with biological systems [63,64]. In response, recent research has focused on identifying sustainable polymeric sources that not only address ecological concerns but also enhance the biological performance of ultrafine fibers. Sustainable polymers are typically derived from renewable resources such as plants, biomass, and industrial or agricultural waste. These biodegradable and bio-based materials provide a more sustainable alternative to petroleum-derived polymers and are consistent with global initiatives aimed at reducing environmental footprints and promoting circular bio-economy [65,66]. The integration of sustainable polymers into fiber fabrication enhances both the ecological profile and the bioactivity of ultrafine fibers. It also improves their functionality in applications such as antimicrobial coatings, wound healing, and regenerative medicine. This approach supports global sustainability and public health initiatives while addressing critical challenges in healthcare, agriculture, and environmental protection. Furthermore, it promotes the development of ethical, resilient, and low-impact material technologies [67,68,69,70].



Cellulose, the most abundant natural polymer, is one of the most promising candidates for sustainable fiber production [71]. Sourced from wood pulp, cotton, or bamboo, cellulose is biodegradable, renewable, and highly biocompatible, making it well-suited for biomedical applications such as wound dressings, implants, and food packaging [72,73]. Cellulose hydroxyl-rich backbone provides numerous reactive sites, enabling the synthesis of a wide variety of functional derivatives tailored to specific applications. Its excellent mechanical properties and inherent compatibility with biological systems make cellulose-based ultrafine fibers especially promising for antimicrobial coatings and other healthcare uses [74,75]. ES and solution-blowing have been successfully employed to produce cellulose ultrafine fibers, for which they can be considered greener manufacturing technologies than conventional manufacturing processes. These methods offer significant advantages, including reduced energy consumption and waste generation [37,76]. The resulting fibers demonstrate a high surface area and porosity, characteristics that significantly enhance their efficacy in biomedical applications, including wound healing and tissue regeneration [77]. Moreover, ultrafine cellulose fibers showed remarkable antimicrobial activity when functionalized with metal nanoparticles or bioactive agents. This functionalization significantly expands their potential in advanced antibacterial coatings and sustainable healthcare materials [78].



Chitosan (CS), another key biopolymer, is obtained from the deacetylation of chitin found in crustacean shells or fungi. Known for its intrinsic antimicrobial properties and cationic nature in acidic conditions, CS can disrupt bacterial cell membranes, making it effective against a broad spectrum of pathogens [79]. Electrospun CS-based fibers exhibit excellent antibacterial activity, biocompatibility, and biodegradability, making them particularly attractive for wound healing, tissue engineering, and drug delivery systems. Its renewable origin further strengthens CS’s appeal in sustainable material development [60]. PHAs are a class of biodegradable polyesters produced via microbial fermentation of renewable carbon sources. PHAs are versatile, mechanically robust, and can be tailored by controlling their monomer composition [80,81].



Notably, bioactive PHAs with intrinsic antibacterial functionality can be synthesized by incorporating functional groups such as thioesters during fermentation. For example, PHA-thioesters synthesized using Pseudomonas putida KT2442 and fatty/thiol acid substrates have demonstrated both antibacterial activity and resistance to microbial degradation. These characteristics make thiolated PHAs highly promising for advanced antimicrobial fiber applications [59,82,83]. In addition to cellulose, CS, and PHAs, other biodegradable and bio-based polymers, including PLA, starch-based polymers, and lignin-derived polymers, are increasingly being explored for applications in antimicrobial fibers. PLA, derived from fermented plant sugars, offers excellent processability and biodegradability. Starch-based polymers are cost-effective, readily available, and degrade rapidly in natural environments. Lignin, a by-product of the paper industry, possesses intrinsic antioxidant and antimicrobial properties, making it an attractive additive in fiber formulations [84,85]. Protein-based polymers, such as those derived from soy or silk, provide additional renewable options with unique mechanical and biological features [86,87]. Recent advancements in green biomaterials have spotlighted plant proteins as promising candidates for sustainable electrospun fibers in biomedical applications [88]. Plant-derived proteins such as zein, soy protein isolate, and wheat gluten offer tunable mechanical and biochemical properties, high biodegradability, and inherent biocompatibility. In particular, electrospun nanofibers based on plant proteins have demonstrated excellent potential for wound healing, drug delivery, and tissue engineering [89]. These fibers can be functionalized or blended with synthetic or other natural polymers to enhance processability and tailor performance characteristics. As reviewed by Kaluata et al. [90], such systems exemplify the convergence of sustainability and functionality, making them highly relevant for next-generation biomedical coatings and scaffolds. The transition toward sustainable polymer sources in fiber synthesis is essential for reducing the environmental impact of material production and promoting the development of eco-friendly, high-performance fibers. By utilizing renewable, biodegradable, and inherently bioactive polymers, researchers are able to design next-generation antimicrobial coatings that effectively address both health and environmental challenges. This transition toward green materials supports the broader vision of sustainable innovation in fiber technologies, particularly in the context of medical and healthcare applications.




3.2. Green Solvents


A fundamental component of green manufacturing is the use of environmentally friendly solvents and processing methods that minimize harm to human health and ecosystems. Traditional solvent-based ES methods frequently depend on volatile organic compounds (VOCs) and hazardous chemicals, including dimethylformamide (DMF) and chloroform, which present considerable risks to human safety and the environment [91,92,93]. In contrast, green ES methodologies prioritize the utilization of environmentally benign solvents, such as water and bio-based solvents derived from renewable resources. These solvents are generally characterized by low toxicity and demonstrate minimal environmental impact, thereby aligning with the principles of sustainable production [89,90,91,92]. ES, a versatile and scalable technique for nano/ultrafine fiber fabrication, can be adapted to more sustainable approaches such as using water-based solutions or solvent-free melt ES, both of which reduce reliance on organic solvents and mitigate environmental pollution [94]. Water-based ES has gained considerable attention as an environmentally friendly alternative, particularly in response to growing environmental concerns and the necessity to enhance workplace safety.



Water-based ES has demonstrated effectiveness in processing hydrophilic polymers such as PEO, PVA, alginate, collagen, CS, and cellulose derivatives [95]. However, the scope of this method is limited by the range of polymers that are soluble in water, which constrains its broader adoption. The choice of an appropriate solvent is a pivotal factor in the ES process, as many polymers require highly specific solvent systems for proper dissolution and fiber formation. Unfortunately, solvents with strong solvation properties are often toxic, non-recyclable, and environmentally hazardous [92,93].



To address these issues, scientists have investigated greener alternatives such as U.S. FDA Class 3 solvents, including acetic acid and (bio)ethanol. These solvents have been used with biopolymers like gelatin and CS, demonstrating lower global warming potential and improved environmental compatibility [93]. Binary solvent systems have emerged as effective approaches for optimizing fiber quality while ensuring environmental safety. A notable example is an acetic acid/water mixture used for cellulose acetate. In other cases, a transition to less harmful solvent mixtures has been attempted, e.g., using dimethyl sulfoxide (DMSO)/acetone blends to dissolve and electrospin polyvinylidene fluoride (PVDF), a non-biodegradable synthetic polymer, in place of the most toxic and expensive hexafluoro isopropanol (HFIP). These systems facilitate the production of uniform fibers while simultaneously mitigating solvent toxicity [92].



In recent years, a growing part of the electrospinning research has addressed the environmental concerns of ES solvents, aiming at replacing toxic solvents with greener alternatives. Recent advances in green chemistry have led to the exploration of several innovative solvents for ES, particularly targeting sustainability and biopolymer compatibility. In the case of cellulose, typical solvents are N-Methylmorpholine N-oxide (NMMO) and Dimethylacetamide/Lithium Chloride, since cellulose dissolution in conventional solvents is impeded by the strong inter- and intra-molecular hydrogen bonds. As alternatives, ionic liquids (ILs), such as 1-butyl-3-methylimidazolium acetate (BmimAc), have garnered attention for their ability to dissolve cellulose without derivatization and low volatility, though challenges in their viscosity, as well as recovery and recycling, remain [96]. In addition, most ILs still pose issues related to aquatic toxicity, poor environmental biodegradability, and cytotoxicity.



Deep eutectic solvents (DESs) have attracted growing interest as innovative and green alternatives to conventional volatile solvents. By combining two or more liquid or solid components, DESs result in a liquid characterized by low volatility, low toxicity, and biodegradability, with its constituents derived from natural compounds [97,98]. Especially those based on choline chloride with hydrogen bond donors like urea or lactic acid, offer low toxicity, biodegradability, and tunable properties, making them promising for bio-based fiber production. These unique features make DESs especially attractive for green and sustainable ES processes. Although research in this area is in its early stages, recent studies have demonstrated the feasibility of using DESs in conjunction with biopolymers. For instance, Sousa et al. demonstrated the successful ES of agar using a DES composed of choline chloride and urea. This formulation improved the viscoelastic properties and electrospinnability of an agar solution. Moreover, the addition of PVA further enhanced fiber formation, highlighting DESs as valuable tools for expanding the scope of green ES applications [99]. Gamma-valerolactone (GVL), a biomass-derived solvent with excellent solvency and low volatility, stands out for its ability to process lignocellulosic materials and support fiber formation when combined with co-solvents [100]. GVL was successfully used by Vasili et al. to replace DMSO as a co-solvent of BmimAc to electrospun bacterial cellulose (BC) fibers (Figure 2).



One weakness of low volatility solvents in ES relies on the need to use an antisolvent to remove them from the fibers, usually water. This is performed by using a water bath where the fibers are collected. Therefore, the water containing ILs or DES must be treated to remove and possibly recycle the expensive and sometimes toxic ILs. DESs can enable a different approach, depending on the components, e.g., those with urea and choline chloride, as the wastewaters could potentially allow direct use in agriculture.



Additionally, supercritical CO2 and switchable solvents are emerging as innovative platforms for controlled fiber morphology and solvent reuse. Together, these next-generation solvents represent a shift toward more sustainable and efficient ES processes for biopolymer-based textiles and materials [101].




3.3. Green Additives and Functionalization Techniques


The incorporation of environment-friendly additives and functionalization techniques is essential to enhance the antibacterial properties of fibers while maintaining sustainable manufacturing practices. Natural antimicrobial agents, such as plant extracts and essential oils, present sustainable alternatives to synthetic chemicals. These agents demonstrate significant antibacterial activity with minimal ecological impact [94,102]. These bioactive compounds can be incorporated into fiber formulations using eco-friendly processing methods that preserve their biological efficacy and ensure safety and biocompatibility [103]. Functionalization techniques, such as surface coating, grafting, and chemical immobilization, enable controlled and targeted release of antimicrobial agents. This approach optimizes therapeutic efficiency while minimizing off-target effects and environmental exposure [44]. By leveraging green additives and functionalization strategies, researchers can engineer ultrafine fibers with tailored antimicrobial properties, addressing the increasing demand for sustainable solutions across sectors such as healthcare, environmental remediation, and consumer products.



In biomedical applications, bioactive nanoparticles have garnered significant attention due to their broad-spectrum antimicrobial effects. Among them, silver (Ag), copper (Cu), and zinc (Zn) nanoparticles have been widely explored for their ability to release ions that disrupt bacterial cell membranes, impair metabolic activity, and inhibit replication. For instance, silver nanoparticles (Ag-NPs) are recognized for their ability to disrupt vital cellular processes in bacterial organisms, whereas Cu and Zn ions demonstrate comparable mechanisms by destabilizing cell walls and influencing enzymatic pathways [18]. Bioactive glasses, also known as glass ceramics, are another green additive with growing interest in biomedical engineering. These materials form biological bonds with bone tissue and are widely used in orthopedics and dentistry due to their compatibility with living tissues [104]. Additionally, composite membranes such as CS/polyethylene glycol (PEG) enriched with silver nanoparticles demonstrated strong antibacterial activity while remaining biocompatible [104,105].



Electrospun membranes incorporating antibacterial agents have shown great potential in wound care applications. For example, PVA fiber meshes loaded with Ag-NPs provide effective antibacterial action, while PLLA and PLLA/PEG membranes coated with CS have demonstrated enhanced hemostatic properties and improved antimicrobial performance [104,105]. Natural antimicrobial compounds are increasingly being considered as replacements for conventional antimicrobial coatings. These agents can be integrated into ultrafine fiber meshes to exhibit intrinsic antimicrobial properties, thereby inhibiting bacterial proliferation and the formation of biofilms. Chitin and its derivative CS are among the most extensively studied, exhibiting bactericidal effects through interactions with microbial membranes. In addition, cationic polymers, derived from natural sources, further enhance the antimicrobial efficacy of ultrafine fibers by interacting with the bacterial cell membrane, disrupting its integrity, and thereby inhibiting bacterial growth [106]. Embedding these bioactive molecules into fibers enables sustained and modulated release, which is vital for prolonged antimicrobial action, particularly in medical devices, wound dressings, and tissue engineering scaffolds. By integrating natural agents with advanced ultrafine fiber technology, it is possible to design multifunctional surfaces that inhibit microbial adhesion through physical, chemical, and electrostatic means, while simultaneously promoting cell adhesion and proliferation [22,107].





4. Antibacterial Properties of Polymer-Based Electrospun Fiber


4.1. Mechanisms of Antibacterial Action by Ultrafine Fiber


Polymer-based electrospun fibers can exhibit antibacterial activity through multiple mechanisms, including physical disruption, chemical interactions, electrostatic forces, controlled release of antimicrobial agents, and inhibition of biofilm formation. Ultrafine fibers can physically damage bacterial cells by penetrating or disrupting their membranes. The nanoscale dimensions, high surface area, and sharp morphology of fibers contribute to this mechanical action, particularly effective against Gram-negative bacteria with thinner, although more complex, cell walls. Parameters, such as fiber diameter, surface roughness, alignment, and density, can significantly influence antibacterial efficacy; specifically, smaller diameters and denser networks enhance bacterial contact and facilitate membrane rupture [60,108,109,110].



Certain polymers exhibit intrinsic antibacterial properties. For instance, CS disrupts bacterial cell walls through interactions with negatively charged components of the membrane, resulting in membrane disruption, bacterial death, and cell lysis [111,112]. Additionally, embedding Ag-NPs into fibers allows controlled release of silver ions, which interfere with bacterial DNA replication and protein synthesis [113,114,115,116]. Antimicrobial peptides (AMPs) can also be incorporated into fibers to disrupt membranes and inhibit enzymatic functions [47,117], offering broad-spectrum antibacterial activity and reducing the risk of resistance development [118]. Positively charged fibers interact with negatively charged bacterial membranes, causing membrane destabilization and cell death [119,120]. This can be enhanced by incorporating quaternary ammonium compounds or by applying surface treatments like plasma modification to adjust surface charge and improve selectivity and antibacterial efficiency [121,122]. Electrospun fibers can also serve as carriers for the gradual release of antibacterial agents, such as Ag-NPs, AMPs, or metal oxides. This sustained release enables long-term protection against microbial colonization and infection, particularly in wound healing or implant applications [114,116,120,121,122,123,124,125,126].



Finally, electrospun fibers have the potential to inhibit the initial adhesion of bacteria and disrupt mature biofilms, which are dense bacterial communities intrinsically resistant to antibiotics. CS-based ultrafine fibers and Ag-NP-loaded fibers have demonstrated strong anti-biofilm activity by releasing ions or interacting with the biofilm matrix [127,128,129,130]. Coatings of medical devices using such fibers have effectively reduced infection rates associated with biofilm formation [131,132]. By integrating these synergistic mechanisms, polymer-based ultrafine fibers offer a versatile and effective platform for antibacterial applications in medical devices, wound care, and tissue engineering.




4.2. Factors Influencing Antibacterial Activity


The antibacterial performance of polymer-based fibers is influenced by multiple factors, including polymer composition, fiber morphology, surface modification, release kinetics of active agents, environmental conditions, bacterial strain, and synergistic effects with other antimicrobial agents [133]. Polymer composition is fundamental to antibacterial efficacy. Certain polymers, such as CS and its derivatives, possess intrinsic antimicrobial properties and can act directly on bacterial cell walls or interfere with microbial metabolism without requiring additional agents [134]. In contrast, commonly used polymers like PVA and PCL offer good mechanical properties, but they lack inherent antibacterial activity [135,136]. Fiber morphology, particularly diameter, surface area, and porosity, also plays a critical role. Ultrafine fibers with smaller diameters exhibit higher surface area-to-volume ratios, enabling closer contact with bacterial cells and enhancing antimicrobial action [19,137]. Moreover, porous structures and rough surfaces increase adhesion sites for bacteria, improving antibacterial efficiency [119].



Surface modification is a powerful strategy to tailor antibacterial performance. Techniques like functionalization, coating, chemical grafting, and plasma treatment allow for improved bacterial interaction or resistance, often through the immobilization of antimicrobial agents that disrupt bacterial membranes or inhibit metabolism [53,127,138,139]. Additionally, such modifications can enable sustained release of active agents and enhance stability under harsh conditions. Release kinetics are equally critical. Controlled-release systems support sustained antibacterial effects and diminish the risk of resistance associated with burst-dose exposures [140]. Optimizing release profiles through polymer matrix selection, carrier systems, or environmental triggers (e.g., pH, temperature) is essential for applications such as wound dressings or implants [111,140]. Environmental conditions, including pH, temperature, and humidity, significantly affect both fiber stability and the activity of loaded antimicrobial agents. These factors influence degradation rates and release profiles, as well as bacterial adhesion and viability [23,141,142]. Environmentally responsive coatings incorporating smart polymers or phase change materials can adapt to external stimuli, maintaining antibacterial efficacy under dynamic conditions [111,143,144].



Bacterial strain and concentration also impact fiber efficacy. Differences in cell wall structure (e.g., Gram-positive versus Gram-negative) and metabolic pathways lead to varied susceptibility [111,119]. At high bacterial loads, the implementation of more potent or sustained-release systems may be necessary to preserve therapeutic efficacy, particularly in clinical settings [137]. Finally, synergistic effects with non-antibiotic agents represent a promising route for enhancing antibacterial efficiency. Incorporating Ag-NPs, zinc oxide (ZnO-NPs), bioactive glass, antimicrobial peptides, or natural compounds like essential oils can boost activity through mechanisms such as membrane disruption, oxidative stress induction, or metabolic interference, often without promoting resistance [145,146,147,148,149]. For example, PCL ultrafine fibers functionalized with Ag-NPs or bioactive glass have demonstrated success in preventing post-surgical infections and promoting tissue regeneration [23,150].




4.3. Biodegradation and Environmental Impact


In the development of environmentally sustainable fiber-based systems, biodegradability and environmental impact are crucial factors to consider. Achieving an equilibrium between antimicrobial efficacy and ecological compatibility is essential to reduce the risk of contamination and support ecosystem health. The design of fibers with customized degradation kinetics facilitates their application in diverse contexts, from short-term biomedical use to long-term agricultural applications. Biodegradability refers to the breakdown of fibers into non-toxic compounds through microbial, enzymatic, or hydrolytic processes, significantly reducing waste and pollution, particularly in disposable biomedical applications such as wound dressings [151,152]. Degradation profiles can be tuned for specific needs. Rapid degradation is suitable for transient medical applications, while materials requiring prolonged durability, such as agricultural mulching films, benefit from slower degradation profiles [119,153]. To ensure environmental safety, it is crucial to evaluate degradation by-products and their potential effects on soil, water, and air. In this regard, life cycle assessment (LCA) provides a comprehensive understanding of the environmental footprint, covering the full product, from raw material sourcing to disposal. LCA assesses key indicators such as energy consumption, greenhouse gas (GHG) emissions, and resource use, guiding the development of low-impact materials [151,154,155].



For instance, the total energy required to produce 1 mL of electrospun polymer solution is estimated to be approximately 9.14 × 105 J (254 W·h), accounting for the energy used by the syringe pump, high-voltage power supply, and solution preparation. In contrast, pressurized gyration, a more efficient and scalable fiber production method, consumes only 5.19 × 105 J (144 W·h) per ml and is capable of mass production using water-based polymer solutions, further reducing the environmental footprint. In terms of emissions, substituting traditional polymers with PLA has been shown to reduce GHG emissions by up to 67% during manufacture compared to petroleum-based plastics. Additionally, phase separation methods that incorporate supercritical CO2 drying (instead of freeze-drying) achieve a 50% reduction in environmental impact, though they may demand high energy input (up to 1.43 × 109 J per ml in some configurations) [156]. High voltage is crucial for fiber jet formation, but its energy consumption is mostly negligible (<0.1 Wh, using 25 kV for 4 h), due to the low current used in electrospinning (order of nA-µA). This is because the polymer solution generally is not a good conductor, and the electrospinning setup has very high electrical resistance due to air gaps, dielectric properties of solvents, and small needle diameter. The real energy burden in ES pertains to ancillary equipment like pumps, collectors, heaters, or climate control, not the high-voltage supply itself. The highest contributors to energy consumption in ES are solvent production and recovery (e.g., ILs like BmimAc, co-solvents like DMSO or GVL), solvent losses (to air or wastewater treatment), biomass extraction/purification (especially for BC or mycelium), post-processing energy use (e.g., coagulation, drying, annealing), and collector systems (e.g., motors, heating, or vacuum). Energy consumption becomes relevant in multi-jet industrial systems or needleless electrospinning, like wire or bubble-based, due to the large setups and the necessity of climate control.



Biopolymer-based ultrafine fiber coatings incorporating bioactive nanoparticles represent a sustainable alternative in healthcare, delivering effective antibacterial performance while minimizing environmental burden. This approach demonstrates the potential for cost reduction and the improvement of public health outcomes [157,158]. Notable examples include ultrafine fibers derived from cellulose, CS, and PHA, biopolymers known for their biodegradability and biocompatibility. Moreover, incorporating eco-friendly design principles into fiber production processes, such as using renewable resources, reducing energy input, and minimizing waste, further reduces environmental impact. These practices align with global sustainability goals and advance the responsible development of fiber-based technologies [14,159].





5. Biomedical Applications of Antibacterial Fiber Coatings


5.1. Fibrous-Based Coating for Wound Dressings


Antibacterial coatings on wound dressings function as a specialized interface between the external environment and the wound bed. These coatings fulfill a dual function: they provide a barrier against microbial invasion while facilitating the sustained release of antimicrobial agents directly at the site of injury. By doing so, they modulate the local microenvironment, enhance infection control, and promote tissue regeneration throughout the wound healing process. Electrospun fiber membranes have emerged as a promising platform for advanced wound dressings due to their high porosity, large surface area, and structural similarity to the extracellular matrix (ECM) (Table 1). For instance, collagen-coated electrospun PCL ultrafine fibers functionalized with Ag-NPs have demonstrated robust antimicrobial efficacy and enhanced biocompatibility. These features position them as viable coatings for conventional substrates, such as cotton gauze and other medical textiles, thereby enhancing wound care outcomes significantly [160]. Similarly, electrospun silk fibroin (SF) membranes coated with polydopamine (PDA) have shown markedly improved wound healing in vivo, substantiating their application as bioactive coatings for standard dressing materials [161]. These findings highlight the effectiveness of depositing bioactive fiber layers onto commercial wound dressings, thereby combining structural support with advanced therapeutic functionalities. Among the various strategies for antimicrobial coating, electrospun fiber-based systems are particularly promising due to their intrinsic advantages, such as high porosity, high surface-area-to-volume ratio, and tunable drug-loading and release profiles. These characteristics make electrospun ultrafine fibers highly suitable for wound care applications, where they can be deposited directly onto traditional substrates (e.g., cotton gauze or commercial bandages), transforming passive dressings into active therapeutic platforms. Their ECM-like structure also promotes cell adhesion and proliferation while enabling localized delivery of antimicrobial, anti-inflammatory, or regenerative agents.



A notable example is the functionalization of conventional cotton bandages with a dual-layer electrospun coating composed of CS, ZnO-NPs, and PCL ultrafine fibers loaded with diclofenac sodium (Figure 3A). In this design, CS provides broad-spectrum antimicrobial activity, ZnO-NPs offer both antibacterial effects and UV-protective properties, and the PCL fibrous mat serves as a drug reservoir for sustained anti-inflammatory action. Developed through ES, the system exhibited significant antibacterial activity against both Staphylococcus aureus and Escherichia coli, with inhibition zones exceeding 27 mm in standard disc diffusion assays. Additionally, the coating enabled regulated drug release in response to wound microenvironmental conditions, significantly reducing the risk of post-dressing infections [162,163].



In another approach, gelatin–honey fiber meshes were electrospun directly onto cotton gauze to produce bi-layered wound dressings with enhanced biocompatibility and antimicrobial potential. The incorporation of honey, up to 30% by weight, enhanced the water-repellent properties while maintaining fiber morphology and mechanical integrity. This design mimics the dual-layer architecture of human skin, combining the structural support of cotton gauze with the biological activity of the electrospun layer [164]. In a separate study, PVA ultrafine fibers incorporating methylglyoxal, an antibacterial component derived from manuka honey, were electrospun onto spun-bonded nonwoven backings. The resulting materials demonstrated strong antibacterial activity against S. aureus and E. coli, thereby validating methylglyoxal as a functional additive in bioactive wound dressings [165]. Further research was conducted by ES PVA and whey protein ultrafine fibers onto melt-blown polypropylene substrates, followed by functionalization with a citral-based Pickering emulsion stabilized by β-cyclodextrin. This bioactive coating displayed notable antibacterial activity, particularly against E. coli, reinforcing its potential for application in wound dressings [166]. Another study modified natural eggshell membranes with electrospun CS/PCL ultrafine fibers, forming a bi-layered scaffold that exhibited indirect antibacterial properties. The coated construct supported dermal regeneration and demonstrated robust cell integration in both in vitro and in vivo models, suggesting enhanced wound healing performance [167].



A notable strategy demonstrated by Mouro et al. [168] involved the fabrication of a dual-layer cotton-based wound dressing, in which a fibrous coating of PVA/CS loaded with Agrimonia eupatoria L. extract was electrospun directly onto cotton fabric (Figure 2B). Such a bilayer system effectively combined the cotton-substrate mechanical robustness with the bioactive and antimicrobial function of the herbal-infused nanofibrous layer. The PVA/CS coating facilitated the release of antibacterial agents while maintaining favorable wettability, porosity, and cytocompatibility. Microbiological assays confirmed a significant inhibition against S. aureus and E. coli, underscoring the therapeutic potential of medicinal plant-loaded ultrafine fibers in advanced wound care.



Nawalakhe et al. [169] improved fiber adhesion by plasma-treating cotton gauze prior to ES CS fibers from trifluoroacetic acid (TFA) solutions. Plasma activation introduced polar functional groups and increased surface roughness, quadrupling the peeling strength in mechanical tests. The dressing coated with the bioactive CS compound and plasma treatment showed good resistance to E. coli and S. aureus microbial agents, which emphasizes the advantage of combined wound dressings. In addition, plasma treatment with surface oxidation increased the adhesion between the substrate and CS ultrafine fibers through cross-linking. Compared to the uncoated gauze, the gauze coated with CS ultrafine fibers showed a higher percentage of wound exudate and blood absorption. A further example relies on a 3-layer biodegradable face mask incorporating needleless electrospun phytochemical-loaded fibers to combat viral transmission during the COVID-19 pandemic. The design includes a protective top layer, an active electrospun fiber middle layer, and a soft inner layer for comfort [170] (Figure 3E). These studies underscore the versatility and effectiveness of electrospun fibers as functional coatings for conventional wound dressings.





 





Table 1. Examples of applications of electrospun fiber coatings with antimicrobial activity for wound dressing.
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Polymer

	
Solvent

	
Additive

	
Antimicrobial Properties

	
Fiber

Properties

	
Application

	
Ref.




	
Strains Tested

	
Methods Employed

	
Main Results






	
PCL

	
Chloroform

	
CS, ZnO-NPs, diclofenac

	
S. aureus, E. coli

	
Disk diffusion test

	
Zone of bacterial inhibition: 27 mm for S. aureus

and 32 mm for E. coli.

	
Fiber diameter = 110.08 ± 6.08 nm, drug-loaded fiber diameter = 216.36 ± 4.51 nm

	
Coating on commercial cotton gauze

	
[162,163]




	
Gelatin

	
Water

	
Honey

	
N/A

	
N/A

	
N/A

	
Fiber diameter = 189.2–323.7 nm

	
Coating on cotton gauze

	
[164]




	
PVA

	
Water

	
Methylglyoxal (MGO)

	
S. aureus, E. coli

	
Disk diffusion test

	
Zone of bacterial inhibition: 11.4 mm for S. aureus and 9.1 mm for E. coli, with 2.35 and 1.55 mg/cm2 of MGO, respectively.

	
Diameter of PVA fiber = 118 nm, diameter of PVA/MGO fiber = 166 nm

	
Coating on cotton spun-bond nonwoven

	
[165]




	
PVA, Whey Protein

	
Water

	
β-cyclodextrin (β-CD), citral

	
E. coli ATCC 25922, S. aureus ATCC 25923, P. aeruginosa ATCC 27853

	
Disk diffusion test

	
Zone of bacterial inhibition: 14 mm for E. coli and 12 mm for S. aureus with the highest β-CD/citral ratios (1:6).

	
Diameter = 216–330 nm

	
Coating on polypropylene wound dressing

	
[166]




	
CS/PCL (CP)

	
Formic acid/acetone

	
Eggshell nanofiber membrane (ESM)

	
S. aureus, E. coli

	
Disk diffusion test

Plate count method

	
Zone of bacterial inhibition: 2.68 ± 0.21 cm2 against E. coli and 2.19 ± 0.17 cm2 against S. aureus, with complete bacterial elimination after 12 h.

	
Diameter = 400–700 nm, Porosity of CP-ESM after electrospinning = 85%, thickness = 15 µm

	
Eggshell membrane modification

	
[167]




	
PVA/CS

	
Water/Acetic Acid

	
Agrimonia eupatoria L. extract

	
S. aureus ATTC 6538, P. aeruginosa PA25

	
Standard Test Method for Determining the Activity of Incorporated Antimicrobial Agent(s) in Polymeric or Hydrophobic Materials (ASTM E2180-07 standard)

	
High inhibitory effect of PVA_AG_CS (99.17 ± 4.05% inhibition for S. aureus and 98.13 ± 0.88% for P. aeruginosa).

	
diameter of PVA-AG_CS fibers = 50–400 nm

	
Coating on cotton material

	
[168]




	
CS

	
TFA

	
Surface modified using atmospheric plasma (ICP)

	
E. coli O157 and B179, B. cereus B2

	
Plate Count Method

	
Reduction in bacterial count of E. coli from 7.47 ± 0.09 to 4.82 ± 0.06 log (CFU/mL) and B. cereus from 6.14 ± 0.14 to 2.80 ± 0.06 log (CFU/mL).

	
Not reported

	
Coating on cotton gauze

	
[169]




	
Keratin

	
Water/hydrochloric acid

	
Harmaline/Ginkgo Biloba

	
Bacillus cereus, E. coli

	
Bactericidal Activity Assay

	
Antibacterial efficacy at 94.74% against B. cereus and 96% against E. coli.

	
Diameter = 63–78 nm

	
Wound dressing/band aid

	
[171]




	
PVA/Wool Keratin

	
Water

	
Ag NP

	
S. aureus, P. aeruginosa

	
AATCC (American Association of Textile Chemists and Colorists) Test Method 147-1998 (Assessment of Textile Materials: Parallel Streak Method)

	
Cotton fabric coated with 0.1% Ag-NP-embedded PVA nanofibers showed very good antibacterial activity against both pathogens.

	
Diameter = 146.7 nm; Fiber thickness ~ 146.7 nm

	
The coating on cotton fabric

	
[172]




	
Hydroxypropyl-β-cyclodextrin (HP-β-CD)/Hydroxypropyl-γ-cyclodextrin (HP-γ-CD)

	
Water

	
Lawsone (2-Hydroxy-1,4-naphthoquinone)

	
E. coli, S. aureus

	
Plate Count Method

	
100% eradication of E. coli and S. aureus with no difference.

	
Diameter = 300–700 nm

	
Coating on cotton nonwoven

	
[173]
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Figure 3. Examples of biomedical applications of antibacterial fiber coatings: (A) FE-SEM images of a multifunctional wound dressing fabricated by coating commercial cotton gauze with CS, ZnO nanopowder, and electrospun PCL fibers loaded with antibiotics. This composite structure enhances antibacterial activity and promotes wound healing; adapted from Ref. [162]. (B) Schematic of a dual-layer cotton-based wound dressing coated with PVA-CS electrospun fibers incorporating Agrimonia eupatoria L. extract. The bilayer configuration combines the structural support of cotton with the bioactivity of herbal-loaded electrospun fibers for advanced wound care; adapted from Ref. [168]. (C) Bi-layered electrospun fibers of PCL and PLGA applied to titanium implants for sustained co-delivery of rifampicin and vancomycin. This approach provides durable implant coatings that effectively prevent both early and delayed implant-associated infections; adapted from Ref. [174]. (D) Vancomycin-loaded collagen/hydroxyapatite (COLHA+V) fiber layers electrospun onto 3D-printed titanium implants. This coating prevented S. epidermidis-induced bone damage and improved osseointegration; adapted from Ref. [175]. (E) Schematic of a 3-layer biodegradable face mask incorporating needleless electrospun phytochemical-loaded fibers to combat viral transmission during the COVID-19 pandemic. The design includes a protective top layer, an active electrospun fiber middle layer, and a soft inner layer for comfort; adapted from Ref. [170]. 
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By carefully tailoring polymer compositions and incorporating diverse bioactive agents, including metallic nanoparticles, anti-inflammatory drugs, and natural antibacterial compounds, researchers have significantly improved the therapeutic efficacy of standard materials such as cotton gauze. The integration of electrospun fibers and other functional coatings into commercial wound dressings marks a transformative step forward in modern wound care, offering comprehensive solutions for the management of infected wounds, chronic ulcers, and complex skin injuries. These advancements facilitate the development of multifunctional wound dressings that are not only cost-effective and scalable but also capable of delivering targeted, sustained, and stimuli-responsive treatment in clinical settings.




5.2. Fibrous-Based Coating for Implants


Implanted medical devices, including orthopedic implants, cardiovascular stents, dental implants, and many others, are susceptible to device-associated infections. These infections often result in implant failure, posing serious health risks and significant economic burdens for healthcare systems. Figure 3C,D also shows applicative examples of medicated electrospun polymer coatings on bone implants. Bi-layered electrospun coatings were applied to titanium implants and demonstrated sustained co-delivery of antibiotics [174] (Figure 3C), whereas vancomycin-loaded collagen/hydroxyapatite fibrous layers were electrospun onto 3D-printed titanium implants to combat infection and improve osseointegration [175] (Figure 3D). In fact, despite improvements in clinical protocols, effective biocidal treatment for revision surgeries remains a challenge [51,176,177,178]. The standard approach involves surgical removal and replacement of the infected implant, which itself carries a risk of further complications. The primary cause of implant-associated infections is biofilm formation, which hinders antibiotic penetration and facilitates colonization by antibiotic-resistant microorganisms [179]. To address this issue, antibacterial surface coatings have emerged as a strategy to prevent biofilm formation and bacterial adhesion. Antibacterial coatings are generally classified based on their mode of action. Bacteria-repellent coatings, also known as anti-adhesive coatings, function by preventing the initial adhesion of bacteria to the implant surface. However, a significant limitation of these coatings is that they may also inhibit the adhesion of host cells, potentially impairing tissue integration and osseointegration [180]. On the other hand, bactericidal coatings are designed to actively kill bacteria, typically through the release of antibiotics or antimicrobial ions. While effective in reducing bacterial load, these coatings may induce toxicity due to a rapid “burst” release of the active agents and often lack a sustained and controlled release profile, which limits their long-term efficacy [181,182].



An optimal implant surface must balance biocompatibility (to promote osseointegration and host tissue integration) and antibacterial activity (to prevent colonization) [183,184]. This is a challenging goal since mechanisms facilitating host-cell adhesion may also support bacterial attachment [184]. Recent research has aimed to combine repellent and bactericidal functionalities into hybrid coatings [176]. Yet, bacterial adhesion via protein adsorption remains a problem, and coatings with high drug-loading capacity, tunable release profiles, and long-lasting antimicrobial action are still needed [170]. Electrospun fiber coatings have garnered significant interest for use in antimicrobial implants due to their large surface area, tunable porosity, and capacity to incorporate a wide range of therapeutic agents [185,186]. These fiber-based coatings offer several advantages. They enable controlled and sustained release of drugs and nanoparticles, enhance tissue integration and overall implant biocompatibility, and can be customized through various polymeric blends and environment-friendly (green) solvents [51,175,187,188]. Various electrospun polymer-based coatings have been developed for orthopedic and dental implants, as summarized in Table 2. Commonly used polymers include PCL, PLGA, CS, and their blends. The choice of solvent plays a critical role in polymer dissolution and fiber formation, influencing coating morphology and therefore drug release kinetics. While solvents such as HFIP and trifluoroethanol (TFE) are widely effective for ES, their use raises significant toxicity concerns [189,190]. To provide antimicrobial functionality, these coatings often incorporate antibacterial agents such as Ag-NPs, which provide broad-spectrum activity but carry potential risks of cytotoxicity, bioaccumulation, and oxidative stress [189,190]. Natural antimicrobial agents like plant extracts, including thyme and henna, are also used for their biocompatibility and low resistance potential. Understanding biodistribution, long-term effects, and mechanisms of action is crucial for ensuring safe biomedical applications of agents due to the association of chronic exposure to organ damage and altered metabolic pathways [191,192]. Several studies have demonstrated the effectiveness of CS/PEO blends dissolved in acetic acid, a biobased and environmentally friendly solvent. These have been combined with antimicrobial agents like cefepime [193], which showed sustained drug release for up to 16 days with minimal initial burst release, and vancomycin [194], which achieved both burst and sustained release profiles when a PLGA coating was applied. Similarly, coatings incorporating henna or thyme extracts exhibited higher antibacterial activity against Gram-positive bacteria [195]. Additional formulations include CS/PEO combined with bioactive glass particles to promote osteoconductivity and bacteriostatic effects [196], as well as blends of PEO with carboxymethylcellulose (CMC) loaded with clindamycin, in which cross-linking steps enhanced long-term stability for potential implant coating applications [197].



Alternative fiber-based approaches have also been explored to enhance antimicrobial efficacy. TiO2 ultrafine fibers synthesized using a combination of sol–gel processing and ES demonstrated dose-dependent antibiofilm activity, with particularly strong effects against P. aeruginosa [198]. Similarly, Ag-NPs-loaded ultrafine fibers based on 2-hydroxypropyl-β-cyclodextrin (HP-β-CD), produced using either dimethylformamide (DMF) or water as solvents, showed significant inhibition of E. coli and S. aureus. The fiber diameter and the choice of solvent were found to influence the antibacterial performance, with DMF-based fibers generally exhibiting smaller diameters and stronger antimicrobial effects [199]. As anticipated earlier, Jahanmard et al. [174] developed a bilayer fiber coating system for orthopedic implants using electrospun PCL and PLGA layers loaded with vancomycin and rifampicin (Figure 3C). This dual-drug configuration achieved a synergistic antibacterial effect against S. aureus and S. epidermidis, effectively preventing both early and delayed post-surgical infections. The electrospun fiber-filled lattice coating adhered firmly to titanium implants and exhibited a sustained release profile, minimizing burst release and maximizing localized therapeutic efficacy. This approach highlights the potential of multifunctional electrospun coatings for infection-resistant implantable devices in complex wound environments.



Suchý et al. [175] designed an advanced antibacterial implant coating by ES vancomycin-loaded collagen/hydroxyapatite (COLHA+V) fibers onto 3D-printed titanium implants (Figure 3D). This multilayered system combined the bioactivity of collagen and osteoconductivity of hydroxyapatite with the potent antimicrobial properties of vancomycin. The coating significantly inhibited S. epidermidis biofilm formation and preserved bone structure in infected murine femoral defects. Moreover, the COLHA+V layer promoted osseointegration, indicating its dual function in both infection prevention and bone tissue regeneration. This approach highlights the clinical potential of electrospun bioactive fiber coatings for orthopedic and dental implants. Despite significant progress, several challenges remain for the future development of antimicrobial implant coatings. Most current research has focused primarily on orthopedic and vascular implants, leaving other implant types relatively underexplored. Additionally, the lack of standardized testing protocols for evaluating antimicrobial efficacy hinders meaningful comparison between studies. To advance the field, future efforts must prioritize the development of sustainable coatings using green solvents and biodegradable polymers. Comparative studies conducted under unified, standardized testing conditions are essential to assess and validate coating performance. Furthermore, addressing the growing issue of antibiotic resistance and minimizing environmental contamination from drug leaching must be central considerations in the design of next-generation antimicrobial coatings.




5.3. Fbrous Coatings for Surgical Drapes, Gowns, and Facemasks


Surgical drapes and gowns are critical components of infection control in clinical settings, serving to maintain a sterile environment and prevent the transmission of pathogens during surgical procedures. Recent reviews emphasize the importance of incorporating antimicrobial properties directly onto these garments, both reusable and disposable, to extend their lifespan, reduce environmental impact, and address real-world challenges posed by hospital-acquired infections [209]. Among the various approaches explored, ES has emerged as a highly effective technique for fabricating polymeric nano/ultrafine fiber coatings directly onto textile surfaces (Table 3). These electrospun fiber coatings offer significant advantages over conventional chemical treatments, including enhanced durability, tunable porosity, high surface area, and the ability to incorporate antimicrobial agents such as metal nanoparticles or biocidal polymers. The resulting nanofibrous layers serve as multifunctional barriers that resist microbial adhesion, inhibit bacterial growth, and maintain essential properties such as breathability, mechanical integrity, and wearer comfort [210]. Several recent studies have successfully demonstrated the application of electrospun coatings on surgical drapes and gowns to enhance their antimicrobial performance. In one example, ZnO-loaded PVA fibers were electrospun onto gown fabrics, producing bead-free fiber mats that exhibited clear zones of inhibition against both Gram-positive and Gram-negative bacteria. Importantly, these antimicrobial coatings maintained the tensile strength and hydrophilicity of the original fabric, ensuring wearer comfort and durability [211]. In response to the heightened need for protective measures following the COVID-19 pandemic, another study employed polyacrylonitrile (PAN)/ZnO fibers containing 5 w% of the antiviral Viroblock formulation. These electrospun fibers were applied directly onto textile substrates, resulting in hybrid mats capable of achieving over 92% bacterial inactivation against S. aureus and P. aeruginosa, along with a 37% reduction in viral titer for enveloped viruses. These results highlight their dual protective functionality against bacterial and viral threats [212].



In a further advancement, electrospun fibers made of PVA, which is potentially biodegradable in soil environments under the right microbial and environmental conditions, embedded with ZnO-NPs or copper oxide (CuO)-NPs were developed as antimicrobial coatings for gown materials. Both dynamic and static contact assays confirmed the effectiveness of ZnO-enriched membranes in inactivating SARS-CoV-2 surrogate and eliminating multidrug-resistant bacterial strains such as methicillin-resistant S. aureus (MRSA) and methicillin-resistant S. epidermidis (MRSE). These coatings also preserved essential properties such as breathability and mechanical integrity, making them suitable for real-world clinical applications [213]. Electrospun fiber technologies have also been explored for antimicrobial facemasks. A notable example by Patil et al. involved the use of needleless ES to fabricate a 3-layer biodegradable facemask composed of a cotton/PLA/cotton structure (Figure 3E). The PLA nanofibrous layer, electrospun from dichloromethane (DCM) solution, was embedded with phytochemicals extracted from Azadirachta Indica and Eucalyptus Citriodora. This configuration enhanced bacterial filtration efficiency by increasing surface area and forming a dense, interconnected network capable of capturing particulate matter, aerosols, and bacteria deep within the filtration matrix [170].



These studies collectively demonstrate that electrospun antimicrobial coatings can be effectively tailored to integrate with existing medical textiles, significantly enhancing infection control, UV protection, and self-sterilizing capabilities. Importantly, these enhancements are achieved without compromising critical performance attributes, including breathability, tensile strength, and wearer comfort, qualities essential for surgical drapes and gowns.



The application of electrospun fiber coatings represents a novel and promising strategy for reinforcing antimicrobial barriers in healthcare settings. By enabling the direct incorporation of functional agents at the surface–pathogen interface, these coatings maintain the structural and functional integrity of the base fabric while offering high-performance, sustainable, and safe protective solutions.




5.4. Fibrous Coating for Catheters and Ureteral Stents


Catheters and ureteral stents are critical medical devices widely used in clinical settings for vascular access, enteral nutrition, and urinary tract management. Catheters, defined as hollow tubes, are typically categorized into vascular (central or peripheral) and enteral types based on their application [214]. Ureteral stents, on the other hand, are used to manage a variety of urinary tract conditions such as obstructions, strictures, nephrolithotomy, and tumors by facilitating urine flow [215]. Despite their utility, prolonged use of these devices often leads to catheter-associated urinary tract infections (CAUTIs), among the most common and difficult nosocomial infections in healthcare. These infections not only compromise patients’ comfort but also contribute to increased morbidity, mortality, and healthcare costs [216].



These infections arise from microbial adhesion, colonization, and subsequent biofilm formation on the device surface. The ideal stent must therefore exhibit properties such as biocompatibility, mechanical stability, biodegradability, resistance to irritation, encrustation, migration, and biofilm formation while maintaining urine flow and the patient’s comfort. Additionally, features like radiopacity, elasticity, and cost-effectiveness are essential for optimal clinical performance [217]. To address these challenges, ES has emerged as a promising technique for fabricating or coating urinary stents. ES enables the production of porous and tubular structures that mimic the extracellular matrix, improve tissue integration, and enable localized drug delivery. By utilizing biopolymers that possess suitable viscosity and spinnability, it is possible to further enhance ES potential for device modification [218]. However, studies on the use of electrospun coatings for ureteral stents remain limited. Key factors in the coating process rely on the adhesion between the electrospun polymer fibers and the substrates and on the varying shapes of the device to be coated, which must be assessed. In fact, diverse outcomes can be experienced by ES on the same polymer surface, as well as on different polymer surfaces, due to the electric conductivity, chemical compatibility, and interaction with the electric field generated by the ES process.



Table 4 offers a synopsis of extant research in this domain. Notable research in this area includes the work by Korniienko et al., who electrospun CS fibers using a trifluoroacetic acid (TFA)/DCM solvent blend. The resulting meshes demonstrated bacteriostatic effects against planktonic bacteria and biofilms, indicating potential for antimicrobial applications [219]. Another study by Salih et al. developed a PLGA/CS fiber blend embedded with Zn/Al-layered double hydroxide (LDH) NPs using HFIP as a solvent. Zn2+ ions provided antibacterial functionality, while 0.5 w% CS further enhanced bioactivity. The electrospun composite meshes showed effective antibacterial activity against S. aureus and E. coli, along with adequate mechanical strength and good biocompatibility [220].



Another advancement involved the fabrication of fully biodegradable electrospun stents using PLGA integrated with a silver@graphdiyne (Ag@GDY) nanocomposite. These constructs, created using an ES-based method, replicated the porous architecture of natural tissues. The incorporation of Ag@GDY endowed the stents with antimicrobial properties, reducing both bacterial adhesion and biofilm formation. The electrospun structure supported gradual degradation, showing a decrease in toughness as well as an increase in strength over time. In vivo and cellular tests confirmed moderate biocompatibility and demonstrated the stent’s potential as an alternative to traditional PU devices for urinary applications [221].



While electrospun coatings for ureteral stents have shown considerable promise in enhancing antimicrobial performance, tissue compatibility, and mechanical integrity, further research is necessary. Expanding studies in this field could lead to next-generation biodegradable and infection-resistant urinary stents that effectively address the persistent clinical challenges associated with CAUTIs and stent-related complications.





6. Innovations in Green ES for Antibacterial Applications


Recent advancements in green ES have significantly transformed the development of antibacterial nanofibrous materials by emphasizing the use of eco-friendly solvents, renewable biopolymers, and naturally derived antimicrobial agents. These innovations address environmental concerns, enhance biocompatibility, and reduce the overall carbon footprint of biomedical materials (Figure 4). A diverse range of renewable biopolymers, including chitin, cellulose, gellan and Arabic gums, collagen, gelatin, alginate, lignin, and silk, have been explored for their intrinsic biodegradability and sustainability [221]. These materials are typically classified based on their chemical composition into protein-based (e.g., silk, collagen) and polysaccharide-based (e.g., cellulose, CS, dextran) [222,223].



CS, derived from chitin, the second most abundant biopolymer after cellulose, is particularly notable for its biodegradability, biocompatibility, antimicrobial activity, and wound-healing properties [224]. Despite their desirable biological properties, natural polymers like CS and SF face challenges in ES due to their poor solubility and limited spinnability in aqueous solutions. To address this, they are often blended with synthetic polymers such as PVA or PEO to facilitate fiber formation while retaining functional characteristics [224]. The use of green solvents, such as acetic acid and formic acid, may enable the dissolution and processing of these biopolymers. Moreover, additives like surfactants, salts, and co-solvents have been employed to reduce surface tension and improve the spinnability of ES solutions [225]. A novel development in this area is the use of D-limonene, a citrus-derived monoterpene, as a green solvent alternative for ES [226]. These eco-friendly solvents not only reduce environmental toxicity but also enable the fabrication of ultrafine fibers suitable for biomedical use. Avossa et al. provided a comprehensive review of green ES, highlighting methods for producing polymeric fibers using solution, emulsion, suspension, and in situ cross-linking approaches. The study also classified solvents based on their environmental impact and outlined sustainable strategies for integrating natural polymers with benign solvents, thereby improving both the ecological and economic performance of ES processes [92].



The functionalization of electrospun fibers with antibacterial agents remains a critical aspect of green ES. However, traditional additives such as antibiotics and metallic nanoparticles pose environmental and health risks. In contrast, phytochemicals, namely, bioactive compounds derived from plants, offer sustainable, low-toxicity alternatives. These natural compounds possess inherent antimicrobial and medicinal properties with minimal side effects [227,228]. Adamu et al. emphasized the use of plant-based extracts in wound healing applications, displaying their promise as green antibacterial agents. Despite these advantages, research on electrospun fibers incorporating plant extracts remains limited. The earliest example is the incorporation of Curcuma longa (turmeric) extract into cellulose acetate fibers via ES, which demonstrated antibacterial potential [229].



Another emerging area is the development of stimuli-responsive smart electrospun fibers, which exhibit antimicrobial activity triggered by external stimuli such as pH, temperature, or light. Mercante et al. reviewed the progress in this area, underscoring its potential for advanced antibacterial applications [111]. Similarly, Chan et al. explored the biomedical potential of smart electrospun fibers in wound healing, cancer therapy, and tissue engineering, although challenges persist in translating these materials into clinical use [230].



Finally, superhydrophobic surface behavior, as obtained via superimposing electrospun fiber layers made of hydrophobic polymers, has been reported as a successful strategy to limit bacterial adhesion and therefore their survival [22]. Indeed, by controlling the fiber orientation and the generated pore size during ES deposition, fibrous poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE) multilayers (8–10 layers) were obtained, acting under the Cassie–Baxter regimen, thus behaving as a superhydrophobic surface, which in turn discouraged adhesion, infiltration, and biofilm formation of S. epidermidis, E. coli, and P. aeruginosa [207].




7. Challenges and Future Perspectives


Microbial contamination remains a major concern in healthcare settings, threatening patient safety and complicating infection control. Antimicrobial resistance and hospital-acquired infections continue to drive the demand for innovative, antibiotic-free antibacterial strategies. Advances in biomaterials and nanotechnology, particularly the integration of bio-nanotechnology with natural and synthetic polymers, offer promising solutions to reduce these risks [231,232]. Biopolymer-based fibers with inherent antimicrobial activity are increasingly being explored for diverse biomedical applications, including wound dressings, implant coatings, surgical drapes, and protective textiles. These fibers present an environmentally responsible and potentially more sustainable alternative to conventional antibacterial agents. However, despite significant laboratory successes, several critical challenges hinder their broad clinical and commercial implementation [233].



7.1. Scalability and Commercial Translation


One of the major challenges is the scalability and commercial viability of electrospun nanofibrous materials. While laboratory-scale techniques, such as ES, provide precise control over fiber morphology and composition, the transition from lab- to industrial-scale production remains technically and economically demanding. The production processes are often limited by low throughput, high energy consumption, and the need for precise environmental control [234]. Additionally, cost-effectiveness continues to pose a challenge when evaluating advanced nanofibrous coatings in comparison to traditional antibacterial agents. Without affordable large-scale manufacturing, the adoption of these technologies in mainstream medical products may be restricted [235]. To bridge this gap, research must focus on optimizing scalable fabrication methods, such as needleless ES or centrifugal spinning, as well as exploring automation and continuous production systems.




7.2. Emerging Trends and Strategic Opportunities


Looking ahead, several emerging trends are likely to significantly influence the development of next-generation antibacterial nano/ultrafine fiber technologies. Key directions move towards the development of smart antibacterial coatings, which integrate stimuli-responsive functionalities, such as pH, temperature, or light-triggered antimicrobial release, to enhance targeted efficacy and minimize side effects [28], and towards superhydrophobic fiber coatings [207], made of biobased hydrophobic polymers. In parallel, the rise of personalized medicine and point-of-care diagnostics is creating opportunities to tailor antibacterial coatings to individual patient needs and medical conditions, thereby improving treatment specificity and therapeutic outcomes [236]. Simultaneously, the exploration of advanced biomaterials and composite systems, including novel polymers, bioactive compounds, and hybrid nanostructures, is enabling the design of nano/ultrafine fibers with enhanced multifunctionality, mechanical stability, and biocompatibility [237]. To ensure the successful translation of these innovations into clinical practice, interdisciplinary collaboration among materials scientists, biomedical engineers, microbiologists, clinicians, and industry stakeholders is critical. Such collaborations can facilitate the resolution of key challenges related to regulatory approval, safety, and performance requirements [237]. By overcoming scalability limitations and integrating these emerging technologies, researchers can accelerate the transition of antibacterial ultrafine fiber coatings from laboratory development to practical, real-world healthcare applications, ultimately offering safer, more effective, and environmentally sustainable solutions for infection prevention [238].





8. Conclusions


Polymer-based fiber coatings represent a promising strategy for antibacterial applications in healthcare, offering key advantages such as high surface area, tunable porosity, and controlled release capabilities. However, conventional approaches that rely on petrochemical-derived polymers and synthetic antibacterial agents are facing growing concerns, including microbial resistance, cytotoxicity, and environmental burden. These challenges have catalyzed a transition towards more sustainable alternatives, particularly biopolymer-based functionalized fibers and natural antimicrobial agents, which can provide effective antimicrobial action while minimizing adverse effects on human health and the environment. This review has outlined the fundamental principles of fiber formation, fabrication methods, and sustainable strategies for green polymer-based fiber synthesis, with a focus on eco-friendly materials, green solvents, and biodegradability. The mechanisms underlying antibacterial activity, along with factors influencing fiber performance, were explored in detail. In addition, key biomedical applications, particularly as coatings for wound dressings, bone implants, surgical textiles, and medical devices, highlight the versatile role of these materials in enhancing infection control, promoting tissue healing, and contributing to more sustainable clinical practice. Despite notable advancements, several challenges remain. Future research should prioritize optimizing surface functionalization methods, improving long-term antibacterial efficacy, and overcoming barriers related to scalability and cost-efficiency for clinical translation. Additionally, the development of smart coatings with tunable, time-dependent release profiles, or acting by physical and electrostatic methods, combined with robust interdisciplinary collaboration, will be vital for bridging the gap between laboratory innovation and real-world healthcare solutions. These efforts will ultimately support the development of next-generation antibacterial fiber coatings that are safe, effective, and environmentally sustainable.
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The following abbreviations are used in this manuscript:



	Ag@GDY
	silver@graphdiyne



	BC
	Bacterial cellulose



	BmimAc
	1-butyl-3-methylimidazolium acetate



	CAUTI
	Catheter-Associated Urinary Tract Infection



	CMC
	Carboxymethyl Cellulose



	COLHA+V
	vancomycin-loade collagen/hydroxyapatite



	COVID-19
	Coronavirus Disease 2019



	CS
	Chitosan



	DCM
	Dichloromethane



	DES
	Deep eutectic solvents



	DMF
	Dimethylformamide



	DMSO
	Dimethyl sulfoxide



	DNA
	Deoxyribonucleic Acid



	ECM
	Extracellular matrix



	ES
	Electrospinning



	FDA
	Food and Drug Administration



	FE-SEM
	Field emission scanning electron microscope



	GVL
	Gamma valerolactone



	HFIP
	Hexafluoro isopropanol



	HP-β-CD
	Hydroxypropyl-β-cyclodextrin



	LCA
	Life Cycle Assessment



	LDH
	Layered double hydroxide



	MEK
	Methyl ethyl ketone



	MRSA
	Methicillin-resistant Staphylococcus aureus



	MRSE
	Methicillin-resistant Staphylococcus epidermidis



	NMMO
	N-Methylmorpholine N-oxide



	NPs
	Nanoparticles



	PAN
	Polyacrylonitrile



	PCL
	Polycaprolactone



	PDA
	Polydopamine



	PE
	Polyethylene



	PEG
	Polyethylene glycol



	PEO
	Polyethylene oxide



	PHA
	Polyhydroxyalkanoate



	PLA
	Polylactic acid



	PLGA
	Poly(lactic-co-glycolic acid)



	PLLA
	Poly-l-lactic acid



	PU
	Polyurethane



	PVA
	Polyvinyl alcohol



	PVDF
	Polyvinylidene fluoride



	PVDF-TrFE
	Polyvinylidene fluoride trifluoro ethylene



	SARS-CoV2
	Severe acute respiratory syndrome coronavirus 2



	SEM
	Scanning electron microscopy



	SF
	Silk fibroin



	TFA
	Trifluoroacetic acid



	TFE
	Trifluoroethanol



	UV
	Ultraviolet



	β-CD
	β-cyclodextrin
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Figure 1. Schematic representation of a typical ES setup composed of a high-voltage power supply, a syringe pump, a spinneret (needle), and a grounded collector. The figure includes representative scanning electron microscopy (SEM) micrographs of diverse electrospun fibers reproduced. Adapted from Ref. [39]. 
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Figure 2. Bacterial cellulose (BC) ES in IL: (A) schematic the ES setup including a coagulation bath to remove IL; (B) photograph of the setup; (C,D) representative scanning electron microscopy (SEM) micrographs of BC fibers obtained using either (C) DMSO or (D) GVL as a co-solvent of BmimAc. Adapted from Ref. [100]. 
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Figure 4. Sustainable approaches in green ES: polymers, solvents, additives, and energy reduction strategies (created by the authors). 
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Table 2. Examples of applications of electrospun fiber coatings with antimicrobial activity for biomedical implants.
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Polymers

	
Solvent

	
Additives

	
Antimicrobial Properties

	
Application

	
Fiber

Properties

	
Ref.




	
Strains Tested

	
Methods Employed

	
Main Results






	
PLGA/PCL

	
TFE

	
Rifampicin/vancomycin hydrochloride

	
S. aureus ATCC 49230 (originally isolated from an osteomyelitis patient)

	
Disk diffusion test at 1, 14, 28, and 42 days

	
Rif-loaded bilayer showed strongest and sustained antibacterial activity up to 42 days. Van-loaded active at day 1 only.

	
Metallic implantable devices

	
Not reported

	
[174]




	
PLGA/PCL

	
HFIP/

DCM/2-propanol

	
Linezolid, Vancomycin, daptomycin

	
S. aureus Xen36 (clinical bacteremia isolate ATCC 49525)

	
Disk diffusion test

 

CFU standard curve

	
The greatest zone of inhibition (ZOI) was observed with the composite coating containing different antibiotics, whereas the single-antibiotic coatings showed the smallest ZOIs.

	
Orthopedic implants

	
Thickness ∼ 10–100 μm

	
[177]




	
PVA-co-PE

	
Isopropanol/water

	
Photoactive agent (BPTCD), zwitterionic monomer (SBMA)

	
E. coli O157: H7

	
Plate Count Method

Morphological assay

ROS producing assay

	
Reduction of 6 log CFU in 1 h under UVA producing ·OH. The materials maintain biocidal activity for 5 cycles and cause

obvious structural deformations in bacterial cells.

	
Medical applications

	
Diameter = 522 nm

	
[185]




	
PLGA/PEO

	
TFE

	
Gentamicin sulfate

	
S. aureus ATCC 29213

	
Agar Diffusion Test

 

Bacterial Adhesion Test

	
The gentamicin-coated titanium implants exhibited a persistent antibacterial efficacy for 1 week and significantly reduced the adhesion of the S. aureus compared with bare titanium implants in vitro

	
Orthopedic titanium implants

	
Diameter = 705 ± 122 nm

	
[187]




	
Collagen

	
PBS/ethanol

	
hydroxyapatite

	
clinical isolate of Staphylococcus epidermidis

	
MIC (EUCAST guidelines)

 

Plate Count Method

 

Biofilm Formation (Christensen method)

	
Initial bacterial load (104–106 CFU/mL) reduced to 103 CFU/mL in 3/16 implants after 7 days in vivo.

	
Orthopedic implants

	
N/A

	
[188]




	
PLLA

	
DCM

	
Akermanite (AKT); doxycycline (DOXY)

	
S. aureus ATCC 12600, E. coli ATCC 9637

	
Disk diffusion test

sensitivity and liquid medium micro dilution experiments

	
Inhibition zones up to 4.08 ± 0.30 mm against S. aureus and >98% bacterial inhibition in liquid at 10 wt% DOXY. Dose-dependent effect on E. coli.

	
Orthopedic applications

	
Diameter = (300–350 nm)

	
[189]




	
PCL

	
Chloroform/methanol

	
Hydroxyapatite

	
S. aureus NCIM: 5021

	
Optical Density (OD) Measurement at 600 nm

	
High reduction in adhesion (high with PCL, low with HA).

	
Orthopedic implants

	
Diameter ∼ 100 nm

	
[190]




	
CE

	
DMF/acetone

	
Ag-NPs

	
E. coli NBRC 3301,

S. aureus NBRC 12732

	
Disc diffusion assay (Kirby Bauer method) by area of inhibition zone;

	
Exhibition of high activity against S. aureus and E. coli, respectively, with 347.13 mm2 and 269.96 mm2 area of inhibition zone.

	
Antibacterial applications

	
N/A

	
[191]




	
PCL/CS

	
Acetic/formic acid

	
Nano-CaTiO3 (CA1), Nano-BaTiO3 (BA1)

	
S. aureus, Streptococcus mutans

	
Antibacterial inhibition zone test

(spread plate technique)

	
Significant inhibitory effects against S. aureus and S. mutans, with inhibition zones of 17 mm and 20 mm for CA1, and 18 mm and 17 mm for BA1, respectively.

	
Orthodontic and orthopedic applications

	
Fiber diameter for (CA1) = 162 ± 62 nm and an average size porosity of 1360 ± 5242 nm

	
[192]




	
CS/PEO

	
Acetic acid

	
Cefepime SiO2

	
S. aureus ATCC 6538, S. epidermidis, E. coli ETEC ATCC 35401

	
Disk diffusion test

	
Inhibitory effect with 25 and 40 mm against S. aureus and E. coli, respectively.

	
Orthopedic implants

	
diameter = 171.745 nm

	
[193]




	
CS/PVA

CS/PEO

 

PLGA

	
Acetic acid

	
Vancomycin

	
Sustained antibiotic release, biofilm prevention

	
Kinetics of the release

	
N/A

	
Vascular grafts

	
Diameter of CS/PVA = 164.1 ± 65.34 nm;

diameter of CS/PEO = 240 ± 50.81 nm

	
[194]




	
CS/PEO

	
Acetic acid

	
Henna and Thyme Leaves Extract

	
S. aureus, E. coli.

	
Disk diffusion test

	
Inhibition zones reaching up to 5.3 ± 0.2 cm for E. coli and 5.0 ± 0.1 cm for S. aureus.

	
Orthopedic implants

	
Not reported

	
[195]




	
CS/PEO

	
Acetic acid and water

	
Bioactive Glass (BG)

	
S. epidermidis ATCCTM 14990

	
Microbial Viability Assay

 

Plate Count Method

Fluorescence Microscope

	
Significantly reducing the growth (effective at 48 h).

 

Bacterial lysis and low proliferation.

	
dental and orthopedic applications

	
Diameter = 493.21 ± 77.11 nm)

	
[196]




	
PEO/CMC

	
Ethanol

	
Clindamycin hydrochloride monohydrate

	
Streptococcus sp., Staphylococcus sp., Pneumococcus sp.

	
In Vitro Release Test

	
N/A

	
Orthopedic implants

	
Diameter = 521 ± 115 nm

	
[197]




	
polyvinylpyrrolidone (PVP)

	
Acetic acid/ethanol

	
TiO2

	
P. aeruginosa PAO1, methicillin resistant S. aureus (MRSA) ATCC 33591

	
Minimum Inhibitory and Minimum Bactericidal Concentration (MIC/MBC)

	
Significant antibacterial properties (MIC/MBC: 6/12 mg/mL for MRSA, 3/6 mg/mL for P. aeruginosa).

	
Various biomedical applications

	
Diameter = 80–600 nm;

thickness ~ 400 nm

	
[198]




	
HP-β-CD

	
DMF, H2O

	
Ag-NPs

	
E. coli RSHM 888, S. aureus RSHM 96090/07035 (ATCC 25923)

	
Disk diffusion test

	
Diameters of inhibition zones: 1.07±0.038 and 1.16 cm for E. coli and S. aureus, respectively.

	
Antibacterial application

	
diameter ~ 207–440 nm

	
[199]




	
PCL

	
HFIP

	
Au-NPs

 

Norfloxacin, Nystatin, Gentamicin

	
S. aureus ATCC 29213, E. coli ATCC 10536, methicillin-susceptible S. aureus (MSSA MFBF 10663), methicillin-resistant S. aureus (MRSA MFBF 10679), clinical isolates (Collection of Univ. of Zagreb, KR)

	
Disk diffusion test

 

Serial Microdilution Broth Assay

 

Minimum Inhibitory Concentration (MIC) Assay

	
No antimicrobial activity was observed for Au nanoparticles (10 nm, 20 ppm), while standard antibiotics (Norfloxacin, Nystatin, Gentamicin) produced inhibition zones ranging from 17 to 23 mm against S. aureus, E. coli, and C. albicans.

	
Musculoskeletal medical implants

	
N/A

	
[200]




	
PCL/CS/PEO

	
DCM, DMF, acetic acid

	
Ag-NPs

	
E. coli-ATCC 25922, S. aureus-ATCC 25923

	
Bacterial viability through plate count (CFU/mL) and OD600 measurement

 

Cytotoxicity test

	
Reduction in bacterial viability depending on concentration of AgNPs (more in E. coli), with maximum effect with exposed electromagnetic waves.

 

Increase in membrane damage and cell lysis (release of LDH, proteins, and nucleic acids).

	
Vascular stents

	
Diameter = 100 nm

	
[201]




	
Gelatin

	
TFE

	
Ag-NPs

	
S. aureus ATCC-6538, E. coli ATCC-8739.

	
Minimum inhibitory concentrations (MICs)

 

Bacterial colony counts

	
Significant antimicrobial activity at 48 h, showing complete (99.99%) inhibition of bacterial colony counts at 24 and 48 h.

	
Dental implants

	
Diameters of individual fibers = 300 to 400 nm

	
[202]




	
PLLA/gelatin

	
TFE

	
Hydroxyapatite nanowire

 

Ag-NPs

	
E. coli, S. aureus

	
Disk diffusion test

 

Plate Count Method

	
Elimination of E. coli by 100% and reduction S. aureus by 85–96%. The formulation with Ag and HA shows 100% antibacterial activity on both strains.

	
Orthopedic implants

	
Diameter = 221–262 nm

	
[203]




	
PLA/PCL/Gelatin

	
HFP

	
Tetracycline hydrochloride

	
Gram-negative anaerobic bacteria: Porphyromonas gingivalis (Pg, ATCC 33277), Fusobacterium nucleatum (Fn, ATCC 10953), Prevotella intermedia (Pi, ATCC 25611), Aggregatibacter actinomycetemcomitans (Aa, ATCC 33384)

	
Biofilm inhibition

assay

	
Reduction in biofilm formation of all strains with a dose-dependent effect (max. at 25%), with Pi the most resistance but still sensitive.

	
Dental implant

	
Diameter = 172–393 nm

	
[204]




	
Cellulose acetate

	
Acetone

	
Polydiallyldimethylammonium chloride

(pDADMAC)

	
E. coli K12

	
OD reading at 600 nm

	
Inactivation of E. coli up to 97.2% ± 4% by pDADMAC-functionalized nanofiber

	
Antimicrobial applications

	
Diameter = 0.85 ± 0.22 µm

Bulk thickness = 42.4 ± 12 μm

	
[205]




	
PLGA

	
Trifluoroethanol

	
Vancomycin

	
S. aureus ATCC 29213

	
Disk diffusion test;

 

In Vivo Test

	
Strong in vitro antimicrobial activity, with a peak inhibition zone of 12.7 ± 0.4 mm on day 1 and sustained antibacterial efficacy via biphasic release over 28 days.

 

No deaths in the vancomycin group

	
Orthopedic applications

	
Diameter = 728–983 nm

	
[206]




	
PVDF-TrFE

	
MEK

	
-

	
E. coli 25922, P. aeruginosa PAO1, S. epidermidis 35984

	
Bacterial adhesion assay

	
Reduction in bacterial adhesion by ~69% compared to smooth films, against both E. coli and P. aeruginosa. Reduction against S. epidermidis adhesion without statistical significance.

	
Biomedical surface coatings

	
Diameter = 0.97 ± 0.34 μm;

mean pore size = 11.6 μm

surface porosity = 58%

size range = 0.32–1.65 μm

	
[207]




	
PLA

	
chloroform/DMF

	
Curcumin, 45S5 BG, mesoporous silica nanoparticles (MSNs)

	
E. coli, S. aureus

	
Plate Count Method

 

Disk diffusion test

	
For S. aureus:

Nanofiber treatment reduced CFU from 0.14 × 1015 (control) to 0.45 × 1011 at the highest concentration (S3).

For E. coli: CFU decreased from 0.4 × 1014 (control) to 0.3 × 100 with S3 nanofiber treatment.

	
Orthopedics and dentistry implants

	
Thickness = 10 to 15 μm;

pore diameters = 0.5 to 50 μm

that plain diameter of plain PLA fiber = 461 nm, diameter of curcumin-loaded fiber = 350 nm

	
[208]











 





Table 3. Examples of applications of electrospun fiber coatings with antimicrobial activity for surgical drapes and gowns.
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Polymer

	
Solvent

	
Additives

	
Antimicrobial Properties

	
Fiber

Properties

	
Application

	
Ref.




	

	
Strains Tested

	
Methods Employed

	
Main Results

	






	
PLA

	
DCM

	
Phytochemical herbal extracts

	
S. aureus ATCC 6538

	
Bacterial Filtration Efficiency (BFE) test by the

IS 16288:2014 standard

	
Bacterial filtration efficiency of 97.9%.

	
Diameter = 8 ± 0.2 µm, mean pore size of 20.1429 µm

	
Biodegradable face mask

	
[170]




	
PVA

	
H2O

	
ZnO-NPs

	
S. aureus, E. coli

	
Disk diffusion test

	
Zone of inhibition increases with concentrations of ZnO-NPs (9% the highest effect) against E. coli and S. aureus.

	
Diameter = 393 ± 57

	
Coating for surgical gowns

	
[211]




	
PAN

	
DMF (or DMAc)

	
ZnO-NPs + Viroblock

	
S. aureus, P. aeruginosa

	
Quantitative antibacterial analysis according to AATCC-100 standard

	
92.59% reduction in S. aureus and 88.64% of P. aeruginosa.

	
Diameter = 127 ± 24.8 nm for pristine PAN, 171 ± 29.88 for 5% loaded ZnO/PAN

	
Nanocomposite for PPE masks and gowns

	
[212]




	
PVA

	
H2O

	
ZnO-NPs, CuO-NPs

	
S. aureus ATCC 6538, Klebsiella pneumoniae ATCC 4352, Methicillin-resistant S. aureus (MRSA), Methicillin-resistant S. epidermidis (MRSE), P. aeruginosa, K. pneumoniae (from Alexandria University hospital, Egypt)

	
Disk diffusion test

 

ASTM E 2149-01 standard test

	
Superiority of the ZnO-loaded nanofibers over the CuO-loaded fibers. Different degrees of growth inhibition depending on the bacterial species and ZnO concentration.

	
Diameter = 200–250 nm

	
Biodegradable membranes for PPE and gowns

	
[213]











 





Table 4. Examples of applications of electrospun fiber coatings with antimicrobial activity for catheters and urinary stents.
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Polymer

	
Solvent

	
Additives

	
Antimicrobial Properties

	
Fiber

Properties

	
Application

	
Ref.




	

	

	

	
Strains Tested

	
Methods Employed

	
Main Results

	

	

	






	
CS

	
TFA/DCM

	
-

	
S. aureus B 918, E. coli B 926

	
Dynamic Contact Antibacterial Assay (Spread Plate CFU Count Method);

Resazurin (AlamarBlue) Assay for Biofilm Viability

	
Inhibition of bacterial growth until 6 h (higher activity against E. coli), no more activity after 8 h. Ch-FA/DCM 9:1 shows better biofilm eradication; S. aureus is less sensitive to treatment with Ch-TFA/DCM 7:3 + NaOH (p < 0.001), E. coli shows a similar trend (p < 0.01).

	
Diameter = 0.18 ± 0.009 µm;

Porosity = 9.48%

	
Antiadhesive capability

	
[219]




	
PLGA/CS

	
HFIP

	
LDH-NPs + Zn/Al cation

	
E. coli, S. aureus

	
Inhibition zone measurement

	
The addition of LDH and chitosan in PLGA increases antibacterial efficacy, with inhibition zones up to 14.1 ± 1.2 mm

	
Diameter = 300–600 nm

	
Ureteral Stent

	
[220]
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