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Abstract: Antibacterial nylon fiber, a crucial functional material, has demonstrated substantial
potential for applications in medical, textile, food packaging, and other fields. While
conventional nylon fibers possess excellent mechanical properties, their lack of inherent
antimicrobial functionality has spurred research into surface treatment methods, including
modification and post-finishing techniques. These approaches enable the integration of
antibacterial agents such as silver ions, copper ions, and chitosan while preserving fiber
integrity. Despite this progress, challenges persist in durability, biocompatibility, and economic
feasibility, driving ongoing innovation. This review focuses on surface treatment methods,
including chemical modification, dyeing, and post-finishing, covering antibacterial agents, and
antimicrobial performance, providing insights into structure-property relationships and
optimization strategies. The advancement of antibacterial nylon fibers not only meets critical
healthcare demands but also aligns with global sustainability goals, offering innovative
solutions with significant societal and economic impact.
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1. Introduction

The escalating global population and rapid urbanization have intensified public
health concerns, driving significant demand for advanced antibacterial materials
capable of mitigating microbial proliferation in critical sectors such as healthcare,
textiles, and food packaging [1-3]. Among synthetic fibers, polyamide (commonly
referred to as nylon) has garnered substantial attention due to its exceptional
mechanical properties, wear resistance, and processability, making it indispensable
across diverse industries including textiles, automotive, and electronics [4,5].
However, the inherent lack of antimicrobial functionality in conventional nylon fibers
severely limits their application in environments requiring microbial resistance,
particularly in medical textiles where the risk of bacterial and viral transmission
necessitates robust antibacterial properties [6]. This limitation has propelled the
development of antibacterial nylon fibers as a critical research frontier in materials
science.

Recent advancements in nanotechnology, biotechnology, and materials
engineering have facilitated the integration of antibacterial agents into nylon fibers
through innovative manufacturing processes [7,8]. These agents, encompassing
inorganic compounds (e.g., silver, copper, and zinc ions) and organic substances (e.g.,
chitosan and quaternary ammonium salts), exert antimicrobial effects by disrupting
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microbial cell membrane integrity [9,10]. The production of functionalized nylon
fibers primarily relies on several principal methodologies including melt spinning,
electrospinning, fiber surface treatment, dyeing and post-finishing, and so on [11-13].
Wherein, surface treatment methods, including surface chemical modification and
post-finishing methods offer distinct advantages, enabling the direct use of
commercial fiber materials, eliminating additional preparation steps, and reducing
production time and cost [14]. Essentially, they preserve the mechanical properties of
fibers, as antibacterial agents are only applied to the surface, leaving the internal
structure unaffected. This enables the retention of fiber strength while imparting
antibacterial functionality [15]. Moreover, surface treatment methods are simple, easy
to operate, and require minimal specialized equipment, unlike melt blending or
electrospinning, which demand complex setups and increase production costs. These
attributes make surface modification and post-finishing methods highly suitable for
large-scale industrial production, offering both economic feasibility and operational
efficiency (Figure 1) [16,17]. As a result, they represent a promising approach to
developing antibacterial nylon fibers, particularly in applications where cost-
effectiveness and fiber performance are paramount [18-20].
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Figure 1. Schematic illustration for the preparation of antimicrobial polyamide fibers
based on surface treatment.

The antimicrobial efficacy of functionalized nylon fibers is fundamentally
governed by the specific interactions between the incorporated antibacterial agents and
the bacterial cellular structures [21]. Silver ions, for instance, exert their bactericidal
effect by binding to thiol groups in microbial membranes, inducing structural
disorganization and subsequent cellular content leakage [22,23]. Similarly, copper
ions demonstrate antimicrobial activity via the generation of reactive oxygen species
that inflict oxidative damage on essential microbial biomolecules, including DNA and
proteins [24,25]. Chitosan, a naturally derived cationic polysaccharide, interacts
electrostatically with anionic components of microbial membranes, compromising
their structural integrity and permeability [26-29]. The integration of nanotechnology
has revolutionized the field of antibacterial materials, with nano-antibacterial agents
offering enhanced performance due to their exceptional surface-to-volume ratio and
quantum effects. Notably, silver nanoparticles (AgNPs) exhibit superior antimicrobial
activity through synergistic mechanisms involving surface plasmon resonance effects
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and enhanced membrane penetration capabilities, with studies confirming that particle
size optimization significantly influences antimicrobial potency [30-32].

The development of antibacterial nylon fibers represents a significant
advancement in sustainable materials technology, aligning with global initiatives to
reduce reliance on environmentally persistent heavy metals and toxic organic
compounds. The practical implementation and commercialization of antibacterial
nylon fibers face several critical challenges that require comprehensive solutions,
encompassing durability [33—-35], biocompatibility, safety [36—38], and economic
feasibility [39,40]. For example, the durability issues with antimicrobial nylon fibers
primarily stem from the gradual release or leaching of antimicrobial agents, resulting
in insufficient long-term efficacy. In terms of biocompatibility, potential concerns may
arise from the cytotoxicity or sensitization induced by certain antimicrobial
components, such as silver ions or organic antimicrobial agents. These pending
challenges have spurred ongoing technological innovations in the research domain of
antimicrobial nylon. This review systematically examines the preparation methods,
antibacterial agents, and performance characterization of antibacterial polyamide
fibers based on surface treatment. By elucidating structure-property relationships and
optimization strategies, this work highlights the progress in developing high-
performance antibacterial polyamide fibers with enhanced antimicrobial activity and
environmental compatibility. The comprehensive analysis of design principles,
fabrication methods, and characterization techniques provides valuable insights for
overcoming technical challenges and promoting the development of differentiated
functional fibers. As a multidisciplinary field, antibacterial nylon fiber technology
offers innovative solutions for critical applications in healthcare, environmental
protection, and public health, underscoring its substantial societal and economic value.

2. Agents for antibacterial fiber

Antibacterial agents serve as crucial components in the fabrication and
functionalization of antibacterial fibers including polyamide fiber [41]. Based on their
chemical composition and antimicrobial mechanisms, these agents can be
systematically categorized into four primary classes: (1) organic antibacterial agents,
characterized by their specific chemical structures and molecular interactions; (2)
inorganic antibacterial agents, typically comprising metal ions or metallic compounds;
(3) natural antibacterial agents, derived from biological sources with inherent
antimicrobial properties; and (4) composite antibacterial agents, which combine
multiple active components to achieve synergistic effects (Figure 2). This
classification framework provides a comprehensive understanding of the diverse
antimicrobial strategies employed in the development of functional nylon fibers.
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Figure 2. Schematic illustration of the commonly used antimicrobial agents for
preparing antimicrobial fibers.

2.1. Organic antibacterial agents

Organic antibacterial agents represent a significant category of antimicrobial
compounds that exert their bactericidal effects through molecular interactions with
intracellular biomacromolecules, thereby disrupting essential physiological processes
in microbial cells [10,42]. This class encompasses various chemical groups, including
quaternary ammonium salts, biguanides, alcohols, phenols, and organometallic
compounds. The antimicrobial mechanism of these agents varies according to their
chemical structure; for instance, quaternary ammonium salts function through their
cationic groups, which electrostatically interact with the negatively charged microbial
cell surface, subsequently altering membrane permeability and inducing cellular
content leakage, ultimately resulting in microbial death [43,44]. Similarly, biguanide
compounds primarily target the microbial cell membranes and walls, interfering with
critical metabolic pathways [45—47]. These organic agents offer several advantages,
such as high antimicrobial efficacy, rapid action kinetics, broad-spectrum activity
against various bacteria and fungi, and favorable solubility properties that facilitate
their incorporation into fiber processing. However, they are not without limitations:
many exhibit poor thermal stability, leading to potential decomposition and loss of
efficacy under high-temperature conditions for nylon fiber production [48,49].
Furthermore, prolonged use may contribute to the development of microbial resistance
[50,51], and certain compounds raise safety concerns due to their potential impact on
human health and environmental safety, necessitating careful consideration in their
application [52].

2.2. Inorganic antibacterial agents

Inorganic antibacterial agents constitute a distinct category of antimicrobial
materials that leverage the unique physicochemical properties of inorganic compounds
to achieve bactericidal effects, primarily encompassing metal ion-based agents and
photocatalytic materials [53]. Among metal ion antibacterial agents, silver ions (Ag"),
copper ions (Cu?"), and zinc ions (Zn?') are widely utilized, with silver ions
demonstrating particularly exceptional antimicrobial performance. The mechanism of
silver ions involves their strong binding affinity to essential biomacromolecules such
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as proteins and nucleic acids within microbial cells, thereby disrupting critical cellular
functions and inhibiting microbial proliferation [54]. Silver-based agents offer several
advantages, including broad-spectrum antimicrobial activity, high efficacy, long-
lasting antibacterial effects, and a low propensity for inducing microbial resistance,
coupled with relatively favorable safety profiles [55,56]. However, their application is
constrained by high material costs and potential discoloration issues, which may
compromise the aesthetic quality of fiber products [57]. In the realm of photocatalytic
antibacterial agents, titanium dioxide (TiO,) serves as a prominent example,
functioning through the generation of highly reactive oxygen species (ROS) under
light irradiation [58,59]. These ROS exhibit strong oxidative capabilities, enabling the
degradation of organic components within microbial cells and subsequent microbial
inactivation. While photocatalytic agents demonstrate high antibacterial efficiency and
environmental compatibility without secondary pollution, their performance is
inherently dependent on light availability, resulting in significantly reduced efficacy
under dark or low-light conditions [60]. This limitation necessitates careful
consideration of the application environments for optimal functionality.

2.3. Natural antibacterial agents

Natural antibacterial agents, derived from biological sources including flora,
fauna, and microorganisms, represent a class of bioactive compounds with
antimicrobial properties, exemplified by chitosan, tea polyphenols, and plant essential
oils [61-63]. Chitosan, a cationic polysaccharide obtained through chitin
deacetylation, exhibits antimicrobial activity primarily through -electrostatic
interactions between its protonated amino groups and anionic components of
microbial cell membranes, thereby disrupting membrane integrity and permeability
[64]. Additionally, it demonstrates enzyme-inhibitory effects that further contribute to
its antimicrobial efficacy. This biopolymer is particularly advantageous for textile
applications due to its exceptional biocompatibility, biodegradability, and inherent
safety profile, coupled with its beneficial hygroscopic properties [65]. Tea
polyphenols, a group of polyphenolic compounds abundant in Camellia sinensis, exert
antimicrobial effects through protein binding and subsequent denaturation, effectively
inhibiting microbial proliferation while also demonstrating significant antioxidant
capacity [66—68]. Plant essential oils, comprising complex mixtures of volatile
aromatic compounds including terpenoids and phenolic derivatives, exhibit species-
specific antimicrobial activity [69-71]. For instance, Melaleuca alternifolia (tea tree)
oil demonstrates pronounced efficacy against both Gram-positive (Staphylococcus
aureus) and Gram-negative (Escherichia coli) pathogens [71,72]. Recently, Lin et al.
[73] synthesized novel mesoporous catechin nanoparticles (mesoformulation) through
a balanced multivariate interaction approach, optimizing water/ethanol ratios and ionic
strength to control hydrogen bonding and n—n stacking (Figure 3). The resulting 100
nm spherical particles with 15 nm pores effectively preserve catechin’s molecular
structure. This drug-free, negatively charged formulation demonstrates exceptional
biocompatibility and antibacterial efficacy, completely inhibiting Staphylococcus
aureus growth at ~25 pug mL™! in vitro. In vivo studies show accelerated wound
healing (6-8 days) and effective biofilm resistance. The synthesis method provides
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insights into polymer nanoparticle formation and antibacterial mechanisms, advancing
functional polymer material development [73]. While natural antibacterial agents offer
distinct advantages such as renewable sourcing, environmental compatibility, and
favorable biocompatibility [74,75], they are constrained by limitations including
moderate antimicrobial potency, narrow spectrum of activity, and susceptibility to
environmental degradation during storage and application [76—78], necessitating
careful consideration in their implementation for functional textile development.

a b C d
100. .,\E Nanoparticle conceatratios. g“” Lo

—_ g 8 o o 20 | 1 %

oy ] ERsLEIN |-

Z g £ Z oef | :

3 N P e | - 31\

=40 4 4 g4 5 o4 |

E H 2 "-E 20 02| O ks
. £ z r‘ﬂ e

g“:;:;l-;:iile (?;ntenﬁllio:":llg/l:d;‘) .\'lizlosplﬁiclc’:onc:'l:"monﬁﬂm) : (‘:““l'l:"':'si“ns?l';?:“ﬁ‘)m " = Ti'::e () =

Concentration (ng/mL) 0 0.2 0.5 1 2 5 10 25 50 100 200
NaCl { 0.65 0.53
Catechin 0.55
Catechin Nanosphere 0.36
Meso-Catechin N phere 0.04

! e85 ——/ e (P
Figure 3. Biocompatibility and antibacterial activity assay of mesoporous catechin
nanoparticles: (a) Cell viability of endothelial cells with mesoporous catechin
nanoparticles; (b) Hemolytic performance assay; The antibacterial activity with (c)
varied concentrations for 24 h; (d) and prolonged time against Staphylococcus
aureus; (e) Antibacterial activity against Staphylococcus aureus; (f-i) Scanning
electron microscopy (SEM) images of Staphylococcus aureus cocultured with
mesoporous catechin nanoparticles for 24 h. Reprinted with permission from

reference [73], copyright American Chemical Society 2024.

2.4. Composite antibacterial agents

Composite antibacterial agents represent an advanced strategy in antimicrobial
technology, achieved through the synergistic combination of multiple distinct
antibacterial components. This approach enables the integration of complementary
functionalities, effectively addressing the limitations inherent in single-component
systems [79,80]. For instance, the combination of silver ions with organic antibacterial
agents demonstrates enhanced antimicrobial efficacy while simultaneously reducing
silver ion concentration, thereby optimizing cost-effectiveness and improving thermal
stability and durability of the organic components [22,81,82]. Another exemplary
combination involves the integration of photocatalytic antibacterial agents with metal
ion-based systems, where photogenerated radicals from the photocatalytic component
amplify the antimicrobial activity of metal ions, while metal ions reciprocally enhance
the stability and spectral responsiveness of the photocatalytic materials [83]. The
strategic design of composite antibacterial systems enables tailored optimization of
multiple performance parameters, including antimicrobial spectrum, environmental



Nano and Medical Materials 2025, 5(1), 3002.

stability, and biocompatibility, to meet specific application requirements [82,84].
However, the development of these composite systems presents significant technical
challenges, particularly regarding the optimization of component compatibility,
elucidation of synergistic mechanisms, and maintenance of substrate integrity [85].
These complexities necessitate a comprehensive investigation of interfacial
interactions, synergistic kinetics, and potential impacts on the physicochemical
properties of the host materials during the formulation process.

3. Surface treatment for preparing functional antimicrobial fibers

Antibacterial functionalization represents a pivotal strategy for expanding the
application scope of synthetic polymer fibers, including nylon 6, in the textile industry
[86]. Current technological approaches to developing antibacterial nylon 6 fibers
based on surface treatment primarily include the following distinct methodologies:
chemical modification, dyeing, and post-finishing [87,88]. Chemical modification
directly alters the molecular structure of nylon 6, introducing antibacterial moieties at
the molecular level. This approach offers long-lasting antibacterial efficacy as the
modifications are integral to the fiber. However, it may require complex synthetic
procedures and could potentially affect the fiber’s original properties. Dyeing
incorporates antibacterial agents during the dyeing process. It is relatively
straightforward and can simultaneously impart color and antibacterial function. But
the antibacterial durability might be limited, as the agents may gradually leach out
during use and washing. Post-finishing involves applying antibacterial agents to the
fiber surface after production. This is a flexible method that allows for easy adaptation
to different antibacterial agents. Nevertheless, its effectiveness may decline over time
due to abrasion or washing, and the adhesion of the agents to the surface may not
always be optimal. Each method has its own merits and limitations when developing
antibacterial nylon 6 fibers. Recently, electrospraying and electrospinning are
emerging methods for engineering antibacterial polymer fiber surfaces [89,90]. In
electrospraying, a high-voltage electric field is applied to a component solution or melt,
causing it to be atomized into fine droplets. Electrospinning, on the other hand,
employs the same principle but forms continuous nanofibers. These techniques are
crucial as they enable precise control over fiber morphology and antibacterial agent
distribution. Their prospects are promising, with potential applications in medical
textiles, wound dressings, and air filtration where antibacterial properties are highly
desired. Notably, each technique induces unique antibacterial properties and structural
characteristics in the resultant fibers, owing to their inherent process-specific
mechanisms. Consequently, the selection of an appropriate preparation method
necessitates careful consideration of the intended application requirements, including
durability, antibacterial efficacy, and mechanical properties, to ensure optimal
performance in specific end-use scenarios.

3.1. Chemical modification

Surface chemical modification represents a sophisticated chemical approach to
impart antibacterial properties to fibers through the covalent/non-covalent attachment
of functional sites, including antibacterial agents, onto the polymer backbone (Figure
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4) [91-94]. This molecular-level modification confers exceptional stability and
durability to antibacterial functionality, as the chemically bonded antibacterial groups
demonstrate remarkable resistance to detachment [95]. Such characteristics render
graft-modified nylon 6 fibers particularly suitable for demanding industrial
applications, including food packaging materials and water treatment filtration
systems, where sustained antibacterial efficacy under severe operational conditions is
paramount [6]. The permanent integration of antibacterial groups ensures consistent
performance, even when subjected to repetitive stress or aggressive chemical
environments. However, the implementation of this technique presents significant
technical challenges: the process necessitates precise control over critical parameters
such as reaction temperature, duration, and stoichiometric ratios, demanding advanced
production technologies [96]. Furthermore, the chemical modification process may
potentially alter the intrinsic properties of the matrix fibers, often requiring subsequent
optimization treatments to restore or enhance desired characteristics [97]. These
technical complexities and potential material alterations must be carefully considered
in the development and application of graft-modified antibacterial nylon 6 fibers.

Figure 4. (a) Surface morphology analysis of the refined PA fabric; (b,c)
ethanol@Bromelain modified PA; (d,e) and ethanol@Bromelain@Laccase modified
PA. Reprinted with permission from reference [94], copyright Springer 2024.

3.2. Dyeing and post-finishing

Dyeing and post-finishing technologies involve surface modification approaches
for imparting antibacterial properties to polymer fibers via impregnation or coating of
antibacterial agents onto pre-formed fibers or fabrics [98,99]. These methodologies
offer distinct advantages in terms of operational simplicity and process flexibility,
enabling the customization of antibacterial treatments through the selection of specific
antibacterial agents and processing parameters according to the application
requirements [100,101]. These techniques demonstrate particular suitability for
applications where preservation of the fiber’s intrinsic properties is paramount and
transient antibacterial functionality suffices, such as disposable protective equipment
or seasonal antimicrobial apparel [102]. However, the surface-bound nature of the
antibacterial agents in post-finished fibers presents inherent limitations in durability
[103,104]. The physical adhesion mechanism renders the antibacterial components
susceptible to gradual depletion through mechanical abrasion and laundering
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processes, leading to a progressive deterioration of antimicrobial efficacy over time
[105]. This surface instability necessitates careful consideration of the intended
product lifecycle when selecting post-finishing as the antibacterial treatment method.

4. Recent advances in differentiated antimicrobial polyamide fiber

The advancement of material technology, particularly the emergence of novel
functional fiber materials such as antimicrobial nylon, has had a profound impact on
the fields of hygiene, health, and environmental protection [106]. By incorporating
antimicrobial agents into the fibers, antimicrobial nylon effectively inhibits the growth
of bacteria and microorganisms, significantly enhancing the hygienic performance of
textiles in medical, athletic, and daily wear applications, thereby reducing the risk of
infection. Furthermore, the durability and ease of cleaning associated with these
materials decrease the frequency of washing, conserving water resources and
minimizing environmental pollution caused by chemical detergents. The innovation
of functional fiber materials not only promotes the adoption of healthier lifestyles but
also provides new solutions for sustainable development, contributing to a cleaner and
healthier future.

4.1. Antimicrobial PA fiber based on surface chemical modification

Surface modification methods are advantageous for imparting antibacterial
properties to fibers. By loading antimicrobial agents only on the fiber surface without
changing the internal structure, they maintain the fiber’s mechanical integrity. In
contrast, melt blending or electrospinning, which incorporate agents into the polymer
matrix, can disrupt polymer crystallinity and molecular chain alignment, reducing
tensile strength and durability. Thus, surface modification is a better strategy for
developing antibacterial fibers, especially for applications needing both mechanical
strength and long-term antibacterial performance. Pagnotta et al. [107] developed an
innovative approach to create antibacterial polyamide 6,6 (PA 6,6) nanofibers through
Ionized Jet Deposition (1JD) of nanostructured silver coatings. The PA 6,6 nanofibers,
fabricated via electrospinning with optimized parameters (20% w/v HFP solution, 20
kV voltage, 15 cm needle-to-collector distance, and 0.5 mL/h flow rate), exhibited
favorable mechanical properties (£ =31 MPa, &, = 115%). The 1JD process generated
a plasma plume containing silver ions, atoms, and clusters, which coalesced to form a
continuous nanostructured metallic silver coating on the fiber surface. The
antimicrobial evaluation demonstrated significant efficacy, with silver-coated
nanofibers showing clear inhibition zones against both Escherichia coli and
Staphylococcus aureus. Notably, Ag-PA 6,6 exhibited superior antibacterial
performance against Escherichia coli compared to other polymer substrates, while
maintaining consistent efficacy against Staphylococcus aureus. This scalable and
efficient fabrication method combines the inherent mechanical advantages of PA 6,6
with the potent antimicrobial properties of nanostructured silver, offering promising
potential for advanced wound dressing applications that require both structural
integrity and effective microbial inhibition.
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(b)

20 um
Figure 5. Surface morphology of control and nano-silver-treated nylon fibers: (a) C-
nylon; (b) R-nylon; (¢) Y-nylon; (d) B-nylon, and corresponding higher
magnification images at the bottom. Reprinted with permission from reference [108],
copyright Elsevier 2024.

Notably, silver nanoparticles demonstrate superior broad-spectrum antimicrobial
activity and faster bactericidal effects compared to CuO, particularly exhibiting
enhanced efficacy against Gram-negative bacteria. In practical applications, CuO is
more suitable for scenarios requiring long-term, stable release of antimicrobial ions,
while silver nanoparticles are better suited for situations demanding rapid sterilization.
Hasan et al. [108] developed an innovative in-situ synthesis method for creating
multifunctional nylon fabrics with simultaneous coloration and antibacterial properties
through silver nanoparticle (AgNP) deposition (Figure 5). The technique leverages
the surface plasmon resonance of AgNPs to generate a spectrum of colors on nylon
substrates, with precise color control achieved by modulating precursor concentration
and ascorbic acid levels. Surface characterization revealed uniformly distributed
spherical AgNPs with a significant impact on the fiber’s surface properties. The
deposition mechanism relies on chitosan’s molecular interactions, facilitated by its thin
film formation and double network establishment through chemical linkages.
Quantitative X-ray fluorescence (XRF) analysis confirmed the safety profile of the
treated fabrics, with silver release levels within acceptable human toxicity limits. The
functionalized nylon exhibited exceptional antibacterial efficacy, maintaining up to
88% microbial reduction in both Gram-positive and Gram-negative bacteria after 20
washing cycles. Additionally, the plasmonic coloration demonstrated superior
colorfastness properties, including resistance to light, washing, and rubbing, coupled
with excellent color strength. This approach represents a significant advancement over
conventional dyeing technologies, offering a sustainable alternative for producing
multifunctional textiles with integrated coloration and antimicrobial properties.
Montazer et al. [109] developed two distinct methodologies for fabricating
antibacterial polyamide 6 nanofibers incorporating silver nanoparticles (Ag NPs). The
first approach involved simultaneous reduction of silver nitrate and dissolution of
nylon in a formic/acetic acid solvent system, yielding thicker nanofibers with higher

10
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silver content. In contrast, the second method employed post-solution silver nitrate
reduction, producing thinner nanofibers. Both techniques demonstrated that increasing
silver nitrate concentration decreased average fiber diameter due to enhanced solution
conductivity, while non-reduced silver nitrate formulations resulted in larger diameter
fibers. Antimicrobial evaluation, conducted through standardized bacterial culture
techniques using Luria-Bertani (LB) broth and Tryptone Soy Agar, revealed that all
Ag NP-incorporated nanofibers exhibited significant antibacterial activity against both
Escherichia coli and Staphylococcus aureus. Notably, fibers with higher silver nitrate
concentrations achieved complete (100%) bacterial reduction for both pathogens.
These findings demonstrate the effectiveness of silver nanoparticle integration in
polyamide 6 nanofibers for antimicrobial applications, with the fabrication method
significantly influencing fiber morphology and silver content, thereby affecting
antibacterial performance.

Mehmood et al. [110] developed durable antibacterial textiles by modifying
commercial nylon and cotton/nylon fabrics with chitosan and silver nanoparticles
(AgNPs) using triethyl orthoformate (TEOF) as a crosslinker (Figure 6). The AgNPs
were synthesized via sodium borohydride reduction of silver nitrate at 0 °C. Structural
characterization confirmed successful modification, with FTIR spectra showing
characteristic peaks at 1650 cm™!' (C=N stretching) and 3375 cm™' (amine stretching),
indicating chitosan attachment and silver coordination, respectively. SEM analysis
revealed intact fiber surfaces post-modification, while mechanical testing
demonstrated enhanced tensile strength from 90 to 100 MPa for nylon and from 91 to
99 MPa for cotton/nylon. The modified fabrics exhibited exceptional antibacterial
efficacy, achieving 90% and 89% inhibition against Escherichia coli and
Staphylococcus aureus, respectively, as measured by agar diffusion and broth dilution
assays. Remarkably, the antibacterial activity persisted through 50 aggressive washing
cycles (10 g/L non-ionic detergent, 100 rpm, 15 min). Practical evaluation using
football players’ socks demonstrated over 90% bacterial inhibition after 70 min of
activity, highlighting the commercial potential of these durable antimicrobial textiles
for sportswear and other high-performance applications. Syafiuddin et al. [111]
developed an innovative green method for permanent deposition of silver
nanoparticles (AgNPs) on nylon fabrics using Muntingia calabura leaf extract. The
successful deposition was confirmed by color darkening, with SEM-EDS analysis
revealing surface compositions of 42.1% carbon, 27.8% oxygen, 23.4% silver, and
6.7% nitrogen. The modified fabrics exhibited altered physical properties, including a
23.0% reduction in water absorption capacity and a 5.9% increase in textile density.
Antibacterial assessment demonstrated significant efficacy, with inhibition zones of
4.33 + 0.58 mm against Escherichia coli, 2.33 £ 0.58 mm against Chromobacterium
haemolyticum, and 2.00 + 1.00 mm against Bacillus cereus, indicating superior
activity against Gram-negative bacteria. The heat treatment process facilitated deep
penetration of AgNPs into the fiber structure, ensuring durable antibacterial properties.
This environmentally friendly approach presents a promising solution for developing
long-lasting medical textiles with enhanced antimicrobial functionality, addressing the
critical need for sustainable antibacterial materials in healthcare applications.

1
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Notably, copper oxide (CuO) antimicrobial agents exhibit significant differences
from silver nanoparticle (Ag) antimicrobial agents in terms of antibacterial
performance and application characteristics. Firstly, regarding the antimicrobial
mechanism, CuO primarily functions through the release of copper ions (Cu?") that
disrupt bacterial cell membranes and generate reactive oxygen species (ROS), while
silver nanoparticles operate by releasing silver ions (Ag") that bind to bacterial
proteins and DNA. Secondly, in terms of cost-effectiveness, CuO antimicrobial agents
demonstrate a distinct economic advantage, with raw material costs significantly lower
than those of silver nanoparticles. Thirdly, concerning safety, CuO generally exhibits
lower cytotoxicity compared to silver nanoparticles, particularly at high
concentrations. Fourthly, in terms of environmental friendliness, CuO shows a lower
bioaccumulation potential and relatively reduced environmental risks. Zahra et al.
[112] developed a multifunctional nylon fabric through in-situ synthesis of CuO/MnO,
core/shell structures, demonstrating enhanced mechanical and antibacterial properties
(Figure 7). The synthesis involved forming a tetraamminecopper (II) dipermanganate
complex (Cu(NH3)4)(MnQs),, followed by selective reduction to create CuO cores
decorated with MnO, shells. Characterization through SEM, FTIR, and EDS
confirmed the uniform distribution of nanoparticles on the fabric surface, with
characteristic peaks at 880 c¢m™! verifying successful incorporation. The modified
fabric exhibited significant improvements in tensile strength (344.9 MPa) and
flexibility, with bending length increases of 27% and 35% for CuO and CuO/MnO,
treatments, respectively. These enhancements are attributed to the cross-linking action
of nanoparticles and the strong chelation between polyamide chains and metal
complexes. The treated fabric demonstrated excellent water repellency, self-cleaning
properties, and antibacterial efficacy against Staphylococcus aureus, as evidenced by
clear inhibition zones in antibacterial testing. This innovative approach presents a
promising method for developing advanced textiles with combined mechanical,
hydrophobic, and antimicrobial functionalities, potentially revolutionizing
applications in protective clothing and medical textiles. Polyamide 6 (PA6) fibers
exhibit excellent mechanical strength and wear resistance, but face challenges in
effectively incorporating inorganic antibacterial agents while maintaining
performance. This limitation drives research into innovative strategies for developing
multifunctional PA6 fibers with enhanced antimicrobial properties. Wang et al. [113]
developed an innovative approach to enhance the functionality of polyamide 6 fibers
by integrating cuprous oxide-loaded aminated graphene (Cu,O-GO-NH>) through in
situ  polymerization. The aminosilane coupling agent N-(2-Aminoethyl-3-
aminopropyl)trimethoxysilane (AEAPTMS) was employed to modify graphene oxide,
improving both the compatibility and thermal stability of the inorganic component
within the polymer matrix. This modification strategy resulted in PA6/Cu,O-GO-NH;
composite fibers with significantly enhanced mechanical properties, demonstrating a
40% increase in fracture strength (from 3.0 to 4.2 ¢N/dtex) at 0.2 wt% Cu,0O-GO-NH;
loading. The composite fibers exhibited exceptional antimicrobial efficacy, achieving
complete inactivation of both Bacillus subtilis and Escherichia coli at 0.6 wt%
loading. Remarkably, the fibers maintained high antibacterial activity after 50 washing
cycles, with 98.85% and 99.99% reduction rates against Bacillus subtilis and
Escherichia coli, respectively. These improvements are attributed to the synergistic
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effects of in situ polymerization and chemical modification, which enhance inorganic
agent dispersion and interfacial bonding. The study demonstrates a promising strategy
for developing high-performance antimicrobial fibers with potential applications in
medical textiles and protective materials.

Compared to inorganic antimicrobial materials such as silver nanoparticles, the
use of organic antimicrobial agents for modifying nylon fibers to produce antibacterial
fibers offers significant advantages. Organic antimicrobial agents (e.g., quaternary
ammonium salts, chitosan derivatives) can form strong bonds with fiber surfaces
through chemical bonding or physical adsorption, enhancing the durability and wash
resistance of antimicrobial components. These agents enable molecular-level
functional design, optimizing antimicrobial performance while avoiding nanoparticle
aggregation issues. They exhibit superior biocompatibility and environmental
friendliness, reducing the risk of metal ion release. Additionally, multifunctional
modifications can impart other desirable properties to the fibers, such as hydrophilicity,
antistatic characteristics, or flame retardancy. Furthermore, the organic modification
process is relatively simple, facilitating scalable production with high cost-
effectiveness. This approach provides a versatile and sustainable strategy for
developing advanced antibacterial nylon fibers with tailored properties for various
applications. Zhang et al. [114] developed a durable antimicrobial nylon 66 fiber
through a three-step modification process to address the growing threat of antibiotic-
resistant bacteria (Figure 8). The fabrication involved gamma radiation-induced graft
polymerization (producing PA66-g-PDMAEMA), followed by protonation (yielding
PA66-HBr) and anion exchange (resulting in PA66-MnO4). A comprehensive
characterization using FTIR, SEM, TGA, and XPS confirmed the successful
incorporation of 1.48 mmol/g permanganate ions. The modified fibers exhibited
enhanced mechanical properties, with breaking forces increasing from 7.37 cN
(pristine) to 7.69 cN (PA66-g-PDMAEMA) and maintaining 7.57 cN after final
modification. SEM analysis revealed controlled diameter growth from 12.3 to 20.5 um
throughout processing. The XPS spectra identified characteristic peaks corresponding
to Br 3d, C 1s, O 1s, N 1s, and Mn 2p, confirming chemical modifications. The fibers
demonstrated exceptional antimicrobial efficacy, achieving nearly 100% reduction
against Staphylococcus aureus and Candida albicans. The durability tests showed
remarkable stability, with maintained antimicrobial activity through 100 laundering
cycles and consistent mechanical properties (breaking force ~7.57 cN) after 20
accelerated laundering cycles. This innovative approach presents a significant
advancement in durable antimicrobial textiles, offering potential applications in
medical and protective clothing where long-lasting antibacterial properties and
mechanical integrity are crucial.

14



Nano and Medical Materials 2025, 5(1), 3002.

—

’ & f |
o 0/\/“\
gamma ray

e ——.
o | 1
ﬁ)ko/\/N\ *f [
J o O/\/N\
|

PA66-g-PDMAEMA

Nylon-66 fiber

:

l
KMnO. /\OK* ‘
/\o/go /\cﬁ:o*
PA66-MnO:s PA66-HBr .
Figure 8. Schematic illustration of the preparation of antimicrobial nylon-66 fibers.
Reprinted with permission from reference [114], copyright Elsevier 2017.

The escalating prevalence of pathogenic bacteria, exacerbated by the widespread
misuse and overuse of antibiotics, poses a significant threat to public health and
socioeconomic stability. This crisis is further compounded by the rapid emergence of
antibiotic-resistant bacterial strains, which undermine the efficacy of conventional
antimicrobial treatments and necessitate the development of innovative antibacterial
strategies. Zhao et al. [115] developed an innovative approach to enhance the
durability and functionality of antibacterial textiles through a polydopamine (PDA)-
mediated layer-by-layer self-assembly of copper ion-crosslinked sodium alginate-
graphene oxide (Cu*’/SA-GO) on nylon 66 fabric. This design addressed the
limitations of traditional metal ion coordination by creating a stable crosslinked
network that improved Cu?* loading stability and saltwater resistance. The fabric’s
antibacterial activity against Staphylococcus aureus and Escherichia coli was
evaluated using a standardized bacterial count method. Bacterial suspensions (103
CFU/mL in PBS) were incubated with fabric samples for 24 h, then diluted to 10°
CFU/mL and plated on LB agar. After 24-h incubation at 37 °C, colony counts
provided quantitative antibacterial efficacy data. The modified fabric demonstrated
exceptional antibacterial performance, maintaining a 99.9% reduction rate against
both Staphylococcus aureus and Escherichia coli after 30 washing cycles, attributed
to the controlled release of Cu?* from the robust crosslinked structure. A
comprehensive evaluation using bacterial count methods confirmed the fabric’s
efficacy, with standardized testing procedures involving PBS buffer dilution and LB
agar plate incubation. Additionally, the fabric exhibited enhanced hydrophilicity,
hygroscopicity, and durable antistatic properties, maintaining a surface resistivity of
approximately 108-10° Q-cm even after 10 washing cycles and 6 h of NaCl soaking.
These multifunctional properties, combined with the coating’s high stability and slow-
release mechanism, represent a significant advancement in textile modification
technology, offering a promising solution for developing long-lasting antibacterial
fabrics with applications in medical textiles and protective clothing.
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Overall, surface modification methods have marked advantages in simplicity and
cost-effectiveness. They demand little equipment and have uncomplicated operational
steps. In comparison, melt blending and electrospinning need specialized gear and
strict processing conditions, which heightens production complexity and operational
expenses. The simplicity of surface modification makes it appealing for scalable
manufacturing, but the technical demands of melt blending and electrospinning restrict
their large-scale practical use. This shows the economic and practical merits of surface
modification in developing functional textiles, especially for industrial applications
and cost-efficiency. Surface modification methods offer significant advantages for the
industrial production of antibacterial nylon fibers, combining economic viability with
functional precision. This approach enables efficient antimicrobial agent utilization,
mechanical property preservation, and flexible multifunctional design while
maintaining environmental sustainability. These benefits make surface modification
particularly valuable for advanced applications in medical textiles, smart fabrics, and
environmental filtration, addressing both performance requirements and eco-friendly
manufacturing demands.

4.2. Antimicrobial PA fiber based on dyeing and post-finishing

Compared to surface modification methods using inorganic materials (e.g., silver
nanoparticles, copper oxide nanoparticles) or organic antibacterial agents, the direct
immersion finishing method presents unique advantages in preparing antibacterial
nylon fibers. This approach offers remarkable process flexibility, requiring neither
complex reactions nor specialized equipment, while allowing for easy adjustment of
antibacterial agent types and concentrations. The method demonstrates superior cost-
effectiveness, significantly reducing production investments, and minimally
impacting the fiber’s inherent properties, effectively preserving its strength and
abrasion resistance. Additionally, it provides rapid antibacterial efficacy and broad
compatibility with various antibacterial agents, including inorganic, organic, and
natural compounds. However, the method’s primary limitation lies in its relatively
poor antibacterial durability, as the agents tend to detach through friction or washing.
This characteristic necessitates further development of binding techniques to enhance
the longevity of antibacterial effects while maintaining the method’s inherent
advantages. Lei et al. [116] developed a multifunctional strategy for nylon fabric using
bio-based pale-yellow tannic acid (TA) and phytic acid (PA) to address its inherent
flammability and stability limitations while imparting additional functional properties.
Through a simple finishing method, the researchers constructed a durable coating that
significantly enhanced the fabric’s performance characteristics. The modified fabric
exhibited exceptional flame retardancy, with a limiting oxygen index (LOI) increasing
to 39% and complete elimination of melt-dripping behavior. To ensure washing
durability, polyethyleneimine (PEI) was incorporated by fiber immersion to form
robust covalent and ionic bonds with TA, PA, and the nylon substrate, maintaining an
LOI above 29% after four washing cycles. The treatment also imparted superior
antimicrobial properties, demonstrating > 99% bacterial reduction against both
Escherichia coli and Staphylococcus aureus, and enhanced ultraviolet protection, with
the ultraviolet protection factor (UPF) increasing from 12.105 to 264.82. This study
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presents a sustainable approach to multifunctional textile modification,
simultaneously addressing flammability, UV resistance, and antimicrobial
requirements while maintaining the fabric’s inherent mechanical properties, offering
significant potential for protective textile applications.
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Figure 9. Inhibition zones for gauze pad samples (control and SOJ-coated), on the left side, and nylon 6 nanofiber
mats (control and SOJ-coated), on the right side, against different bacteria: (a) Escherichia coli; (b) Staphylococcus
aureus; (¢) Salmonella sp. Reprinted with permission from reference [117], copyright Elsevier 2019.

Akia et al. [117] developed nylon 6 nanofiber mats through a centrifugal spinning
process, producing nonwoven membranes with an average fiber diameter of 209 nm,
significantly smaller than the 8.73 um diameter of commercial gauze fibers (Figure
9). The antibacterial efficacy of both materials was systematically evaluated against
Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia coli and
Salmonella sp.) pathogens following functionalization with 100% Texas sour orange
juice via a 5-min immersion process. The functionalized nanofiber mats demonstrated
superior antibacterial performance, exhibiting inhibition zones of 18.5 mm compared
to 16 mm for treated gauze pads, representing enhancements of 336% and 291% over
their untreated counterparts (5.5 mm), respectively. This enhanced antimicrobial
activity can be attributed to the nanofiber mats’ unique structural characteristics: their
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smaller fiber diameter provides increased surface area for interaction with antibacterial
components, while their nanoporous structure facilitates effective moisture retention
and distribution of the citrus-based active compounds. Furthermore, the nanofiber
membranes demonstrated excellent wettability and moisture absorption capacity,
crucial properties for wound healing applications. Notably, these antibacterial effects
were achieved without sterilization processes, and the nanofiber mats effectively
inhibited bacterial proliferation while maintaining structural integrity. These findings
highlight the significant advantages of nanostructured membranes over conventional
wound dressing materials, particularly in terms of enhanced antibacterial efficacy,
moisture management, and the potential for development as easily removable wound
dressings in clinical applications.

Notably, dyes, being molecules that interact with light at specific wavelengths to
evoke color perception, have been the subject of extensive research. GUNSEL et al.
[118] investigated the use of water-soluble phthalocyanine compounds as dyes for
nylon/elastane fabrics, with a focus on both their dyeing performance and antibacterial
capabilities. Four water-soluble phthalocyanine compounds (1-4) with distinct
structures were utilized. Compounds 1 and 3 contained copper (Cu), while 2 and 4
contained cobalt (Co), and all had quinoline-5-sulfonic acid groups positioned
differently on the phthalocyanine ring. The dyeing process involved a 1/20 dye-to-
fiber ratio, using 5 g of nylon/elastane fiber with each compound at a 1% concentration,
along with 0.6 g/L acetic acid and 2% leveling agent. After dyeing, the fibers were
rinsed and dried. The antibacterial activity against Escherichia coli and
Staphylococcus aureus was assessed via the disk diffusion method. All compounds
and the resulting dyed fibers demonstrated antibacterial activity, with inhibition zone
diameters ranging from 8§—11 mm, and compound 3 showed a marginally superior
antibacterial effect. In contrast, the undyed fibers exhibited no antibacterial properties.
In terms of dyeing outcomes, as evaluated within the CIELAB color space, non-
peripherally substituted dyes (1 and 2) yielded darker colors compared to peripherally
substituted ones (3 and 4). Additionally, Cu-containing dyes (1 and 3) were darker and
bluer than Co-containing dyes (2 and 4). The dyed fibers had excellent wet fastness
and among them, the fiber dyed with phthalocyanine dye 1 had the best lightfastness.
In conclusion, water-soluble phthalocyanine compounds can effectively be applied to
dye nylon/elastane fibers, presenting good fastness characteristics. The dyed fibers,
particularly those with compound 3, displayed significant antibacterial activity,
signifying their potential for the development of functional textiles. Shaki [119]
investigated the application of azo disperse and cationic dyes on polyamide and acrylic
fabrics, demonstrating superior dye uptake and build-up on polyamide substrates
compared to acrylic materials. The dyed fabrics exhibited a color range spanning
purple, purplish red, and yellowish red hues, with excellent wash and rubbing fastness
properties, complemented by moderate to good light fastness characteristics. The
antimicrobial evaluation revealed exceptional microbial inhibition, with 97%-99.9%
reduction rates against both Gram-positive and Gram-negative bacteria, as well as
fungal species. A comprehensive biocompatibility assessment through skin sensitivity
tests on rabbit models confirmed the absence of dermal irritation from both the dyes
and dyed polyamide fabrics. These findings highlight the dual functionality of the
developed dyeing system, which combines effective coloration with significant
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antimicrobial properties while maintaining biocompatibility, suggesting promising
applications in the development of multifunctional textiles for medical and protective
applications.

Han et al. [120] developed a novel light-driven antimicrobial nylon/cotton
blended fabric (N/C-RB/ZP) through a one-bath loading of Rose Bengal (RB) and
tetra[f-(4-sodium sulfonylphenoxy)]-phthalocyanine zinc(Il) (ZP) photosensitizers
(Figure 10). The dual-photosensitizer system exhibited enhanced photodynamic
properties, characterized by two strong absorption peaks in the 450-700 nm range and
exceptional singlet oxygen ('O,) generation capability. Under dual-lamp irradiation
(red: 15 £ 1 mW/cm?; green: 77 £ 1 mW/cm?), N/C-RB/ZP-0.5% demonstrated a
DPBF bleaching rate of 92.52% within 180 seconds, surpassing the combined
performance of individual photosensitizer systems (86.03%). This synergistic effect
was attributed to the Forster resonance energy transfer (FRET) process and
electrostatic repulsion between RB and ZP, which improved photon utilization
efficiency and reduced molecular aggregation. The fabric exhibited remarkable
antimicrobial efficacy, achieving 99.99% and 99.67% reduction rates against
Staphylococcus aureus and Escherichia coli, respectively, following 90 min of
daylight flashlight irradiation (14 + 1 mW/cm?). Notably, the material maintained
substantial antibacterial activity (> 80% against Staphylococcus aureus and > 75%
against Escherichia coli) after three antimicrobial cycles or 20 standard washing
cycles. These results demonstrate the potential of this dual-photosensitizer system for
developing durable, broad-spectrum photodynamic antimicrobial textiles with
applications in health protection and infection control. Shariatinia et al. [121]
developed novel nanosized copper(Il) complexes incorporating phosphoric triamide
ligands (Cu(NOs):L> (1) and Cu(CH3COO),L, (2), where L = 4-
NO,CsHsNHP(O)(NC4Hg0),) through an ultrasonic synthesis method for textile
applications. A comprehensive characterization using 'H, *C, ’'P NMR, FT-IR,
photoluminescence, UV-Vis spectroscopy, XRD, FE-SEM, and elemental analysis
confirmed the formation of spherical nanoparticles with diameters of 17-20 nm. The
complexes were successfully applied to nylon and wool fibers, producing yellow and
green coloration respectively. Although the dyed fabrics exhibited excellent wash
fastness, their lightfastness properties were less satisfactory. Antibacterial evaluation
against Bacillus subtilis demonstrated concentration-dependent activity, with
enhanced efficacy observed at higher dye concentrations (0.1% to 0.5% o.w.f.) for
both fiber types. This study presents a promising approach for developing
multifunctional textiles combining coloration and antimicrobial properties, though
further optimization of lightfastness characteristics is necessary for practical
applications.
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Figure 10. Schematic illustration for: (a) the RB and ZP mixed dyeing process for
nylon/cotton blended fabric; (b) the mechanism of dye-fiber interaction and
photodynamic action. Reprinted with permission from reference [120], copyright
Elsevier 2024.

5. Future perspectives

5.1. Sustainability benefits of fiber surface treatment method

Surface chemical modification and post-finishing offer significant advantages in
the preparation of antibacterial nylon fibers, particularly in maintaining the mechanical
properties of fibers, simplifying production processes, and reducing costs. These
methods impart antibacterial functionality by loading antibacterial agents onto the
fiber surface, thereby preserving the internal structure of the fibers. In contrast, melt
blending or electrospinning methods that incorporate antibacterial agents into the
polymer matrix may alter the crystallinity and molecular chain arrangement of the
polymer, potentially compromising the mechanical properties of the fibers.
Furthermore, surface modification and post-finishing methods are characterized by
simplicity, ease of operation, and minimal requirement for complex equipment,
making them highly suitable for large-scale industrial production with significant cost-
effectiveness. Furthermore, these methods allow for direct use of commercially
available fiber materials, eliminating the need for additional fiber preparation steps,
which further reduces production costs and time.

5.2. Challenges and strategies for fiber surface treatment methods

Despite their numerous advantages, surface modification and post-finishing
methods face several challenges that limit their widespread application. One major
drawback is the limited durability of antibacterial functionality, as antibacterial agents
tend to gradually degrade or leach out due to mechanical friction, washing, or
environmental factors such as UV exposure and humidity. To address this issue,
strategies such as chemical grafting or cross-linking can be employed to enhance the
binding strength of antibacterial agents to the fiber surface. Additionally, the
development of multilayer coating technologies and nanoencapsulation techniques can
enable controlled release mechanisms, thereby extending the lifespan of antibacterial
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effects. Another challenge is the uneven distribution of antibacterial agents on the fiber
surface, which can lead to inconsistent antibacterial performance. Optimizing coating
processes, such as spray coating or dip coating, and utilizing self-assembly
technologies can improve the uniformity of antibacterial agent distribution.
Furthermore, certain antibacterial agents, such as silver or copper ions, may exhibit
toxicity at high concentrations, while some organic agents are susceptible to
decomposition under high temperatures or humid conditions. To mitigate these risks,
the development of low-toxicity, high-efficiency antibacterial agents, such as natural
compounds (e.g., chitosan, tea polyphenols) or composite systems, is crucial. Precise
control over the amount of antibacterial agents loaded can ensure effective
antibacterial performance while minimizing potential health risks. Finally, ensuring
process consistency and product quality stability in large-scale production remains a
significant challenge. The introduction of automated coating equipment and online
monitoring systems, combined with green production technologies, can enhance
production efficiency and reduce environmental impact.

5.3. Future directions for technological development

Surface modification and post-finishing methods hold immense potential for the
preparation of antibacterial nylon fibers, with promising prospects for future
advancements. As nanotechnology, green chemistry, and automated production
technologies continue to advance, these methods are expected to achieve
breakthroughs in several areas. Firstly, the development of novel antibacterial agents
and advanced coating technologies will enable surface modification and post-finishing
methods to deliver more durable and stable antibacterial performance, meeting the
demands of high-end medical and hygiene applications. Secondly, by integrating
multiple functionalities such as antibacterial, hydrophobic, and conductive properties,
these methods will drive the development of multifunctional nylon fibers, expanding
their applications in smart textiles, medical devices, and environmental filtration
systems. Lastly, with the maturation of automated production lines and green
manufacturing processes, surface modification and post-finishing methods will make
large-scale production more efficient and cost-effective, further promoting the
commercialization of antibacterial nylon fibers. In conclusion, through continuous
technological innovation and process optimization, surface modification, and post-
finishing methods are poised to overcome existing limitations, paving the way for
widespread application of antibacterial nylon fibers in healthcare, textiles, and
environmental protection, ultimately contributing to human health and sustainable
development.

6. Conclusions

The development of antibacterial polyamide (nylon) fibers has emerged as a
crucial advancement in functional materials, responding to the growing demand for
antimicrobial solutions across the medical, textile, and packaging industries. This
review comprehensively explored various aspects of antibacterial nylon fibers based
on surface treatment, including preparation methods, antibacterial agents, and
performance characteristics. The preparation methods for antibacterial nylon fibers,
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such as surface modification, dyeing, and post-finishing, each have their own
characteristics. Surface modification offers stable antibacterial functionality but
involves complex chemical processes; dyeing and post-finishing is simple and flexible
yet has durability issues. A variety of antibacterial agents, including inorganic, organic,
natural, and composite agents, have been integrated into nylon fibers. These agents act
through different mechanisms, like disrupting microbial cell membranes or generating
reactive oxygen species, to inhibit or kill microorganisms. The integration of
nanotechnology and composite systems has further enhanced the performance of
antibacterial nylon fibers, especially in applications that require long-term durability
and broad-spectrum antibacterial activity. In summary, antibacterial nylon fibers have
great potential in addressing public health concerns and promoting sustainable
materials technology. Continued advancements in design, fabrication, and
characterization will enhance performance and expand applications, contributing to a
healthier and more sustainable future.
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