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ARTICLE INFO ABSTRACT
Keywords: Electrospun nanofibrous membranes (eNFMs) have been extensively developed for bio-applications due to their
Bacterial infection structural and compositional similarity to the natural extracellular matrix. However, the emergence of antibiotic
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Antimicrobial therapies
Biomedical applications

resistance in bacterial infections significantly impedes the further development and applications of eNFMs. The
development of antibacterial nanomaterials substantially nourishes the engineering design of antibacterial
eNFMs for combating bacterial infections without relying on antibiotics. Herein, a comprehensive review of
diverse fabrication techniques for incorporating antibacterial nanomaterials into eNFMs is presented, encom-
passing an exhaustive introduction to various nanomaterials and their bactericidal mechanisms. Furthermore,
the latest achievements and breakthroughs in the application of these antibacterial eNFMs in tissue regenerative
therapy, mainly focusing on skin, bone, periodontal and tendon tissues regeneration and repair, are systemati-
cally summarized and discussed. In particular, for the treatment of skin infection wounds, we highlight the
antibiotic-free antibacterial therapy strategies of antibacterial eNFMs, including (i) single model therapies such
as metal ion therapy, chemodynamic therapy, photothermal therapy, and photodynamic therapy; and (ii) multi-
model therapies involving arbitrary combinations of these single models. Additionally, the limitations, chal-
lenges and future opportunities of antibacterial eNFMs in biomedical applications are also discussed. We
anticipate that this comprehensive review will provide novel insights for the design and utilization of antibac-
terial eNFMs in future research.

1. Introduction high porosity, and excellent pore connectivity. These characteristics are
crucial for effectively integrating the immense potential of nano-

Electrospinning is a straightforward and continuous micro/nano- materials into practical macroscale components, such as advanced
fiber processing technology [1], which serves as a robust tool for pro- sensing, smart manufacturing, efficient catalysis, etc. [1-5]. After nearly
ducing ultrafine one-dimensional (1D) nanofibers and two-dimensional two decades of development, electrospinning has emerged as a popular
(2D) membranes with desirable wettability, adjustable pore structures, technology that has garnered extensive and significant attentions in the

Peer review under responsibility of KeAi Communications Co., Ltd.

* Corresponding author.

** Corresponding author. Research Center for Tissue Repair and Regeneration Affiliated to the Medical Innovation Research Department, PLA General Hospital and
PLA Medical College, Beijing, 100853, China.

*** Corresponding author. Research Center for Tissue Repair and Regeneration Affiliated to the Medical Innovation Research Department, PLA General Hospital
and PLA Medical College, Beijing, 100853, China.
Corresponding author. Innovation Research Center for Diabetic Foot, West China Hospital, Sichuan University, Chengdu, 610041, China.
E-mail addresses: ranxingwu@163.com (X. Ran), fuxiaobing@vip.sina.com (X. Fu), zcp666666@sohu.com (C. Zhang), zhaochsh70@163.com (C. Zhao).

https://doi.org/10.1016/j.bioactmat.2024.09.003

Received 22 May 2024; Received in revised form 14 August 2024; Accepted 1 September 2024

2452-199X/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ranxingwu@163.com
mailto:fuxiaobing@vip.sina.com
mailto:zcp666666@sohu.com
mailto:zhaochsh70@163.com
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.09.003
https://doi.org/10.1016/j.bioactmat.2024.09.003
https://doi.org/10.1016/j.bioactmat.2024.09.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.09.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Chen et al.

field of tissue regenerative therapy [1,6-10]. As an ideal material for cell
adhesion and proliferation, electrospinning nanofibrous membranes
(eNFMs) possess highly porous three-dimensional (3D) networks with
excellent pore interconnections due to the entanglement of these
micro/nanofibers. These eNFMs can mimic the texture and composition
of natural extracellular matrix (ECM), depending on the choice of ma-
terials employed, making them highly promising candidates in tissue
regenerative therapies [11-13]. Consequently, electrospun fibrous
scaffolds exhibit an inherent capability to attract fibroblasts to dermis
and facilitate the secretion of growth factors, collagen and other ECM
components, thereby accelerating tissue regeneration and repair pro-
cesses [14-16].

However, the emergence of the antimicrobial resistance has hin-
dered the further development and application of eNFMs in clinic set-
tings. Over the last decade, the threat posed by antimicrobial resistance
has reached such a critical level that it has been recognized by the Word
Health Organization (WHO) as a “global health and development threat™
and “one of the top 10 global public health threats facing humanity”
[17]. The clinical management of pathogenic infections poses an esca-
lating challenge in the realm of global public health [18]. In contrast to
the rapid emergence of antibiotic-resistant bacteria, the discovery of
novel antibiotics proceeds at a sluggish pace and entails substantial
costs. Therefore, it is imperative to develop alternative bactericidal
agents to combat bacterial infections for comprehensive health gover-
nance. In the field of emerging biomaterials, it is unsurprising that in-
vestigations related to antibacterial properties are rapidly advancing.
Recently, multifunctional eNFMs with distinctive structure and unique
physiochemical properties have emerged as a potent tool for targeting
bacteria and overcoming deadly bacterial invasion. Given the contin-
uous evolution of drug-resistant bacteria, there has been an increasing
focus on antibiotic-free modification to confer bactericidal property
onto eNFMs in order to prevent bacterial attachment, inhibit bacteria
proliferation and eradicate bacteria. Owing to the remarkable
advancement in nanomaterials, a wide range of antibacterial nano-
materials, including metal nanoparticles (NPs), metal oxide/sulfide NPs,
carbon-based nanomaterials, and some emerging 2D nanomaterials,
have been incorporated into eNFMs with antimicrobial properties. The
properties of material itself plays a critical role in the antibacterial ef-
fect, with metals (Ag, Au, etc.), metal oxides (ZnO, CuO, TiOs, etc.) and
others nanomaterials being reported [19,20]. Meanwhile, various anti-
bacterial strategies such as metal ion release, free radical generation,
hyperthermia, and edge cutting have been developed. In addition, the
synergistic coordination of multiple antibacterial mechanisms has
gained increasing attention.

Therefore, the incorporation of antimicrobial nanomaterials into
eNFMs is a timely and significant topic in the field of electrospinning
[21], showcasing promising biomedical applications in tissue regener-
ative therapies [22]. Given that unique properties of electrospinning
have been extensively reviewed in numerous publications, this review
aims to primarily focus on providing a comprehensive overview of
recent advances and breakthroughs in antibacterial eNFMs. Addition-
ally, it will highlight the most relevant and up-to-date advancements
concerning eNFMs integrated with diverse nanomaterials for effective
bacterial ablation within the realm of tissue regeneration and repair.
Furthermore, a comprehensive analysis of the current limitations of
electrospinning technology will be conducted, along with an exploration
of future trends and challenges in the development of antibacterial
eNFMs for biomedical applications. It is anticipated that this review will
offer novel insights into the development of bactericidal nanomaterials
to combat bacterial infections and provide valuable inspiration for the
future design of electrospun tissue engineering scaffolds for practical
clinical implementations.

2. Antibacterial strategy and mechanism of eNFMs

Electrospinning is a highly versatile technique that employs high
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electrostatic power to process polymers or related materials into non-
woven fabrics or final eNFMs [4,23]. By optimizing the spinning
equipment configuration and adjusting various parameters such as
preparation process, materials design, and structure design, the elec-
trospinning technique enables successful integration of diverse materials
with bactericidal activities including nanomaterials, natural macro-
molecules, and synthetic polymers into electrospun fibers.

With the development of materials science, a wide range of anti-
bacterial nanomaterials have been developed as potential alternatives to
antibiotics for the functionalization of eNFMs. The design and fabrica-
tion of antibacterial eNFMs need to consider three key properties:
antibacterial activity (killing bacteria), anti-biofilm efficacy (biofilm
inhibition/prevention) and anti-biofouling performance (biofouling in-
hibition/prevention). Specially, bacterial biofilm formation is a primary
contributor to the escalation of bacterial resistance. The multifaceted
bactericidal mechanisms exhibited by the nanomaterials enable the
rational design of antibacterial eNFMs that hold promise for replacing or
partially substituting antibiotics [24].

In the subsequent sections, we will elucidate the diverse antibacterial
mechanisms exhibited by nanomaterial-loaded eNFMs, including (i)
direct infliction of physical harm to bacterial cell walls and/or mem-
branes, (ii) suppression of bacterial metabolism, and (iii) induction of
chemical impairment to bacterial cell membranes.

2.1. Physical damage to bacterial cell membrane

Bacterial membranes serve as crucial and efficacious targets for
diverse antimicrobial nanomedicines [25,26]. The physical/mechanical
disruption of bacterial cell membrane proves particularly effective in
compromising the local integrity of the membrane [27]. Functional 2D
nanomaterials, such as graphene and its derivatives, black phosphorous
(BP) nanosheets (NSs), MoSy NSs, MXenes, or structurally similar elec-
trospun nanofibers can achieve damage to cell membrane integrity
through their sharp cutting edges. As an illustrative example, one of the
antibacterial mechanisms exhibited by graphene oxide (GO) involves its
utilization as a “nano-knife” to destroy the bacterial cell membrane
through sharp edge cutting effects, resulting in the release of intracel-
lular contents and ultimately leading to bacteria eradication. Notably,
graphene and its derivatives have been found extensive application as
antimicrobial additives for enhancing the functionality of eNFMs in
combating bacterial infections within the biomedical domain [28].
Wang et al. employed electrospinning technology to prepare blended
nanofibers comprising silker fiber (SF) and GO [29]. Through systematic
antibacterial experiments, the authors found that SF/GO nanofibers
exhibited higher bactericidal activity compared to the pristine
SF-decorated nanofibers due to the incorporation of GO, which effec-
tively disrupted bacterial cell membranes. Additionally, Phan et al.
anchored Cu(OH); and CuO nanowires (NWs) onto polyacrylonitrile
(PAN)-based eNFMs [30]. The antibacterial efficacy of Cu(OH), or
CuO-decorated eNFMs was attributed to the physical morphology and
surface area of the incorporated nanomaterials.

In general, physical/mechanical damage to bacterial cell membranes
is induced by direct interaction between functional nanomaterial-based
eNFMs and bacterial pathogens. Physical/mechanical damage exhibits
efficacy against a wide range of bacteria, as the potential for bacteria to
develop resistance to bacterial envelope disruption is limited, thus
rendering physical damage strategies promising for long-term utiliza-
tion with minimal risk of bacterial resistance.

Additionally, the presence of phosphate groups on the bacterial
membrane imparts negative charges to bacterial cell surfaces, thereby
facilitating electrostatic interactions between eNFMs with highly posi-
tive surfaces and bacteria. This ultimately leads to membrane destruc-
tion and cell lysis. Similar to the antimicrobial peptides (AMPs) that
accumulate on the bacterial membrane and form pores disrupting
membrane stability, the antimicrobial activity of these polymers is
regulated by adjusting their structural factors, such as positive charge
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and hydrophobic groups. For example, Guo et al. fabricated a series of
eNFMs with bactericidal, antioxidant and electroactive properties by
electrospinning polymer solutions of poly(e-caprolactone) (PCL) and
quaternized chitosan-graft-polyaniline (QCSP) [15]. The QCSP contains
amino and quaternary ammonium groups that possess positive charges
capable of effectively elimination bacteria through direct electrostatic
adherence. Notably, the presence of polyaniline down-regulates the
expression of crucial genes responsible for bacterial survival in
gram-negative bacteria, thereby influencing cell wall formation and
energy metabolism, ultimately leading to the demise of bacterial
pathogens.

2.2. Suppression of bacterial metabolism

In addition to direct destruction of bacterial cell membranes, another
antimicrobial strategy employed by eNFMs involves inducing metabolic
suppression. This includes the breakdown of essential nutrients for
bacterial growth, modulation of gene expression, and inhibition or
interference with the synthesis of crucial cellular biochemical sub-
stances in bacterial cell walls. The inhibition of gene replication and
protein activity is a common bactericidal method with antibacterial
eNFMs. For instance, Liu and co-workers demonstrated that silver
nanoparticles (Ag NPs) possess potent antibacterial properties by
inhibiting DNA synthesis during bacterial replication [31]. Wang et al.,
on the other hand, achieved surface incorporation of citrate-capped Ag
NPs onto poly (vinyl alcohol-co-ethylene) (PVA-co-PE) nanofibers
through charge adsorption grafting tricyanogen
chloride-polyethyleneimine (TC-PEI) [32]. The PVA-co-PE nanofibers
loaded with Ag NPs presented good sterilization performance against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus), with
antibacterial rates of 99.99 %. Additionally, blocking nutrient uptake is
also an effective antibacterial strategy for eNFMs. Cui et al. demon-
strated that LapO3 NPs-doped PAN eNFMs (LPNFs) had a high phosphate
removal efficiency in aqueous solution based on the strong affinity be-
tween phosphate and lanthanum, which could create a phosphorous
deficient environment and inhibit bacterial growth [33]. Although the
accumulated phosphate is essential for bacterial growth, LPNFs wound
not be conductive to bacteria survival in the presence of unsaturated
LaPO4.

2.3. Chemical damage to bacterial cell membrane

In addition to physical/mechanical damage to bacterial cell mem-
brane or inhibition of bacterial metabolism, eNFMs can also eliminate
bacterial pathogens through biocatalytic generation of reactive oxygen
species (ROSs), such as superoxide anion radical (0%), hydrogen
peroxide (H203), hydroxyl radical (¢OH), ozone (Os), etc. [34]. The
chemical damage caused by ROSs to the bacterial cells membrane in-
volves a variety of antibacterial mechanisms that target the physical
structure, metabolic pathway, DNA synthesis, and other processes
leading to cell death [35]. To date, a wide range of biocatalytic nano-
materials with catalytic ROS generation activities have been developed
and demonstrated to effectively eliminate bacteria or eradicate bacterial
biofilms. These biocatalytic nanomaterials include OD metal oxide
nanoparticles (such as CuO, ZnO, TiO3) [36-38], 2D nanosheets (such as
graphene, metal carbides, and carbon nitrides) [39-42], metal-organic
frameworks (MOFs) [43,44], and peroxidase-mimicking nanozymes
[45-47]. For instance, Sekar et al. incorporated Fe-doped ZnO NPs into
eNFMs, which exhibited remarkable antibacterial properties through
ROS generation. The generated ROS could induce damage to the bac-
terial cell wall or membrane, interfere with protein synthesis and pro-
cessing, inhibit DNA replication, and intracellular content leakage [48].

3. Processing methods of nanomaterial-loaded eNFMs

Nanomaterials encompass a diverse range of organic, inorganic and
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hybrid nanocomposites with unique physicochemical characteristics
such as size, shape, and surface properties that differ from their bulk
counterparts. Recently, the antibacterial nanomaterials have been
widely incorporated into eNFMs to inhibit the growth of pathogenic
microorganisms and disrupt bacterial cellular structure [49,50]. In the
following sections, we will primarily discuss different routes for the
fabrication of antibacterial eNFMs by incorporating antibacterial
nanomaterials, and the corresponding bactericidal performance of
different types of antibacterial nanomaterial-incorporated eNFMs.

3.1. Different routes for fabricating antibacterial eNFMs

Incorporating antibacterial nanomaterials has been recognized as a
feasible method for fabricating antibacterial eNFMs for combat bacterial
infection. Generally, there are two main routes for incorporating anti-
bacterial nanomaterials into eNFMs: (i) one-step modification, where
the matrix polymer solutions are directly electrospun together with the
antibacterial nanomaterials using techniques such as blending, core-
shell encapsulation, or colloid-electrospinning; and (ii) post-
modification, which involves a two-step process: pre-electrospinning
to obtain a pristine fiber substrate followed by deposition/growth of
antibacterial nanomaterials onto the surfaces of the fibers.

3.1.1. One-step method for construction antibacterial eNFMs

As depicted in Fig. 1A, one of the most commonly employed strate-
gies for fabricating antibacterial eNFMs involves blending nano-
materials with matrix polymers to prepare spinning solutions, which are
subsequently subjected to direct electrospinning. Specifically, prior to
electrospinning, the antibacterial nanomaterials are fully dissolved or
dispersed within the spinning solution, ensuring their homogeneous
distribution throughout the entire spinning process. Simultaneously,
fiber formation and encapsulation of nanomaterials occur during this
process. Researchers have successfully assembled antibacterial nano-
materials with multiple dimensions ranging from 0D to 3D on polymeric
eNFMs for antibacterial applications. For example, MOFs, as novel
organic-inorganic hybrid porous nanomaterials in the form of 0D
structures, show great potential in the fields of antibacterial research
due to their intrinsic bactericidal activity and/or ability to load anti-
bacterial nanomaterials. Li et al. initially prepared zeolitic imidazolate
frameworks (ZIF-8) nanocrystals and then dispersed them into a ther-
moplastic polyurethane (TPU)/DMF solution for electrospinning,
resulting in scalable fabrication ZIF-8-contained eNFMs. Upon exposure
to sunlight irradiation, ZIF-8 can induce the generation of ROS (e03),
which effectively renders bacteria to inactive [51].

Another facile method for the direct fabrication of antibacterial
eNFMs involves the utilization of co-axial electrospinning technique. Co-
axial electrospinning enables the fabrication of core-shell nanofibers
with multiple components by employing two injectors, each containing
separate solutions of polymer and antibacterial nanomaterials, to pro-
duce core-shell structures. For instance, Shalumon et al. developed
multifunctional antibacterial core-sheath eNFMs with hyaluronic acid
(HA)/ibuprofen as inner core and the Ag NPs-loaded poly(ethylene
glycol) (PEG)/PCL as outside sheath [52]. The incorporation of Ag NPs
into the outside sheath ensures the sustained release of Ag " ions, thereby
providing sufficient bactericidal properties during the initial post-tenson
surgery period. In another study, Xing et al. developed a coaxial scaffold
mimicking the extracellular matrix (ECM) as a spatial delivery system to
synergistically enhance bone regeneration. Briefly, the co-axial scaffold
was fabricated by incorporating ZnO and lysophosphatidic acid (LPA)
NPs into the sheath layer of poly-lactic-co-glycolic acid/PCL
(PLGA/PCL, PP), which encapsulated deferoxamine (DFO) NPs in the
core layer [53]. After loading these three active NPs, the obtained
PP-LPA-ZnO/DFO coaxial scaffolds are porous nanofiber structure.
Particularly, through the spatially sustained release of these three NPs,
the antibacterial properties, biocompatibility, osteogenesis, and angio-
genesis of the coaxial scaffold were synergistically enhanced, which
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Route I: One-step modification
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Fig. 1. The two main routes for preparing antibacterial eNFMs through the incorporation of bactericidal nanomaterials. (A) One-step modification methods primarily
involving blending electrospinning and co-axial electrospinning techniques. (B) Post-modification methods mainly encompassing physical deposition, chemical
grafting, PDA coating and carbonization treatment to incorporate antibacterial nanomaterials onto the surface of electrospun nanofibers.

were ultimately beneficial for bone regeneration.

3.1.2. Post modification for construction antibacterial eNFMs

After electrospinning, nanofibers or eNFMs are widely modified by
physical or chemical methods to endow them with antibacterial func-
tionality for various antibacterial applications. Surface modification
after electrospinning has emerged as the primary strategy for enhancing
the functionalities of nanofibers in combating bacterial infection,
encompassing techniques such as physical deposition, chemical grafting,
mussel coating, carbonization and others, as depicted in Fig. 1B. In this
section, we will provide a comprehensive summary of post-modification
strategies employed to confer antibacterial properties on eNFMs.

3.1.2.1. Antibacterial surface design. Antibacterial surface modification
of eNFMs can be achieved by directly depositing antibacterial com-
pounds or nanomaterials, thereby forming thin antibacterial layers on
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the surfaces of the nanofibers. A variety of methods such as dip-coating,
spray-coating, and brush-coating have been employed for this purpose
[54]. It is worth mentioning that ensuring the stability of these coating
on the nanofiber surfaces remain a significant challenge in practical
applications [55], prompting researchers to explore different ap-
proaches to enhance the adhesion between antibacterial layers and
nanofibers. For instance, Zhang and co-workers presented a study where
graphdiyne (GDY) was self-assembled onto electrospun TiO5 nanofibers
using an electrostatic force to improve the photocatalytic bactericidal
efficacy [56]. Under UV light illumination, TiOy is photo-catalytically
activated and transfers free electrons (e”) to the GDY surface, result-
ing in more ROSs production. This leads to irreversible dysfunction of
crucial biomolecules in bacteria and ultimately causes bacterial death.
Similarly, Chen et al. prepared Ag NPs-decorated polyethersulfone (PES)
eNFMs by the combination of the electrostatic interaction between Ag™*
and polyacrylic acid (PAA) and the reduction property of sodium
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borohydride [57]. Briefly, hydrophilic homopolymer PAA was
semi-interpenetrated with PES chains through an in-situ crosslinking
polymerization strategy. The resulting mixture was then subjected to
electrospinning to form nanofibers. Subsequently, Ag NPs were formed
on the surfaces of PAA/PES fibers via a reduction treatment. The Ag
NPs-decorated PAA/PES fiber membrane presented bactericidal rates
against E. coli and S. aureus of 93.4 % and 95.7 %, respectively.

To enhance the stability of nanomaterials-based coatings, a chemical
covalent grafting method was employed for the design of antibacterial
surface on eNFMs. In 2022, Mi and co-workers demonstrated an
improved bactericidal property by modifying chitosan (CS) nanofibers
with CuS NPs and fucoidan (Fu) [58]. Briefly, CS nanofibers were
immersed in a mixed solution of Fu and CuS NPs over 1 h to facilitate
their anchoring through electrostatic interaction. Subsequently, and
genipin was added to crosslink CuS NPs and CS nanofibers. The resulting
nanofibers presented durable Fenton-like catalytic activity (ROS gen-
eration), enabling them to effectively deactivate bacteria through pho-
tocatalytic and photothermal effects.

3.1.2.2. Mussel-inspired modification. In recent past decades, mussel-
inspired dopamine (DA) and its analogues have been broadly
employed as molecules for surface modification of materials, imparting
desired functionalities such as unique adhesiveness and reductive
properties [59-61]. Specifically, the catechol groups derived from DA or
its analogues can chemically reduce of metal ions like Ag" and Au™,
leading to the formation of metallic NPs with antibacterial properties
[62]. Coating with DA is also a popular conformal strategy to confer
antibacterial properties on eNFMs. For instance, Wang et al. prepared
GO-catechol hybrid poly(lactic acid) (PLA) nanofibers to enhance the
immobilization of GO onto eNFMs [63]. In this process, catechol groups
were conjugated onto the GOs (GO-DMA), thereby enhancing the ad-
hesive ability of GO on the PLA fibers. Subsequently, the as-prepared
GO-DMA was dip-coated onto the PLA nanofibers to form
PLA-GO-DMA. In comparison with the PLA-GO eNFMs, PLA-GO-DMA
showed remarkable sterilization properties against both gram-positive
and gram-negative bacteria due to the pivotal role of catechol in pro-
moting the adhesion of GO onto the PLA nanofiber, along with its
intrinsic antibacterial ability conferred by catechol groups. Additionally,
mussel-inspired DA or its analogues can also serve as linkers for coupling
specific ~biomedical molecules. Shi et al. developed an
infection-responsive electrospinning membrane for antimicrobial
guided tissue regeneration [64]. In brief, for the preparation of an
infection-responsive membrane, polydopamine (PDA) was initially uti-
lized to modify PCL fibers in order to introduce hydroxyl groups onto the
surfaces of nanofibers. Subsequently, silane coupling agents were
employed to cap the hydroxyl groups and anchor amino groups onto the
nanofiber surfaces. Finally, antibiotic metronidazole was esterified and
grafted onto the nanofiber surface by Michael addition reaction.

3.1.2.3. Combination and other strategies. In addition to the afore-
mentioned strategies, the fabrication of antibacterial eNFMs has also
been reported through the integration of various processes such as
carbonization and oxidation treatment [65,66], solvothermal method
[671, chemical deposition method [68], and electrospinning technology
[69,70]. Thermo-oxidative stabilization and carbonization treatments
are employed to treat the precursors of polymeric eNFMs and/or anti-
bacterial components, offering a promising approach for constructing
nanofibers with incorporated antibacterial nanomaterials [71,72]. PAN,
known for its excellent stability and mechanical properties, is commonly
utilized as a matrix polymer for preparing carbonized nanofibers [73],
wherein antibacterial activity can be achieved by carbonizing and
oxidizing. For example, Xia et al. constructed ZnO/nanocarbons (C-ZnO)
modified antibacterial nanofibrous scaffolds. Briefly, the synthesized
ZIF-8 NPs were carbonized at 800 °C for 2 h under argon followed by
oxidization at 300 °C for 2 h in air. Subsequently, the obtained C-ZnO
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nanocomposites were embedded into a PCL spinning solution and
electrospun into a fibrous scaffold. Antibacterial experiments demon-
strated that the embedded C-ZnO endowed the scaffold with good
bactericidal properties, whereas no significant antibacterial activity was
observed on the pristine PCL [74]. Additionally, Wang et al. employed a
combination of the solvothermal method, chemical deposition method
and electrospinning technology to prepare PAN/Al-ZnO/Ag nanofibrous
composites with antibacterial properties [75]. Briefly, a mixture of ZnO
NPs and PAN was electrospun to fabricate PAN/ZnO seed fiber (termed
as P). Then, a solvothermal method was conducted to prepare the
PAN/AI-ZnO NF membrane (labeled as PZ). Subsequently, PZ fibers
were immersed in a AgNOs3 solution for 20 h and reduced with poly-
vinylpyrrolidone (PVP)/ethanol solution to obtain the silver seeds.
Following this step, Ag NPs were deposited onto the PZ fibers through
electroless plating. Throughout this process, numerous active sites
provided by ZnO NPs facilitated the subsequent solvothermal and
electroless plating processes, ensuring their feasibility for further
recombination. Finally, Ag NPs were uniformly distributed onto the
fiber surface.

3.2. Various nanomaterials loaded eNFMs with bactericidal properties

Nanomaterials in the nanoscale realm are widely recognized for their
distinctive physicochemical properties, encompassing size, shape, and
surface characteristics [76]. These nanomaterials, comparable in size to
biomolecules and bacterial intracellular structures, have been engi-
neered as innovative therapeutic modalities and hold great promise in
the fight against bacterial infections [26], by circumventing established
mechanisms associated with acquired resistance [77]. In addition,
owing to their unique dimensions and physicochemical attributes,
nanomaterials exhibit targeted action against biofilms and offer a po-
tential solution for tackling recalcitrant infections [78].

To prevent pathogenic microbial contamination and infection, a
diverse range of nanomaterials are utilized to modify eNFMs in the
biomedical field for enhancing bactericidal activities. Based on their
chemical composition and structural characteristics, antibacterial
nanomaterials can be categorized into different groups, including inor-
ganic, organic, and inorganic-organic hybrid nanomaterials, as illus-
trated in Table 1. Inorganic nanomaterials usually have good stability
and high thermal and chemical resistance, while organic nanomaterials
may have better biocompatibility and processability. Inorganic-organic
hybrid nanomaterials combine the advantages of both, providing more
possibilities for specific biomedical applications. The inorganic nano-
materials are usually composed of inorganic compounds such as metals,
metal oxides, sulfides, and ceramics, and the representative examples
include nano Ag, nano Au, nano TiOy, nano ZnO, nano CNT, and some
emerging nanomaterials such as Mxene, BP, BN, etc. Organic nano-
materials were made from organic compounds or polymer materials,
and the examples include natural organic polymer nanoparticles and
synthesized polymer nanoparticles, nanocellulose, and some organic
nanotubes, hydrogen-bonded organic frameworks (HOF) nanocrystal-
line [69]. Inorganic-organic hybrid nanomaterials, also known as com-
posite nanomaterials, combined the properties of inorganic and organic
materials, and this blending can improve the properties of the material,
such as enhancing stability, improving mechanical properties, providing
synergistic bactericidal activity or specific functions. The typical
Inorganic-organic hybrid nanomaterials include inorganic nanoparticles
surface modification of organic molecules (such as AIE-featured Au
nanoclusters [79], APA modified Au nanoparticles [80], MBA-activated
Au NPs [81]), indole derivative-capped Au NPs [82], organic-inorganic
hybrid materials (such as some types of MOFs [83]), nanocomposites,
etc. The following subsections mainly summarize different fabrication
approaches for antibacterial eNFMs incorporating diverse nano-
materials, along with their corresponding antimicrobial mechanisms
and antibacterial performance.
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Table 1
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A comprehensive overview of antibacterial eNFMs containing a diverse range of antibacterial nanomaterials including inorganic, organic, and inorganic-organic
hybrid nanomaterials, for advanced biomedical applications.

Categories Antibacterial eNFMs Target Antimicrobial effect Antimicrobial Mechanism Refs.
nanomaterials microorganism
Inorganic Ag NPs Patterned nano-Ag/ E. coli Precise and arbitrary manipulation of ~ Release of Ag or Ag" from the surrounding  [187]
PLLA hybrid fibrous live/dead E. coli distribution and fibrous matrices
matrices antibacterial area
CuO PAN/CuO E. coli and B. subtilis Excellent antimicrobial feature Release of Cu [112]
ZnO PCL/n-HA/ZnO E. coli and S. aureus >95 % reduction in bacterial Controllable release of ZnO and producing ~ [188]
adhesion of E. coli and S. aureus with ROS
the incorporation of 15 wt % and 30
wt % ZnO
TiOy TiO2/PAN S. aureus 5.5 antibacterial activity Generation of ROS including -OH, H;0, [189]
and HO,e under UV light irradiation
CeOyx PVA mats with CeO,.  E. coli 69 % reduction of bacterial adhesion Haloperoxidase-like activity that can [190]
nanozymes x NRs efficiently trigger oxidative bronmination
SWNTs SWNTs-PAN/TPU/ E. coli Complete (5 log) inactivation of Electrochemical disinfection mainly [191]
PANI composite bacteria within 20 min at 3.0 v involving (i) direct oxidation of pathogens
nanofiber membrane applied voltage in contact with the nanofiber membrane
anode and (ii) indirect oxidation of
pathogens that produced aqueous
oxidants through the anode
GO PCL/Gel/GO E. coli and S. aureus 99 % antibacterial properties against Sharp edges of graphene nanosheet, [192]
nanofibrous web E. coli and S. aureus inducing physical damage on bacterial cell
membrane, resulting in loss of bacterial
membrane integrity
BN mBN-PVA/PAA E. coli and S. aureus 65 % and 75 % reduction for E. coli Oxidative stress from the generation of [193]
composite nanofibers and S. aureus, respectively ROSs, membrane damage from the
insertion of BN nanomaterials into the
bacterial cell membrane and the ability to
perform endocytosis
BP Apt-modified PCL-BP . aureus Significant inhibition effect on NIR-induced photothermal effect to [194]
hybrid fiber scaffold bacterial growth eliminate bacteria and prevent infection
g-C3Ny Cl/S-g-C3Ny4 E. coli and S. aureus 94.2 % and 90.4 % antibacterial rates ~ Generation of active free radicals by Cl/S- [195]
composite against E. coli and S. aureus, g-C3N4 under visible light
membranes respectively
TizCyT, MXene/CS E. coli and S. aureus 95 % reduction rate against E. coliand ~ Antibacterial nature of Ti3C,T, flakes [196]
62 % against S. aureus
Organic Car-NPs G-Car-NPs-NF E. coli, S. aureus, Bacteriostatic zone on the medium Interaction between the antibacterial [197]
and C. albicans coated with E. coli, S. aureus and activity of Car itself and microbial cell
C. albicans membrane components
CS-NPs PA6/CS-NPs hybrid E. coli and S. aureus 99.9 % and 98.9 % antibacterial Excellent antibacterial activity due to the [198]
nanofibers efficiencies against E. coli and CS-NPs adhered to the surface of the
S. aureus, respectively nanofibers
LgNP LgNP/PCL nanofiber S. aureus Bactericidal efficacy against the Contact mechanism-based antibacterial [199]
scaffold major orthopedic infectious action between the phenolic fragments of
staphylococcal species lignin and bacterial cell wall, leading to
lysis effect
HOF-101 HOF-101 @PVDF- E. coli Almost 97 % of E. coli killed after Excellent 10, productivity of HOF-101 [69]
nanocrystalline HFP nanofibers illumination under simulated under simulated daylight irradiation for 5
daylight for 5 min min
Inorganic- AlIE-featured Au Au NCs- E. coli and S. aureus >98.5 % and >99.94 % antibacterial =~ ROSs generation and Au NCs [79]
organic NCs functionalized fiber activities against S. aureus and E. coli
hybrid under visible-light irradiation,
respectively
APA-modified APA_Au-modified MDR E. coli Superior activity on MDR E. coli- Synthetic effects of antibacterial [80]
Au NPs PCL/gelatin infected wound intermediates (APA) and Au NPs
PDA adherent PLLA@PDA/Cu E. coli and S. aureus 99 % and 94 % inhibitory rates Synergistic antibacterial effect with PTT [200]
Cu-NPs against E. coli and S. aureus
CHS/AgNPs PEO/CHS(AgNPs) E. coli and S. aureus Good antibacterial activity with ZOI Synergistic effect between Ag NPs and [201]
against E. coli and S. aureus of 51.2 +  CHS
3.2 and 47.2 + 2.1, respectively
ZIF-8 PCL-LSMM-CMZIF-8 E. coli and S. aureus Up to 22.6 mm and 24.0 mm Release of Zn*" [202]
inhibition zones against E. coli and S.
aureus, respectively
Ag,[HBTC][im] Ag-MOF/PLA E. coli, S. aureus, >95.0 % bacteria inhibition rate for Controllable Ag* release and ROS [83]
compound P. aeruginosa and broad-spectrum bacteria killing generation

M. smegmatis

performance; 99.9 % wound healing
rate towards in vivo S. aureus-infected
wound therapy

Abbreviations: PLLA, poly(y-lactic acid); E. coli, Escherichia coli; PAN, polyacrylonitrile; B. subtilis, Bacillus subtilis; PCL, polycaprolactone; nHA, nano-hydroxyapatite;
S. aureus, Staphylococcus aureus; PVA, polyvinyl alcohol; SWNTs, single-walled carbon nanotubes; TPU, polyurethane; PANI, polyaniline; Gel, gelatin; GO, graphene
oxide; BN, boron nitride; PAA, polyacrylic acid; BP, black phosphorus; CS, chitosan; Car, carvacrol; G-Car-NPs-NF, gelatin nanofiber membranes containing carvacrol
nanoparticles; C. albicans, Candida albicans; PA-6, polyamide-6; LgNP, lignin nanoparticles; HOF, hydrogen-bonded organic frameworks; CS-NPs, chitosan nano-
particles; PVDF, polyvinylidene fluoride; AIE, aggregation-induced emission; NCs, nanoclusters; APA, 6-aminopenicillanic acid; Apt, aptamer; MDR, multidrug-
resistant; PDA, polydopamine; PEO, polyethylene oxide; CHS, chitosan; ZOI, Zone of inhibition; HBTC, 1,3,5-benzenetricarboxylate; im, imidazole; P. aeruginosa,
Pseudomonas aeruginosa; M. smegmatis, Mycobacterium smegmatis.
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3.2.1. Metal nanomaterials loaded eNFMs

In recent decades, metal NPs (e.g., Au, Ag, and Cu) or their oxides and
sulfides have demonstrated with potent antibacterial activity by
inducing bacterial membrane damage or ROSs accumulation. Conse-
quently, great efforts have been made to incorporate metal or metal
oxide/sulfide nanomaterials into eNFMs due to their exceptional sta-
bility, distinct antimicrobial property, and targeted efficacy against
bacteria instead of conventional antibiotic small molecules. The
following subsections will mainly discuss diverse fabrication strategies
for metal NPs-based eNFMs and metal oxide/sulfide-based eNFMs,

elucidating their antibacterial mechanisms and bactericidal
performance.
3.2.1.1. Metal NPs loaded eNFMs. Historically, Ag-based nano-

materials, such as Ag-polymers complex, Ag NPs, Ag NWs and so on,
have been extensively exploited as potent bactericidal nanomaterials
against a broad spectrum of pathogenic micro-organisms including vi-
ruses, microbes, bacteria, and other eukaryotic micro-organisms
[84-86]. Among Ag-based nanomaterials, Ag NPs have garnered much
attentions due to their unique properties, such as high electrical con-
ductivity, chemical stability, catalytic activity and antibacterial prop-
erty [87,88]. Owing to their unique physicochemical properties, diverse
strategies for the synthesis of Ag NPs onto eNFMs have been proposed
involving the reduction of Ag * jons in AgNOj3 through (i) in situ for-
mation Ag NPs onto eNFMs by reducing agents (including traditional
chemical reductants and natural reductant agents) [57,89], (ii)
mussel-inspired synthesis of Ag NPs onto eNFMs [90], (iii) electroless
deposition of Ag NPs onto eNFMs [91], and (iv) magnetic sputtering of
Ag NPs onto eNFMs [92].

Conventional chemical reductants, such as NaBH,4, NoH4eH50, and
NaOH, are commonly employed for the synthesis of Ag NPs from Ag
NOs. For instance, via the electrostatic interaction between carboxylate
ions and Ag™ and followed by reducing with NaBHy, a cross-linked poly
(acrylic acid) (PAA) modified poly(ether sulfone) (PES) nanofibrous
membrane (NFM) was prepared by Chen et al. [57], and then immersed
into AgNOj3 solution and NaBH4 solution, respectively. Consequently,
the Ag NPs were in situ formed onto PAA/PES NFM from AgNO3 using
NaBH4 as reducing agent, as illustrated in Fig. 2A. The Ag NPs-loaded
NFM presented 93.4 % and 95.7 % bactericidal efficiency against
E. coli and S. aureus, respectively.

In addition, in order to study the effects of different reducing agents
on bactericidal properties, Muhammad et al. prepared nanofibers con-
taining Ag NPs with different reducing agents such as NaOH, NaBHy,
sodium citrate, and ultraviolet (UV) [89]. The results of water contact
angle measurements showed that the surface wettability of NaOH
treatment was poor, while that of NaBH4 and sodium citrate treatment
was better. UV treatment resulted in a slight increase in surface wetta-
bility. Inhibition zone tests indicated that NaOH and UV treatments had
significant inhibitory effects on E. coli and Bacillus subtilis (B. subtilis),
while NaBH,4 and sodium citrate treatments had moderate inhibitory
effects. Additionally, as shown in Fig. 2B, the Ag release profile showed a
continuous release of Ag" over time, with a higher release rate for the
sodium citrate treatment.

To address the environmental and potential healthcare concerns
associated with the traditional chemical reductants, naturally derived
reducing agents, such as citric acid, ascorbic acid, glucose, histidine,
heparin, polysaccharides, and dopamine (DA) have been employed in
the synthesis of Ag NPs. For instance, El-Aassar et al. prepared Ag NPs-
embedded polygalacturonic acid/HA/PVA) ((Ag-PGA/HA)-PVA) elec-
trospun nanofibers by pre-encapsulating Ag NPs with an average size
8.6 nm within PGA [93]. In this system, PGA containing abundant car-
boxylic and hydroxylic groups served as an effective reducing and sta-
bilizing agent for converting Ag' into Ag NPs. Notably, the
mussel-inspired green method is capable of synthesizing Ag NPs on
eNFMs. Owing to the presence of abundant catechol groups, PDA, a
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biomimetic polymer derived from mussel adhesive protein, exhibits
reductive capacity for the formation of Ag NPs [94]. This unique
reducing property of PDA enables the preparation of Ag NPs-loaded
eNFMs without the need for organic solvents or chemical reducing
agents. Moreover, the strong interactions between PDA and Ag
contribute to long-term bactericidal effects. To address issues related to
uncontrolled size and aggregation of Ag NPs, GhavamiNejad and
co-workers proposed a versatile method involving catechol redox
chemistry for synthesizing novel catechol moieties that can be used in
functionalized electrospun nanofibers with embedded Ag NPs [90]. The
mussel-inspired copolymer solution of poly(dopamine meth-
acrylamide-co-methyl methacrylate) (MADO) was spun and subse-
quently nanofibers were decorated with Ag NPs through the catecholic
moiety of DA in polymeric backbone. This mussel-inspired approach
facilitated the homogeneous dispersion of highly monodispersed Ag NPs
with well-controlled particle sizes on the nanofiber surfaces (Fig. 2C).
With containing 1 % Ag NPs, the resulting MADO-AgNPs composite
nanofibers exhibited remarkable bactericidal activity and demonstrated
enhanced efficacy for wound healing.

Through electroless deposition method, Ag NPs could be immobi-
lized on the surface of Ti3CoTy-modified electrospun thermoplastic
polyurethane (TPU) fibrous membranes, resulting in AgNPs/Ti3CoTy/
TPU fibrous membranes [95], as shown in Fig. 2D. In addition, Ag NPs
could be also incorporated on the surface of electrospun membranes by
magnetic sputtering method [92], as shown in Fig. 2E. Furthermore,
ultrasonication irradiation is also a valuable technique for the incorpo-
ration of Ag NPs onto/into eNFMs to confer antibacterial activity. With
the aid of ultrasonication, Shi and co-workers fabricated a nanofiber
composite consisting of polyurethane-g-polyethylene glycol (TPU-g--
PEG) by immobilizing Ag NPs onto the surface of electrospun nanofibers
[96]. Briefly, upon ultrasonication treatment, cavitation bubbles were
initially generated in the liquid medium. As these bubbles approached
the Ag NPs, they underwent asymmetric collapse, resulting in the pro-
duction of high-speed jets and shock waves that propelled, the Ag NPs
towards the surface of electrospun nanofibers at remarkable velocities.
Consequently, an interfacial collision between Ag NPs and eNFMs was
achieved. Meanwhile, these jets and shock waves can exert a tremen-
dous force on the surface, causing the TPU electrospun nanofibers to
soften or even partially melt at the impact sites. Through the combined
effects mentioned above, Ag NPs can be securely anchored onto the
surface of TPU nanofibers. In addition, due to its superior expansion
ability, TPU-g-PEG exhibits a softer surface compared to TPU nanofibers,
facilitating enhanced embedding Ag NPs on TPU-g-PEG nanofiber sur-
face with ultrasonication assistance.

Herein, despite the unique advantages of Ag NPs-based eNFMs in
combating bacterial infection and eliminating biofilm, their excessive
and nonspecific toxicity pose a potential threat to healthy cells and
tissues, thereby limiting their clinical applications. Moreover, the metal
ion-release antibacterial mechanism hinders the long-term retention of
bactericidal effects in practical applications.

Additionally, due to their low toxicity, facile functionalization,
excellent biocompatibility, ease of characterization, and extensive sur-
face chemistry knowledge base, Au NPs have garnered sustained interest
in the field of biomedical applications [97,98]. Moreover, the incorpo-
ration of Au NPs into eNFMs has been reported for their bactericidal
properties. Wang et al. integrated mercaptophenylboronic acid
(MBA)-activated Au NPs (Au_MBA NPs) into electrospun PCL/Gel NFMs
to combat Gram-positive MDR bacteria and facilitate infected wound
healing [81]. TEM tests demonstrated that Au_MBA NPs adhered to the
bacterial wall and located in the cytosol area of bacteria, leading to the
disruption of bacterial cell walls and bacteriolysis. The prepared
Au_MBA/PCL/Gel NFMs were effective in S. aureus- or MDR
S. aureus-infected wound model on rats. In another study, Zhao and
co-workers developed indole derivate-capped Au NPs (Au_IDs) to fight
MDR bacteria [82]. AuIDs can effectively eliminate majority of
multidrug-resistant (MDR) bacteria even at high concentrations of
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Fig. 2. Various strategies for incorporating Ag NPs into eNFMs. (A) The preparation of Ag NPs decorated PAA/PES NFM through NaBH, reduction. Reprinted with
permission from Ref. [57]. Copyright 2018, Elsevier Inc. (B) The effect of different reducing agents (including NaOH, NaBH,4, sodium citrate, and under UV light) on
Ag " release behaviors by Ag NPs doped MoO3/PAN nanofiber membranes. Reprinted with permission from Ref. [89]. Copyright 2023, American Chemical Society.
(C) The synthesis of size-controlled Ag NPs functionalized electrospun nanofibers through a mussel-inspired approach. Reprinted with permission from Ref. [90].
Copyright 2015, American Chemical Society. (D) The fabrication of AgNPs/TisC2Tx/TPU composite fibrous membrane via a chemical Ag plating process involving
the electrostatic interaction between negatively-charged and reductive Ti3C,Tx and selectively adsorbed Ag * onto TPU fibrous membrane. Reprinted with
permission from Ref. [91]. Copyright 2023, American Chemical Society. (E) Magnetically sputtering to decorate non-woven textiles with Ag NPs. Reprinted with
permission from Ref. [92]. Copyright 2023, Wiley-VCH.
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bacteria, superior to the traditional antibiotics. Additionally, in vivo
experiments demonstrated that the Au_IDs electrospun fibers possessed
remarkable bactericidal activities against MDR bacterial infection when
used as wound dressings.

3.2.1.2. Metal oxides/sulfides loaded eNFMs. As mentioned above, metal
oxide/sulfide (such as ZnO, CuO, TiO,, CuS, and MoS,) nanomaterials
have been widely employed as antibacterial additives [99-101] in the
preparation of antibacterial eNFMs due to their potent antibacterial ef-
fect against a broad spectrum of bacteria.

Among metal oxides nanomaterials, ZnO NPs have gained much
attention due to their recognized safety by the US FDA (21CFR
182.8991) [102], as well as their potent antimicrobial activity and
pronounced inhibitory effect on various bacteria, even at low concen-
trations. Compared with other metal oxide nanoparticles, ZnO NPs not
only have good antibacterial properties and can be used in food pres-
ervation and medical devices to reduce the risk of bacterial infection, but
also exhibit lower toxicity, good biocompatibility, low production cost
and versatility. Additionally, ZnO NPs can be produced by green syn-
thesis methods that avoid the use of harmful and expensive precursors,
thereby improving their safety and environmental protection. Moreover,
ZnO NPs are generally recognized as safe based on their history of use
and safety assessment in food, pharmaceutical and cosmetic products.
However, it should be noted that the safety of ZnO NPs is also affected by
factors such as their dose, size, shape and surface properties. Long-term
or high dose use may result in dose-dependent toxicity. Therefore,
although ZnO NPs are generally considered safe, their safety in specific
applications needs to be carefully evaluated and good manufacturing
practices followed.

These remarkable antimicrobial properties stem from their photo-
catalytic nature and ability to product ROS upon UV/Vis illumination,
leading to bacterial membrane leakage and intracellular damage [103].
Moreover, different structures of ZnO nanomaterials, including spher-
ical, branched, and rod-shaped forms, have been incorporated into
eNFMs through embedding or post-solution growth techniques to
enhance bactericidal activities. As an illustrative example, Liu and
co-workers developed ethylcellulose/Gel nanofibers containing ZnO
NPs for antimicrobial packaging [104]. Upon UV illumination, the
bactericidal efficiency of the ZnO-containing nanofibers against
S. aureus was 43.7 %, which further increased to 62.5 % due to a sig-
nificant elevation in intracellular ROS levels. By integrating ZnO NPs,
Grande et al. demonstrated that ZnO-modified PLA composite mats not
only exhibited increased bactericidal effect but also improved mechan-
ical properties [105]. To mitigate the aggregation of ZnO in the polymer
matrix, Abdalkarim et al. prepared sheet-like cellulose nanocrystal
(CNC)-ZnO nanohybrid composite poly(3-hydroxybutyrate-co-3-
hydroxy valerate (PHBV) nanofibers by electrospinning [106]. In this
particular system, the dispersibility of ZnO within the polymer matrix
was significantly enhanced by exploiting electrostatic interactions be-
tween ZnO and CNC.

Besides directly blending electrospinning, coaxial electrospinning is
also employed for the fabrication of ZnO-based antibacterial eNFMs. For
instance, Hadisi et al. prepared a core-shell structured HA-based silk
fibroin (SF)/ZnO electrospun dressing for burn wound management
[107]. The core layer was loaded with ZnO NPs, enabling sustained drug
release and preservation of its bioactivity. Transmission electron mi-
croscopy (TEM) confirmed the presence of a core-shell structure in the
ZnO-loaded HA-SF fiber. With the increase of ZnO content, the bacte-
ricidal efficacy against E. coli and S. aureus were enhanced, which may
be ascribed to the induced oxidative stress by ROS generation from ZnO
NPs and direct or electrostatic interaction between bacterial cell surface
and Zn2" ions, leading to damage to bacterial cell membranes.

Particularly, Nasajpour et al. incorporated anisotropic branched-
shaped ZnO NPs into a fibrous scaffold [108], which demonstrated the
ability of ZnO to induce physical damage to bacterial cell membranes.
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During the electrospinning process, phase separation was suppressed,
allowing the particles to be distributed throughout the fiber network and
creating branching protrusions on the fiber surface that resemble rose
spikes. As shown in Fig. 3A, the surface of the nanofibers embedded
spherical particles appeared slightly rough between fiber interphase,
while the surface of bare PCL fiber remained smooth. Compared to the
pristine PCL, reduced adhesion and proliferation ability of prokaryotic
microorganisms (E. coli and P. aeruginosa) on ZnO composite fiber
scaffolds were observed, leading to a decrease in bacterial biofilms
formation, thus confirming the antibacterial properties conferred by
ZnO incorporation. This disparity may be attributed to the surface
morphology of the fibrous substrates containing spherical and branched
particles. In addition, exposure to ZnO nanospikes may also help to
improve bactericidal performance while promoting eukaryotic cell
growth.

Recently, zinc acetyl acetonate dihydrate (Zn(Ac);e2H0) has
gained much attention as a precursor for the in situ formation of ZnO
nanomaterials on electrospun nanofibers. As a typical example, Chen
and co-workers prepared a pine-needle-like PVDF/(ZnO NRs@PAN)
membrane containing ZnO NRs [109]. Briefly, as presented in Fig. 3B,
the PAN-Zn(Ac), precursor solution was electrospun onto the surface of
electrospun PVDF membranes to fabricate a PVDF/(PAN-Zn(Ac))
composite membrane. Subsequently, Zn(AC), was converted into ZnO
by subjecting it to a thermal treatment at 130 °C for 10 h. During this
hydrothermal process, in-situ formation of ZnO NRs occurred and their
morphology was optimized by controlling the concentrations of Zn**.
Interestingly, the resulting pine-needle-like structures of ZnO NRs
facilitated to killing bacteria. The composite membrane effectively
inactivated nearly all bacteria in the solution with a bactericidal rate
exceeding 99.99 %, which could be attributed to the released Zn?* from
ZnO NRs.

Similarly, Qu and co-workers developed a N-halamine/ZnO-based
platform for bacterial inactivation with multi-modal antibacterial
mechanisms by the combination of electrospinning, hydrothermal re-
action and chlorination [110]. Briefly, PAM was firstly prepared by
copolymerizing 3-allyl-5, 5-dimethylhydantoin (ADMH) and methyl
methacrylate (MMA). Then by mixing PAM with Zn(Ac), and PAN in
DMF, the spinning solution was further electrospun into PAM/Zn(Ac),
microfibers. Subsequently, PAM/ZnO microfibers were prepared by a
hydrothermal reaction. Finally, PAM-Cl/ZnO microfibers were fabri-
cated through chlorinating PAM/ZnO microfibers. In vitro antibacterial
tests demonstrated that the obtained microfibers presented an enhanced
synergistic effect against E. coli and S. aureus. The bactericidal effect was
due to the contact killing of N-halamine on N-Cl bond and
multiple-release bactericidal action such as ROSs under light irradiation,
and Zn?* and Cl * ions.

Similarly, in the study conducted by Mascia and co-workers, ZnO
NPs were in situ generated onto PEI-based nanofibers through successive
sol-gel reaction steps [111]. In this system, Zn(Ac)2e2H>0 was selected
as the precursor for the sol-gel reaction, leading to nucleation and
growth of wurtzite crystals within PEI matrix. The resulting
zein/PEI-ZnO nanofibers showed presented a significant inhibitory zone
(0.80 & 0.1 cm) against bacterial proliferation according to in vitro tests.

Pure copper and copper compounds such as CuO, CuS, and Cu(OH),
are also potential candidates for imparting bactericidal activity to
eNFMs. These compounds can act as chemical nanoreactors that
generate Cu?" jons and ROSs through Fenton-like and Haber-Weiss re-
actions. For instance, in the study conducted by Hashmi and co-workers,
incorporation of CuO NPs into electrospun PAN membranes demon-
strated bactericidal activity [112]. The antimicrobial efficacy of released
Cu from PAN nanofibers was confirmed by the presence of bacterial
inhibition zones. With increasing CuO concentration, the inhibition zone
exhibited a gradual increase. Due to the exceptional antimicrobial
properties of CuO, nanofibers containing 1 % CuO concentration
demonstrated excellent antibacterial efficacy. To study the effect of
Cu?* ions on antibacterial performance, Cordeiro and colleagues
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Fig. 3. Two representative strategies for incorporating ZnO with various structures (including spherical, branched, and rod-shaped) into eNFMs to enhance anti-
bacterial activities. (A) (i) Schematic representation of a fibrous composite PCL membrane containing spherical and branched ZnO particles. (ii) EDAX mapping of
branched and spherical ZnO particles at different concentrations and their distribution within the fibers. (iii) SEM images of the control sample (PCL), as well as the
branched and spherical samples and (iv) corresponding quantification of CUFs after incubation with E. coli and P. aeruginosa for 24 h. Reprinted with permission from
Ref. [108]. Copyright 2017, American Chemical Society. (B) (i) Schematic illustration of PVDF/(ZnO NRs@PAN) nanofibrous membrane fabrication processes. (ii)
SEM images of PAN membranes at different stages during fabrication. (iii) Photographs showing colonies of E. coli and S. aureus on agar dishes from different
experimental groups. Reprinted with permission from Ref. [109]. Copyright 2023, Elsevier B.V.

prepared electrospun membranes loaded with varying concentrations of
CuO (ranging from 0.05% to 1%) using the electrospinning technique
[113]. They observed sustained release of pH-sensitive Cu?t ions from
these membranes for up to 7 days and, and noted that the bactericidal
effect was dependent on the concentration of copper.

Titanium dioxide (TiO5), a typical photocatalytic agent, can generate
ROS when exposed to UV irradiation [114]. It is commonly employed as
a photocatalytic antibacterial additive for functionalizing eNFMs.
Typically, three main approaches have been reported for preparing
TiOs-incorporated eNFMs with bactericidal activities: (i) direct elec-
trospinning a homogeneous TiO spinning solution, (ii) electrospinning
a fibrous substrate followed by coating with TiO», and (iii) combining an
electrospun TiO fiber precursor with a high-temperature calcination
process. To prepare TiOy-loaded nanofibers by direct electrospinning, as
a typical example, Karbowniczek et al. presented two types of electro-
spun poly(3-hydroxybuty-rate-co-3-hydroxyvalerate) (PHBV) nano-
fibers loaded with TiOy (bPHBV + TiO3 and cPHBV + TiOy), serving as
tissue engineering scaffolds [115]. As illustrated in Fig. 4A, the bPHBV
+ TiO; scaffold was prepared by electrospinning a blended solution of
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PHBV and TiO,, while the cPHBV + TiO, scaffold was fabricated via
coaxial electrospinning of core PHBV fibers coated with TiOy NPs.
Compared to the bPHBV + TiO4 scaffold, the cPHBV + TiO5 scaffold
presented better antibacterial performance upon exposure to UV light.

By integrating electrospinning and thermal treatment process, Wang
and co-workers developed TiO3/GDY composite nanofibers [56]. In
brief, a solution containing tetrabutyl titanate (TBT) and PVP was
electrospun to form the precursor of TiO5 fibers. Subsequently, the ob-
tained nanofibers were subjected to a 2-h thermal treatment at 550 °C in
air, followed by the assembly of GDY onto TiOz nanofibers through
electrostatic force and calcination at 350 °C for another 2 h. Under UV
light irradiation, the obtained TiO2/GDY nanofibers exhibited superior
photocatalytic antibacterial effect due to the enhanced photocatalytic
ROS generation (Fig. 4B). The abundant ROSs induced oxidation of
cellular components and perforation of bacterial cell walls, leading to
membrane leakage, structural damage, and ultimately bacterial death.
In addition, the bactericidal activity of TiO2/GDY was found to be sus-
tained through continuous release of ROS, leading to cell wall perfora-
tion and effectively preventing formation by methicillin-resistant
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Fig. 4. Three representative routes for incorporating TiO, nanomaterials into eNFMs with bactericidal activities. (A) (i) Schematics of blended electrospinning of
PHBV and TiO; NPs, and co-axial electrospinning with PHBV in the core layer and TiO5 NPs in shell layer. (ii) The number of E. coli after 24 h incubation on the
materials. (iii) Live/dead imaging of E. coli incubated for 16 h on the core-shell PBHV-TiO, scaffold. Reprinted with permission from Ref. [115] Copyright 2023,
Elsevier Inc. (B) (i) TEM image of GDY-modified TiO, nanofibers. (ii) Live/dead staining images of MRSA biofilms treated by different groups with or without UV
irradiation, and (iii) SEM images of MRSA biofilms after photocatalytic treatment with nanofibers. Reprinted with permission from Ref. [56]. Copyright 2020,
Nature. (C) (i) SEM images of as-spun nanofibers subjected to various treatment processes. (ii) Schematics of the functionalization process involving hydro-
phobilization and subsequent deposition of N-TiO, onto as-spun nanofibers. (iii) Antibacterial mechanism under light irradiation for a mask containing N-TiO,.
Reprinted with permission from Ref. [118]. Copyright 2021, American Chemical Society.
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Staphylococcus aureus (MRSA). Approximately 76 % of the biofilm was illumination or natural sunlight for a duration of only 10 min, the
eradicated after UV irradiation, as confirmed by crystal violet staining fabricated nanofibers containing photocatalytic N-TiO2/TiO2 presented
results. Notably, the TiO2/GDY group exhibited significantly reduced 100 % bactericidal activity. As illustrated in Fig. 4C, the robust photo-
biofilm formation compared to other groups. catalytic antibacterial performance could be attributed to the generation
To further enhance the photo-catalytic antimicrobial effect of TiOy of eOH and O3 by N-TiO, containing nanofibers upon light irradiation,
composite nanofibers, doping with metals such as Ag or Cu compounds which have the ability to impair cell walls, membranes, RNA, proteins,
is a commonly employed method. For example, Lee et al. developed Ag organelles, or deposit pathogen DNA. Particularly, these nanofibers with
NPs-loaded TiO2 composite nanofibers to argument enhancing anti- N-TiO2 can be used for facial recovery through brief periods of light
bacterial activity [116]. The pre-electrospun TiOy nanofibers were exposure to effectively sterilize deposited pathogens and enable direct
immersed in AgNOs solutions and then exposed to UV light for Ag NPs reuse.
formation. The bactericidal rate of the prepared Ag/TiO, composite In addition, other active metal oxide/sulfide-based nanoparticles
nanofibers was with 83.47 + 0.87 % in dark for 1 h. Additionally, uti- such as MgO, WOs3, MoS;, and CeO,, have also been investigated for
lizing an environmentally friendly chemistry method, Ni et al. devel- their bactericidal activities in enhancing the functionality of eNFMs
oped cellulose acetate (CA) nanofibers containing Ag NPs embedded [119-121]. For instance, Ma and her colleagues prepared a multifunc-
TiO5 NPs for long-term significant bactericidal activity [117]. In addi- tional branched PEI and PAA/WO3/PAN composite membrane using a
tion to metal ions, heteroatoms also employed as dopants onto the TiOy combination of blow spinning and LbL techniques [122]. The incorpo-
NPs to improve the photo-catalytic antimicrobial effect of the composite ration of hydrophilic PAN fibers decorated with WO3 nanoparticles
nanofibers. Li et al. presented a reusable, biodegradable, and antimi- exhibited excellent photodegradation behavior against organic pollut-
crobial mask by electrospinning PVA, PEO, and cellulose nanofiber, ants while demonstrating superior bactericidal effect owing to their
followed by esterifying and deposition of a nitrogen-doped TiO5 synergetic electron interactions. Both the WO3/PAN and PP/WQ3/PAN
(N-TiO2) and TiO2 mixtures [118]. Upon exposure to 0.1 solar membranes displayed significant bactericidal activity against B. subtilis
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and E. coli. To further enhance antibacterial efficacy, multi-mode anti-
bacterial eNFMs were developed by incorporating various metal com-
pounds. In another study, Ci and co-workers reported the synthesis of
photo-excited antimicrobial PCL@MoS2/ZnS hybrid nanofibers [123].
The incorporation of MoS,/ZnS imparted remarkable photothermal and
photocatalytic properties to the hybrid nanofibers. Under visible light
illumination for 10 min, the obtained PCL@Mo0S5/ZnS hybrid nanofibers
exhibited high bactericidal rates of up to 96.03 % and 99.09 % against
S. aureus and E. coli, respectively, attributed to the synergistic effect of
hyperthermia and ROS generation.

3.2.2. Carbon nanomaterial-loaded eNFMs

Carbon-based nanomaterials, as depicted in Fig. 5A, encompass a
range of structures including 3D graphite, 2D graphene, 1D carbon
nanotubes (MWCNTSs), and OD carbon dots (C-dots), along with nano
diamonds [124]. These materials exhibit numerous appealing charac-
teristics, such as broad light absorption across the UV-Vis-NIR spectrum,
near-infrared (NIR) photoluminescence, remarkable photothermal
response, and photosensitive ROSs production [125]. Due to their
unique physicochemical properties and relative high biosafety,
carbon-based nanomaterials such as CNT and GO have demonstrated
great potential as antimicrobial nanomaterials for non-antibiotic ther-
apies of infectious diseases [126]. CNT and GO are promising antimi-
crobial additives for modifying eNFMs to combat bacterial infections in
biomedical fields. The following subsection mainly focuses on the
fabrication strategies, bactericidal performance, and antibacterial
mechanisms of CNT-based eNFMs and GO-based eNFMs.

3.2.2.1. CNT-loaded eNFMs. Carbon nanotubes (CNTs), as one of the
allotropes of carbon characterized by cylindrical nanostructures, were
first observed by Sumio lijima and co-workers in 1991 [127]. The
classification of CNTs is based on the number of graphene sheets rolled
on their surface, including single-walled carbon nanotubes (SWNTs) and
multi-walled carbon nanotubes (MWNTs) [128]. CNTs possess unique
structural and physicochemical properties, along with high electrical
conductivity [129]. Additionally, CNTs exhibit bactericidal properties
due to their ability to generate ROSs and possess photo-thermal con-
version capability [130]. Particularly noteworthy is that incorporating
CNTs into eNFMs can enhance both mechanical strength and antimi-
crobial activity [131].

As an illustrated example, Wang et al. directly incorporated acid-
treated CNTs into the PCL spinning solution to prepare eNFMs [132].
The addition of CNTs significantly enhanced the mechanical strength of
electrospun PCL fibers. In order to improve the bactericidal activity, Tiu
Brylee David B et al. developed multilayer gas barrier films by modifying
polystyrene nanofibers with MWNTs [133]. The incorporation of
MWNTs into the nanofibers significantly enhanced the bactericidal ef-
fect, resulting in up to 97 % inactivation against B. Subtilis. Islam and
co-workers developed a PVA/AgNP/CNT composite mat by electro-
spinning incorporating of 0.3 wt% CNT [134]. The inclusion of CNTs
improved the thermal, mechanical and bactericidal properties of the
mat, while Ag NPs were beneficial for improving its thermal and
bactericidal properties (Fig. 5B).

The bactericidal effect of SWNTS is enhanced owing to their superior
physicochemical properties, particularly in the case of SWNTs with a
small diameter of 0.8 nm. To exploit this property, Schiffman and co-
workers developed electrospun PSf-SWNT mats by incorporating vary-
ing weight percentages of SWNTs [135]. The longitudinal and axial
distribution of SWNTs along the fibers can be observed in Fig. 5C.
Notably, an increase in the incorporation of SWNTs from 0.1 wt% to 1.0
wt% resulted in a corresponding decrease in E. coli viability within the
electrospun PSf-SWNT mat, as shown in Fig. 5C ranging from 18 % to 76
%. Moreover, time-dependent bacterial cytotoxicity tests demonstrated
that the antibacterial activity of PSf-SWNTs mats was evident after only
a contact time as short as 15 min or less.
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3.2.2.2. Graphene-loaded  eNFMs. Graphene-based nanomaterials,
including graphene, GO, reduced graphene oxide (rGO), nanographene
oxide (nGO) and graphene quantum dots (GQDs) [136-138], have
gained significant attention in various fields. Among these derivatives,
GO stand out as a popular choice due to its straightforward
manufacturing process, high specific surface area, inherent optical and
photothermal properties, as well as remarkable mechanical stiffness and
strength [139]. The antibacterial performance of graphene and GO
nanowalls was initially investigated by Akhavan and Ghaderi in 2010
[140]. The underlying mechanism involves the sharp edges of the
nanowalls effectively damaging bacterial cell membranes upon direct
contact. This leads to the efflux of intracellular matrix components and
subsequent bacterial inactivation [141]. Afterwards, GO/rGOs were
incorporated into eNFMs for antimicrobial applications.

As an illustration, Wang and co-workers developed silker fiber (SF)/
GO blended nanofibers by electrospinning technology [29]. The bacte-
ricidal activity of SF/GO fibers was found to be superior to than that of
the pristine SF fibers, indicating that the incorporation of GO imparts
fibers with enhanced antibacterial capability to the fibers. To further
enhance the antimicrobial activity, various polymers such as CS, poly-
amide, and PEI have been employed for modifying graphene nanosheets.
Liu et al. developed PVA-co-PE nanofibers containing CS and GO
through a melt-phase-separated nanofiber/CS-GO suspension coating
method [142]. After modification with CS/GO, the inactivation rate of
the nanofibers against E. coli and S. aureus increased to 97.8 %-99.5 %. A
plausible antibacterial mechanism involving the physical attachment of
CS and GO onto PVA-co-PE nanofibers is proposed. In physiological
solutions as this medium, CS exhibits cationic surface charges origi-
nating from NH3j groups, which facilitate strong electrostatic in-
teractions with bacterial membrane phospholipids, eventually leading
to cell membranes destruction. Simultaneously, GO initially induce
displacement of phospholipid molecules from the cell membrane through
robust van der Waals attractions and subsequently adsorb these
extracted lipids via hydrophobic interactions, resulting in damage to the
bacterial membrane.

Additionally, GO has been widely regarded as a promising candidate
for the development of multi-model antibacterial agents to achieve
synergistic sterilization. For instance, Sun and co-workers developed a
nanocomposite membrane with synergistic PDT and PTT antibacterial
effects [143]. In their study, as presented in Fig. 5D, nanosized GO was
encapsulated within core-shell UCNPs@TiO; NPs, resulting in UCNP-
s@TiO,@GO (UTG). Subsequently, UCNPs@TiO»@GO was blended
with PVDF and electrospun into a UTG-PVDF nanocomposite mem-
brane. Under a single 980 nm NIR light irradiation, the temperature of
the UTG-PVDF membrane rapidly increased above 55 °C within 5 min
due to the photothermal effect induced by embedded GO under NIR
excitation. Simultaneously, the incorporation of GO in nanocomposite
membranes not only acts as an electron collector and transporter,
effectively preventing photogenerated e -h' recombination and pro-
longing their lifetime, but also significantly enhances ROS generation
through photoactivation. Consequently, this synergistic PDT/PTT
bactericidal property, triggered by a sole NIR light source, overcomes
limitations associated with restricted UV or visible light penetration
depth and eliminates complexities arising from multiple light sources.

In addition to the aforementioned physical antibacterial properties,
the incorporation of Ag NPs onto graphene-based nanomaterials sur-
faces can also improve the performance of antibacterial matrices. The
oxidizing groups on GO can serve as anchoring and nucleation sites for
Ag NPs growth, thereby enhancing the bactericidal effect of GO/rGO-Ag
NP nanocomposites. Meanwhile, GO exhibited high surface area that
facilitates cell interaction and deposition [144]. Elimelech et al. pre-
pared PLGA-CS eNFMs functionalized with GO-Ag nanocomposite
through an in-situ method [145]. The coupling agents N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS) were used to chemically anchor the GO-Ag nanocomposites on
the CS modified PLGA fibers, so that the as-prepared GO-Ag
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nanocomposites were uniformly distributed on the upper surface of the
fibers. Ultimately, as shown in Fig. 5E, the PLGA/CS-GO-Ag mats
exhibited inactivation rates of 99 % for S. aureus and 76 % against E. coli
and P. aeruginosa. The antibacterial effects of PLGA/CS-GO-Ag mats
were achieved by the synergetic effect of GO sheets and Ag NPs, facili-
tating effective interaction between bacteria and Ag NPs due to the large
surface area provided by GO sheets. Meanwhile, bacterial inactivation
was attributed to the direct interaction between released Ag*t ions and
GO-Ag sheets.

3.2.3. MOF-loaded eNFMs
With the development of nanotechnology, MOFs, as a new type of
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porous nanomaterials, have exhibited remarkable potential in effec-
tively eradicating bacteria through synergistic mechanisms [146-148].
Particularly, diverse MOFs such as ZIF-8 [149-151], PCN-224 [152],
and HKUST-1 [153-155] can be uniformly encapsulated or coated onto
electrospun fibrous substrates to mitigate aggregation and introduce
abundant bactericidal active sites, producing highly flexible, recyclable,
and reusable hybrid membranes with exceptional antibacterial proper-
ties [156-158]. Researchers have dedicated their efforts to the inte-
gration of MOFs into eNFMs for bactericidal activity, as well as
expanding the practical applications of MOFs. Two primary approaches
commonly utilized in the preparation of MOFs-incorporated eNFMs
include (i) direct electrospinning of blended solutions containing MOFs

n PCN-224 PCN-224(ZrTi)
L [ 1
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Fig. 6. Various MOFs incorporated into eNFMs by direct electrospinning of MOF/polymer solutions. (A) Preparation of PCN-224(Zr/Ti) NPs loaded PLGA fibrous
dressing by electrospinning. Reprinted with permission from Ref. [159]. Copyright 2020, Wiley-VCH. (B) Photographs and SEM images of the different MOFs loaded
eNFMs with 60 % wt% MOF loading into PAN or PS polymer matrix. Reprinted with permission from Ref. [160]. Copyright 2016, American Chemical Society.
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and polymer, and (ii) in situ growth of MOFs on the surface of
pre-electrospun nanofibers.

In terms of direct electrospinning of MOFs-polymer blended spinning
solutions, a notable example is the development of MOF NPs based
electrospun fibers by Chen and co-workers, who loaded titanium-
incorporated PCN-224 (PCN-224(Zr/Ti)) NPs onto PLGA nanofibers
[159]. In this study, PCN-224, a Zr-based porphyrin MOF, was utilized
as a photosensitizer for generating 10, upon visible light illumination.
The preparation of PCN-224(Zr/Ti)@PLGA fibers involved
co-electrospinning a solution of PLGA/HFIP and an HFIP solution con-
taining PCN-224(Zr/Ti) NPs. TEM images demonstrated the homoge-
neous dispersion of PCN-224(Zr/Ti) NPs onto the resultant PCN-224
(Zr/Ti)@PLGA nanofibers (Fig. 6A). Notably, the incorporation of Ti
significantly enhanced ROS generation for combating MDR bacterial
infections.

In the study of Zhang and co-workers [160], a series of four MOFs,
namely ZIF-8, UiO-66-NHy, MOF-199 and Mg-MOF-74, were carefully
selected and incorporated into three polymers including PAN, poly-
styrene (PS) and PVP to fabricate nanofibrous filters referred to MOFilter
(Fig. 6B). The dispersion of MOF NPs in these polymer solutions
exhibited excellent uniformity, with no significant aggregation even at
high loading concentrations of 60 wt%. Through precise control of
electrospinning parameters such as applied voltage and spinning solu-
tion flow rate, the above four MOFs could be successfully converted into
fiber mats.

ZIFs, a well-known subset of MOFs, have garnered significant
attention in field of biomedicine due to their negligible cytotoxicity,
exceptional chemical and thermal stability, as well as pH sensitivity
[161]. ZIF-8, a representative subclass of ZIFs, can be utilized to confer
bactericidal activities to eNFMs through the coordination between Zn%*
and the pyridinic N of 2-methylimidazole (2-MIM). Currently, several
approaches have been reported for the fabrication of ZIF-8-based eNFMs
with bactericidal properties. For instance, via a stepwise in situ growth
method, Zhan and co-workers fabricated durable PAN nanofibers loaded
with ZIF-8/Ag/AgCl/TiOy [162]. In brief, initially, PAN nanofibers
containing 2-MIM was prepared via electrospinning. Subsequently,
ZIF-8, Ag/AgCl and TiO, NPs were successively formed in situ on the
surfaces of PAN nanofibers. The resulting composite nanofibers pre-
sented photocatalytic activity upon both visible light and natural sun-
light illumination due to the synergistic effect of ZIF-8, Ag/AgCl and
TiO,. Additionally, these composite nanofibers demonstrated excellent
bactericidal properties against E. coli and S. aureus.

Although ZIF-8-based eNFMs demonstrate satisfactory antibacterial
performance, the potential dissolution of ZIF-8 may lead to subsequent
inactivation of its antibacterial properties. To address this issue, Zhang
and co-workers fabricated the nondissolution-bonded antimicrobial fi-
bers by covalent immobilization and electrospinning techniques [163].
Specially, a mixed solution containing T-ZIF-8, PEG2000 and TPU, as
well as the conductive salt ZnCly, was spun into fibers as depicted in
Fig. 7A. The obtained TPU-PEG/ZnCl,/T-ZIF-8 fibers showed effective
photocatalytic sterilization against both E. coli and S. aureus. The
bactericidal mechanism can be attributed to the release of Zn?>* and the
formation of ¢O3 upon visible light irradiation. Interestingly, this system
exhibited a superior bactericidal effect against S. aureus compared to
E. coli, which can be attributed to the differential antibacterial mecha-
nisms employed by fibers against Gram-positive S. aureus and
Gram-negative E. coli. The cell wall of Gram-positive bacteria is pri-
marily composed of porous peptidoglycan, enabling direct O3 inter-
action with internal bacteria components through the pore channel,
thereby facilitating rapid bactericidal activity. In contrast, the cell wall
of Gram-negative bacteria consists of peptidoglycan, and the outer
membrane is mainly composed of lipopolysaccharide, lipoprotein and
phospholipid. ¢O3 can only be oxidized by C=C in the outer membrane,
leading to DNA oxidation and significantly reducing the penetration rate
of eO3 through the bacterial cell wall. Consequently, this impairs the
bactericidal efficacy against E. coli.
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By combining electrospinning and electrospray, Zhu and co-workers
developed PLA@ZIF-8 NFMs with bactericidal activities [164]. Briefly,
PLA spinning solution and ZIF-8 dispersion were respectively loaded
into two syringes, and ZIF-8 nanocrystals were electro-sprayed and PLA
was electrospun at stable injection speed of 1 mL/h and 0.5 mL/h,
respectively. As presented in Fig. 7B, the intact ZIF-8 nanocrystals with
varying load contents (from 2 wt% to 6 wt%) were distributed
throughout the membrane and firmly embedded in the PLA fiber sur-
face. The antibacterial rates of PLA@ZIF-8 nanofibers against E. coli and
S. aureus were 99.9 % and 100 %, respectively, which can be mainly
ascribed to the promotion of ROS production upon light irradiation.

By combining electrospinning and in-situ hydrothermal treatment,
Ma et al. developed ZIF-8@thiolated graphene composites-based poly-
imide (ZIF-8@GSH/PI) nanofibrous membranes [165], as presented in
Fig. 7C. Briefly, PI eNFM was firstly prepared through the combination
of electrospinning and imidization process. Then the PI eNFM was
treated with GSH aqueous solution, followed by drying in vacuum.
Subsequently, the prepared GSH/PI membrane was soaked into a mixed
solution of Zn(NO3)206H,0 and 2-MIM, and was hydrothermally reac-
ted at 50 °C for 1 h to form ZIF-8. Due to the released Zn>" from ZIF-8,
the obtained ZIF-8@GSH/PI nanofibrous membranes presented
enhanced bactericidal effect on E. coli and B. sub compared with those of
GSH/PI membrane. The possible antimicrobial mechanism was pro-
posed: Zn?* released by ZIF-8 reacted with bacteria cell membrane
proteins or acted as an antibacterial component directly, destroying the
bacterial cell membrane structure by destroying liposomes, leading to
the leakage of intracellular molecules, and then leading to cell death.
Overall, cellular internalization, ROS production and plasma membrane
destruction caused by the released Zn?" were the reasons for its excel-
lent antibacterial properties.

Owning to the unique porous structure of ZIF-8, antibacterial agents
were loaded into the ZIF-8 cavity and the antibacterial agents loaded
ZIF-8 were incorporated into polymer matrix to prepare MOF-based
mixed-matrix electrospinning nanofibers. For example, Qian et al. pre-
pared MOF/PCL hybrid nanofibers by co-electrospinning biodegradable
PCL matrix with photosensitive ZIF-8 (RB@ZIF-8 NPs) [166]. The
photodynamic antibacterial RB@ZIF-8 NPs was obtained by loading
Rose Bengal (RB) as a photosensitizer into ZIF-8 framework, and then
RB@ZIF-8 NPs was electrospun with PCL to form hybrid nanofibers. Due
to the increase of RB@ZIF-8 NPs (termed as RZXP, and X indicated the
loading contents), the morphology of hybrid nanofibers changed
significantly, and the color of the nanofibers gradually changed from
white to rose red. When the loading content was the lowest (30 %), the
surface of RZ30P nanofibers showed sporadic distribution compared
with bare PCL, demonstrating that the loaded nanoparticles were mainly
distributed in the fiber matrix. For RZ60P and RZ90P, RB@ZIF-8 NPs
were uniformly aggregated and distributed on the surfaces, and the
surface roughness increased obviously. Systematic bacterial experi-
ments demonstrated that the original membrane did not have any
antimicrobial effect, but it could be activated immediately to generate
ROS under visible light illumination, which was closely related to the
load content of RB@ZIF-8 NPs.

3.2.4. Emerging 2D nanomaterial-loaded eNFMs

Since the first experimental isolation of graphene in 2004 [167], a
large number of 2D nanomaterials, such as transition metal carbide/-
nitride and carbon nitride (MXene) [168], 2D covalent organic frame-
works (COFs) and black phosphorous (BP) NSs [168-172], have become
a rich playground for researchers to confer antibacterial properties on
eNFMs, and expand the application range of these 2D nanomaterials.

As a new class of multifunctional 2D nanomaterials, MXene with the
chemical formula of My;1XyTx (M for early transition metals, X for
carbon and/or nitrogen, and Ty for surface functional groups), is broadly
utilized in sensors, supercapacitors, electromagnetic interference
shielding and photo/electro-catalysis fields [173,174], as well as anti-
bacterial fields [175]. Among various MXenes, Ti»C3Tx is a promising
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candidate for the development of multifunctional eNFMs due to its high
electrical conductivity, excellent volumetric capacitance, ease of pro-
cessing, good cytocompatibility and antibacterial activity [176,177].
Gao et al. prepared titanium carbide Ti»C3Tx nanosheet firstly, and the
PAN was dissolved in TiyC3Ty-containing DMF solution to obtain the
precursor solution. Then, the Ti;CsTy-modified PAN nanofibers (P@M
filters) were obtained via the electrospinning technology [178]. The
incorporation of a small amount of Ti,C3Tx did not affect the geometry
of PAN fibers. As TiyCsTy loading amount increased, the diameter dis-
tribution of P@M filters became wider due to the agglomeration of
TipC3Tx. Meanwhile, due to the migration of hydrophilic TioC3Tx with
polar functional groups (O, OH and F) to the surface of PAN fiber,
TipC3Tx were mainly distributed on the surface of the PAN fiber. As
expected, P@M filters strongly inhibited the growth of E. coli and
S. aureus, demonstrating the excellent antibacterial activity of TiaC3Tx
NSs. In another study, Zhou and co-workers developed infectious
microenvironmentally activated nano-catalytic membranes consisting
of electrospun PLGA scaffolds, MXene/AgsS bio-heterojunctions
(MX/AS bio-HJs), and lactate oxidase (LOx) for chronic skin regenera-
tion [179,180]. As illustrated in Fig. 8A, the MX/AS bio-HJs in the
membranes not only had a good photothermal effect, but also catalyzed
H»0; to produce overwhelming ¢OH under NIR light irradiation, which
had rapid synergistic bactericidal performance.

Carbon nitride (g-C3Ny), as another emerging graphite-like 2D ma-
terial [181], has also drawn considerable attention in the fabrication of
antibacterial eNFMs, due to its inherent merits such as visible light
catalytic activity, good chemical stability, moderate band gap,
non-toxicity, and easy preparation [182,183]. Song et al. reported that
g-C3N4 modified core-shell nanostructure membranes (termed as CNCT)
was an efficient and recyclable photocatalysts for the degradation of
antibiotics and inactivation of bacteria by in-situ thermal polymerization
of gaseous melamine molecules on electrospun Co-TiO5 nanofibers
[184]. Ultrathin g-C3N4 NSs were synthesized in situ and coated on
Co-TiO, nanofibers to form core-shell quantum heterostructures. By
adjusting the content of the precursor (melamine), the thickness and
loading capacity of g-C3N4 NSs could be precisely controlled. Signifi-
cantly, the resultant CNCT fibrous membranes also showed outstanding
photocatalytic degradation and disinfection properties upon visible light
irradiation. In the absence of photocatalysts, the photolysis of bacteria
was negligible. Similarly, due to the poor visible light response of bare
TiOy membrane, its antibacterial efficiency was also negligible.

As an emerging class of multifunctional nanomaterials, COFs have
presented potential for biomedical applications, such as in PDT and drug
delivery. Through condensation reaction and Schiff based reaction, as
shown in Fig. 8B, Zou and co-workers proposed a one-pot strategy for
preparing a curcumin-embedded COF (CUR@COF) [185]. The CUR@-
COF showed a loading capacity of up to 27.68 % on CUR. The obtained
CUR@COF NPs were further incorporated into PCL NFMs through
electrospinning. TEM test confirmed the presence of CUR@COF NPs
inside the CUR@COF/PCL fibers. Particularly, the obtained CUR@-
COF/PCL fibers showed CUR release profile in a pH response through
protonation reaction under acidic conditions, indicating that the acidic
extracellular microenvironment promoted CUR release from the fibers.
Additionally, with the increase of CUR@COF content, the inhibitory rate
of the fibers against E. coli and S. aureus increased.

Among 2D nanomaterials, BP NSs with large specific surface area,
efficient photothermal conversion, excellent biocompatibility and anti-
bacterial property have attracted much interest in the biomedical ap-
plications. In a recent study, Zhao et al. developed an all-in-one
bioactive photothermal nanofibers for promoting diabetic wound heal-
ing [186]. Through LbL assembly, BP NSs and hemoglobin (Hb)
self-assembled onto electrospun poly-l-lactide (PLLA) nanofibers using
positively-charged QCS (a hemostatic and broad-spectrum antibacterial
material) and negatively-charged hyaluronic acid (HA). In this system,
BP NSs were used to convert NIR radiation into heat and stimulate Hb to
release Oy in situ to improve the hypoxic microenvironment of diabetic
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wounds. Particularly, moderate BP-derived photothermal therapy can
increase bacterial susceptibility to QCS. Under NIR light illustration for
5 h, the obtained nanofibers showed high inhibition rates of 98.24 +
1.68 % and 90.36 + 1.08 % against MRSA and E. coli, respectively. As
illustrated in Fig. 8C, the bactericidal polymer of QCS, the nano-knife
effect of BP NSs, and local hyperthermia under NIR light irradiation
may be potential antibacterial mechanisms. Except the photothermal
and nano-knife effect, BP NSs are capable to overcome the shortcoming
of Ag NPs easy polymerization for better antibacterial performance.

4. Bio-applications of antibacterial eNFMs

As mentioned above, electrospinning has become a straightforward
method to produce ultrafine nanofibers as engineering scaffolds for
tissue regenerative therapies. The electrospun scaffolds play a monu-
mental role in cell migration, attach and proliferation [203-205], due to
the produced fibers with diameters of 50-200 nm which are very similar
to the that of extracellular matrix (ECM) collagen fibrils [206,207].
Additionally, the adjustable porosity and physical-chemical properties
of electrospun scaffolds to mimic the fibrillar nature of ECM allow its use
as promising 2D or 3D scaffolds for the support and growth of cells.

So far, great efforts have been given to achieve the application of
electrospun scaffolds in tissue regeneration and repair. The disinfection/
sterilization is an emerging essential step during the manufacturing
process and/or before the use of any implantable medical device [207].
However, bacterial infection of electrospun scaffolds as medical im-
plants is one of the main reasons to their failure, and the threat caused by
drug-resistant pathogens has prompted the development of more effec-
tive antibacterial products for tissue regenerative applications. Treat-
ment of such implant infections usually requires both elimination of
bacteria surrounding the implant and accelerated tissue regeneration
[208].

With the development in recent decades, a variety of electrospun
scaffolds with addition of antibacterial nanomaterials have been pre-
sented to inhibit the growth of bacteria, reduce the risk of secondary
infection during and after implant surgery, and promote tissue repair
and regeneration [209]. The pivotal biological functions exhibited by
the eNFMs containing antibacterial nanomaterials for tissue regenera-
tive therapies are summarized in Table 2. The most recent achievements
of antibacterial nanomaterials loaded electrospun scaffolds for various
tissue regenerative therapies, mainly involving wound healing, bone
repair, periodontal repair and tendon repair, are highlighted in the
following subsections, which are very helpful for classifying and
expanding their biomedical engineering applications.

4.1. Wound healing

Skin, as the largest organ of the human body, has important functions
such as protection, immunity, thermoregulation and sensation [8,223];
and skin tissue is the first external environmental barrier against
dehydration, chemical/radiological damage, and microbial invasion.
Although most skin defect can be normally healed within 1-2 weeks, the
extensive full-thickness wounds are hard-to-heal and have serious
impact on health even threatening the life of human beings [224-226].
Of particularly note, the open wounds are susceptible to bacterial
contamination, resulting in prolonged inflammatory periods and
enhanced expression of metalloproteinases. Thus, given high risk inci-
dence of acute and chronic wounds worldwide, the need for wound
dressings is greater than ever to block microbial invasion and eradicate
colonizing bacteria.

Up to now, many electrospun fibrous dressings have been developed
and realized the effectiveness of disinfection on bacterial infected
wounds. Typically, two functions of the electrospun fibrous dressings
are essential for infected wound healing: (i) protecting wound areas
from the bacterial invasion as a physical barrier; and (ii) eradicating the
colonizing bacteria in wound sites.
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Table 2
A comprehensive overview of the pivotal biological functions exhibited by
eNFMs containing antibacterial nanomaterials for tissue regenerative therapies.

Biological functions How to achieve the biological function by eNFMs

Antibacterial activity By immobilizing antibacterial nanomaterials in
eNFMs, the functionalized eNFMs can be given direct
antibacterial ability, effectively inhibiting or killing
bacteria in contact [210-212].

The antimaterial nanomaterials-contained eNFMs
can prevent bacteria attachment on the surface and
biofilm formation by changing their physical and
chemical properties, such as size, shape, and surface
charge [213-215].

The antibacterial nanomaterials-incorporated Janus
nanofiber membranes can inhibit the expression of
inflammatory factor (such as IL-6) and upregulate the
expression of anti-inflammatory factor (such as TGF-
p) [216].

Some eNFMs has the function of promoting cell
proliferation and migration and promoting
angiogenesis, and the specific bioactive molecules
contained in eNFMs are essential for the healing of
chronic wounds or deep skin defects [217].

By regulating cell diffusion along the arrangement
direction, the eNFMs can prevent nano-directed
proliferation of epithelial cells and promote proper
epithelialization of the wound [218,219].

The antibacterial nanomaterials-contained eNFMs,
such as Janus nanofibrous scaffold, prepared by
electrospinning back-to-back layers of PLLA/ZnO and
PLLA/barium titanate, with the fiber alignments
adjusted from orientation to random by manipulating
the rotating speed of the roller, can upregulate the
expression of genes associated with osteogenic
differentiation, such as Runx2, Col I and OCN [220].
The MPNs-functionalized nanofiber membranes can

Preventing biofilm

formation

Anti-inflammatory effect

Promoting angiogenesis

Accelerating epithelization

Osteogenic activity

Osteo-immunomodulatory

function induce macrophages to polarization towards M2 type,
manipulate good bone immune environment, and
promote bone regeneration [221].
Microenvironment Some antibacterial eNFMs are sensitive to pH,
responsiveness enzymes, reactive oxygen species (ROS), light or

temperature, and play a better antibacterial role
under specific physiological conditions [222].

The addition of antibacterial nanomaterials into electrospun fibrous
dressings is demonstrated to be effective for infected wound healing.
The therapy strategies of antibacterial nanomaterial-loaded electrospun
fibrous dressings mainly include metal ions therapy (MIT), photo-
thermal therapy (PTT), photodynamic therapy (PDT), chemodynamic
therapy (CDT) and their arbitrary combinations. The following subsec-
tion mainly summarizes the recent achievements of antibacterial
nanomaterial-loaded eNFMs, as well as the corresponding working
mechanisms in treatment of bacteria-infected wound.

4.1.1. Single model MIT

Metal ions play a vital role in the daily processes of the human body,
including maintaining vital functions, regulating metabolism, and
accelerating tissue repair [227]. Many metal ions such as Ag™, Au,
Cu?*, and Zn?* released by metal nanoparticles or metal oxides/sulfides
nanomaterials based eNFMs can repair skin by promoting the synthesis
and secretion of ECM [228-230], and have been diffusely utilized to
treat infected wounds without external intervention due to their
remarkable bactericidal properties.

As a typical example, to treat a MDR bacteria wound infection, Yang
et al. employed a small molecule (6-aminopenicillanic acid, APA)
modified Au NPs as active bactericidal ingredients to PCL/Gel nano-
fibers to achieve biocompatible and bactericidal wound dressings [80],
as presented in Fig. 9A. The distribution of Au_APA NPs in the nanofibers
was demonstrated to be homogeneous. Importantly, Au_APA can induce
cell membrane destruction and cell lysis, resulting in the effective
bactericidal performance of Au_APA nanofibers. It was found that the
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cumulative release of Au from Au_APA nanofibers was 20.4 % of the
original amount after 1 day and up to 65.7 % after 7 days. In vivo ex-
periments indicated that Au_APA nanofibers had remarkable ability to
treat MDR bacterial wound infection.

Considering to the bacterial infection and insufficient neo-
vascularization of chronic wounds, Yin et al. presented an antimicrobial
and proangiogenic fibrous dressing by loading dimethyloxalylglycine
(DMOG) into ZIF-8 and electrospinning with Gel-PCL [231]. As illus-
trated in Fig. 9B, DMOG@ZIF-8 particles in the dressing decomposed
with Gel degradation, entered the moist wound environment, released
Zn?* and DMOG, which had bactericidal activity and promote angio-
genesis, respectively. In vitro, the dressing containing 2.5 %
DMOG@ZIF-8 eliminated more than 90 % of E. coli and S. aureus without
affecting fibroblast proliferation and adhesion. The bactericidal effect of
the dressing was due to the released Zn?* from the breakdown of ZIF-8.
Invivo, the dressing effectively accelerated the healing of skin wounds in
S. aureus-infected diabetic rats within 2 weeks.

4.1.2. Single model CDT

CDT has achieved satisfactory efficacy in terms of bactericidal per-
formance, which catalyzes substrates to generate cytotoxic ROS through
Fenton reaction or Fenton-like reaction to inactivate bacteria [232,233].
Particularly, the acidity and high level of HyO3 in the infected tissue are
beneficial to CDT for antibacterial therapy [234]. The addition of
nanomaterials with CDT effect into electrospun fibrous dressings have
been demonstrated to be useful for killing bacteria and promoting
infected wound healing.

Inspired by the cardiac healing of skin wounds, as presented in
Fig. 10A, Huang and co-workers presented radially fibrous dressing
containing CuO5 NPs (CPs) for angiogenesis and acceleration healing of
diabetic wounds [235]. Due to the incorporation of CuO,, the fabricated
Ran@CP membrane allowed in situ production of HoO> under the acti-
vation of acidic diabetes microenvironment and the subsequent
Fenton-type reaction, achieving 99.4 % elimination of S. aureus.
Meanwhile, the Cu®" ions release greatly up-regulated the expression of
hypoxia-inducible factor 1o (HIF-1a) and vascular endothelial growth
factor (VEGF) in HUVECs, promoting angiogenesis in vitro. Interestingly,
Ran@CP membrane can guide the National Collection of Type Cultures
to clone 929 (L929) mouse fibroblasts through the splittering structure
of radial arrangement, spreading and directional migration along the
fiber distribution. In vivo implantation experiments showed that
CP-embedded membrane with radial structure could not only greatly
promote wound healing in diabetic SD rats at 14 days, but also pro-
moting wound angiogenesis.

Similarly, Qi et al. developed a CuO;-laden composite membrane for
promoting diabetic wound healing [236]. As illustrated in Fig. 10B, the
nanofiber presented a unique core/shell structure containing
n-CuO2+PVP/PCL composite shell and a PCL core through coaxial
electrospinning technique. The obtained CuO,-laden nanocomposite
membrane presented high antibacterial ratios of 97.3 % and 99.9 %
against E. coli and S. aureus, respectively. Under the conditions of
infection and diabetes characterized by weakly acidic pH, n-CuO,
decomposition released HoOy and Cu?* ions, which were subsequently
produced e¢OH by Fenton reaction, thereby activating ROS-mediated
antibacterial activity, inhibiting inflammation and promoting angio-
genesis. Simultaneously, the dissolution of PVP presented a unique
nanogroove pattern on the surface of nanofibers, which provided the
required cell guidance function to accelerating tissue regeneration. In
vitro and in vivo experiments indicated that CuOy-laden composite
membrane can significantly promote wound healing, promote collagen
deposition, reduce inflammation and promote wound vascularization.

In another study, by combining electrospinning and electrospray, Xu
et al. developed MgO-based NPs composite PCL fibrous dressings for the
CDT of wounds with bacterial infection [237]. The composite dressings
produced high levels of ROS without the need for external stimulation.
Such excellent CDT properties resulted in highly efficient glutathione
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oxidation and significant bacteria killing rate against S. aureus of
approximately 99 %. In vivo experiments demonstrated the remarkable
ability of the composite dressings to treat S. aureus-infected wounds.

4.1.3. Single model PTT

PTT is a clinically promising method for killing bacteria by irradi-
ating photothermal agents with NIR light to produce local hyperthermia
[238,239], thus destroying the complete structure of the bacteria by
non-invasively generating high temperatures within its bioactive sub-
strates (such as proteins and nucleic acids) [240], making it easier for
the antimicrobials to penetrate and destroy the protected bacteria. PTT
adds photothermal nanomaterials such as PDA NPs, CusS NPs and BP
NSs to electrospun fibrous dressing, providing new possibilities for the
effective treatment of bacteria-infected wounds [241,242].

Recently, Zhang and co-workers developed Janus nanofiber mem-
branes with photothermally enhanced biofluid drainage and steriliza-
tion functions to promote diabetic wound healing [243], as illustrated in
Fig. 11A and B. Briefly, PDA NPs with the size of 100 nm were first
synthesized and then added into PAN solution. The obtained PAN/PDA
spinning solution was then electrospun onto the surface of PP nonwoven
membrane, resulting in the formation of Jaus nanofiber membrane with
PP as hydrophobic inner layer and PANyyppa hydrophilic outer layer.
Based on the contact points on the Janus interface, PP/PAN,o,ppa Jaus
membrane can “pump” water from the hydrophobic PP layer to the
hydrophilic PANyyppa layer in 22 s. Upon 808 nm NIR illumination,
PAN3pyppa Can evaporate water in 7 min. Due to the incorporation of
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photothermal nanoagent PDA NPs, the temperature of PP/PAN3qppa
under NIR illumination increased significantly to 100 °C, suggesting
remarkable photothermal properties. To simulate a wet wound envi-
ronment, the Jaus membrane was immersed into PBS for 30 s, followed
by NIR irradiation for 900 s. During irradiation, the temperature of
PP/PAN30yppa Jaus membrane rapidly increased to the first platform
within 30 s and was maintained at 58 °C. After maintaining the equi-
librium temperature for a certain time, the temperature begins to rise
again, reaching the second platform, which is due to the complete
evaporation of the water on the membrane. As shown in Fig. 11C, the
cell membrane of bacteria in PP/PAN3pyppa group wrinkled or even
burst under NIR light irradiation. In addition, living/dead staining re-
sults showed that PP/PAN3gppa combined with NIR light could lead to
bacteria death (Fig. 11D), and the antibacterial efficacies against E. coli
and S. aureus could reach more than 95 %, contributed to the significant
photothermal effect. Furthermore, in a S. aureus-infected diabetic mouse
wound model, PP/PAN3pyppa Jaus membrane achieved a wound
closure rate of up to 96.7 % upon NIR light illumination, better than that
(59.8 %) of traditional bandages (Fig. 11E); and collagen regeneration
was enhanced in the PP/PANjsoyppa group, while the presence of
collagen fibers was limited in the control group (Fig. 11F). Additionally,
the bacteria removal effect of PP/PAN3qyppa Jaus membrane combined
with NIR laser irradiation was better than that of bandages and
PP/ PANgoo/opDA alone.

Here, a high temperature of 50 °C or higher is required to effectively
kill bacteria by PPT alone [244], and the produced side-effects such as
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inflammation and thermal damage to nearby normal tissues limit the
applications of PPT by antibacterial nanomaterial-loaded eNFMs in
infected wound healing [245]. Therefore, researchers have made great
attempts to achieve lower temperature PTT (<45 °C) based on the in-
hibitors of heat shock proteins (HSPs) [246-248]. Moreover, the com-
bined therapies of PTT with other antibacterial strategies such as MIT,
CDT and PDT have been also developed for infected wound healing.

4.1.4. Single model PDT

PDT is regarded as a non-invasive, clinically approved and safe
therapeutic strategy [249]. As a promising antibacterial method, PDT
has great potential in fighting bacterial infections. Particularly, bacte-
ricidal PDT uses light sources to activate photosensitizers enriched in
lesions and generate ROSs through oxidative stress, lipid peroxidation,
protein dysfunction, and DNA damage, ultimately inducing bacteria
death [250-252]. Here, alone PDT highly dependent on ROSs is a newly
developed method for electrospinning fibrous dressings to kill bacteria
and even eliminate biofilms, while maintaining high efficiency without
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developing therapeutic resistance.

For instance, through incorporating MOF NPs alone into eNFMs
without any added antibacterial ingredients, Chen and co-workers
developed electrospun PLGA nanofibers containing PCN-224(Zr/Ti)
NPs for chronic wound healing, as illustrated in Fig. 12A. PCN-224
(Zr/Ti) NPs were synthesized by a facile cation exchange method
[159]. Upon visible light illumination, the addition of Ti could signifi-
cantly improve the photocatalytic performance with more ROSs pro-
duction, thus effectively eliminating MDR bacteria. The PCN-224(Zr/Ti)
@PLGA dressing showed high biocompatibility and minimal cytotox-
icity. Importantly, the dressing was effective for PDT healing of chronic
wound infected with MDR bacteria.

To improve therapy efficiency, Ma et al. developed a multifunctional
dressing for promoting chronic diabetic wound healing [253]. As pre-
sented in Fig. 12B, the dressing of UCNPs@SiO,@CeO,/PCL was fabri-
cated through the combination of amidation reaction and
electrospinning. Under 980 nm NIR illumination, the cells membranes of
E. coli and S. aureus growing on UCNPs@SiO,@CeOy/PCL membranes
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were seriously damaged and no complete morphology could be seen,
demonstrating the excellent photodynamic antibacterial capability of
UCNPs@SiO,@CeO2/PCL membranes. One possible mechanism was
that the UV light emitted by UCNPs under NIR light illustration was
absorbed by CeO; on the surface of UCNPs, and the electrons in CeO5
were excited from the valence band to the conduction band. The
remaining electron holes in the valence band can interact with Hy0 on
the surface of UCNPs@SiO2@CeO, to produce ROS for antibacterial use.
Additionally, the reversible transformation of Ce®>* and Ce** in CeO,
NPs enabled the membrane good ability for relieving oxidative stress
around chronic wounds, thus further promoting the transformation of
wounds from inflammatory to proliferative stage and promoting the
healing of chronic wounds. Both in vitro and in vivo experiments
confirmed that the modified CeO; outside UCNPs can enable
UCNPs@SiO,@CeOy/PCL membranes with very attractive photody-
namic bactericidal activity and excellent antioxidant ability, which can
effectively promote chronic wound healing.

Although PDT exhibited great potential for combating bacterial
infection, its bactericidal effect may be affected due to the shallow
penetration of short-wavelength light and the short diffusion length and
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lifetime of the produced ROSs. To address the issue, Sun et al. developed
a nanocomposite PVDF fibrous membrane with NO-assisted PDT
bactericidal performances under a single NIR irradiation [152]. The
electrospun nanocomposite membrane was prepared by incorporating
L-arginine (LA) doped UCNP@PCN NPs (consist of UCNPs and PCN-224)
with hierarchical structure into PVDF matrix. Upon 980 nm NIR light
irradiation, the produced ROS by UCNP@PCN@LA-PVDF membrane
not only played a major antibacterial role in PDT but also induced
loaded LA to generate nitric oxide (NO), and finally realized NO-assisted
antimicrobial action of PDT. NO-assisted PDT membrane had
anti-inflammatory and promoted wound healing effects due to the
remarkable synergistic bactericidal properties of NO and its ability to
promote keratinocyte proliferation and fibroblast migration.

4.1.5. Multi model therapy

Due to the different antibacterial principles, some limitations are
along with single model MIT, CDT, PTT and PDT in bacteria inactivation
for infected wound healing treatment. For instance, although MIT pre-
sents high bactericidal efficiency and broad-spectrum bactericidal
property, but the potential toxicity of metal ions to normal mammalian
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cells is a concern [254]. The antibacterial efficacy of CDT is highly
dependent on the generation of ¢OH, but insufficient ¢OH may limit the
therapy efficacy on infected wound healing [255]. Despite PTT and PDT
as non-invasive antibacterial strategies, the elevated temperatures
(above 50 °C) by PTT can damage surrounding health issues and even
produce HSPs to create resistance to PTT [244,256,257], while the
generated ROS by PDT has an extremely short lifetime (~3 ps) and short
diffusion distance (<0.02 pm) [258]. Particularly, the multi-model
therapy of arbitrary combination of MIT, CDT, PTT and PDT by anti-
bacterial nanomaterial-loaded eNFMs can avoid the drawbacks of a
single model of antibacterial strategy and generate synergistic effects in
infection wound therapy.

Bacterial biofilms are usually formed during wound infections,
which greatly increases the bacterial resistance to adaptive host immune
responses. Through combining MIT and PTT, Zhao et al. constructed a
serious of antibacterial dressings for promoting infected wound healing
[259]. The wound dressings were fabricated by encapsulating Ag NPs
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and BP into PCL nanofibers using electrospinning technique, where BP
was used to overcome the shortcoming of Ag NPs easy aggregation,
especially the synergistic effect of BP photothermal conversion and NIR
can promote the release of Ag NPs. Through the synergistic bactericidal
action of PTT and MIT, the obtained PCL/AgNPs/BP nanofiber pre-
sented good photothermal capacity and photothermal stability, and had
obvious bactericidal and biofilm ablation activities, as well as good
biocompatibility. In the presence of NIR irradiation, the thickness of the
bacterial biofilm in PL-3 group decreased rapidly and showed obvious
burning phenomenon, while the thickness of the bacterial biofilm in
PL-0 group was as high as 35.67 + 2.08 pm with S. aureus cells. The
synergy of Ag * ions release and BP’s photothermal effect effectively
inhibited bacterial growth and biofilm formation, thus promoting rapid
healing of infected wound. Interestingly, the thermal energy generated
by stimulating BP promoted the release of Ag" ions, bacterial sensitivity,
and vascular regeneration.

To reduce the inflammatory response along with PTT, Huang and co-
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workers developed a MXene-incorporated engineered fibrous membrane
by electrospinning and electrostatic driven assembly for infectious skin
regeneration [260]. Upon 10 min NIR light irradiation, the engineered
fibrous membrane not only produced hyperthermia but also increased
local ROS levels. Through the synergistic bactericidal action of
PDT/PTT, the engineered fibrous membrane presented considerable
bacterial inactivation. In vivo experiments confirmed that the
aspirin-loaded engineered fibrous membrane for healing infected skin
possessed the ability to kill pathogenic bacteria, promoted wound
epithelialization and collagen deposition, promoted angiogenesis and
regulated inflammation by regulating NF-kB pathway.

Through the synergistic effect of PTT/PDT/MIT, Yang et al. devel-
oped a photoactivated antibacterial nanofiber membrane consisting of
an electrospun PCL scaffold and PDA-coated MXene/Ag3sPO4 (MX@AgP)
bioheterojunctions (bio-HJs) [261]. Upon the illumination of 808 nm
NIR light, MX@AgP NPs-loaded membranes showed remarkable
PTT/PDT properties and released cytotoxic Ag™" ions for MIT, preventing
the reproduction of remaining bacteria in the dark. If the NIR light was
removed, the PDA reduced Ag * ions to Ag® NPs in situ, realizing the
self-charging of Ag™ ions and providing enough Ag™ ions for secondary
phototherapy. In addition, under the synergistic action of
PTT/PDT/MIT, the self-recharging membranes possessed superior abil-
ity to eradicate biofilm. The effect of SMX@AgP-PCL + NIR group on
biofilm integrity was around 10 %. In contrast, the SMX@AgP-PCL +
NIR group effectively eradicated more than 50 % of mature S. aureus
biofilm, and the biofilm biomass was significantly reduced, which was
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consistent with the crystal violet (CV) staining results. In addition, in
vivo experiments showed that photoactivated nanofiber membrane
could reshape the wound microenvironment by inactivating bacteria,
stopping bleeding, improving epithelization and collagen deposition,
and promoting angiogenesis.

To take full advantage of the properties of the infective microenvi-
ronment (IME), Zhou et al. developed a novel IME-activated nano-
catalytic membrane that orchestrated rapid sterilization and recovery of
chronic wounds through synergy of CDT/PTT/PDT/MIT [179]. As
shown in Fig. 13A, the IME-activated nanocatalytic membrane consisted
of PLGA scaffolds, MXene/Ag»S (MX/AS) bio-HJs, and lactate oxidase
(LOx). Specially, PLGA scaffolds were gradually degraded into lactate
acid (LA), and LOx consumed LA to produce more HyO, by microenvi-
ronment response. The produced HyOy can be catalyzed by
P-MX/AS@LOx membranes to eOH through Fenton-like reaction for
killing bacteria. Particularly, as shown in Fig. 13B, CV staining results
demonstrated that the P-MX/AS@LOx + NIR group could remove more
than 50 % of the biofilm, while the P-MX/AS + NIR group eliminated
only a small part of that. Confocal 3D images of LIVE/DEAD staining
showed that around 50 % of dead bacteria were present in
P-MX/AS@LOx + NIR group, which was consistent with the CV staining
results, while live bacteria with dense biofilm architecture covered the
PLGA membrane. P-MX/AS@LOx membranes showed both PTT and
PDT with more e¢OH generation upon 808 nm NIR light irradiation, as
well as releasing Ag™, all resulting in the rapid synergistic sterilization.
The synergistic treatment of CDT/PTT/PDT/MIT by P-MX/AS@LOx
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Fig. 13. Representative synergistic antibacterial therapies by antibacterial nanomaterial-loaded eNFMs in infected wound healing. (A) Schematic illustration of the
fabrication of P-MX/AS@LOx membrane with antimicrobial properties and tissue regeneration functions. (B) (a) Typical pictures of biofilms visualized by CV
staining, (b) quantitative analysis of the CV-stained biofilms, (c) 3D confocal images of residual biofilms treated with the samples for 10 min, and (d) schematic
illustration of antibacterial mechanism of CDT/PDT/PTT/MIT. Reprinted with permission from Ref. [179]. Copyright 2021, Wiley-VCH.
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membranes caused the highly effective bactericidal efficacy. In addition,
the P-MX/AS@LOx membranes showed excellent biocompatibility and
remodeled wound microenvironment by killing bacteria, hemostasis,
accelerating angiogenesis, promoting epithelialization and collagen
deposition.

Similarly, Wang et al. developed a IME-unlocked bio-catalytic fabric
which generated Oy and integrated CDT/PDT/PTT for bacteria-infected
wound therapy [262]. The fabric consisted of an electrospun PCL scaf-
fold, MXene/SnS; (MX/SnS) bio-HJs and LOx. Based on the acidic
microenvironment of the infected area, LOx-loaded fabric can consume
LA generated by bacteria at the infected site, producing HoO,. Mean-
while, under 808 nm NIR light illumination, MX/SnS bio-HJs not only
catalyzed HyO» to promote the generation of eOH by Fenton-like reac-
tion but also generated Oy to strengthen PDT. Significantly, the
bio-catalytic fabrics showed significant phototherapy effects under NIR
irradiation, including outstanding PTT and improved PDT efficiency.
Additionally, the fabric possessed good biocompatibility/blood
compatibility and accelerated wound healing by promoting hemostasis,
decreasing inflammatory response, and facilitating collagen deposition
and angiogenesis.

Combining PTT and ferroelectric polarization strategies, Wang et al.
embedded self-assembled BisTi3012/Ti3CoTy (BTO/Ti3CsTy) hetero-
structures into PVDF nanofibers via electrospinning [263]. Interestingly,
Ti3CyTx can enhance the light absorption range and photothermal con-
version efficiency of BTO upon visible light exposure, and accelerate
oriented electron transfer. More ROSs could be generated by utilizing
the trapped e~ and h™. Additionally, the inhibition rates of
PVDF/BTO/Ti3CyTx membrane against E. coli and S. aureus were 99.71
% =+ 0.16 % and 99.61 % + 0.28 %, respectively, when the membrane
was irradiated by sunlight for 20 min, combined with photothermal
effect and ferroelectric polarization enhanced photocatalysis. Further-
more, the membrane presented good biocompatibility and significant
property on wound healing.

Through a synergistic effect of PTT and photo-thermoelectric catal-
ysis, Wang et al. integrated a highly efficient photo-thermoelectric
catalyst rGO-BiyTes into PU fibers for bacteria-infected wound therapy
[264]. The photo-thermoelectric catalysis of rGO-BiyTes significantly
improved ROSs yield due to the efficient e -h" separation resulting from
the unique thermoelectric field and heterogenerous interface of rGO--
BisTes. After cycled by 808 nm NIR light illumination, the inhibition
rate of 50 % rGO-Bi;Te3@PU membrane against S. aureus was 91.88 +
5.34 %. The remarkable antibacterial property was attributed to the
synergy of the generated ROSs and heat on bacteria, further accelerating
the death of bacteria. In the MRSA-infected wound healing model, the
wound temperature of 50 % rGO-Bi,Tes@PU group increased to around
55 °C after 1 min of NIR light illumination, while that of PU group was
maintained at around 40 °C. Compared to control group, 50 % rGO--
Bi;Te3@PU membrane showed better disinfection performance with
antibacterial efficiency of 99.35 + 0.29 % against MRSA. Moreover, the
tissue repair ability and reliable biosafety of 50 % rGO-BisTes@PU
membrane were verified in vivo. This work provided a new insight on the
design of heterogeneous interfaces in photo-thermoelectric catalysis.

Additionally, in situ electrospinning technique gains attractive at-
tentions in the preparation of nanofibrous membrane wound dressings
by using portable or handheld electrospinning devices [265-267].
Compared to the traditional electrospinning technique, in situ electro-
spinning can deposit nanofibers directly on the wound surface, thus
matching the wound site better and more effectively, especially for cases
where wound surface is uneven [268-270]. With the development of
this type of electrospinning, handheld electrospinning has shown its
potential for advanced and personalized wound care.

As a typical example, Zhang and co-workers designed a portable
electrospinning device to prepare photodynamic nanocomposite fibers
by an in situ deposition method [271]. Photodynamic nanofibers were
prepared by electrospinning the precursor solution contained PCL, PVP,
and hypericin-coated UCNPs (UCNPs@hypericin), as illustrated in
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Fig. 14A. TEM tests confirmed that UCNPs@hypericin clusters had good
dispersity in nanocomposite fibers. Owing to the size of formed UCNP-
s@hypericin clusters (~55 nm) much greater than that of the uniform
eluting pores (~4 nm), the photosensitizer hypericin did not shed or leak
into wound tissue. In vivo experiments indicated that the rapid hemo-
stasis at the incision site can be achieved within 7 s by UCNPs@hyper-
icin nanocomposite fiber. In MRSA-infected wounds irradiated by 808
nm NIR light, UCNPs@hypericin nanocomposite fibers possessed a su-
perior photodynamic bactericidal effect, promoting collagen deposition
and reducing wound healing time from 24 to 16 days.

Similarly, the PTT strategy has been successfully implemented by a
handheld electrospinning device. By in situ electrospinning technique,
Liu et al. prepared CuS-doped composite nanofibers for rapid outdoor
hemostasis and ablation of superbacteria at the same time [272,273], as
shown in Fig. 14B. Upon 808 nm NIR irradiation, the higher concen-
tration of CuS and the longer irradiation time caused the higher tem-
perature of composite nanofibers. When the CuS content was 0.3 wt%,
the temperature of composite nanofibers rose to 56 °C within 5 min,
which was basically the same as that when the CuS content was 0.2 wt%.
This excellent photothermal performance contributed to the outstanding
antibacterial property after PTT against the superbacteria P. aeruginosa.
In addition, CuS composite nanofibers deposited in situ on the wound
can accelerate hemostasis (<6 s) and reduce the healing time of
superbacteria-infected wounds (18 days).

In another study, Zhang and co-workers reported a multifunctional
luminescent MOF-based nanofiber dressing with visual monitoring and
bactericidal effect for diabetic wound therapy [274]. As presented in
Fig. 14C, the glucose oxidase/carbon dots@Cu-MOF-based
(GOx/CDs@MOF) nanofiber dressing was prepared by a handheld
electrospinning device driven by 10 kV applied voltage. In the hyper-
glycemic microenvironment, glucose activated the dressing’s cascade
catalytic reaction to produce eOH and thereby inactivated bacteria.
Meanwhile, during the process of diabetic wound healing, when pH
value was in the range of 5~9.5, CDs, as a pH fluorescent indicator,
enabled GOx/CDs@MOF dressing with sensitive and reversible fluo-
rescence sensing behavior towards wound pH values. These fluorescence
signals were quantified through smart phones to accurately reflect
wound status. In vivo and in vitro experiments showed that
GOx/CDs@MOF dressing efficiently killed E. coli and S. aureus and
accelerated wound healing.

4.2. Bone repair

Bone tissue engineering is an alternative therapeutic intervention to
repair or regenerate bone defect [275]. The scaffold is one of the three
basic components for the bone tissue engineering to mimic ECM [276].
Among various scaffolds such as hydrogels, microneedles, microspheres,
electrospun scaffolds have received extensive attentions in bone tissue
regeneration due to its further modifications of chemical, biological, and
mechanical properties [277,278]. However, despite advances in scaffold
design and the application of best surgical practices, bacterial infections
have become one of the leading causes of failed bone repair surgeries
[279]. Once implanted in the body, the biomaterial induces local tissue
reactions, including acute and chronic inflammation, foreign body re-
action, granulation tissue formation, and finally fiber embedding [280].
This creates an immunosuppressive pain, leaving the implant vulnerable
to microbial colonization and infection [281]. Meanwhile, scaffolds are
substrates for bacterial adhesion and biofilm formation, and play a vital
role in pathogenesis of implant infection [282]. Therefore, the devel-
opment of rapidly and effectively sterilized electrospun scaffolds by
adding antibacterial to reduce bone infection is an urgent and unmet
clinical need [283-285].

Bone infection is an inflammatory bone disease caused by infectious
microorganisms that can cause progressive bone destruction and loss
[244,286]. By a combination of electrospinning and self-assembly
techniques, Amantay et al. prepared NIR light-responsive PDA


https://www.nature.com/articles/s41579-018-0019-y

S. Chen et al.

Bioactive Materials 42 (2024) 478-518

In-situ
PDT

0.3wt%

0

1min_2min_3min_4min _5min _6min 9min

0.2wt%
0.1wt%
0.07wt%

0.03wt%

P. aeruginosa

Control

PG

i

GOx/CDs@MOF
NFs

NFs

E.coli

S.aureus

Fig. 14. Representative handheld electrospinning devices for the preparation of nanomaterial-loaded eNFMs for promoting infected wound healing. (A) (i) Sche-
matic illustration of preparation of UCNPs@hypericin NPs loaded PCL/PVP nanocomposite fiber membrane for outdoor hemostasis and superbacteria sterilization.
(ii) Photos of MRSA infected trauma after different treatment. Reprinted with permission from Ref. [271]. Copyright 2021, Royal Society of Chemistry. (B) (i)
Thermographic images of nanofibers versus time with CuS concentration under 808 nm NIR irradiation (PG refers to nanofibers without loading CuS NPs). (ii) SEM
images of P. aeruginosa before and after PTT. Reprinted with permission from Ref. [272]. Copyright 2020, Elsevier B.V. (C) (i) Schematic illustration of preparation of
GOx/CDs@MOF NF dressing for visual monitoring of wound pH and inhibiting bacterial infection. (ii) Agar plate photographs of bacteria of E. coli and S. aureus after
various treatments. Reprinted with permission from Ref. [274]. Copyright 2023, American Chemical Society.

adherent Cu NPs contained PLLA composite fibers (PLLA@PDA/Cu) for
antibacterial and bone regeneration [200]. Due to the photothermal
property of Cu NPs, PLLA@PDA/Cu composite fibers can produce
abundant ROSs under the irradiation of 808 nm NIR light, with 23.7 %
photothermal conversion efficiency. After being irradiated by NIR light,
PLLA@PDA/Cu composite fibers showed 99 % and 94 % antibacterial
rates against E. coli and S. aureus, indicating the rapid and powerful
bactericidal efficacy of composite fibers. In addition, PLLA@PDA/Cu
composite fibers were beneficial to cell adhesion and diffusion, and had
good cytocompatibility, osteogenic and angiogenesis properties. Over-
all, the composite PLLA@PDA/Cu fiber was a promising photothermal
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antibacterial material.

The periosteum is rich in osteoprogenitor cells, osteoblasts, and
capillary networks, which play a crucial role in bone development,
formation, remodeling and fracture healing. To accelerate repair of
periosteum, Liu et al. prepared an artificial tissue-engineered perios-
teum composed of PCL doped with tantalum (Ta) NPs and ZnO NPs by
electrospinning technology [287]. The electrospun PCL/Ta/ZnO nano-
fiber membrane can slowly release Zn>*. In vitro antibacterial experi-
ment and subcutaneous anti-infection model of SD rats validated that
the PCL/Ta/ZnO nanofiber membrane had good bactericidal ability
against E. coli and S. aureus. The unique antibacterial mechanism of TA
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NPs and the released Zn?* enhanced the synergistic bactericidal effect,
thus achieving the best efficacy. Additionally, the osteogenic properties
of PCL/Ta/ZnO nanofiber membrane were significant stronger than
those of PCL and PCL/Ta groups, which was related to the expression of
osteogenic-related genes such as alkaline phosphatase (ALP), bone
morphogenetic protein-2 (BMP-2), osteocalcin (OCN), runt-related
transcription factor-2 (Runx-2). Moreover, PCL/Ta/ZnO nanofiber
membrane had the best ability to promote the migration of endothelial
progenitor cells (EPCs) to the injury site, the best ability to promote
tubule formation of EPCs, and the strongest ability to promote the
expression of angiogenesis-associated genes such as angiopoietin-1
(Ang-1), VEGF, and endothelial nitric oxide synthase (eNOS). In a
critical-size skull defect model, PCL/Ta/ZnO demonstrated significant
infection control and good immunomodulatory effect, thus achieving
rapid vascularized bone repair.

To achieve long-term immunomodulatory and bactericidal func-
tions, He and co-workers incorporated TA/Zn?*-based metal-phenolic
networks (MPNs) nanocomposites into PCL nanofibers for accelerating
bone regeneration [221]. Briefly, TA/Zn*"-based MPNs nanocomposites
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were obtained by simply mixing TA solution and ZnCl; solution, fol-
lowed by adjusting pH value of the mixed solution to 8.0. Then the
obtained nanocomposites were dispersed into PCL spinning solution,
followed by blending electrospinning. The resulting PCL/TA/Zn fibrous
membrane presented pH-responsive Zn?* release behavior, which was
beneficial to the long-term bactericidal property. Additionally, TA
molecules could be released from the fibrous membrane, resulting in
intracellular ROS scavenging to relieve oxidative stress of surrounding
cells. Moreover, the favorable osteogenesis property was achieved by
the fibrous membrane, mainly due to the manipulated beneficial
anti-inflammatory and osteoimmune microenvironment.

To overcome the limited mechanical properties or biological activity
of repairing bone defects, Wang and co-workers developed dual Mg
reinforced Janus structural composite membrane (Mg-MgO/PCL) by
casting and electrospinning combined processing technique [288]. The
incorporation of Mg sheets and MgO NPs improved the composite
membrane’s mechanical properties, especially the tensile strength and
compression force, through the enhancement of Mg sheet and the
improvement of crystallization. Compared to porous microfibers, the
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Fig. 15. Representative antimicrobial nanomaterial-incorporated eNFMs for guiding bone regeneration. (A) (i) Schematic illustration of the basic structures and
dual-temporal bidirectional immunomodulatory effects of Cu-Zn bi-layer nanofibrous membranes. (ii) ROS levels produced by various membranes in aqueous so-
lutions. (iii) SEM images of bacteria morphology after different treatments. (iv) Confocal laser scanning microscopy results of biofilm structure of two strains.
Reprinted with permission from Ref. [289]. Copyright 2020, Elsevier Ltd. (B) (i) Release of PO3~ from the PL/BP scaffold with or without irradiation by NIR light and
the relative expression of HSP 47 and HSP 70A without illumination (0 min) or with 1 min and 2 min illumination. (ii) Micro-CT 3D reconstruction of the repaired
bone tissues at 4 weeks and 8 weeks post-operation, respectively. (iii) H&E staining and (iv) Masson’s Trichrome staining of the repaired bone tissues at 4 weeks and
8 weeks post-operation. Reprinted with permission from Ref. [194]. Copyright 2023, American Chemical Society.
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Janus structure design of the membrane improved protection against
fibroblast penetration towing to its good shielding capability, osteogenic
potential, and in vitro and in vivo angiogenic properties. The porous
microfiber side supported pre-osteoblast cell adhesion by the bio-
mimetic ECM and sustained Mg?* release, enhancing osteogenesis and
angiogenesis. After adding 2 wt% MgO NPs, Mg-MgO/PCL membrane
presented significant antibacterial effect and induced the apoptosis rate
of S. aureus to exceed 88.75 %. In a rat skull defect model, Mg-MgO/PCL
membrane can greatly promote the new bone formation after surgery in
vivo.

In order to adapt to the immune characteristics of implant-associated
infection and implant-bone integration disorder, Guo et al. reported Cu-
Zn bi-layer NFMs by combining electrospinning technology and hot-
pressing method [289]. As shown in Fig. 15A, Cu-Zn bi-layer NFMs
presented excellent biofilm resistance and transient resistance to
floating bacteria regardless of bacterial species. In contrast, Cu bi-layer
NFMs could briefly suppress infection at an early stage, while Zn bi-layer
NFMs not only had no obvious bactericidal activity, but also promoted
infection development, suggesting that the Cu component in the NFMs
was directly responsible for the antibacterial activity. The underlying
antimicrobial mechanism was that Cu and Cu-Zn bi-layer NFMs gener-
ated more ROSs in aqueous solution, causing bacterial death by
damaging the cell wall or membrane, and inhibiting biofilm formation
by cutting biomacromolecules (eDNA) in the biofilm matrix. Addition-
ally, Cu-Zn bi-layer NFMs showed good controlled releases of Cu?* and
Zn?*, and could sequentially adjust the transfer of macrophage pheno-
type from M1 to M2 by alternating activating MAPK and mTOR
signaling pathways. In sum, the dual-temporal bidirectional immuno-
modulatory effect of Cu-Zn bi-layer NFMs showed good disinfection and
osteogenic ability both in vitro and in vivo.

The strong photothermal bactericidal properties alone might cause
thermal damage to nearby tissues, leading to further deterioration of
tissues. To overcome the issues of strong photothermal bactericidal
properties and thermal damage to nearby tissues, Zhang and co-workers
in a recent study [194] constructed a multifunctional nanofiber scaffold
with biomimetic mild photothermal effect enhancement to achieve
bacteria-free and efficient bone regeneration. Briefly, BP NSs as photo-
thermal agents were first doped into the electrospun PCL fiber scaffold,
and then the PCL/BP scaffold was treated with O, plasma, and then
soaked in PBS solution containing MSC-specific aptamer (Apt 19S).
Subsequently, a layer of PCM particles containing vancomycin (an
antibiotic) and BP NSs was sprayed on Apt-PCL/BP scaffold surface by a
coaxial electrospray process. Due to the incorporation of PCM/BP mi-
croparticles, the temperature of Apt-PCL/PCM/BP scaffold was as high
as 40.2 °C upon low intensity of NIR illumination, higher than the
melting point of PCM (39 °C). The vancomycin release was achieved by
the conversion from solid to liquid of PCM microparticles. As show in
Fig. 15B, the PTT effect of PCL/BP scaffold can enhance the expression
of HSP (HSP 47 and HSP 70A) after irradiation by NIR light, accelerate
the release of PO?( in the scaffold, and promote the osteogenic differ-
entiation and biomineralization of MSCs. In the rat model of critical size
cranial bone defect, at 4 and 8 weeks after implantation, new bone tis-
sues were formed at both the edge and center of the defect in the NIR
irradiation group, while only a small quantity of bone tissue was found
in the blank group. Additionally, the BV/TV and BMD of the regenerated
bone in Apt-PCL/BP + NIR group were greatly larger than those in
BP-encapsulated scaffold with frequent irradiation of NIR light. In
addition, H&E and Masson’s trichrome staining results showed that NIR
irradiation combined with BP-encapsulated scaffolds resulted in faster
and better healing of wounds with bone-like structures. In sum, this
work demonstrated the ability of nanofibers to eliminate bacteria, re-
cruit MSCs, and promote bone repair under the help of PTT both in vitro
and in vivo.
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4.3. Periodontal repair

Periodontitis was reported as the 11th global pandemic disease in
2016 [290], and is one of the most common diseases caused by oral
pathogens [291]. Periodontitis as an oral infection caused by bacteria
can cause severe degradation of periodontal tissue and has a high
prevalence of 42.2 % in adults aged 30 years and older. Serious peri-
odontitis is an inflammation caused by oral bacterial biofilms that can
cause serious damage to the soft and hard tissues of the periodontal
tissue and lead to impaired tooth function and aesthetics [292]. To
repair periodontal tissue, guided bone regeneration (GBR) membrane as
a physical barrier is typically required to isolate soft tissue from
invading bone defects and preserve space for infiltration of bone cells for
optimal results [293-295]. One of the major goals of periodontal ther-
apy is to alter or inhibit the periodontal microbiota to ablate subgingival
infection and periodontal pockets and to prevent the recurrence of
periodontitis [296]. The development of eNFMs combined with anti-
bacterial nanomaterials for periodontal regeneration is motivated by
current clinical practice that utilizes eNFMs to maintain space within
defects and facilitating the bone formation of periodontal defect.

As a typical example, Liu and co-workers integrated MgO NPs
(nMgO) into PLA/Gel fibrous membranes with considerable biode-
gradable, antibacterial and osteogenic properties for periodontal repair
[297]. In this system, the acidic degradation products of PLA can be
neutralized by Mg ions generated by the hydrolysis of nMgO,
improving the pH microenvironment conductive to cell proliferation.
The results showed that nMgO-loaded membranes had excellent bacte-
ricidal effect against both E. coli and S. aureus in a dose-dependent
manner. Meanwhile, the nMgO-loaded membranes can simultaneously
promote osteogenic differentiation of rBMSCs and effectively guide
periodontal tissue regeneration. In the periodontal defect repair model,
nMgO-loaded membranes greatly promoted the in-situ osteogenesis of
periodontal defects and formed a large number of new bones, as shown
in Fig. 16A. This bone promoting effect was more obvious in nMgO-1.5
membrane, and the newly formed bone tissue almost filled the defect.

The hypoxia environment of periodontal disease can promote the
proliferation of anaerobic bacteria. In this regard, Danilo and co-workers
developed composite bead-on-string PLA nanofibers containing CaOq
NPs and MnO;, NSs, as Oj-release system for the treatment of peri-
odontitis [298]. CaOy NPs were used as the precursor of O, production,
and MnO; NSs were used as the nanozyme to catalyze the decomposition
of Hy0, into the final Oy product. The composite membranes showed
continuous O3 release for more than 7 days, and its level was adjusted by
CaO5 NPs content. This structure presented suitable physicochemical
performance and antibacterial effects against some bacteria commonly
related to aggressive and chronic periodontitis, such as Porphyromonas
gingivalis (P. gingivalis) and Treponema denticola (T. denticola). In vitro
studies also indicated that the membranes were non-cytotoxic to human
oral keratinocyte and could enhance cell viability, while high contents of
CaO5 NPs and MnO, NSs were embedded into the fiber.

Additionally, ZnO NPs are regarded with a wide-spectrum antibac-
terial property against a variety of pathogenic microorganisms and can
be used as antimicrobial additive to eNFMs to enhance the antimicrobial
ability of dental implant materials [299,300]. In order to overcome the
limited application of barrier membrane in bacteria-supported micro-
environments and stratification of soft and hard tissues, Xiang and
co-workers developed a nanocomposite multifunctional sandwich-like
GBR membrane (termed as SGM) by sequential electrospinning
nZnO-doped SF pure SF, and hydroxyapatite nanoparticle-doped SF
(nHA/SF) [301]. In this system, the surface layer of SGM containing
nZnO had good antibacterial effect against E. coli and S. aureus. The
interlayer of SGM with dense structure had good biocompatibility and
suitable mechanical properties, which made the GBR membrane play a
barrier role. The inner layer containing nHA was conductive to differ-
entiation and matrix mineralization of MC3T3-E1. SGM promoted bone
formation in periodontal defect model of rats. In vivo experiments
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2017, Wiley-VCH.

showed that SGM can promote bone repair in rat skull defect model and
periodontal defect model.

To improve the limited bioactivity and regenerative potential of the
existing periodontal membranes, Nasajpour et al. developed an osteo-
conductive and antibacterial PCL composite membrane by electro-
spinning of PCL and spherical ZnO NPs [302]. Fig. 16B showed that ZnO
NPs were evenly distributed on the fabricated membranes and fiber
surfaces. The engineered membranes with 0.5 % and 1 % (w/v) of ZnO
NPs showed significant bactericidal property against P. gingivalis after 1
and 5 days, respectively, while bare PCL showed no bactericidal effect at
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either time interval. Particularly, loading 0.5 % (w/v) ZnO NPs enabled
the engineered membrane to be bactericidal and osteoconductive re-
sponses without negatively affecting its biocompatibility. Additionally,
the incorporation of ZnO NPs can regulate the mechanical strength and
degradation characteristic of the engineered membrane. In a rat peri-
odontal defect model, the engineered membrane had antibacterial
property with good osteoconductive performance, which demonstrated
its promise for periodontal repair.

In another study, in order to improve the repair effectiveness of
existing GBR membranes, Lian and co-workers prepared a novel
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multifunctional electro-written bi-layered GBR scaffold by a combina-
tion of solution electrospinning writing (SEW) and solution electro-
spinning (SES) techniques [303]. Cu-loaded MSNs were incorporated
into the PLGA/Gel fiber matrix to prepare a composite
PLGA/Gel-Cu@MSNs scaffold. The loose porous SEW layer supported
and promoted bone ingrowth, while the dense and compact SES layer
prevented non-osteoblast penetration. Therapeutic Cu®?" ions were
released in a controlled manner, giving the composite scaffold effective
osteogenic and bactericidal properties. Importantly, the composite
PLGA/Gel-Cu@MSNs fibrous scaffold showed promising bone regener-
ation effect in a rat periodontal defect model.

In addition, the microbial persistence and reinfection often lead to
the treatment failure for endodontic infection and concurrent inflam-
mation. To address the issues, Chachlioutaki and co-workers developed
electrospun nanofiber films containing ZnO NPs (a bactericidal agent)
and ketoprofen (an anti-inflammatory agent), along with polymer ma-
trix of PVA, hydroxypropyl methylcellulose (HPMC) and carboxymeth-
ylcellulose (CMC) [304]. ZnO NPs were loaded within the polymer
matrix of nanofiber films and distributed uniformly in the center and
surface of the fiber core. In vivo antibacterial properties of the
ZnO-contained nanofiber films were verified in a human tooth culture
model infected with Enterobacter faecalis (E. faecalis). The combination
of anti-inflammation and bactericidal activity of ZnO nanofiber films
directly acted on the site of action, which was of great attraction in the
endodontic treatment of non-vital infected teeth.

4.4. Tendon repair

Tendons are dense connective tissue with the function of transferring
force from muscles to bones [305,306], carrying loads and performing
biomechanical functions by supporting, stabilizing and strengthening
joints to avoid bone dislocation and fracture [307]. Tendon repair re-
quires an environment that promotes cell proliferation and collagen
synthesis. Electrospun nanofibrous membranes have been promising
biomaterials for the support and growth of cells due to the similarity of
fiber diameter and structure to the that of extracellular matrix (ECM)
collagen fibrils, as well as the adjustable porosity and physical-chemical
properties of electrospun scaffolds. In addition, by regulating the
chemical composition and physical structure, the electrospun scaffolds
can regulate the migration, attachment and proliferation of cells.

Tendon sheath infection and tendon adhesion are the main compli-
cations after tendon injury. In tendon surgery, existing surgical options
include the utilization of antibiotics to prevent infection and physical
barriers to reduce adhesion formation [308]. Nevertheless, the ability of
antibiotics to produce better anti-adhesion effect is limited, and physical
barriers may increase the risk of postoperative infection. Antibacterial
materials are very important in the field of medicine, especially in sur-
gery and wound treatment where infection prevention is required. The
primary justifications for employing antibacterial materials composed of
electrospun nanofiber scaffolds in tendon repair are summarized in
Table S1. Researchers have been developing novel antibacterial mate-
rials such as antibacterial nanomaterials combined electrospinning
scaffolds that not only effectively fight infection, but also promote the
repair process of tendon, which have been considered as promising
candidates for anti-adhesion, anti-inflammatory and antibacterial ac-
tivities in tendon repair [52].

As a typical example, Liu et al. prepared Ag NPs/PLLA electrospun
membranes by incorporating Ag NPs without significant effects on the
physical and chemical properties [309]. The Ag NPs/PLLA fibrous
membranes can prevent cell proliferation via a synergistic
anti-proliferative effect on the hydrophobicity of the electrospun
structure. Due to the incorporation of Ag NPs, the fibrous membranes
showed initial potential as bactericidal and anti-adhesion barriers for
tendon repair. To manage post-surgical tendon adhesion, Shalumon
et al. prepared core-shell nanofibrous membranes (CSNMs) with Ag
NPs-contained PEG/PCL as shell layer and HA/ibuprofen as core layer
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by co-axial electrospinning method [52]. HA had a lubricating effect to
smooth tendon sliding and decreased fibroblast adhesion, while Ag NPs
and ibuprofen showed anti-infection and anti-inflammation effects,
respectively. The core-shell structure could satisfy the requirements for
an anti-adhesion barrier by ibuprofen and Ag NPs to lessen infection and
inflammation, while HA can reduce the fibroblasts adhesion. Addition-
ally, histological and functional analyses in rabbit flexor tendon rupture
models indicated the enhanced effects of the CSNMs in lessening
inflammation and tendon adhesion.

Similarly, Chen et al. developed dual functional core-shell electro-
spun HA/PCL fibrous membranes containing Ag NPs for prevention of
peritendinous adhesion and bacterial infection after tendon surgery
[310], as shown in Fig. 17A. While PCL and HA/PCL fibrous membranes
were without inhibition zones, Ag NPs-contained HA/PCL fibrous
membranes showed inhibition zone against E. coli (2.21 + 0.14 cm?)
higher than that against S. aureus (1.66 + 0.02 cmz), ascribed to the
structure difference of bacteria cell wall. Meanwhile, Ag releasing from
Ag NPs-contained HA/PCL fibrous membranes stabilized after 4 days,
conformed the short-term antibacterial activity, while HA release was
prolonged to 21 days, producing lubrication around the healed tendon
and exerting long-term anti-adhesion properties. Additionally, due to
the synergistic effect of Ag and HA, Ag NPs-contained HA/PCL fibrous
membranes showed the highest inhibition effect on the adhesion and
proliferation of fibroblasts without obvious cytotoxicity. Importantly,
based on gross observation, histological analysis, joint flexion, tendon
slip, and biomechanical tests, Ag NPs-contained HA/PCL fibrous mem-
branes showed better peritendinous anti-adhesion properties compared
to PCL and HA/PCL fibrous membranes in rabbit models of deep flexor
tendons.

Inspired by the pathophysiology of tendon anatomy and adhesion
development, as presented in Fig. 17B, Zhang and co-workers developed
an adhesive and robust dual-layer Janus patch with antioxidative, anti-
inflammatory, and anti-bacterial activities for tendon repair, where a
multifunctional electrospun hydrogel patch (MEHP) served as the inner
layer (surgical oriented tendon) and PLLA fibrous membrane served as
the outer layer (facing the surrounding tissue) [311]. Specially, MEHP
was fabricated from gelatin methacryloyl (GelMA) and ZnO NPs by
co-electrospinning, followed by treating with tannic acid (TA). In vitro
antibacterial experiments, compared to the ZnO-loaded GelMA nano-
fiber membrane without TA treatment, MEHP with 2 % weight ratio of
ZnO to GelMA showed the best inhibition effect on bacterial growth and
bigger inhibition zone diameters of 15.96 + 4.81 mm and 25.47 + 6.81
mm against E. coli and S. aureus, respectively. Additionally, MEHP
presented the best antibacterial activity with around 90 % antibacterial
ratios against both E. coli and S. aureus using plate count method. Here,
TA had the capability to scavenge ROS generated by ZnO, so the po-
tential bactericidal mechanism of MEHP may involve the interplay be-
tween ZnO NPs with the membrane, as well as the release of Zn?" and
TA. Moreover, the MEHP can be tightly attached to the finger surface
even if the finger was severely bent without significant structural
damage or detachment, indicating good flexibility. Additionally, MEHP
exhibited excellent in vitro HoO5 scavenging capacity and obvious in-
hibition on the overexpression of pro-inflammatory factors including
tumor necrosis factor « (TNF-a), cyclooxygenase-2 (Cox-2) and inter-
leukin 6 (IL-6), indicating its good tissue adhesion strength, superior
antioxidative and anti-inflammatory abilities. After the development of
MEHP, the Janus patch was constructed using PLLA fibrous membrane.
The tensile strength of Janus patch was ~2 MPa, and the mechanical
strength was much higher than that of commercially available products.
In an Achilles tendon rupture animal model, the Janus patch showed the
slightest adhesion score of 1.58 + 0.67 across all groups based on the
quantitative analysis of gross observation, and the breaking force of
Janus patch (52.62 + 5.17 N) was greatly higher that of other groups,
indicating a better recovery effect of injured tendon. Overall, Janus
patch had goof anti-inflammatory and anti-adhesion abilities, could
promote tendon healing and repair, and possessed great potential in the
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Fig. 17. Representative antimicrobial nanomaterial-loaded eNFMs for tendon tissue repair. (A) (i) Schematic illustration of short-term controlled release of Ag and
long-term controlled release of HA from Ag NPs-embedded HA/PCL NFMs. (ii) Gross observation of adhesion occurred in a rabbit model of flexor digitorum pro-
fundus tendon repair in different groups 3 weeks post-operation and (iii) corresponding H&E staining images of tissue section at the tendon repair site. Reprinted
with permission from Ref. [310]. Copyright 2015, Elsevier Ltd. (B) (i) A dual-layer Janus patch that comprised a MEHP on the inner side and a PLLA fibrous

membrane on the outer surface for tendon regeneration. (ii) MEHP prepared

by electrospinning GelMA and ZnO, and further reinforced by TA treatment. (iii)

Multifunctions of MEHP for providing an advantageous microenvironment for tendon healing. Reprinted with permission from Ref. [311]. Copyright 2023, American

Chemical Society.

treatment of tendon injury.

Herein, it should be pointed out that the surface design, chemical
composition and physical form of antibacterial materials can affect their
antibacterial effect and tissue repair ability. By precisely controlling the
dose and release characteristics of the antibacterial agent, it is possible
to improve the antibacterial efficiency of the material while promoting
the repair and regeneration of damaged tissues. Moreover, in clinical
applications, when selecting the right antibacterial material, physicians
need to weigh its antibacterial effect against its potential impact on
tissue repair. Sometimes, a combination of treatments may be required,
such as the use of a temporary antibacterial dressing followed by a
change to a material that more promotes tendon healing. In addition, the
individual treatment plan and the specific situation of the patient are
also factors that need to be considered when selecting the right material.

4.5. Other bio-applications of antibacterial eNFMs

In addition to the abovementioned applications, the antibacterial
nanomaterial-incorporated eNFMs also present potential in other bio-
applications such as nerve tissue repair and spinal cord injury (SCI)
recovery.

Nerve tissue repair directly affects the quality of life and is a valuable
therapeutic concept in human healthcare [312,313]. The electrospun
scaffolds have been shown to be effective in nerve tissue repair, and the

addition of antibacterial nanomaterials into electrospun scaffolds can
effectively decrease the risk of bacterial infection after implantation
surgery, which contributed to nerve repair and regeneration. For
instance, Heidari and co-workers reported a smart electrospun
GO-incorporated PCL/Gel nanofibrous mat for application in nerve tis-
sue repair [192]. The bactericidal rate of the mat against E. coli and
S. aureus was more than 99 %, and the corresponding antibacterial
mechanism was mainly due to the presence of GO. The sharp edge of GO
NSs caused not only the bacterial cell structure disorder, leading to cell
death, but also physical damage to bacterial cell membrane, resulting in
the loss of the integrity of bacterial membrane. In addition, cell culture
experiments indicated that the mats provided a suitable microenviron-
ment for migration, adhesion, and proliferation of PC12 cells. In another
study, to promote peripheral nerve injury regeneration, Zhang et al.
developed a SF/poly(vinylidene fluoride-co-hexafluoropropylene)/
Ti3CyTx (SF/PVDF-HFP/MXene) composite scaffold by electrospinning
[314]. The composite scaffold presented significant bactericidal activity
with over 90 % inhibition rates for all three representative bacteria,
E. coli, S. aureus, and Candida albicans (C. albicans). This good bacteri-
cidal property was mainly ascribed to the addition of MXene whose
sharp edge can damage bacteria cell wall, leading to DNA release and
occasionally bacteria dispersion. Importantly, upon external mechanical
stimulation, the composite scaffold can produce a continuous output
voltage. This piezoelectric effect was beneficial to the growth and
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proliferation of Schwann cells (SCs) on the composite scaffold. In rat
sciatic nerve injury model, the composite scaffold could induce SCs
proliferation, enhance axon elongation, and promote axon myelination.
Moreover, due to the piezoelectric effect, the regenerated nerve rats
showed good motor and sensory function recovery.

The possibility of infection during and after SCI recovery surgery is
also a concern. To treat SCI, Kong et al. developed a novel multifunc-
tional hydrogel containing MXene-Au composites, neural stem cells
(NSCs) and combined with electrical stimulation [315]. Briefly, the
patterned PLGA nanofibers were prepared by electrospinning through
the patterned fiberboard. Then, the surfaces of PLGA nanofibers were
evenly covered by GelMA solution containing 1 % MXene-Au compos-
ites, followed by solidifying under the irradiation of UV for 30 s,
resulting in the formation of MAu-GelMA hydrogel. Due to the additions
of MXene and Au NPs, the MAu-GelMA hydrogel possessed good
bactericidal properties against E. coli and S. aureus, which could inhibit
the growth of bacteria and lower the infection risk of secondary SCIL
Moreover, by combining electrical stimulation, MAu-GelMA hydrogel
loading of NSCs can lower the formation of cavity and glial scars,
improve neuronal differentiation and myelin regeneration of NSCs in the
injured area, and accelerate the motor function recovery after SCI in
rats.

In sum, because of its ability to simulate the structure and scale of
native tissues, electrospun fiber membrane has been attracting much
attention as an innovative construct in tissue engineering and regener-
ative medicine research. However, only five electrospinning fiber
products (NCT03690960, NCT06063694, NCT06014437,
NCT05944250 and NCT02409628) are ongoing clinical trials as inno-
vative therapeutic options, as shown in Table S2. The main reason why it
is difficult to quickly put into clinical application is that the nanofibers
produced during electrospinning are usually weak, difficult to use alone,
and need to be combined with other materials to improve their appli-
cation value. Additionally, electrospinning technology is sensitive to the
viscosity of the used solution and difficult to control the trajectory of the
jet, which has certain requirements on the spinning environment and
limits its large-scale production. Moreover, some antibacterial materials
can have adverse effects on the environment or the human body.
However, electrospinning is moving from laboratory to clinical trials,
constantly expanding its application potential in biomedical fields, with
the advancement of technology and the expansion of demand, it is ex-
pected that more electrospinning fiber products will meet the needs of
the medical industry.

5. Conclusion and perspectives

With the development of antibacterial technology and the increase of
antibacterial demand, antibacterial eNFMs have received more and
more attention. In this review, the recent progress of eNFMs combined
with a diverse range of antibacterial nanomaterials in tissue regenera-
tive fields is reviewed. From our limited knowledge, antibacterial
eNFMs has made impressive progress over the past few decades, but
there is still much to explore and the journey towards the ultimate goal
of clinical trial application continues. The limitations of the current
strategies are as follows:

(1) Antibacterial mechanism: Although electrospinning technol-
ogy has been widely used in the preparation of antibacterial
materials, the antibacterial mechanism still needs to be further
studied at the cellular and molecular levels. Understanding how
antibacterial materials physically or chemically inhibit or kill
bacteria is critical to optimizing the design and preparation of
electrospinning antibacterial products.

Stability and durability of antibacterial membranes: Anti-
bacterial membranes need to maintain a stable antibacterial ef-
fect under various environmental conditions, at present, but some
antibacterial materials may lose antibacterial activity in long-
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term use or under different environmental conditions. Indeed,
most nanomaterials are formed and/or deposited on eNFMs via
non-covalent bonds, which leads to some characteristics. Weak
bonding makes antibacterial ingredients have the ability to
release slowly, thus ensuring the bactericidal ability to a certain
extent. The stability and durability of antibacterial eNFMs need
to be further studied, which is closely related to the composition,
structure and fabrication strategy of eNFMs.

Environmental and health safety: The safety of antibacterial
materials is an important factor that must be considered in their
application. Some antibacterial materials can have adverse ef-
fects on the environment or human body, and their potential
cumulative damage and carcinogenicity should not be ignored,
including the long-term toxic and side effects of antibacterial
nanomaterials on normal tissues, the fate of nanomaterials in the
body, and the toxicity and metabolism of their products. There-
fore, its safety must be ensured during use.

Nanofiber mechanical strength: Nanofibers produced during
electrospinning are usually weak, difficult to use alone, and need
to be combined with other materials to improve their application
value. The processing of nanofibers into nanofiber yarn may be a
prerequisite for subsequent processing such as weaving and
upgrading the level of high-end products in the textile industry.
Researchers are exploring how to improve the mechanical prop-
erties and yarn formation methods of nanofibers.
Multifunction integration: In addition to antibacterial proper-
ties, electrospinning membranes may also need to integrate other
functions during tissue repair process, such as water resistance,
moisture permeability, microenvironment responsiveness, etc.
But the integration of multiple functions into a single electrospun
membrane can conflict and requires fine tuning to ensure optimal
performance for all functions. Therefore, how to realize multi-
functional integration without sacrificing antibacterial properties
is a challenge in current research.

Industrialization and clinical application: At present, most
electrospinning equipment is still in the laboratory stage of small
batch production, and the market demand for electrospinning
products is increasing. Electrospinning technology is sensitive to
the viscosity of the used solution, and the trajectory of the jet is
difficult to control, which has certain requirements on the spin-
ning environment and limits its large-scale production. Currently,
only a few electrospinning fiber products are ongoing clinical
trials. Through the continuous optimization of materials, pro-
cesses and equipment, electrospinning antibacterial membranes
are expected to overcome these challenges in future applications
and achieve a wider range of medical applications.
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In summary, antibacterial eNFMs serve as a powerful tool for tissue
regenerative therapies and exhibit significant potential in wound heal-
ing, bone repair, periodontal repair, tendon repair, etc. Despite
encountering certain challenges, substantial efforts have been dedicated
to meticulously designing and integrating antibacterial nanomaterials
into eNFMs for their high activity and great application potential. We
hope that biosafety issues can be gradually addressed and the next
generation eNFMs with biosafety constructed on the basis of a better
understanding of their intrinsic antibacterial mechanisms. Meanwhile,
we hope that this review will help researchers understand the current
situation of antibacterial eNFMs, and further promote the development
and clinical application of antibacterial eNFMs in the medical industry.
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