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Electrospun nanofiber membranes hold great promise as scaffolds for tissue reconstruction, mirroring
the natural extracellular matrix (ECM) in their structure. However, their limited bioactive functions have
hindered their effectiveness in fostering wound healing. Inorganic nanoparticles possess commendable
biocompatibility, which can expedite wound healing; nevertheless, deploying them in the particle
form presents challenges associated with removal or collection. To capitalize on the strengths of
both components, electrospun organic/inorganic hybrid nanofibers (HNFs) have emerged as a
groundbreaking solution for accelerating wound healing and maintaining stability throughout the healing
process. In this review, we provide an overview of recent advancements in the utilization of HNFs for
wound treatment. The review begins by elucidating various fabrication methods for hybrid nanofibers,
encompassing direct electrospinning, coaxial electrospinning, and electrospinning with subsequent
loading. These techniques facilitate the construction of micro—nano structures and the controlled

Received 22nd January 2024, release of inorganic ions. Subsequently, we delve into the manifold applications of HNFs in promoting

Accepted 4th March 2024 the wound regeneration process. These applications encompass hemostasis, antibacterial properties,
DOI: 10.1039/d4tb00149d anti-inflammatory effects, stimulation of cell proliferation, and facilitation of angiogenesis. Finally, we
offer insights into the prospective trends in the utilization of hybrid nanofiber-based wound dressings,

rsc.li/materials-b charting the path forward in this dynamic field of research.

Wound dressings can be categorized into traditional options
such as gauze, and newer alternatives including hydrogels,

1. Introduction

The skin, being the largest organ of the human body, serves as
a crucial barrier protecting us from external threats. Beyond
thwarting the invasion of bacteria, viruses, and other micro-
organisms, the skin plays a pivotal role in the regulation of the
endocrine system.'™ Therefore, prompt treatment of skin
damage is essential to prevent potential risks. Unfortunately,
chronic wounds, such as diabetic foot ulcers and severe burns,
often necessitate prolonged and advanced medical inter-
ventions, imposing substantial financial burdens on patients.*>
Conventional wound treatment strategies include autografts,
allografts, and xenografts. However, these methods suffer from
limited availability, donor shortage, and the risk of immune
rejections.”” Consequently, advanced wound dressings that can
replace partial functions of skin grafts and promote wound
healing are highly desirable.
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foams, and electrospun nanofibrous membranes.'”"! Among
them, electrospun nanofibrous membranes have gained con-
siderable attention due to their high porosity, large specific
surface area, and suitable mechanical strength.">™** Moreover,
the nano-network structure of electrospun nanofibrous mem-
branes closely resembles the natural extracellular matrix (ECM)
of skin, making them promising candidates for wound
treatment.'>"” Additionally, electrospinning has evolved from
single-fluid"®'® to side-by-side**' or coaxial,”>** triaxial***’
or even other multi-fluid derived structures including core-
shell,** porous,®® Janus®”*® and even more complex and fine
structures.>**° This offers a straightforward and practical
method for utilizing a wide range of raw or modified materials,
providing control over the nanofiber morphology and struc-
ture.*** Furthermore, nanofiber membranes can function as
carriers for the controlled delivery and release of biomolecules
and drugs, expanding their application in the field of wound
healing. In fact, some electrostatically spun wound dressings
have already been commercially applied, such as FibriSEAL™
from St Teresa Medical, USA, PHOENIX™ from Nanofiber
SOLUTIONS, USA, and Spincare® System from Nanomedic,
Israel.
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Skin primarily consists of water and an organic matrix, yet it
also contains various inorganic elements, including calcium, iron,
silicon, and zinc.>** By incorporating these inorganic components
with the organic matrix, the bioactivity of the hybrid nanofibrous
membranes can be greatly enhanced.**>° As such, the use of
electrospinning to create organic/inorganic hybrid nanofibers as
novel wound dressings has seen rapid evolvement in recent years.

While many excellent review articles have explored the
potential of hybrid materials for wound healing, they tend to
focus on specific aspects, such as bioactive properties,® or the
synthesis pathways of natural hybrids.*® However, despite electro-
spinning being one of the most prevalent methods for preparing
wound dressings, there is a notable absence of reviews summar-
izing recent progress in electrospun hybrid materials. Therefore,
this review aims to bridge the gap by summarizing the fabrica-
tion and specific applications of hybrid nanofibers as wound
dressings. We commence by discussing three typical preparation
methods for electrospun organic/inorganic hybrid nanofibers,
including direct electrospinning, coaxial electrospinning, and
electrospinning with subsequent loading. The applications of
electrospun organic/inorganic hybrid nanofibers are system-
atically summarized thereafter, including hemostasis, anti-
bacteria, promoting cell proliferation and migration, accelerating
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angiogenesis and other direct (anti-inflammatory, antioxidant, and
follicle regeneration) and indirect applications (drug loading)
(Fig. 1). Moreover, potential mechanisms of the HNFs in promot-
ing wound healing were discussed. Finally, we provide a compre-
hensive summary of the current state of research and offer insights
into future development trends.

2. Preparation methods of HNFs

Electrospun organic/inorganic hybrid nanofibers (HNFs), com-
bining the polymer matrixes with inorganic nanomaterials,
possess a unique blend of superior properties from both
components, rendering them attractive in various fields.*
Furthermore, the electrospinning technique holds great pro-
mise for the cost-effective manufacture of continuous nano-
fibers. In essence, the HNFs can be categories into direct
electrospinning, coaxial electrospinning, and electrospinning
with subsequent loading (Fig. 2).

2.1. Direct electrospinning

Premixing organic matrixes and inorganic nanoparticles and
then directly subjecting them to electrospinning (Fig. 2a) is the

Fig. 1 Schematic diagram of electrospun organic/inorganic hybrid nanofibers (HNFs) for wound healing.
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Fig. 2 Schematic illustration of the preparation methods of the electrospun organic/inorganic hybrid nanofibers (HNFs): (a) direct electrospinning, (b)

coaxial electrospinning, and (c) electrospinning with subsequent loading.

simplest and most efficient method.**** However, this method
suffers from the inferior distribution of various components
due to the fact that the high viscosity of polymer solutions
retards the dispersion of inorganic nanoparticles. As a result,
the inorganic nanomaterials are either dispersed on the nano-
fiber surface or encapsulated within the polymer nanofibers.
For example, Chen et al.** physically mixed melatonin and Fe;O,4
magnetic nanoparticles (Fe;0,-MNPs) with polycaprolactone (PCL)
pellets in a solvent mixture of N,N-dimethylformamide (DMF) and
dichloromethane (DCM). The obtained hybrid nanofibers acted as
artificial nerve catheters for repairing nerve injuries.

2.2. Coaxial electrospinning

Coaxial electrospinning involves constructing core-shell nano-
fibers by using a multi-channel needle, where the core solution
typically contains inorganic nanoparticles dissolved in a solvent
or polymer solution, while the shell solution is another polymer
solution (Fig. 2b).>>**** This method allows the simultaneous
electrospinning of core and shell solutions using a coaxial
needle. Mahdieh et al.* fabricated antibacterial sheath-core
fibers through coaxial electrospinning, using citrate-coated
silver nanoparticles (AgNPs) dispersed in sodium citrate aqueous
solution as the core solution and the shell solution comprising
ZnO particles, polycaprolactone (PCL), and polyethylene glycol
(PEG) in a chloroform/DMF mixture. The superiority of this
method lies in the controllable release of the inorganic compo-
nents or drugs in the core layer.”® Nevertheless, the coaxial

This journal is © The Royal Society of Chemistry 2024

electrospinning process is complicated, and the compatibility of
the core-shell solution limits the choice of materials.*®*”

2.3. Electrospinning with subsequent loading

In this method, a pre-electrospun nanofibrous membrane is
immersed in inorganic materials where the latter forms nano-
particles on the surface of the former (Fig. 2¢). Rivero et al.*®
combined poly(acrylic acid) (PAA) with B-cyclodextrin (B-CD) to
create nanofibrous membranes via electrospinning. The nano-
fibrous membranes were subsequently immersed in a silver
nitrate solution, resulting in Ag* bonding to the carboxyl group
of PAA. Via reducing Ag" with dimethylamine borane (DMAB)
solution, Ag nanoparticles were successfully decorated on the
nanofibrous membrane. The post-loading method ensures the
even distribution of inorganic nanomaterials only on the sur-
face of nanofibers.”® However, this method requires suitable
synthesis conditions for both organic and inorganic materials,
and achieving precise control of the particle size and loading
rate of inorganic materials is a challenge.

3. Mechanisms of the HNFs in
accelerating wound healing

The efficacy of HNFs in expediting wound healing can be
categorically delineated into two primary mechanisms. Firstly,
the hierarchical nanostructures arising from the interplay of
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Fig. 3 Illustration of HNFs in promoting wound healing: (a) illustration of HNFs covered on the wound area; (b) illustrations of how hierarchical
nanostructures play a pivotal role in directing cell behavior; and (c) illustrations of how the release of active substances regulates both the

microenvironment and cell behavior around the wound.

organic fibers and inorganic nanoparticles serve to intricately
guide cellular behavior. Secondly, the controlled release of
bioactive substances such as ions from the HNFs actively
modulates the microenvironment surrounding the wound site,
thereby orchestrating a concerted influence on cellular beha-
vior (Fig. 3).

3.1. Hierarchical nano-structures

It is a notion long acknowledged in scientific literature that
the microstructure exerts a profound influence on cells and
tissues.’>*" The introduction of nanoparticles allows the elec-
trospun nanofiber network to form a hierarchical nano-
structure, which leads to increased surface roughness, and
provision of better sites for cell adhesion.’** Consequently,
cell shapes and morphologies can be tuned according to the
distribution of nanoparticles (Fig. 3b). Moreover, mechanical
stimulation caused by the nanoparticles allows cells to enhance
phagocytosis, accompanied by improved -cellular viability.
To some extent, this simulation provides an optimistic impact
on the regulation of cell differentiation.>*>> Besides, it is
believed that the engineered uneven roughness surface can
accelerate the spatial and temporal alternation between the
extension of the pseudopods in the head of the cell, and the

3174 | J Mater. Chem. B, 2024,12, 3171-3190

contraction of the tail of the cell body. As a result, cells tend to
migrate faster, thus accelerating wound closure.>**® Wu and
colleagues®” prepared hierarchical nanofiber scaffolds with
controllable micropattern substrates (squared-shaped, hole
shaped, strip-shaped and hexagon shaped) and bioglass nano-
particles. Consequently, a 2-dimensional patterned structure
with 300-400 pm variation, 1-dimensional fibers with the
diameter in the range of 500-1000 nm, and the surface of
individual nanofibers was composed of 0-dimensional bioglass
nanoparticles (approximately 30 nm) were prepared. They
observed that the layered micro-nanostructures and nano bio-
glass in the scaffold could work together to improve the
efficiency of wound healing and re-epithelialization. Their
research shows that electrospun nanofibers with square-
shaped structures showed better healing efficiency due to its
high porosity. In addition, bioglass nanoparticles smaller
coated on the nanofibers are believed to promote the prefer-
ential adsorption molecules such as hyaline, which plays a
crucial role in stimulating cell adhesion. Similarly, Lin et al.>*
prepared a hierarchical micro/nanofibrous scaffold incorpo-
rated with curcumin and zinc ion eutectic metal organic frame-
works (ZIF-8) by using an electrospinning and crystal
engineering method. Compared with the control group, these

This journal is © The Royal Society of Chemistry 2024
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microscopic/nanofibrous scaffolds increase the number of
antennae and diffusion area of the cells, significantly affecting
cell adhesion and migration. As can be seen from the above
examples, hierarchical nano-structures constructed by nano-
fibers and nanoparticles have important implications for cell
behavior and even wound healing.

3.2. Active substance release

In addition to their role in fostering hierarchical nanostructures,
HNFs contribute to the promotion of wound healing through the
release of active substances into the humoral environment
(Fig. 3c). Those active substances such as ions exhibit versati-
lity, with some inducing cells to generate cytokines, thereby
expediting the wound healing process.>®*®* Besides, certain
active substances contribute to the production of nutrients or
modify the microenvironment through chemical reactions. For
example, the generation of oxygen by nanoparticles can accelerate
angiogenesis.*>®' Furthermore, inorganic nanoparticles posses-
sing charges or specific electron-pairing active sites on their
surfaces can selectively bind to cells or other substances.5*%%¢
It should be noted that some inorganic nanoparticles also shows
antimicrobial activity by releasing ions or having chemical
reactions.’””®® A number of specific experimental reports support
these views. Augustine et al.*® reported that the prolonged effect of
endothelial cell proliferation and cell density increase is attributed
to the slow and sustained release of europium hydroxide from the
hybrid nanofiber scaffold. Ning and colleagues’® demonstrated
that their Ag-MOF hybrid electrospun scaffolds showed excellent
antibacterial activity due to the slow release of Ag" ions. The
previously mentioned hierarchical micro/nanofibrous scaffold
incorporated with ZIF-8 prepared by Lin et al also showed a
sustained release of curcumin and Zn>', contributing to the
scaffold’s increased cell proliferation, anti-inflammatory perfor-
mance and antioxidant capacity.>*

4. Applications of HNFs in wound
healing

The wound healing process can be divided into four essential
stages: hemostasis, inflammation, cell proliferation and migration,
and maturation.”*”” Different hybrid nanofibers have been devel-
oped to address specific requirements during each stage of wound
healing. For example, the initial stage necessitates hybrid nano-
fibers with hemostatic and antibacterial properties.

4.1. Hemostasis and coagulation

Hemostasis is a prerequisite for the wound healing process.
Inorganic materials such as montmorillonite, kaolinite, halloy-
site, and palygorskite have demonstrated the ability to acce-
lerate hemostasis by actively stimulating the body’s endogen-
ous coagulation factors and facilitating the aggregation of
blood cells.”*”> However, a drawback of using the powdered
form of the inorganic materials is their challenging aggregation
and removal, which could potentially hinder the subsequent
stages of wound healing.”>”’® Therefore, the combination of

This journal is © The Royal Society of Chemistry 2024
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electrospun nanofibers and inorganic hemostatic powder is a
promising method for improved hemostatic performance.®>
Moreover, nanofiber membranes, owing to their high flexi-
bility, skin-friendly properties, and finely tuned pore size dis-
tribution, are proven to be effective in staunching blood
exudation.” %!

4.1.1. Clay mineral nanoparticle based HNFs. Clay mineral
materials such as montmorillonite are frequently employed
in the preparation of organic/inorganic hybrid nanofibers
for wound hemostasis.’>*>*>%% zhang and colleagues®® pre-
pared various nanoclay-based electrospun membranes (NEMs)
(Fig. 4a) by incorporating sheet-like kaolinite (morphology is
shown in Fig. 4b), tube-like halloysite, and rod-like palygorskite
nanopatrticles into polyvinylpyrrolidone (PVP) solution. Compara-
tive analysis revealed that the hybrid electrospun membrane
containing 60 wt% kaolinite (KEM1.5) exhibited the most efficient
and rapid hemostatic performance, as demonstrated in both
in vitro and in vivo studies. Delyanee et al.®> enhanced the hemo-
static performance by modifying halloysite nanotubes (HNT) using
poly(amidoamine) (PAMAM) dendrimers (HNT-PAMAM). These
functionalized HNTs were combined with poly(lactic acid) (PLA)
to produce hybrid nanofibers via electrospinning. The results
indicated that the hybrid nanofibers significantly accelerated
blood clotting, attributed to the clay mineral materials’ negative
surface charge, which promotes coagulation by activating the
endogenous coagulation pathway involving factor XII and plate-
lets. Moreover, the synergistic effect of these nanofiber mem-
branes physically blocked the bleeding point, further improving
the hemostatic performance.

4.1.2. Metal-derived nanoparticle based HNFs. In addition
to clay mineral hemostatic materials, a variety of metals or metal
compounds have demonstrated hemostatic and coagulation
effects. For instance, aluminum chloride (AlCl;), a common
chemical hemostatic agent, effectively stops bleeding by precipi-
tating proteins, blocking tiny blood vessels, and constricting
blood vessels.** Nasser et al.®® fabricated a series of electrospun
poly(i-lactic acid) (PLLA)/AICl; nanofibrous membranes (Fig. 4d),
with 30% w/w AICI3 (MAC30) exhibiting the most effective hemo-
static performance (morphology is shown in Fig. 4e). Notably,
the PLLA nanofibrous membrane loaded with 30% w/w AICl;
(MAC30) demonstrated a substantial reduction in blood coagula-
tion time (279 seconds), achieving a remarkable 80% reduction
compared to conventional gauze bandages (Fig. 4f). This outcome
underscores the superior hemostatic performance of the MAC30
membrane. In addition, the blood absorption capacity (the ratio
of the weight of blood absorbed by the sample within 2 min to the
original weight of the sample) of MAC30 was 178% higher
compared to conventional gauze bandages and was even higher
than that of polylactic acid nanofibers loaded with gentamicin
sulfate and lidocaine hydrochloride (MAC10GS10LHc10).

Additionally, calcium, an essential element in hemostasis,
functions as coagulation factor IV, accelerating thrombosis
formation by increasing the polymerization rate of the fibrin
monomer, and vascular contraction.®* Moreover, calcium accu-
mulating in the vascular smooth muscle cells can trigger
vascular contraction, facilitating fast hemostasis. Yu et al®*
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Fig. 4 Nanoclay-based electrospun membranes for hemostasis of wounds; (a) illustration of kaolinite/PVP nanofibers. (b) Scanning electron microscope
(SEM) image of kaolinite (scale bar, 500 nm); (c) the bleeding time of the wounds treated with NEMs in rat-tail amputation hemostasis model; reproduced
with permission,®? CC BY 4.0. (d) Schematic illustration of the electrospun PLLA/AICIz for hemostatic application; (e) SEM image of PLLA nanofibrous
membrane loaded with 30% w/w AlCls (scale bar, 2 um); (f) optical photo of the blood clotting effect of five samples; reproduced with permission.®®
Copyright 2021, Elsevier. (g) BCI of gauze, gelation sponge, gelatin (Gel), and gelatin/calcium chloride electrospun nanofibers; (h) APTT and PT of Gel,
Gel/CaCl, (6:1), and Gel/CaCl, (5:1) nanofibrous membranes; (i) tail vein hemostasis of mice treated with different samples; reproduced with

permission.®* Copyright 2023, Royal Society of Chemistry.

employed gelatin and calcium chloride as raw materials to
prepare a hemostatic wound dressing (Gel/CaCl,) through
electrospinning. Hemostatic properties of calcium-doped nano-
fiber membranes are evident in the blood-clotting index (BCI)
(Fig. 4g), activated partial thromboplastin time (APTT) and
prothrombin time (PT) values of Gel/CaCl, and other samples
(Fig. 4h). Furthermore, images of tail vein hemostasis in mice
(Fig. 4i) underscore the effectiveness of these membranes.
Notably, the Gel/CaCl, membranes with varying contents of
gelatin and calcium chloride displayed BCI values of 8.57% and
18.4%, respectively, significantly lower than those of the gelatin
nanofiber (Gel) membranes. Besides, the APTT value of Gel/
CaCl, decreased by about 28 s compared with that of Gel,

3176 | J Mater. Chem. B, 2024, 12, 3171-3190

indicating that the addition of calcium ions improved the
hemostatic ability of nanofiber membranes in an exogenous
pathway. With a mean hemostatic time of 289 seconds and
minimal blood loss (0.06 g), the Gel/CaCl, (6:1) membrane
outperformed commercially available gauze (698 s, 0.31 g),
blank control (846 s, 0.63 g), and Gel membranes (304s,
0.36g). In addition, silver,®® zinc,*® and other nanoparticle-
based hybrid electrospun nanofibers have also exhibited excep-

tional hemostatic and coagulation properties.

4.2. Anti-bacterials

Wound healing is a protracted process during which bacteria
can infiltrate the wound site, leading to infections - a

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Metal and metal oxide nanoparticle based hybrid nanofibers for anti-bacterial application. (a) Silver-doped polyurethane zein hybrid nanofibrous
scaffold (AgNPs/PU-zein); (b) the water contact angle of AgNPs/PU-zein; (c) SEM image of the cell-cultured AgNPs/PU-zein scaffold for 7 days; the
antibacterial activity of samples in against (d) S. aureus and (e) E. coli, respectively; reproduced with permission.” Copyright 2016, Elsevier.
(f) Transmission electron microscope (TEM) image of PLGA/CuQ hybrid nanofiber; (g) image of the inhibition zones of different nanofiber scaffolds
against E. coli and S. aureus; (h) schematic diagram of the antibacterial mechanism of nano CuO/Cu?* ions; reproduced with permission,®? CC BY 4.0.
(i) Schematic diagram of the antibacterial mechanism of electrospun PCL/ZnONPs; (j) the bacterial cell viability (%) of S. aureus in the different mats;
reproduced with permission.®> Copyright 2018, Elsevier. (k) Co-electrospun gelatin:TiO,/PCL:silk fibroin scaffolds (G:T/P:F) for antisepsis; (1) the
antibacterial activity of G/P:F and G:T/P:F scaffolds against S. aureus and E. coli. Reproduced with permission.>* Copyright 2022, Wiley Periodicals LLC.

significant impediment to the healing process. Repeat infec-
tions not only retard the wound recovery but also pose con-
siderable risks to individuals. Therefore, preventing bacterial
intrusion into wounds is of paramount importance. Previous
studies have demonstrated that certain inorganic nanoparticles
possess broad-spectrum antibacterial properties and could
circumvent bacterial drug resistance. Incorporating these
anti-bacterial inorganic nanoparticles into polymer fibers
proves to be an effective strategy for avoiding infections during
the wound healing process.®”

4.2.1. Metal nanoparticle based HNFs. A variety of metal
nanoparticles have exhibited excellent antimicrobial activity in
the context of wound healing. Silver nanoparticles (AgNPs), in
particular, stand out as one of the most prominent antibacterial
materials.®®°° The Ag™ released from AgNPs has been proven to
hinder the growth of bacteria by adhering easily to the bacterial
cell wall through hydrogen bonding and electrostatic forces.®*®
Maharjan et al.’" synthesized AgNPs by reducing a silver nitrate

This journal is © The Royal Society of Chemistry 2024

solution and utilized them to create silver-doped polyurethane
zein (PU-zein) hybrid nanofibrous scaffolds by electrospinning
(Fig. 5a). These PU-zein membranes, infused with AgNPs,
exhibited excellent surface wettability, promoted cell prolifera-
tion and migration compared with pure PU (Fig. 5b and c).
Moreover, they also showed significant inhibitory effects on
both Gram-positive (S. aureus) and Gram-negative (E. coli)
bacterial strains (Fig. 5d and e). Copper®>® and gold®” nano-
particles embedded in polymer nanofibers have also demon-
strated potent antibacterial activity in wound healing.

4.2.2. Metal oxide nanoparticle based HNFs. Several metal
oxides hold great promise in hybrid nanofibers due to their
satisfactory antimicrobial properties. For example, Haider
et al.®* developed wound healing solutions using copper oxide
(CuO)-doped electrospun poly(lactide-co-glycolide)(PLGA) nano-
fibrous membranes (Fig. 5f). PLGA, on its own, has limited
bactericidal abilities, but PLGA/CuO hybrid nanofibrous mem-
branes displayed inhibitory zones against E. coli and S. aureus,

J. Mater. Chem. B, 2024,12, 3171-3190 | 3177
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as observed through disc diffusion experiments (Fig. 5g). The
inhibitory effect results from CuO/Cu®" binding with sulfur-
containing proteins in bacterial cell walls, impairing their
function and eventually leading to bacterial cell death. Addi-
tionally, CuO or Cu®* generates reactive oxygen species (ROS),
inhibiting bacterial growth (Fig. 5h). Zinc oxide nanoparticles
(znONPs) hinder bacterial growth by causing mechanical
damage to bacterial cell membranes.”**”*® Velasquillo and
coworkers **prepared polycaprolactone (PCL)/ZnONPs nano-
fibers through coaxial electrospinning.

These nanofibers facilitated the controlled release of Zn**
and displayed enhanced antibacterial properties under UVA
light irradiation (Fig. 5i), significantly reducing bacterial activ-
ity against E. coli and S. aureus (Fig. 5j) to about 20% after 72
hours when compared to pure PCL. Titanium dioxide nano-
particles (TiO,NPs) can trigger antibacterial activity under
ultraviolet irradiation. This effect is adjustable by manipulating
parameters such as wavelength, light intensity, pH value, and
temperature.'°>*°* Consequently, TiO,NPs find extensive appli-
cation in wound treatment.’*'%*71%¢ Recently, Golipour et al.®*
developed wound healing dressings by co-electrospinning of
gelatin:TiO, and polycaprolactone:silk fibroin (G:T/P:F)
(Fig. 5k). These scaffolds exhibited pronounced antibacterial
activity against E. coli and S. aureus (Fig. 51). Furthermore, the
possible bacterial inhibitory mechanisms of TiO,NPs were
suggested: (i) TiO, leads to the peroxidation of polyunsaturated
phospholipids in cell membranes and the loss of bacterial
respiratory activity; (ii) the electrostatic interaction between
TiO, and cell wall causes damage to the latter; (iii) TiO,
generates ROS in body fluid environment, resulting in bacterial
oxidative stress, thus destroying bacterial cells.

4.2.3. Inorganic nonmetallic nanoparticle based HNFs.
Certain inorganic non-metallic nanoparticles boast exceptional
antibacterial properties, making them valuable for wound
healing applications. Graphene oxide (GO) is one of the most
widely used carbon-based antibacterial materials due to its
fruitful functional groups and strong biocompatibility.®?”
Wang et al.”® prepared graphene oxide nanosheets using the
modified Hummers’ method, and then combine them with silk
protein (SF) through electrospinning to create SF/GO nanofi-
bers (Fig. 6a). The findings of the study revealed that the
survival rates of E. coli and S. aureus on SF nanofibers was
(83.9 £ 7.0)% and (89.3 + 4.8)%, respectively. In contrast, the
survival rates of E. coli and S. aureus on SF/GO hybrid nano-
fibers were (35.7 + 3.6)% and (41.6 + 0.3)%, respectively
(Fig. 6b). These results underscore the enhancement of anti-
bacterial activity attributed to GO within the SF nanofiber
matrix. Regarding the antibacterial mechanism of GO, it is
widely accepted that GO disrupts the bacterial cell membrane,
leading to the release of intracellular substances. This phenom-
enon is substantiated by the SEM images depicted in Fig. 6c,
where E. coli displayed signs of atrophy and even membrane
rupture upon contact with the SF/GO hybrid nanofibers.

Metal-organic frameworks (MOFs) have also attracted exten-
sive attention as antibacterial materials in recent years because
of their designability of molecular structure and controllability
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of releasing metal ions. The fine-tuning of antibacterial perfor-
mance at the molecular level is achievable by regulating the
metal ions and organic ligands within MOFs.”*'%*11° Most of
the antimicrobial strategies of MOFs are mainly derived from
two aspects: MOFs are reservoirs and sustained-release agents
of antimicrobial metal ions or MOFs as porous materials are
carriers of antimicrobial drugs. For example, as shown in
Fig. 6d, Ning and colleagues’® synthesized a silver(i) based
metal organic framework (Ag,[HBTC][IM], abbreviated as Ag-
MOF). In their work, this Ag-MOF achieved high antimicrobial
efficiency by slowly releasing silver ions. The Ag-MOF was
uniformly mixed with PLA/DCM solution and subsequently
electrospinning to form a Ag-MOF/PLA hybrid nanofiber
membrane (Fig. 6e). Based on their results, Ag-MOF/PLA hybrid
nanofibers presented potent inhibitory effects against E. coli, P.
aeruginosa, S. aureus, and M. smegmatis (Fig. 6f). In contrast,
both pure PLA and blank control group displayed negligible
antibacterial activity, as is evident in Fig. 6g and h. However,
the inhibition rates against E. coli and S. aureus of Ag-MOF/PLA
with a concentration of 2.5 wt% Ag-MOF reached 97.2%, and
97.5%, respectively.

4.2.4. Other inorganic nanoparticle based HNFs. In addi-
tion to the commonly used HNFs mentioned in the previous
sections, other inorganic materials such as cerium (Ce),""!
iodine(1),"** and selenium (Se)'** have been developed for
doping of polymer nanofibers, exhibiting notable antimicrobial
activity.

We have summarized the HNFs with antibacterial activity
and other functions in Table 1.

4.3. Cell proliferation and migration

Proliferation and migration of the fibroblasts, endothelial cells,
and keratinocytes allow the establishment of a new extra-
cellular matrix and granulation tissue, which are essential for
wound closure.'®* Inorganic nanoparticles, including metals
(Ag"**) and metal oxides (ZnO,"** and Fe,0;'*°) as well as
inorganic nonmetallic materials (Si,’*'*® GO, and MOF'?)
have demonstrated the ability to promote cell proliferation and
migration. In addition to the above, some materials have been
considered for their versatility to promote cell proliferation and
migration in wound therapy, such as cuprous sulfide (Cus),
cerium oxide (CeO,) and biological glass (BG).

4.3.1. Metal sulfide nanoparticle based HNFs. Metal sul-
fide materials, such as cuprous sulfide (Cu,S), exhibit excep-
tional photothermal effects. Beyond their application in
treating skin defects caused by tumors, these materials hold
great potential in wound healing procedures. Wu and
colleagues'®” synthesized Cu,S (CS) nanoparticles by using a
hydrothermal method and incorporated them into a mixed
solution of poly(lactic acid)/polycaprolactone (PLA/PCL) to pre-
pare electrospun hybrid nanofibers. The resulting CS-PLA/PCL
membranes were assessed for their impact on cell proliferation
and migration (Fig. 7a). Briefly, human dermal fibroblasts
(HDFs) and human umbilical vein endothelial cells (HUVECs)
were cultured on the as-prepared nanofibrous membranes
without Cu,S (0CS) and with 30 wt% of Cu,S (30CS). The cell
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counting kit-8 (CCK-8) assay revealed that HDFs cultured on the
hybrid nanofiber membrane exhibited a higher proliferation
rate than the control group (Fig. 7b). Additionally, the in vitro
scratch test of HUVECs demonstrated that the scratch of the
30CS-PLA/PCL group almost disappeared after 6 hours, as
shown in Fig. 7c. Compared to the control group (28.1%) and
the 0CS-PLA/PCL group (18.4%), the relative wound area of the
30CS-PLA/PCL group was mere 5.1% (Fig. 7d). These results
underscored that the addition of Cu,S nanoparticles improved
the regeneration activity of the nanofibrous membrane in vitro
and promoted the proliferation and migration of the cells in
the wound area.

4.3.2. Metal oxide nanoparticle based HNFs. Numerous
metal oxide nanoparticles have been reported as effective

This journal is © The Royal Society of Chemistry 2024

materials to improve cell proliferation and migration for the
wound healing process. For instance, cerium oxide nano-
particles (CeNPs), known for their antioxidant and regenerative
properties, hold great promise in the biomedical field.''""?®
As depicted in Fig. 7e, Lv et al.**® prepared CeNPs doped poly(t-
lactic acid)-gelatin (PLLA-gelatin) nanofibers through direct
electrospinning for wound healing. Results from acridine
orange/ethidium bromide (AO/EB) staining indicated that the
cell densities of NIH 3T3 in the PLLA-gelatin membrane doped
with 0.25 w%(C2-M) and 0.5 w%(C2-H) CeNPs were signifi-
cantly higher than those in the PLLA-gelatin membrane and
pure PLLA membrane (Fig. 7f). Moreover, CCK-8 assay results
indicated that the viability of L929 cells in the C2-H group
exceeded that in the other groups (Fig. 7g). Therefore, it was
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Table 1 Electrospun organic/inorganic hybrid nanofibers (HNFs) used as anti-bacterials

Inorganic Methods of
components Polymers incorporation Functions Ref.
AgNPs Polyurethane Electrospinning with  Antibacterial activity against E. coli and S. aureus, and 91
subsequent loading  promotion of cell proliferation
Polyvinyl alcohol/chitosan Direct Antibacterial activity against E. coli and S. aureus 114
electrospinning
Polycaprolactone Direct Antibacterial activity against E. coli and S. aureus, and 89
electrospinning promoting cell attachment, proliferation and spreading
Thermoplastic polyurethane, Electrospinning with ~ Antibacterial activity against E. coli, S. aureus, MRSA, 88
polyvinyl alcohol subsequent loading  Acinetobacter, and Klebsiella-pneumoniae
Polycaprolactone/polyvinyl Direct Antibacterial activity against E. coli and S. aureus 115
pyrrolidone electrospinning
Silk fibroin Direct Antibacterial activity against S. aureus, S. epidermidis, and 116
electrospinning P. aeruginosa
Polyethylene oxide/carboxymethyl Direct Antibacterial activity against P. aeruginosa, E. coli, and S. aureus 117
chitosan electrospinning
Polyvinyl alcohol/chitosan Electrospinning with ~ Antibacterial activity against E. coli 118
subsequent loading
Cu, CuONPs Poly(lactide-co-glycolide) Direct Antibacterial activity against E. coli and S. aureus, and 92
electrospinning promotion of cell adhesion, proliferation and viability
Polyvinyl pyrrolidone Direct Antibacterial activity against E. coli, P. aeruginosa, S. aureus and 95
electrospinning Bacillus cereus
Polycaprolactone/gelatin Direct Antibacterial activity against E. coli and S. aureus 96
electrospinning
ZnONPs Polyacrylic acid/polyallylamine Electrospinning with  Antibacterial activity against E. coli and S. aureus 97
hydrochloride subsequent loading
Polycaprolactone Coaxial Antibacterial activity against E. coli and S. aureus 93
electrospinning
Chitosan/polycaprolactone Direct Antibacterial activity against S. aureus and B. subtilis, 98
electrospinning antioxidant activity and ability to accelerate wound healing
Vinylidene fluoride- Direct Antibacterial activity against S. aureus, and positive 119
tetrafluoroethylene copolymer/poly- electrospinning contribution to purulent wound healing
vinyl pyrrolidone
TiO,NPs Polycaprolactone Direct Antibacterial activity against E. coli and S. aureus, and 100
electrospinning promotion of cell adhesion and viability
Polyurethane Electrospinning with  Antibacterial activity against S. aureus and P. aeruginosa, 105
subsequent loading and good cell adhesion
Chitosan/pectin Direct Antibacterial activity against E. coli, S. aureus, P. aeruginosa, 102
electrospinning absorption of wound exudate and acceleration of wound
closure
Silk fibroin Direct Antibacterial activity against E. coli, and promotion of cell 104
electrospinning adhesion and growth
Chitosan/polyvinyl pyrrolidone Direct Antibacterial activity against E. coli, S. aureus, P. aeruginosa,and 106
electrospinning B. subtilis, and B. subtilis, and promotion of wound closure
Gelatin/polycaprolactone/silk Direct Antibacterial activity against E. coli and S. aureus, and 94
fibroin electrospinning acceleration of cell proliferation and migration
Polylactic acid Direct Antibacterial activity against S. aureus 101
electrospinning
Chitosan Direct Antibacterial activity against S. aureus 120
electrospinning
Iodine Polyvinyl pyrrolidone/polyvinyl Direct Antibacterial activity against E. coli and S. aureus 112
butyral electrospinning
GO Silk fibroin Direct Antibacterial activity against E. coli and S. aureus, and 99
electrospinning acceleration of cell proliferation and migration
MOFs Polylactic acid Direct Antibacterial activity against E. coli, P. aeruginosa, S. aureus, 70
electrospinning and M. smegmatis, and acceleration of wound healing
Chitosan/polyvinyl alcohol Direct Antibacterial activity against E. coli and S. aureus 108
electrospinning
CeO,/ Chitosan/polyethylene oxide Direct Antibacterial activity against E. coli and S. aureus 111
bioglass electrospinning
SeNPs Polycaprolactone/gelatin Direct Antibacterial activity against S. aureus and P. aeruginosa, and 121
electrospinning promotion of wound closure

concluded that CeNPs hybrid nanofibers substantially pro-

moted the proliferation of cells.
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4.3.3.

Bioglass-based HNFs. Bioglass (BG), an artificial in-
organic material rich in bioactive oxides, has attracted considerable
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attention for its excellent wound healing properties.'""'2%1%

Chen et al.*® prepared nano-bioglass (nBG) by the sol-gel method.
Subsequently, they fabricated a three-layer composite nanofibrous
membrane (nBG-TFM) with chitosan and poly(vinyl alcohol) (PVA)
using the sequential electrospinning technique (Fig. 7h). L929 cells
was cultured on nBG-TFM with varying nBG concentrations to
investigate its effects on cell proliferation. As shown in Fig. 7i, the
number of cells increased with higher content of nBG content.
HDFs exhibited elongated cytoskeletons and increased filopodia
abundance when cultured on a membrane containing 40% nBG
(Fig. 7j). This can be attributed to the presence of TFM and nBG,
which elevated basic fibroblast growth factor (bFGF) levels and
promoted type I collagen deposition, ultimately stimulating cell
proliferation and migration.

4.4. Angiogenesis

Blood vessels play a crucial role in facilitating the exchange of
substances between the blood and tissue, providing essential
nutrients for cell growth. Therefore, angiogenesis, the for-
mation of new blood vessels, is a pivotal step in wound healing.
Growth factors such as the vascular endothelial growth factor

This journal is © The Royal Society of Chemistry 2024

(VEGF), epidermal growth factor (EGF), stromal cell-derived
factor (SDF) have been proven effective in accelerating wound
revascularization. However, medical products based on growth
factor face limitations such as short release time and high
cost.>®"1133 Thus, researchers are searching satisfactory
organic/inorganic hybrid materials to accelerate angiogenesis.

4.4.1. Bioglass-based HNFs. Bioglass/bioceramics have
emerged as bioactive nanoparticles with potential to promote
wound angiogenesis.”®'*>'*' As depicted in Fig. 8a, a hybrid
nanofiber consisting of bioglass (BG) and patterned electro-
spun membrane (PEM) nanofibers were prepared by initially
electrospinning poly(pr-lactic acid) (PDLLA) nanofibers with
subsequent loading BG via pulsed laser deposition technology.
The performance of as-prepared hybrid nanofibers was evalu-
ated using a rat wound model (Fig. 8b).**! Digital images of the
wound angiogenisis on the 15th day showed that BG/PEM
hybrid nanofibrous membrane increased the number of
blood vessels compared to the control group and the PEM
group (Fig. 8c). Quantitative analysis of the wound neovascu-
larization also confirmed that the BG/PEM group exhibited the
highest capillary density and the best vascular regeneration
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effect (Fig. 8d). This promotion can be attributed to the release
of silicon ions and calcium ions from BG, which stimulated the
growth of the fibroblasts and endothelial cells and enhanced
the expression of angiogenesis-related growth factors (VEGF,
bFGF, etc.).

4.4.2. Metal nanoparticle based HNFs. Magnesium (Mg) is
commonly adopted to accelerate blood vessel regeneration.
It has been evidenced that a low concentration of Mg can
enhance cell migration and the expression of vascular-related
genes, such as HIF-1o and VEGF, to stimulate angio-
genesis."***> Wu and coworkers'**> prepared MgO-doped
PCL/Gelatin electrospinning nanofibers to improve angiogenic
activity and diabetic wound healing (Fig. 8e). As shown in
Fig. 8f, endothelial cells stimulated by PCL/Gelatin/MgO
exhibited twice as much VEGF secretion compared to those
on PCL/Gelatin. Furthermore, after implanting these electro-
spun membranes under the skin, negligible newly formed

3182 | J Mater. Chem. B, 2024, 12, 3171-3190

blood vessels were observed on wounds with PCL/Gelatin as
dressing after 14 days, while numerous newly formed capil-
laries were evident on wounds with PCL/Gelatin/MgO as dres-
sing (Fig. 82).

4.4.3. Oxygen releasing materials based HNFs. Appropriate
amount of oxygen will enhance the wounds angiogenesis and
accelerate the healing process. Oxygen releasing materials
(ORMs), represented by sodium percarbonate (SPC), calcium
peroxide (CPO), magnesium peroxide (MPO), and hydrogen per-
oxide (HPO), have become a key focus in wound repair.®®"*3°
Sodium percarbonate (SPC), an oxygen-producing compound
that reacts with water to form H,0O, and Na,COj;, was blended
with PCL in DCM and DMF, resulting in the preparation of
PCL-SPC hybrid nanofibrous membranes via electrospinning.®!
In this study, the released amount of oxygen was reflected by the
increase of pH value. The decomposition of SPC produced carbo-
nate, which was further hydrolyzed to generate OH-ions, lead to

This journal is © The Royal Society of Chemistry 2024
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an elevated pH value. As exhibited in Fig. 8h, the pH value of the
PCL-SPC group increased uniformly, while the pH of the pure PCL
group remained constant. Thus, the PCL-SPC group released
oxygen during the experiment. The chorioallantoic membrane
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4.5. Other direct applications

4.5.1. Anti-inflammatory. Strategies that can regulate the

innate immune cells (especially macrophages) and cytokines to
58,137,138

fight inflammation have gained increasing attention.
Before transitioning to the cell proliferation and migration
stages, wounds undergo an inflammatory phase where invad-
ing microorganisms are engulfed and eliminated. However,
chronic wounds often result in a persistent inflammatory state,

(CAM) assay revealed a larger number of blood vessels in the
PCL-SPC group compared to the pure PCL control group (Fig. 8i),
and the quantitative blood vessel counting confirmed that a
certain amount of oxygen promoted angiogenesis (Fig. 8j).
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severely impeding the healing process. Therefore, it is reason-
able to perform immune regulation at the wound site to
accelerate the transition from inflammation to proliferation,**4°
Rubaiya et al.™*" prepared poly(vinyl alcohol) (PVA)/curdlan electro-
spun nanofibrous scaffolds (PCAg) loaded with AgNPs to mitigate
wound inflammation (Fig. 9a). The results demonstrated a
reduction in the expression level of the proinflammatory cytokine
Interleukin-6 (IL6), a representative indicator of inflammation, in
response to the low concentration of silver-loaded nanofibrous
scaffolds (PCAg1) (Fig. 9b). Simultaneously, the expression of
anti-inflammatory cytokine Transforming Growth Factor (1
(TGFB1) increased, indicating that the PCAg1 scaffold effectively
mitigated inflammation by modulating IL6 and TGFf1 (Fig. 9c).
4.5.2. Antioxidation. Reactive oxygen species (ROS) play a
pivotal role in the wound healing process. An appropriate level
of ROS can inhibit the growth of bacteria®'** while promoting
tissue re-epithelialization and vascular regeneration,'*>'*3
However, excessive ROS has the adverse effects on the protein,
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DNA, and other macromolecules, leading to inflammation, cell
senescence, and fibrotic scarring.l‘u‘l‘le’147 Therefore, wound
dressings designed to maintain proper ROS levels will facilitate
the wound healing procedure. Rather et al.*** fabricated cerium
nanoparticles (CeNPs) functionalized PCL-gelatin nanofibrous
(PGNPNF) membranes for antioxidant therapy in wound heal-
ing (Fig. 9d). According to the in vitro antioxidant experiment,
the intensity of the 2’,7’-dichlorofluorescein (DCF, a fluorescent
compound formed by oxidation of ROS) fluorescence intensity
of the cells treated with the nanofibrous membrane (PGNF)
without CeNPs decreased by 12% while the DCF fluorescence
intensity of the cells treated with PGNPNF decreased by 30%,
compared with the control group, indicating that PGNPNF
could remove ROS (Fig. 9¢). In addition, after treating PGNPNF
with H,O, for 24 h, it was observed that the cells in the PGNPNF
group had strong antioxidant activity and ROS scavenging
ability, which increased the cell viability by approximately
threefold compared with the control group (Fig. 9f). These results
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quercetin against S. aureus; reproduced with permission.**® Copyright 2020, Elsevier. (f) Schematic illustration of the preparation process of CCM-
MSNs@PVP nanofiber mats; (g) image of the inhibition zones of the different mats against MRSA strain for 48 h, (a)-(e) represent pure PVP, 4 wt%
MSNs@PVP nanofiber mats, 2 wt% MSNs@PVP nanofiber mats, 4 wt% CCM-MSNs@PVP nanofiber mats, and 8 wt% CCM-MSNs@PVP nanofiber mats,
respectively; results of (n) APTT and (i) PT tests of CCM-MSNs@PVP nanofiber mats; reproduced with permission.**® Copyright 2017, Royal Society of

Chemistry.
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indicated that CeNP hybrid nanofibers possessed antioxidant
activities and could effectively scavenge ROS.

4.5.3. Hair follicle regeneration. Effective wound healing
not only ensures wound closure but also involves the regenera-
tion of hair follicles, sweat and sebaceous glands, and other
skin appendages to fully recover the structural and functional
integrity of the skin."®>*"™" Zinc is an important cofactor for
numerous enzymes, including those with crucial roles in hair
follicles. In recent years, zinc-contained drugs have been
employed for the treatment of hair-related diseases. To develop
an organic/inorganic hybrid nanofiber membrane with hair
follicle regeneration activity, Chang and colleagues'>* prepared
Zn-doped hollow mesoporous silica nanospheres (HMZS) by
the sol-gel method. A hybrid nanofibrous membrane (HM10ZS/
P) was subsequently obtained by electrospinning pre-mixed
HMZS/PCL materials for hair follicle regeneration (Fig. 9g).
Based on the number of hair follicles (Fig. 9h) and the area
of hair follicle cells (Fig. 9i), the PCL nanofibrous membrane
(1HM10ZS/P) loaded with a 1% concentration of HM10ZS
was outperformed the control group and pure PCL membrane

(P) group.
4.6. Drug loading

While the premixed drug/polymer followed by electrospinning
method is simple and convenient, it falls short in achieving
controlled and sustained drug release, limiting its potential in
accelerating wound healing. This can be suitably resolved by
using integrated nanofiber membrane/porous inorganic as

View Article Online

Review

drug carriers. Consequently, a wide array of drugs, including
hemostatic agents, antibacterial agents, antioxidants, and many
other drugs are encapsulated in these materials for wound
treatment.

4.6.1. MOF-based HNFs. Metal-organic
(MOFs) are crystalline materials known for their high porosity
and molecular-level controllability. This characteristic enables
synergistic interactions with drugs."® As shown in Fig. 10a,
Li et al'*® loaded the angiogenic small molecule drug,
dimethoxyglycine (DMOG), onto the cobalt-based ZIF-67 (DZ,
morphology is shown in Fig. 10b). This composite was subse-
quently electrospun with the PLLA/gelatin to create the hybrid
nanofibrous material DZ-PL/G. During in vitro DMOG release
tests, DZ-PL/G showed a stable release rate compared to the DZ
group, demonstrating effective control over DMOG release
through diffusion and degradation of the hybrid nanofiber
membrane (Fig. 10c). Researchers have also loaded MOFs with
tannic acid,"* curcumin,® and other drugs, highlighting the
great potential of MOF/electrospun nanofiber membranes in
drug delivery.

4.6.2. Graphene oxide based HNFs. Graphene oxide (GO), a
sheet-like carbon-based material, has gained significant atten-
tion in wound treatment due to its excellent mechanical proper-
ties, large specific surface area, good chemical stability, and low
toxicity.>**"* 49" Faraji et al.'*® incorporated quercetin (Q)
and GO nanosheets to PCL and then fabricated the nanofibrous
membranes by electrospinning (Fig. 10d). Antibacterial results
revealed a 25% reduction in S. aureus growth activity in the

frameworks

Table 2 Electrospun organic/inorganic hybrid nanofibers (HNFs) used for the loading drugs

Inorganic  Organic
carriers polymers Drugs Application Ref.
ZIF-67 Polylactic acid Dimethyloxalylgl-  Enhances angiogenesis, promotes collagen deposition, and eliminates inflammation 148
ycine (DMOG)
ZIF-8 Chitosan/poly- Tannic acid (TA) Improves antibacterial activity and accelerates the aggregation of the coagulation 153
vinyl alcohol factors and platelets
Polycaprolactone Rose Bengal (RB)  Improves antibacterial activity and accelerates wound healing 161
Polylactic acid Curcumin (CCM)  Inhibits inflammatory response and promotes collagen deposition, angiogenesis, 54
and re-epithelialization
HKUST-1  Citrus pectin Folic acid Improves the mechanical strength and antibacterial activity, induces the angiogen- 162
esis, and promotes fibroblast migration and proliferation
Polycaprolactone Nitric oxide (NO) Promotes endothelial cell growth and improves angiogenesis, collagen deposition, 163
and anti-inflammatory property
GO Polycaprolactone Quercetin Improves antibacterial activity 149
Chitosan/poly- Ciprofloxacin Improves antibacterial activity 154
vinyl alcohol
Polyethylene CeO, and pepper-  Improves antibacterial activity and accelerates re-epithelialization and collagen 39
oxide mint oil deposition
Polylactic acid Se/clarithromycin ~ Improves antibacterial activity 113
MSNs Polyvinyl Curcumin (CCM)  Improves antibacterial activity and activates the clotting system to stop wound 150
pyrrolidone bleeding
Poly(lactide-co- Andrographolide Promotes epidermal cell adhesion and reduces inflammation process 155
glycolide)
Polylactic acid Levofloxacin (lev)  Inhibites bacterial growth and infection 156
and Ag
Polycaprolactone Curcumin (CCM)  Improves antibacterial activity 157
Polycaprolactone Levofloxacin Improves antibacterial activity 158
Polycaprolactone Methylene blue Improves antibacterial activity 159
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PCL/GO group compared to pure PCL nanofibers. Moreover,
the growth activity of S. aureus in the PCL/GO/Q0.5 group
reduced to 56% (Fig. 10e). It was concluded that PCL/GO hybrid
nanofibrous loaded with quercetin exhibit significantly
enhanced antibacterial activity against S. aureus.

4.6.3. Mesoporous silica based HNFs. Mesoporous silica
(MSNs) is a cost-effective and common porous drug-loading
material increasingly integrated into electrospun nanofibers as
drug carriers for wound healing in recent years.'>*™%" Lj
et al.™®® blended curcumin-loaded mesoporous silica nano-
particles (CCM-MSNs) with PVP and then employed electro-
spinning to produce hemostatic and antibacterial nanofibrous
membranes (Fig. 10f). The diameter of the inhibition zone
indicated that the hybrid nanofibers with higher CCM-MSN
content had a stronger bacteriostatic effect (Fig. 10g). Whole
blood absorption and coagulation tests revealed higher plasma
absorption rates for CCM-MSN hybrid nanofibers. Additionally,
they could activate both internal (Fig. 10h) and external
(Fig. 10i) coagulation pathways, inducing coagulation and
significantly shortening hemostasis time.

We have investigated and summarized some cases of elec-
trospun nanofibers loaded with wound-healing drugs using
MOF, GO or MSN in Table 2.

5. Conclusions and future
perspectives

Electrospun organic/inorganic hybrid nanofibers are highly
promising candidates for promoting wound healing due to
the synergistic effect of electrospun nanofibers’ ECM-
mimicking architecture of and the biological activities in
inorganic nanomaterials. This paper has delineated the several
methods for crafting these hybrid nanofibers. Notably, premix-
ing inorganic and organic constituents before electrospinning
stands as the simplest and most prevalent technique, offering
precise control over component ratios. While coaxial electro-
spinning introduces complexity, its paramount advantage lies
in controlled release of inorganic ions or therapeutic agents.
The approach of electrospinning with subsequent loading
adeptly secures inorganic nanoparticles onto nanofiber sur-
faces, affording tailored morphologies conducive to regulating
cell responses. However, unlocking the full potential of uni-
form nanoparticle distribution within polymer nanofibers man-
dates advanced electrospinning and synthetic methodologies.
Furthermore, comprehensively investigating the bonding
mechanisms underpinning interactions between inorganic
nanoparticles and organic nanofibers is imperative, as it will
further illuminate the design principles governing hybrid
nanofiber fabrication.

The applications of electrospun organic/inorganic hybrid
nanofibers in accelerating the various stages of wound healing,
encompassing hemostasis, antibacterial, cell proliferation and
migration, angiogenesis, etc. have been summarized. Briefly,
clay mineral nanoparticle-based hybrid nanofibers emerge as
preferable choices for hemostasis. Beyond frequently used
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metal-based nanomaterials (Ag, ZnO, CuO, TiO,, etc), inorganic
non-metallic nanomaterials (GO, MOF, etc) have demon-
strated remarkable efficacy in thwarting bacterial infections.
Bioglass has proven to be effective in promoting cell proli-
feration and migration, and even angiogenesis. Among the
array of inorganic nanoparticles, ZnO stands as the most
favored due to the antibacterial activity of Zn>" ions and
their capacity to stimulate blood vessel regeneration. Polymers
like PLLA and PLGA are also commonly employed, owing to
their biocompatibility and facile electrospinning characteristics.
However, the biotoxicity of these inorganic nanoparticles
and their circulation/expulsion pathways in vivo remain to be
fully investigated. In other words, the concentration of each
component in the hybrid nanofibers and controllable release of
ions need to be delicately regulated to avoid potential side
effects.

Looking ahead, a pivotal shift in the landscape of wound
dressings foresees the emergence of bioabsorbable materials to
alleviate the challenges associated with dressing changes.
Consequently, there is an escalating demand for multifunc-
tional organic/inorganic hybrid nanofibers engineered to accel-
erate all four stages of the wound healing process within a
single dressing. Besides, multiple fluid electrospinning and the
resultant multiple-chamber nanostructures that can tailor the
ingredients and hierarchical structures of the hybrid nanofi-
bers is a new direction worth developing. The biological
mechanisms governing the efficacy of inorganic materials and
the in vivo degradation products of biopolymers in promoting
wound healing require further exploration. Innovative meth-
odologies like high-throughput screening and organs-on-chips
hold immense potential for expediting the development of
novel hybrid nanofibers and reducing reliance on animal
experimentation. Through collaborative endeavors among
researchers from diverse domains including materials science,
bioengineering, and clinical practice, electrospun organic/inor-
ganic hybrid nanofibers are poised for a promising and com-
mercially prosperous future.
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