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Abstract

Biomaterial is a material designed to take a form that can direct,
through interactions with living systems, the course of any
therapeutic or diagnostic procedure. Growing demand for im-
proved and affordable healthcare treatments and unmet clini-
cal needs seek further advancement of biomaterials. Over the
past 25years, the electrospinning method has been innovated
to enhance biomaterials at nanometer and micrometer length
scales for diverse healthcare applications. Recent developments
include intelligent (smart) biomaterials and sustainable bioma-
terials. Intelligent materials can sense, adapt to and respond to
external stimuli, autonomously adjusting to enhance function-
ality and performance. Sustainable biomaterials possess several
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key characteristics, including renewability, a low carbon footprint, circularity, durability, biocompatibility, biodegradability and
others. Herein, advances in electrospun biomaterials, encompassing process innovations, working principles and the effects of process
variables, are presented succinctly. The potential of electrospun intelligent biomaterials and sustainable biomaterials in specific bio-
medical applications, including tissue engineering, regenerative medicine, drug delivery systems, brain-computer interfaces, biosen-
sors, personal protective equipment and wearable devices, is explored. More effective healthcare demands further advancements in
electrospun biomaterials. In the future, the distinctive characteristics of intelligent biomaterials and sustainable biomaterials, inte-
grated with various emerging technologies (such as Al and data transmission), will enable physicians to conduct remote diagnosis and
treatment. This advancement significantly enhances telemedicine capabilities for more accurate disease prediction and management.
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Introduction

Biomaterial is a material designed to take a form that can direct,
through interactions with living systems, the course of any thera-
peutic or diagnostic procedure [1]. Technological advances have
driven innovation in biomaterial fabrication, particularly in nano-
fiber production techniques, including electrospinning, self-
assembly, drawing and centrifugal spinning. Electrospinning is a
technique employed to fabricate nanofibers from polymer solu-
tions or melts. This method facilitates the production of exception-
ally fine fibers, with diameters ranging from a few nanometers to
several micrometers [2]. Compared to traditional fiber structures,
electrospun nanofibers have garnered significant attention due to
their attributes, including ultra-fine diameters, high surface-to-
volume ratios, tunable porosity and superior physical and me-
chanical properties [3].

Nanofibers are significant in the biomedical areas of intelli-
gent (smart) materials and sustainable materials. The evolution
of intelligent biomaterials has progressed through various stages,

which can be categorized into four distinct levels: inert, active,
responsive and intelligent (Figure 1) [4]. Intelligent materials, can
sense, adapt to and respond to external stimuli (e.g. light, tem-
perature, sound, force, electric current, magnetic field, chemi-
cals, pH, enzymes, redox, etc), autonomously adjusting to
enhance functionality and performance, like self-repair of tis-
sues, efficient drug release and real-time environmental moni-
toring [5]. For instance, in the biomedical sector, intelligent
nanofibers can release drugs in response to fluctuations in body
temperature or pH, providing more precise therapeutic solutions
[6]. Intelligent nanofibers can be produced by various methods,
as illustrated in Figure 2. They include (a) the selection of
functional nanofibrous materials; (b) the addition of additives
(e.g. enzymes, cross-linkers, biomolecules, cells); (c) the utiliza-
tion of multiple materials; (d) the coupling with an external soft-
ware program; (e) the formation of nano-, micro-, meso- and
macro-structuring of nanofibers by a self-assembly method and
by using the interaction between molecules (e.g. hydrogen bond,
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Figure 1. A schematic illustrating the development level of intelligent biomaterials, corresponding to the characteristics of each level. It can be

categorized into four levels: inert, active, responsive and intelligent. Some content has been adapted. Reproduced from Ref. [4] with permission of
Springer Nature, © 2021.
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Figure 2. Schematic of the preparation of intelligent nanofibers and the various stimuli they are designed to respond to. Various ways of realizing
intelligent nanofibers: (a) the selection of functional nanofiber materials; (b) the addition of additives; (c) the utilization of multiple materials; (d) the

coupling with an external software program; (e) the formation of nano-, micro-, meso- and macro-structuring of nanofibers; (f) the modification of
materials; (g) the design of material structure; (h) the innovation of the fabrication process.
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electrostatic force, van der Waals force, etc); (f) the modification
of materials; (g) the design of material structure; (h) the innova-
tion of the fabrication process (7, 8].

Generally, sustainable biomaterials possess the following
characteristics or attributes (Figure 3): (a) Renewability: sustain-
able materials can be conceived and manufactured from renew-
able, recycled or recovered sources. (b) Low carbon footprint:
selection, design and development of materials with higher per-
formance and durability. In addition, developing materials with a
minimal carbon footprint and low embodied energy [9].
(c) Higher circularity: by recovering, retaining or increasing its
value while promoting sustainable development. (d) Durability:
materials with enhanced durability. (e) Biomaterials produced by
biotechnology: with these technologies, the end-use products can
be degraded to be absorbed into the earth system in a shorter pe-
riod while being least polluting or more environmentally friendly.
(f) Biocompatibility: materials that do not pose any adverse
effects on human health. (g) Full biodegradability at the end of
use: materials with higher environmental benignity and full bio-
degradability at the end of use reduce long-term environmental
impact [9]. In the biomedical field, it is understood that sustain-
able biomaterials are derived from renewable sources while
meeting the biocompatibility and biodegradability requirements
of specific biomedical applications. These characteristics enable
more effective interactions with human tissues, improving thera-
peutic outcomes. Furthermore, sustainable biomaterials are as-
sociated with reduced immune responses and inflammatory
reactions compared to traditional materials. Their degradability
mitigates potential risks associated with long-term implantation.
Consequently, this decreases the incidence of complications and
enhances patient safety and quality of life.
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Biosynthesis is the process by which living organisms synthe-
size biomaterials. This process utilizes enzymes, microenviron-
ments and synthetic biology methods within living organisms to
transform artificially constructed modules or precursors into
functional biomaterials through chemical reactions, such as self-
assembly or polymerization. The synthesis of biomaterials in vivo
involves non-covalent interactions, covalent bond formation and
genetic strategies [10]. For instance, a recent study described a
highly efficient Fib-H*** biosynthesis system for producing sub-
stantial quantities of recombinant red fluorescent protein (RFP)
from transgenic silkworms. This system also facilitates the func-
tionalization of fibroin-based biomaterials [11]. The application
range of biological materials can be further expanded through
biosynthesis technology, which provides a pathway to produce
sustainable biomaterials.

Herein, we present and discuss the advances and flexibility of
the electrospinning technique toward intelligent biomaterials as
well as sustainable biomaterials for diverse biomedical applications.

The electrospinning techniques
Conventional electrospinning
Standard electrospinning equipment comprises a high-voltage
power source, an injection pump, a spinneret equipped with a
metal needle and a collector [12]. The high voltage between the
metal needle and the collector generates a ‘Taylor cone’ at the
needle tip, propelling a charged jet toward the cathode [13].
These nanofibers randomly deposit in a spiral pattern on the col-
lector, forming the desired nanofiber structure [14].

During the electrospinning process, the size and morphology
of the nanofibers can be controlled by adjusting the electrospin-
ning parameters [13]. As illustrated in Figure 4, these parameters
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Figure 3. Schematic of the characteristics or attributes of sustainable biomaterials. They include renewability, low carbon footprint, higher circularity,
durability, biomaterials produced by biotechnology, biocompatibility and biodegradability.
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can be broadly categorized based on solution (viscosity, concen-
tration, conductivity, surface tension), environmental (tempera-
ture, humidity) and process (voltage, feed rate, tip-to-collector
distance) parameters [3, 15]. The influence of these parameters
on the control of fiber structure is summarized in Table 1. By opti-
mizing these parameters, the controllability and stability of elec-
trospun nanofibrous structures can be significantly enhanced.

Based on conventional electrospinning technology, various al-
ternative forms of electrospinning have emerged. These include
single-nozzle electrospinning, multi-nozzle electrospinning, co-
axial electrospinning, emulsion electrospinning, triaxial electro-
spinning and melt electrospinning, among others. In Table 2, we
analyse the main structures, advantages and disadvantages of
these systems.

The raw materials for fabricating electrospun nanofibers in-
clude both natural and synthetic polymers, which are widely
used in biomedical applications. Table 3 lists common polymers
used for electrospinning. Combining natural polymers with syn-
thetic polymers can enhance their spinnability, resulting in fibers
with superior biocompatibility and tailored functionalities.

Electrohydrodynamic printing

Electrohydrodynamic (EHD) printing enables precise material de-
position through specific droplet formation modes, such as
microdripping and cone-jet spraying [43,44] (Figure 5A). EHD jet
printing evolved from electrospinning. The method for feeding
materials in solution-based EHD jet printing resembles that used
in solution electrospinning [47]. The precision of EHD jet printing
is no longer constrained by nozzle diameter, allowing the genera-
tion of droplets much smaller than the nozzle size [48]. During
the EHD jet printing process, an applied electric field exerts a
force on the liquid at the nozzle, influencing its flow and mor-
phology, which leads to the formation of a Taylor cone. This
method enables the fabrication of complex nano- and microscale
designs, allowing for precise control of fine droplets and surpass-
ing the capabilities of traditional inkjet printers [49].
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Figure 4. The parameters influencing fiber diameter and morphology in
electrospinning mainly include solution, environmental and
process parameters.

Electrospraying

In electrospray technology, a high voltage is applied to convert
the liquid into fine droplets [50]. This method is particularly ef-
fective for preparing nanoparticles and polymer coatings, as it
facilitates the formation of uniform coatings on diverse surfaces
(Figure 5B) [45]. Electrospray technology utilizes an electric field
to generate a fine mist or droplet spray, one of the electrohydro-
dynamic atomization (EHDA) technologies [17]. Electrospray
technology has been applied to various fields, including drug re-
lease, wound healing, capsule and microsphere preparation, and
dressings, among others. Electrospinning and electrospray tech-
niques can be utilized in combination. By modulating the viscos-
ity and electric field strength of the solution, it is possible to
fabricate both nanofibers and micro/nano particles using
one device.

Electrospinning + 3D printing

3D printing, commonly referred to as additive manufacturing, is
an advanced rapid prototyping technology that enables the reli-
able and efficient creation of three-dimensional objects. As a
bottom-up manufacturing approach, 3D printing incrementally
fulfills design specifications by layering materials [51]. This addi-
tive manufacturing technique allows for producing items with
specific three-dimensional geometries, significantly reducing de-
sign costs and operational complexities. Combining 3D printing
with electrospinning could better meet material design needs,
supporting the development of advanced biomaterials with im-
proved composite structures for practical applications
(Figure 5C) [46]. The combination method encompasses various
approaches, including electrospinning onto 3D-printed scaffolds,
3D printing onto electrospun fibers, alternating use of 3D printing
and electrospinning, decorating or infusing 3D-printed scaffolds
with electrospun fibers, fabricating electrospun scaffolds on 3D-
printed collectors or templates and others [52].

Application of electrospun biomaterials
Tissue engineering and regenerative medicine
Electrospun nanofibers exhibit significant potential in replicating
ECM structures in tissue engineering scaffolds, as they can
closely mimic the natural ECM, thereby facilitating cell attach-
ment, growth and tissue regeneration [53]. Electrospun scaffolds
are widely used in tissue engineering and regenerative medi-
cine (Figure 6).

Heart repair

Cardiovascular diseases (CVDs) pose a substantial threat to hu-
man health [54]. Electrospun nanofibers possess the potential to
simulate the structure of cardiac tissue; their superior mechani-
cal properties can enhance cardiomyocyte function and improve
biocompatibility [55]. Scaffolds composed of intelligent biomate-
rials play a crucial role in heart repair. A recent study presented
a reactive oxygen species (ROS)-responsive degradable elastic
polyurethane (PUTK) fiber patch loaded with methylprednisolone
(MP) for treating myocardial infarction (MI) in rats. ROS-
responsive PUTK responds to ROS through specific functional
groups within its molecular structure, namely the thioacetal
bond. This interaction facilitates degradation and the release of
bioactive components, thereby mitigating oxidative damage and
reducing cardiomyocyte apoptosis (Figure 7A) [56]. In another
study, nanofibrous patches were developed by electrospinning a
combination of selenium polyurethane (PU) and polyethylene
glycol (PEG). The selenium-containing nanofibers demonstrated
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Table 1. The influence parameters of fiber diameter and morphology in electrospinning

Electrospinning parameters Fiber diameter Fiber morphology Ref.
Solution Viscosity 1 High viscosity affects solubility and extrusion; low viscosity impacts the [16]
parameters formation of continuous fibers
Concentration? 7 Low concentrations form beaded fibers [16]
Conductivity ! Low conductivity prevents the liquid from stretching; high [14]
conductivity leads to incomplete solvent evaporation on the collector
Surface tension? 1 Large surface tension causes jet instability [16]
Environmental Temperature? ! High temperatures can make the fiber diameter distribution uniform [17]
parameters ~ Humidity( 1 High humidity affects fiber shape; low humidity results in rapid [18]
solvent evaporation
Process Voltage? ! High voltage can induce an unstable pinning process, resulting in the [19]
parameters formation of beads on the fibers
Feed ratef 1 A high feed rate can result in uneven fiber or bead formation, while alow  [19]
feed rate may lead to needle clogging
Tip to collector distance? ! Small distance, spun fibers tended to adhere [13]
Table 2. Classification and characteristics of electrospinning technology
Electrospinning type Main structure Advantages Disadvantages Ref.
Single-nozzle Only one nozzle Simple and widely applied in Less ideal for sustained [20]
electrospinning laboratory-scale studies drug delivery
Multi-nozzle Multi-nozzle systems (>2) Fabrication of diverse compositions of Electric field interference, [21,22]
electrospinning spin solutions onto a nanofibers, enhance production effi- nozzle blockage, equipment
single collector ciency, and overcome solvent in- complexity, and mate-
compatibility rial selection
Coaxial Core-shell nozzles Get core-shell structures, hollow fibers, Fiber morphology is challeng- [23]
electrospinning and other specialized morphologies ing to control, low yield
Emulsion Emulsion system to make Production of functional nanofibers, Low efficiency [24, 25]
electrospinning core-shell nanofibers (add prevent biomolecular damage, reduce
surfactants to separate the risk of contamination
different phases)
Triaxial Utilizes three concentrically Achieving controlled drug release Solvent evaporation and poly- [26]
electrospinning nested needles to distribute mer selection
solutions into inner, middle,
and outer layers
Melt electrospinning ~ Heater, air pressure, collector ~ No harmful solvent residues, lower costs, High polymer melt viscosity, low  [27]
enhanced safety and eco-friendliness conductivity and the require-
ment for strong electric fields
Table 3. Examples of electrospun polymers and their characteristics, as well as their biomedical applications
Electrospinning polymers Characteristic Biomedical application Ref.
Natural Chitosan Biodegradable, good biocompatibility, Medical textiles, wound [28-30]
polymers antimicrobial, antiviral, hemostatic, minimal treatments, wound dressing
cytotoxicity
Hyaluronic acid Moisture, good biocompatibility Wound dressing [31]
Cellulose Biodegradable, good biocompatibility, good Water filtration applications, [32,33]
mechanical properties, non-toxic drug delivery
Alginate Good biocompatibility promotes cell growth Wound treatments [29]
Collagen Good biocompatibility, biodegradable, Tissue engineering [34]
hemostasis, promote cell growth
Silk fibroin Good biocompatibility, biodegradable, good Angioplasty balloon coating [35]
mechanical properties
Gelatin Good biocompatibility, biodegradable, low Medical textiles, tissue [28, 36]
immunogenicity, low irritability, antigenicity engineering
Synthetic ~ Ooly(lactic-co-glycolic Good biocompatibility, good mechanical Tissue engineering [34]
polymers acid) (PLGA) properties, biodegradable
Polycaprolactone (PCL) Good biocompatibility, biodegradable Tissue engineering [37]
Poly(lactic-co-glycolic Good biocompatibility, biodegradable Tissue engineering [38]
acid) (PLCL)
Poly(lactic acid) (PLA) Environmentally friendly, thermoplastic Tissue engineering, [36, 39]
polymer, good biocompatibility wound dressing
Poly(vinyl alcohol) (PVA) Good biocompatibility, water solubility, Wound dressing [30, 31]
film formation
Polyurethane (PU) Good biocompatibility, non-toxicity, Tissue engineering [40]
elasticity and good mechanical properties
Poly(ether urethane) (PEU) Good mechanical properties, hydrophobic Tissue engineering [41]
Polytetrafluoroethylene Good thermal and chemical stability, high Tissue engineering [42]

(PTFE)

fracture toughness, good biocompatibility
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Figure 5. Schematic of several electrospinning strategies. (A) Electrohydrodynamic printing enables precise material deposition through specific
droplet formation modes, such as microdripping and cone-jet spraying. Reproduced from Ref. [43] with permission of Springer Nature, © 2024. (B)
Electrospraying involves applying a high voltage to convert the liquid into fine droplets. Reproduced from Ref. [45] with permission of Elsevier, © 2022.
(C) Electrospinning combined with 3D printing, which can better meet material design needs, supports the development of advanced biomaterials with
improved composite structures for practical applications. Reproduced from Ref. [46] with permission of Oxford University Press, © 2022.

a capacity to reduce oxidative stress, thereby modulating the in-
flammatory microenvironment and effectively restoring cardiac
structure and function (Figure 7B) [S7].

Vascular replacement

Vascular grafts made from sustainable biomaterials offer distinct
advantages in managing CVDs [38]. Owing to the good degrad-
ability of the material, these grafts can be resorbed after fulfilling
their function of supporting blood vessels. This property effec-
tively mitigates inflammatory reactions and other complications
associated with grafts made from non-degradable materials.
Furthermore, the grafts facilitate tissue remodeling and promote
vascular regeneration during degradation. Electrospun vascular
grafts feature highly interconnected nanofibers that replicate the
structure of the natural extracellular matrix (ECM) [58]. By alter-
ing the material’s composition and the fibers’ diameter, orienta-
tion and arrangement, it is possible to adjust the degradability
and mechanical properties. Wu et al. [S9] prepared vascular grafts

based on poly(L-lactide-co-e-caprolactone) (P(LLA-CL)), chitosan
and collagen utilizing bidirectional gradient electrospinning. The
incorporation of biodegradable biomaterials enhanced the degra-
dation of wvascular grafts while exhibiting favorable bio-
compatibility.

Nerve repair

The limited self-healing and functional recovery capacity of
nerves is a significant challenge in modern medicine [2].
Nanofibrous materials can improve the growth state of nerve
cells through electrical stimulation, which reflects the adaptabil-
ity and responsiveness of intelligent biomaterials. Wang et al. [60]
conducted a study to investigate the response of nerve cells to an
aligned nanofibrous scaffold composed of PLGA and multi-
walled carbon nanotubes (MWCNTs). Their findings indicated
that when integrated with electrical stimulation, the scaffold
allows for an effective response to such stimulation. This re-
sponse promotes nerve cell proliferation, differentiation, neurite
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extension and myelination, thereby highlighting its potential
applications in nerve regeneration (Figure 8A). Responding to
alterations in the microenvironment in vivo is another way intel-
ligent biomaterials can react to stimuli. In another study, it was
reported that a core-shell structure could sustain the release of
the nerve growth factor (NGF), respond to microenvironmental
immune regulation, promote neural differentiation and enhance
functional recovery (Figure 8B) [61].

Bone regeneration

Nanofibrous membranes produced through electrospinning tech-
nology closely mimic the composition and architecture of ECM
fibers. This resemblance provides essential structural support that
promotes the ingrowth of bone cells. The application of intelligent
biomaterials for bone tissue repair is on the rise. In a recent study,
it was reported that the achievement of brittleness transformation
in bioactive SiO,—CaO glass nanofibers was achieved through the
regulation of crystallization and chain conformation. This process

was combined with a shape-recovery chitosan layer to prepare
Si0,~Ca0O NF/CS smart scaffolds. The smart scaffolds exhibited
shape recovery, elasticity and a good ability for bone regeneration,
providing a new solution for repairing complex bone defects
(Figure 9A) [62]. Excessive levels of free radicals, particularly ROS,
are a significant contributor to the degradation of cartilage. Lignin
is an antioxidant, and the polyphenolic hydroxyl groups in lignin
can effectively neutralize free radicals. Liang et al. [63] proposed
PCL and PCL-grafted lignin (PCL-g-lignin) copolymer. The scaffold
was responsive to oxidative stress when stimulated by H,0,, and it
was both biocompatible and biodegradable. This makes it an effec-
tive material for treating osteoarthritis (Figure 9B).

Skin regeneration

Electrospun nanofibrous membranes exhibit flexibility and can
be tailored to conform to the shapes of skin wounds. Their high
porosity and exceptional pore interconnectivity are essential for
effective exudate drainage and gas exchange [64]. Intelligent
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dressings represent a crucial element in the field of skin tissue
engineering. These dressings can respond appropriately to the
wound site based on material properties, enabling real-time
monitoring of wound conditions and environmental changes
[65]. Xu et al. [22] developed a bioactive electrospun smart dress-
ing with anti-inflammatory and antibacterial properties. This
smart dressing demonstrated waterproofing, breathability and
liquid absorption capabilities, which significantly accelerated
wound healing (Figure 10A). In another study, a smart dressing
composed of polyvinyl alcohol/polysulfone (PVA/PSF) was
reported, inspired by the microscopic structure of pine cones and
their hyperelastic deformation characteristics. This biomimetic
smart dressing demonstrated rapid deformation under high hu-
midity conditions and could readily adjust its bending amplitude,
speed and direction to conform to the irregular contours of hu-
man wounds. Smart dressings effectively reduced the accumula-
tion of exudate in wounds while preserving optimal humidity
levels. Concurrently, the PSF layer is highly hydrophobic and acts
as a barrier against various aqueous solutions, preventing exter-
nal contaminants from entering the wound site and promoting
accelerated wound healing (Figure 10B) [66].

Recent investigations into intelligent dressings are grounded
in using flexible electronic materials. A fully integrated, battery-
free, wireless, intelligent wound dressing has been developed us-
ing flexible electronic technology for wound hemostasis, healing,
drug release and other detection purposes [67]. The collection,

transmission and processing of information can be controlled by
miniaturized circuits and smartphones. In a recent study, a wire-
less, battery-free, intelligent wound dressing was developed and
integrated with a drug delivery module. This dressing was
designed as a double-layer patch that monitored wound temper-
ature, pH and uric acid levels, enabling real-time detection of
bacterial infections. Additionally, it facilitated the electrically
controlled delivery of antibiotics for effective treatment of infec-
tions [6]. The development of electrospun dressings is expected
to integrate flexible electronic materials, miniaturized circuits
and smartphone systems to treat wounds and monitor them in
real-time.

Drug delivery systems

Electrospun nanofibers offer several advantages in intelligent
drug delivery systems, including effective drug adsorption and
tunable drug release. They can facilitate the intelligent regula-
tion of drug release through both endogenous and external stim-
uli. Under endogenous stimuli (e.g. temperature, pH, enzyme
activity, ROS levels and others), electrospun fibers can intelli-
gently modulate drug release by responding to changes in physi-
ological and pathological microenvironments. Similarly,
electrospun fibers can achieve intelligent control of drug release
by reacting to these external factors under exogenous stimuli (e.
g. light, electricity, magnetic fields, sound and more). For in-
stance, a recent study introduced a ROS-responsive nanofibrous
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promote PC12 cell proliferation and differentiation. Reproduced from Ref. [60] with permission of Elsevier, © 2018. (B) Schematic of scaffold
construction for spinal cord injury treatment, featuring immune modulation and nerve regeneration in response to the microenvironment.
Reproduced from Ref. [61] with permission of Springer Nature, © 2021.
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® The intelligent scaffolds have shape recovery, elasticity,
and good bone regeneration ability. After implantation,
the scaffolds were able to deform and fit irregularly
shaped bone defects, followed by a self-deploying
behavior to achieve a perfect match with the cavities.

® The scaffold is biocompatible, biodegradable and able

to provide sustained antioxidant activity.

Figure 9. The application of electrospun biomaterials for bone regeneration. (A) Schematic of preparing a smart elastic nanofiber-based 3D scaffold to improve
rat bone repair. Reproduced from Ref. [62] with permission of American Chemical Society, © 2019. (B) Schematic of PCL-lignin nanofibers membrane for
osteoarthritis treatment and effect of scaffolds on inhibiting osteoarthritis in vivo. Reproduced from Ref. [63] with permission of Elsevier, © 2019.

membrane, which was composed of PLA, polyethylene glycol dia-
crylate with ethylenediamine tetraacetic acid (PEGDA-EDT) and
reduced graphene oxide (rGO) loaded with fucoxanthin (Fx). This
innovative material served as a drug delivery system for treating
osteoarthritis [68]. The ROS responsiveness of PPGF nanofibrous
membranes is achieved by introducing PEGDA-EDT as the ROS
response group. The hydrophobic thioether groups present in
PEGDA-EDT undergo rapid oxidation to form sulfone or sulfoxide
groups when exposed to ROS (e.g. hydrogen peroxide). This oxi-
dation process induced structural changes within the polymer
chain, thereby facilitating the release of drugs. In addition, the
oxidized PEGDA-EDT also exhibited hydrophilicity, further accel-
erating the degradation of the fiber film and thus achieving con-
tinuous drug release (Figure 11).

Biosensors

Biosensors are increasingly recognized for their pivotal role in the
biomedical field. The electrospun nanofibrous structure signifi-
cantly enhances the surface area, improves binding efficiency
and reaction rates and creates optimal conditions for biosensor
applications. In the context of disease diagnosis, biosensors can
identify critical biomarkers (e.g. proteins and nucleic acids), facil-
itating the early detection of chronic diseases, including cancer

and cardiovascular disorders [69]. Furthermore, they can monitor
vital signs such as blood pressure, blood glucose levels and blood
oxygen saturation to support real-time health surveillance [60].
Additionally, biosensors play a pivotal role in precision drug de-
livery within the field of oncology. They facilitate the targeted ad-
ministration of therapeutics to lesion sites, thereby enhancing
therapeutic efficacy while minimizing adverse side effects [70].
This underscores their significant value in personalized medi-
cine. The advancement of these technologies not only enhances
the efficiency of medical services but also provides patients
with more convenient and personalized health management
solutions.

In the forthcoming period, it is anticipated that there will be a
significant increase in the application of biomaterials for sensors
designed to facilitate noninvasive measurement of blood gases
(e.g. CO, SO,, CO,) and vital signs. This advancement has the po-
tential to minimize infection risks and complications while en-
abling continuous monitoring of patient conditions.

Wearable devices

Wearable devices are emerging as the next breakthrough in fit-
ness, personal health monitoring and public health. Numerous
wearable devices, such as earbuds, smartwatches and
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Figure 10. The application of electrospun biomaterials for skin regeneration. (A) The schematic of electrospun smart dressing illustrates its role in
enhancing wound healing. (a) Natural-plant drugs extraction from H. rhamnoides L. (b) Wound dressing with functionality for accelerating wound
healing. Reproduced from Ref. [22] with permission of Elsevier, © 2024. (B) The schematic of bioinspired smart dressing fabrication by electrospinning
and the promoted healing effect. Reproduced from Ref. [66] with permission of Elsevier, © 2024.

wristbands, are available on the market. They establish connec-
tions with smartphones or remote smart terminals via Bluetooth
or wireless networks, facilitating real-time data transmission for
monitoring vital signs, including heart rate, pulse, sleep quality
and step count [71]. Nanofibrous materials are lightweight, soft
and well-suited to body movements. Their ultrathin and flexible
networks conform to complex skin deformations and adhere
closely to the skin surface, enabling the precise detection of sub-
tle signals that play a transformative role in wearable sen-
sors [72].

Wearable devices are expected to integrate a diverse array of
sensors, flexible electronics, nanofibrous biomaterials and big
data analytics. This integration aims to achieve multifunctional
detection across various human physiological parameters.
Consequently, it is anticipated to facilitate personalized health
monitoring, enable early detection of health risks and signifi-
cantly enhance the management of chronic diseases [69]. A re-
cent study presented a muscle fiber-inspired electrospun
nanostructure-enhanced conductive fiber (ERCF) designed for in-
telligent wearable optoelectronics and energy generation appli-
cations. The ERCF was produced through -electrospinning
technology, coupled with the in situ formation of silver nanopar-
ticles (AgNPs). This innovative material demonstrated excep-
tional strain-insensitive conductivity, mechanical strength and
resilience, making it suitable for smart gloves and other wearable
device applications [73]. In another study, a flexible hybrid elec-
tron nanofibrous electrode designed for smart -clothing

demonstrated exceptional tensile properties and highly stable
electrical conductivity. It could reliably track and record bioelec-
trical signals such as electromyograms (EMG) and electrocardio-
grams (ECG), by utilizing wireless biosignal acquisition systems
(Figure 12) [74].

In wearable devices, biodegradable sensor biomaterials are
pivotal for continuous health monitoring and enhancing in-body
sensing capabilities. Most currently employed sensors are used
externally or noninvasively but necessitate surgical removal af-
ter use, subjecting patients to potential complications. In the fu-
ture, the sensors constructed from sustainable biomaterials have
the potential to significantly alleviate these issues by enhancing
patient comfort. They minimize foreign body reactions associ-
ated with implants while concurrently reducing medical waste
due to their inherent degradability.

Personal protective equipment

Despite technological advancements, viral infections continue to
profoundly impact humanity, causing increased global morbid-
ity, mortality and substantial economic losses. Millions of people
have lost their lives in the COVID-19 pandemic since 2019. This
highlights the critical need to develop novel antiviral personal
protective equipment (PPE) with robust antibacterial and antivi-
ral properties.

Electrospun nanofibers can achieve antibacterial functionality
through surface treatment or incorporation of antimicrobial
agents, with various applications in the biomedical field and
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Figure 11. The application of electrospun biomaterials for drug delivery. A schematic illustration of the PPGF nanofiber membrane, designed as a ROS-
responsive drug delivery system for the sustained release of Fx in the treatment of osteoarthritis. Reproduced from Ref. [68] with permission of

Springer Nature, © 2022.

household textiles. Similarly, PPE made from fiber materials will
integrate intelligent technologies that include sensors responsive
to environmental changes. These fibers can modify their struc-
ture or release antibacterial and antiviral agents upon contact
with viruses or harmful substances after exposure to light,
thereby enhancing their protective efficacy. Chen et al. [75]
designed a reusable nanofibrous membrane consisting of polyac-
rylonitrile (PAN) combined with silver/graphite carbon nitride
(Ag-CN), plant extract and silver nanoparticles (NPs). This
membrane exhibited photocatalytic antibacterial and antiviral
properties through the electrospinning process and was
intended for use in medical masks. When exposed to light,
Ag-CN can utilize light energy to produce ROS, which kills

pathogens on the mask surface, thereby giving the mask the
potential to be reused (Figure 13A). In another study, multi-
functional nanofibrous films (NFs) were prepared, exhibiting
antibacterial, antiviral and photocatalytic properties that en-
able the degradation of organic pollutants, thereby providing
self-cleaning and rapid sensing capabilities. These photores-
ponsive nanofibers (NFs) have high potential for protective
clothing applications (Figure 13B) [76].

Brain-computer interface

Brain-computer interface (BCI) facilitates direct interaction be-
tween the brain and the external environment through neural
interfaces. They offer diverse functions, including monitoring,



Regenerative Biomaterials, 2025, Vol. 12, rbaf034 | 13

Flexible Hybrid

Electrode

ECG and EMG Device

Wirele?)

S EE BRSNS ENESEEEEEEEEEERR

Electronics Nanofiber

Qescssasssssnssesssnssssnce

Healthcare Monitorin

Excellent Stretchability and
Highly Stable Electrical Conductivity
AT,

A

wassssnifeg

Strews (MPa)

PN

o

LT ['?,E.i-b

ARsssssssssssssnnnnnnans

"sasssmagp
o

3D Conductive Network Structure

lonic interactions

between AgNPsand OCB ‘\g\h and CNT-COOH
Qv % 0

e Lhe
9 oF
o ; Qg oo
°~) Q i b °
aRe. . m-¢-u.. o gl o
- J
9

o

lomic interactions between lonic interactions

between AgNPs and rGO

o
i RS

L]

sEssussEEEERREER NS

«©

©

|
e

sssssssssnsnnnnnnnaf

2o

-

Benefits of employing intelligent |
sustainable electrospun biomaterials

---" Healthcare monitoring

=" Nanofiber + Electrode

® Flexible hybrid electron nanofiber electrode designed
for smart clothing, exhibiting exceptional tensile
properties and electrical conductivity. It can utilize
wireless biosignal acquisition systems to track and

record bioelectrical signals.

Figure 12. The application of electrospun biomaterials for wearable devices. The flexible hybrid electron nanofiber electrode exhibits excellent
stretchability and highly stable electrical conductivity, making it effectively applicable in smart clothing. Reproduced from Ref. [74] with permission of

American Chemical Society, © 2022.

protection, enhancement and recovery. Specifically, BCI can re-
place or restore natural output that may be lost due to injury or
illness by transmitting signals. This technology provides a vital
means of communication for individuals with severe neuromus-
cular disorders, enabling them to interact with external devices,
such as computers, speech synthesizers, assistive technologies
and artificial organs, to perform specific tasks [77]. In addition,
BCI can enhance the healthy capabilities of individuals and
demonstrate significant application prospects across various
fields, including psychology, marketing, autonomous driving
and aerospace. Currently, BCI is extensively utilized in various
fields, such as scientific research, disease diagnosis, communi-
cation, disability assistance, industrial control, sleep analysis
and more (Figure 14) [77]. It is anticipated that BCI will emerge
as one of the key technologies driving societal advancement in
the future.

The neural interface, also known as the neural electrode, is a
fundamental component of BCI. This electrophysiological device
facilitates interaction with neurons and is directly involved in
the exchange of information between the brain and external
devices. Neural interfaces can be categorized into implantable,

semi-implantable and non-implantable based on their respec-
tive implantation methods. Clinical applications of implant-
able neural interfaces primarily rely on wire-based methods,
which can lead to issues such as increased infection risk, lim-
ited placement flexibility and restricted patient mobility [78].
BCI offers a noninvasive alternative for measuring brain activ-
ity through electroencephalography (EEG). While this method
avoids the costs and risks associated with surgical procedures,
it suffers from limitations in acquisition potential and spatial
resolution [79]. Consequently, there is a pressing need to en-
hance the efficiency and functionality of brain-computer
interfaces (BMI) in recording, monitoring and stimulating bioe-
lectronic signals.

Nanofibrous biomaterials have become prominent BCI applica-
tion contenders, due to their large surface area, biocompatibility,
biodegradability and customizable mechanical characteristics.
These attributes enhance the efficiency of neural signal
capture and transmission in BCI systems. In a recent study, a
conductive neural interface material of PU, silk fibroin and func-
tional multi-wall carbon nanotubes (fMWCNTSs) was fabricated
using electrospinning technology. This innovative material



14 | Regenerative Biomaterials, 2025, Vol. 12, rbaf034

Myoporum bontioides

PAN+DMTF solution

o

=

R

» Photocatalytic antibacterial
\.I ~ Photocatalytic antivirus
~ Photocatalytic degradation of OCs
» High filtration efficiency
L _
‘B h
Hydrothermal
a Synthesis Q ! ) n b
$ Antibacterial Photocatalytic SERS
- . - \ A Y \ 1000 % Sevsiigialj 2
- - - I _. 80 f&
D, 3 o . NP
DMF;AgNS: ’A = Eum : St
# tw - 1 -
\ Antiviral ) H
400 600 800 1000 1200 1400 1600

Raman Shift (cm™)

240 T
Photocatalysts Antibacterial
Ros é i
o O / Antiviral
]
N \ Photocatalyst for degradation
Reusable

Benefits of employing intelligent |
sustainable electrospun biomaterials

® The nanofiber fibers has photocatalysis antibacterial and

antiviral properties.
® The nanofiber films has the functionalities of antibacterial,

antiviral, photocatalyst for degradation, reusable.

Figure 13. The application of electrospun biomaterials for personal protective equipment. (A) Schematic of PAN/M nanofibrous membrane designed
and fabricated to serve as the mask filter layer, offering exceptional airflow permeability and high particle filtration efficiency. Reproduced from Ref.
[75] with permission of Elsevier, © 2022. (B) Fabrication of NFs. (a) The NFs were fabricated via electrospinning and utilized to produce protective
clothing. (b) Multifunctional performance test of NFs. Reproduced from Ref. [76] with permission of American Chemical Society, © 2021.

demonstrated significant potential in neural tissue engineering
due to its exceptional mechanical properties, hydrophilicity and
biodegradability [80]. In another study, a polyimide (PI) nanofiber
(NF)-based neural electrode was reported, offering significant
advantages in mitigating immune-mediated pathological tissue
responses and enhancing long-term biocompatibility. These

findings contribute to improved sustained biological connectivity
and facilitate continuous monitoring of neural signals associated
with the nervous system (Figure 15) [81]. Electrospun nanofibers
are anticipated to attain a similar effect in the near future.

Future multi-task-based BCI, driven by advancements in sen-
sor technology, analytical algorithms and Al, will be capable of
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collecting and analysing brain data over extended periods. These
interfaces are anticipated to become integral components of
daily life.

Future directions

Application of artificial intelligence

Artificial intelligence (AI) algorithms can extensively mine and
analyse vast patient data. Integrating Al with intelligent biomate-
rials and sustainable biomaterials is poised to yield numerous in-
novative applications within the biomedical field. For instance,
wearable devices fabricated from electrospun intelligent bioma-
terials can accurately detect physiological data such as heart
rate, blood pressure and blood glucose levels. Al algorithms can
rapidly analyse these large and complex datasets to provide early
warnings about potential disease risks, while offering users per-
sonalized health management plans. In terms of intelligent drug
delivery systems, Al has the potential to efficiently process ex-
tensive datasets from drug research and development. It can
screen for promising drug targets and predict pharmacological
activity, as well as potential side effects.

Intelligence in the biomedical field

In the future, electrospun biomaterials in tissue engineering are
expected to exhibit enhanced intelligence and precision. They
will be capable of precisely detecting the minute changes during
tissue repair, dynamically adapting to the surrounding microen-
vironment and accurately regulating the release timing and dos-
age of bioactive factors. This will effectively promote the orderly
differentiation of cells and the reconstruction of tissues. In terms
of drug delivery systems, the combination of electrospun intelli-
gent biomaterials and drug delivery systems is expected to evolve

toward ultra-miniaturization and a high degree of intelligence.
These systems will achieve efficient drug loading and on-
demand release by leveraging technologies like quantum dots
and nanosensors [82, 83].

In disease monitoring and diagnosis, the sensitivity and spe-
cificity of sensors are expected to experience a substantial boost.
They will accurately capture the subtle fluctuations in basic vital
signs, such as heart rate, blood pressure and respiration, and
monitor various biomarkers in real-time. For example, by track-
ing the concentration of specific substances in the blood, anoma-
lies can be detected at the onset of the disease, even before
clinical symptoms manifest, thereby realizing ultra-early warn-
ing. Simultaneously, in collaboration with wearable devices, BCI
technology will be able to interpret brain activities more accu-
rately and comprehensively. This will assist in assessing cogni-
tive states, emotional changes and the risks of potential nervous
system diseases, providing crucial evidence for the early diagno-
sis and intervention of such diseases.

In daily health management, wearable devices crafted from
electrospun biomaterials will function as personal health guardi-
ans. They will continuously monitor physiological indicators, in-
cluding heart rate, blood pressure, blood glucose and sleep
quality. By analysing data with Al algorithms, they can issue
early warnings of potential health risks. For example, when blood
glucose levels are abnormal, the device can automatically release
medications or provide personalized dietary and exercise recom-
mendations, thereby enabling early prevention and intervention
of diseases.

Intelligent medical system

Biomaterials serve as the foundational basis for clinical applica-
tions, while Al offers support for clinical decision-making and
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Figure 15. The application of biomaterials for neural electrodes. (A) Schematic illustration of the fabrication process utilizing an inkjet printing system.
(B) Concept of preproduction design. (C) Image of the NF-based neural electrode. (D-G) SEM observed the microscopic morphology of electrodes.
Reproduced from Ref. [81] with permission of American Chemical Society, © 2017.

the research and development of materials. The Internet of
Things facilitates real-time data transmission and equipment in-
terconnectivity. Together, these three components converge to
form an intelligent medical system. In this system, biological
materials are responsible for collecting and transmitting biologi-
cal information. The Internet of Things relays this information to
the cloud, and Al analyzes and processes the data to inform clini-
cians’ decisions. This integration aims to deliver more efficient,
accurate and personalized medical services. Establishing an in-
telligent medical system has catalyzed a shift in the medical
model from traditional disease treatment toward a comprehen-
sive cycle encompassing monitoring, diagnosis and treatment.
Through real-time monitoring and data analysis, potential dis-
ease risks can be identified proactively, enabling early interven-
tion. Personalized biological materials and advanced medical

equipment enhance therapeutic outcomes during treatment pro-
cesses. Furthermore, post-treatment recovery is supported
through remote monitoring and rehabilitation guidance for effec-
tive patient health management.

Telemedicine is expected to undergo significant upgrades
with the adoption of 5G and even more advanced communication
technologies. Data collected by wearable devices can be trans-
mitted to the medical cloud platform in milliseconds. Doctors, re-
gardless of their geographical location, can conduct remote
consultations and diagnoses for patients using high-definition
video and virtual reality technologies. Based on accurate and
real-time data, doctors can promptly adjust treatment plans.

To sum up, Al and big data will drive the intelligent transfor-
mation of the biomedical field. This will render treatment more
efficient, safer and more precise, enabling the realization of
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be integrated with BCI technology, biosensors and wearable devices, enabling enhanced monitoring of various physiological indicators. All collected
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prevention and management strategies.

patient-centered medical services. It will lead the biomedical
field into a new era, bringing unprecedented benefits to hu-
man health.

Conclusions

Electrospun biomaterials are increasingly being utilized in the
field of biomedical, including human tissue repair (tissue engi-
neering and regenerative medicine), medical monitoring

(biosensors and BCIs), medical protection (personal protective
equipment) and various medically related functions (drug deliv-
ery systems and wearable devices). This review explores the
progress in electrospun biomaterials, including process innova-
tions, operating principles and the impact of process variables.
Also discusses the potential of electrospun intelligent and sus-
tainable biomaterials in biomedical applications.

The electrospun biomaterials offer research and innovation
opportunities to realize the envisioned future of the healthcare
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system (Figure 16). Nowadays, multi-stimuli responsive intelli-
gent scaffolds and sustainable scaffolds for tissue engineering
can autonomously adjust mechanical properties, degradation
rates and bioactive factors or drug release in response to differ-
ent stages of tissue repair or variations in biomarkers or cellular
signals, thereby guiding tissue regeneration. Intelligent drug de-
livery systems of electrospun biomaterials incorporate drugs into
the fibers through physical mixing or chemical bonding. These
systems are designed to respond to a variety of stimuli both
in vivo (temperature, pH, enzymes, ROS, biomolecular concentra-
tion, etc) and in vitro (light, electricity, magnetic, stress, etc.) dur-
ing their interaction with the human body, and then release at
targeted locations to have precision treatment. Integrating elec-
trospun materials with high-performance, flexible sensors into
wearable devices and BCI technology enables the precise moni-
toring of vital signs, such as heart rate, blood pressure, respira-
tion and brain activity. These devices transmit data over the
internet, significantly supporting telemedicine by enabling re-
mote diagnosis and treatment adjustments for physicians.
Consequently, this could lead to more accurate disease predic-
tions and personalized prevention strategies within intelligent
medical systems, ultimately improving human well-being.
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