7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

MINIREVIEW

Flexible fibrous electrodes for implantable

’ '.) Check for updates ‘
biosensing

Cite this: Nanoscale, 2025, 17, 9870

b€ Yang Zhao,”©
*0.C Zhiyuan Liu (0 *¥b<e

Hanfei Li,>®“% Chenyang Li,"° Hang Zhao,”“ Qingsong Li,
Jianhong Gong,®® Guanglin Li,>€ Huan Yu,**° Qiong Tian,
and Fei Han () xbce

Flexible fibrous electrodes have emerged as a promising technology for implantable biosensing appli-
cations, offering significant advancements in the monitoring and manipulation of biological signals. This
review systematically explores the key aspects of flexible fibrous electrodes, including the materials, struc-
tural designs, and fabrication methods. A detailed discussion of electrode performance metrics is pro-
vided, covering factors such as conductivity, stretchability, axial channel count, and implantation duration.
The diverse applications of these electrodes in electrophysiological signal monitoring, electrochemical
sensing, tissue strain monitoring, and in vivo electrical stimulation are reviewed, highlighting their potential
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in biomedical settings. Finally, the review discusses the eight major challenges currently faced by implan-
table fibrous electrodes and explores future development directions, providing critical technical analysis
and potential solutions for the advancement of next-generation flexible implantable fiber-based
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1. Introduction

In recent years, implantable sensors have garnered widespread
attention due to their immense potential in clinical diagnos-
tics and long-term health monitoring."”” These sensors can
continuously and effectively track critical physiological para-
meters within the body, such as neural activity,®® muscle
contractions,"*™  tissue strain,*" and biochemical
concentrations, which are essential for diagnosing and
treating various diseases. In the context of personalized medi-
cine, implantable sensors offer a real-time, customized
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approach to therapy and intervention.>*"*> This aligns with
the evolving trend of precision medicine, which not only
focuses on specific diseases but also considers individual vari-
ations in genetics, environment, and lifestyle. The rising preva-
lence of chronic diseases and the increasing demand for real-
time health monitoring solutions have significantly amplified
the market potential for implantable biosensors and Invasive
diagnostic catheter instruments. It is estimated that the global
biosensor market will expand from USD 27.5 billion in 2021 to
USD 49.6 billion by 2026, with a compound annual growth rate
(CAGR) of 7.7%,>* while the invasive diagnostic catheter instru-
ments market, valued at 4.1 billion in 2022, is projected to
reach more than 7.7 billion by 2031, growing at a CAGR of
7.1%.>* Despite this growth, significant gaps persist in the
current market, including the limited availability of high-
density, multifunctional, and long-term stable biosensors that
can seamlessly integrate with biological tissues. At the same
time, advancements in sensor integration, wearable monitor-
ing tools, and practical and cost-effective catheter sensors have
been notable in recent years. These innovations, along with
improvements in catheter placement, longer duration, and
positioning precision, have driven strides in medical techno-
logy, leading to better patient care and treatment outcomes.
Together, these developments highlight the growing inter-
section of biosensors and Invasive diagnostic catheter instru-
ments in addressing the evolving needs of modern healthcare.
Integrating implantable sensors, particularly for neural and
muscular applications,””*>*® presents a significant challenge.
While traditional rigid electrode systems have been effective in
short-term studies, their mechanical mismatch with soft
tissues such as the brain, heart, and skeletal muscles often
leads to complications. These tissues are constantly moving
and deforming during normal physiological activities, and
rigid electrodes may cause irritation, inflammation, or even
long-term tissue damage, ultimately impairing device function
and compromising patient health. This issue has driven the
search for flexible, stretchable, and biocompatible alternatives
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that can seamlessly integrate with soft tissues while maintain-
ing stable electrical performance over extended periods.>”"2°

In biosensing, flexible electrodes offer several advantages
over traditional rigid systems. Firstly, their mechanical pro-
perties enable them to stretch and bend in concert with the
natural movement of tissues, reducing the risk of inflam-
mation and promoting long-term biocompatibility.*®*°* This
is particularly important in applications such as brain-
machine interfaces or neuromuscular monitoring, where elec-
trodes must remain functional in dynamic environments over
long durations. Moreover, advancements in materials science
have spurred the development of metallic nanowires,**”*° con-
ductive polymers,*®™** liquid metal**™*” and novel conductive
materials*®*® that not only exhibit high electrical conductivity
but also possess flexibility and stretchability, further enhan-
cing the performance of flexible electrodes in implantable
systems. In addition, advanced biosensor technologies, such
as fifth-generation sensors, nose-on-chip systems, and hospi-
tal-on-chip platforms, represent significant breakthroughs by
offering unmatched precision, scalability, and multifunctional-
ity.* Sensors based on biogenic materials, MXene, and boro-
phene further enhance biosensing capabilities by leveraging
their exceptional electrical, mechanical, and biocompatibility
properties.’® > These advancements illustrate how next-gene-
ration biosensors can address existing gaps, bridging the tran-
sition from research innovations to practical healthcare
solutions.

Compared to two-dimensional flexible
electrodes® ™’ and three-dimensional flexible electrodes,
one-dimensional flexible fibrous electrodes®*®*%? offer signifi-
cant advantages in terms of electrode scale, functional inte-
gration, implantation methods, tissue inflammatory response,
and long-term stability. Typically made from materials that are
both conductive and mechanically flexible, these fiber electro-
des conform to the contours of biological tissues and deform
with them, without causing damage or compromising signal
quality. Their small volume and lightweight nature contribute
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to reduced wound trauma upon implantation, leading to
decreased inflammatory and immune responses. This mini-
mizes the impact on the subject, ensuring prolonged signal
stability and enhancing patient comfort.>>**> Additionally,
flexible fiber electrodes can be designed to integrate multiple
sensing modalities, enabling simultaneous detection of electri-
cal, mechanical, and chemical signals at the same site. This
multifunctionality is especially useful for monitoring complex
physiological processes, such as neural activity or muscle con-
tractions, which are often influenced by a combination of elec-
trical, chemical, and mechanical factors.

Flexible fiber electrodes have a wide range of applications,
from monitoring electrophysiological signals in the brain®* %’
and peripheral nervous system®*7° to detecting biochemical
markers in body fluids.”*”® For example, in neural appli-
cations, fiber electrodes can record local field potentials and
electrocorticography, providing valuable insights into brain
function and facilitating the development of advanced neuro-
prosthetic devices. In the peripheral nervous system, these
electrodes, with their ultrafine size and small electrode foot-
print, can monitor intramuscular electromyography (EMG)
signals and even the electrophysiological signals of muscle
fibers, which are critical for controlling prosthetics or restoring
motor functions in paralyzed patients. Additionally, fiber elec-
trodes can be employed in electrochemical sensing appli-
cations, detecting specific ions or biomolecules in body fluids
such as sweat, blood, or interstitial fluid, providing real-time
information about a patient’s health status.

Beyond sensing, implantable flexible fiber electrodes also
offer significant advantages in electrical stimulation appli-
cations in biomedicine.”*”7® These electrodes can deliver
precise electrical stimulation to target tissues such as nerves
or muscles, which is crucial for therapies like neurostimula-
tion, muscle rehabilitation, and cardiac pacing. The fibrous
structure facilitates better integration with tissues and enables
the possibility of multi-channel stimulation, improving spatial
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resolution and functional outcomes. Moreover, these electro-
des maintain stable electrical performance under mechanical
strain, ensuring reliable and efficient electrical stimulation
even in dynamic environments, such as muscles or peripheral
nerves.

The development of flexible fiber electrodes for implantable
biosensing is a multidisciplinary effort involving expertise
from materials science, biomedical engineering, electronics,
and clinical medicine. While significant progress has been
made in recent years in the field of flexible fiber electrodes,
there remain substantial challenges in realizing the next gene-
ration of intelligent implantable fiber electrodes. To this end,
this review will first explore the latest advancements in flexible
fiber electrodes for implantable biosensing (Fig. 1), with a
focus on their materials, structures, and fabrication methods.
We will also discuss their current and potential applications in
monitoring neural, muscular, biochemical signals, as well as
in vivo strain sensing and electrical stimulation. Furthermore,
we will examine the challenges these electrodes face in elec-
trode performance and interface integration with biological
tissues and propose important future directions in the field,
such as the development of ultra-high-density flexible fiber
electrodes and the pursuit of intelligence and controlled move-
ment. The ultimate goal of this review is to provide a compre-
hensive overview of the latest technologies in flexible fiber elec-
trodes for implantable biosensing and to demonstrate the
transformative potential of these devices in healthcare through
continuous real-time physiological signal monitoring.

2. Materials, methods and
performance

With the advancement of technology, researchers have con-
tinuously innovated in conductive materials, structural design,
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and preparation processes, promoting the rapid development
of fibrous electrodes, as shown in Fig, 2.6%737>80:86-91

Conductive materials are the core components of flexible
fiber electrodes, and their selection directly affects the conduc-
tivity and mechanical properties of the electrode. Common
conductive materials mainly include metal materials (Fig. 2a-
¢).07:73:86,8891 carhon-based materials (Fig. 2d-g),6%%78%91:95
liquid metal (Fig. 2h)*® and conductive polymers®® (Fig. 2i)
and MXene.”® Metal materials are also widely used in flexible
fiber electrodes due to their excellent conductivity. Common
metal materials include silver nanowires, copper fibers, gold
nanowires, and gold thin films. Silver nanowires are highly
favored due to their extremely high conductivity and excellent
flexibility.®" Gold nanowires and gold thin films are one of the
most stable and reliable conductive materials for flexible and
stretchable electrodes due to their excellent ductility and oxi-
dation resistance.”®®® Additionally, liquid metal has garnered
widespread attention in recent years for fiber electrode fabrica-
tion due to its excellent conductivity and fluidity.®

This journal is © The Royal Society of Chemistry 2025

Carbon based materials play an important role in flexible
fiber electrodes, and their excellent conductivity and
mechanical properties make them an ideal choice.””?®
Carbon based materials include graphene and carbon nano-
tubes (CNTs). Graphene is a two-dimensional material com-
posed of a single layer of carbon atoms arranged in a hexag-
onal structure, with extremely high conductivity and
strength.”®°® The preparation of graphene fibers usually
adopts wet spinning or chemical vapor deposition techno-
logy, which is widely used in fields such as sensors and bat-
teries. Carbon nanotubes are a type of carbon material with
unique structure, high conductivity, and strength, suitable
for preparing stretchable conductive fibers.®®'® Carbon
nanotube fibers can be prepared by chemical vapor depo-
sition or electrospinning methods and are widely used in
energy storage and flexible electronic devices. Conductive
polymers are widely used materials in flexible fiber electro-
des, and are highly valued for their excellent mechanical
flexibility and good conductivity. PEDOT/PSS conductive

Nanoscale, 2025, 17, 9870-9894 | 9873
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with permission from the American Chemical Society, copyright: 2019. (c) Overview concept and material design of the bioabsorbable electrical
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fiber, and skeletal muscle fiber (right).%* This figure has been reproduced from ref. 91 with permission from the Springer Nature, copyright: 2021. (h)
Fabrication process and surface morphology characterization of the PU@PMA@EGaln fiber.8° This figure has been reproduced from ref. 80 with per-
mission from the American Chemical Society, copyright: 2020. (i) The structure and SEM image of fiber-shaped all-in-one organic electrochemical
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polymer is an ultra-thin conductive polymer coating with a
conductivity of up to 1000 S cm™*.%?

The structural design of flexible fiber electrodes is critical to
their performance. These electrodes typically consist of conduc-
tive materials, flexible substrates, and functional layers.”* The
conductive layer is the core component, primarily responsible
for electrical signal conduction. Factors such as the thickness,
morphology, and material uniformity of the conductive layer
directly influence the electrode’s conductivity.”® Ideally, the con-
ductive layer should demonstrate continuity and sufficient
thickness to resist breaking during stretching or bending.
Flexible substrates serve as the supportive structure for the elec-
trode, with commonly used materials including polyurethane,®
polyimide,®® polydimethylsiloxane,”® and SEBS.”>®® These sub-
strates not only provide flexibility but also essential support and
protection. Different flexible substrate materials affect the
overall flexibility and stability of the electrode. The functional
layer is employed to enhance specific properties, such as
electrochemical activity, hydrophilicity, and biocompatibility,
enabling diverse functional integration within the electrode
through customization of the functional layer’s characteristics.

In the design and application of flexible electronic devices,
the adhesion performance between conductive materials and
flexible substrates is one of the key factors affecting the
stretchability, stability, and durability of the devices. A good
interface bonding between conductive materials and sub-
strates not only ensures the stability of electrical performance,
but also effectively enhances the reliability of devices under
complex mechanical deformations such as tension, bending,
or twisting. Some researchers enhance the interfacial compat-
ibility between conductive materials and flexible substrates
through surface treatment techniques such as plasma treat-
ment, chemical modification, coatings, etc., improving the
physical and chemical bonding between materials.'®" They can
form chemical bonds between conductive materials and sub-
strates by introducing functionalized molecules or modified
materials, thereby improving the adhesion of the interface. In
addition, interface layers (such as thin layers of polymers or
metal film) can also be used as transition layers to effectively
alleviate the thermal expansion differences between materials
and enhance interface stability.”* Finally, for flexible fiber elec-
trodes, a strong encapsulation layer can effectively enhance the
stability and durability of the device.'%

The fabrication methods of flexible fiber electrodes directly
impact their performance and suitability for various appli-
cations. These methods primarily include 3D printing,
coating, microfluidic injection, and dimensional transform-
ation techniques.” %8788 In recent years, 3D printing techno-
logy has been progressively applied to the fabrication of flex-
ible fiber electrodeshod facilitates the creation of complex elec-
trode shapes and multi-channel structures, allowing the geo-
metric configuration of the electrode to be optimized for
improved conductivity and flexibility.'®® In coating processes,
functional materials can be evenly applied to the electrode
surface either through liquid immersion or by spraying con-
ductive materials uniformly onto the substrate (Fig. 2e).”® This

This journal is © The Royal Society of Chemistry 2025
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trelatively uniform coating thickness and is suitable for fabri-
cating electrodes with intricate shapes. The microfluidic injec-
tion method involves injecting conductive material into flex-
ible microchannels to form continuous fiber-like structures.®**?
By using precision-designed microchannel molds, conductive
materials can form fiber electrodes with specific dimensions
and shapes during injection, achieving highly precise and con-
trolled electrode structures. This method enhances electrode
flexibility and conductivity and is compatible with various con-
ductive materials, such as liquid metals. Dimensional trans-
formation refers to converting a two-dimensional film electrode
into a one-dimensional fiber-like electrode through operations
such as winding or rolling, facilitating multi-channfiber electro-
des with ease.’®*% Our research group has utilized this
method high-density, multi-channel flexible stretchable fiber
electrodes, with stretchability up to 90% and the integration of
64 channels on a single fiber electrode.”®

The development of flexible fiber electrodes in conductive
materials, structural design, and preparation processes pro-
vides strong support for their promotion in various application
fields. In the future, with the continuous emergence of new
materials and technologies, the performance of flexible fiber
electrodes will be further improved, bringing new opportu-
nities for the development of flexible electronic technology.
Through interdisciplinary research, it is expected to achieve
wider applications in fields such as biomedicine, smart wear-
able devices, and wearable sensors.

Soft fiber shaped electrode devices with different functions
can achieve different sensing functions. Due to their different
flexible substrates, conductive materials, and preparation pro-
cesses, their functions and performance parameters also vary.
In Table 1, we listed various fibrous electrode devices and con-
ducted statistical analysis on their materials, functions, sizes,
flexibility and number of channels, etc. From the table, it can
be seen that implementing multi-channel fiber like flexible
electrodes is quite difficult, and it is also a huge challenge to
ensure that the device has both normal functionality and
stretchability in terms of flexibility.

3. Implantable applications

Fiber electrodes have exhibited great potential as suitable
implantable electrodes owing to their high structural flexi-
bility, tailorable mechanical stiffness, and minimal size of
recording sites.®>®* Here, we examine four key applications of
fiber electrodes in implantable devices: electrophysiological
recording, electrochemical sensing, strain sensing, and electri-
cal stimulation. By reviewing these diverse applications, we
aim to provide valuable insights into the functional develop-
ment and performance optimization of implantable fiber
electrodes.

3.1 Electrophysiological recording

Implantable fiber electrodes are now a critical focus in bio-
medical engineering due to their capability of continuous
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and precise monitoring of neural and physiological
activity.""* "™ For neural electrodes, it is necessary to select
materials with appropriate stiffness to stabilize the elec-
trode-tissue interface and enable feasible operation.
Additionally, the design must incorporate high conductivity
and biocompatibility to achieve long-term and effective
signal transmission.”®'*>''® Tang et al. reported a multi-
layer microfiber electrode with an adjustable elastic
modulus, consisting of a carbon nanotube core and a
sodium alginate shell."'” Hydrating sodium alginate softens
it after implantation, ensures dynamic stability of the inter-
face, and reduces inflammatory reactions, thus enabling
monitoring of stable electrical signals of cerebral cortex
neurons within 4 weeks. Gong et al. demonstrated a one-
step and catalyst-free chemical vapor deposition process for
tailoring the Young’s modulus and geometry of carbon
nanotube fibers, which is beneficial for a stable electrode-
neural interface (Fig. 3a).°® Peak-to-peak action potential of
sciatic nerve is 310% higher than the commercial Pt elec-
trode (Fig. 3b). Recording the signals of individual brain
neurons during intense activity remains a long-term chal-
lenge due to the enormous deformities of the brain.''®
Materials that are axially stretchable and possess high con-
ductivity, along with a low intrinsic modulus, need to be
designed to accommodate large brain deformations. A soft
fiber neural device that can track individual neurons in the
deep brain of running cats with stability is reported."*® The
fiber neural device features a conductive gel fiber that pos-
sesses a network-in-liquid structure created with conjugated
polymers and liquid matrices (Fig. 3c). The structure assists
neurons in maintaining their connections and transmiting
neural signals even under vigorous activities (Fig. 3d). Also,
advances in wireless power and signal processing are driving
the next generation of implantable fiber electrodes.
Integrating optical devices, like optical fibers, into fiber
electrodes is a breakthrough in monitoring biological
signals.'*® This combination enables the simultaneous col-
lection of both electrical and optical signals from the body,
resulting in high-precision, multi-modal monitoring of
physiological functions.?>'*" Tapered optical fibers inte-
grated with microelectrodes offer a promising solution for
localized nerve signal collection in the cerebral cortex while
reducing interference."” The fabrication process, which
combines focused ion beam milling and non-planar two-
photon polymerization, allows for the precise manipulation
of microstructures on the surface of the optical fiber. Park
et al. reported that the hydrogel hybrid device was also
shown to be effective for electrophysiological, optogenetic,
and behavioral studies of neural circuits, and it was able to
track stable, isolated single-neuron potentials of the cerebral
cortex in freely moving mice for up to six months after
implantation (Fig. 3e-g).">®> These research advancements
provide novel ideas and approaches for applying implanta-
ble fiber electrodes to record electrophysiological signals,
which are expected to bring more breakthroughs and inno-
vations in the field of biomedical engineering in the future.
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Fig. 3 Implantable fibrous electrodes for electrophysiological recording. (a) Hybrid carbonene fiber with mechanical stability.*® This figure has
been reproduced from ref. 68 with permission from the WILEY-VCH Verlag GmbH & Co. KGaA, copyright: 2021. (b) The difference in the amplitude
of action potential of the sciatic nerve between the carbonene spring electrode and the Pt electrode.®® This figure has been reproduced from ref. 68
with permission from the WILEY-VCH Verlag GmbH & Co. KGaA, copyright: 2021. (c) Design and structure of the soft-fiber neural device.!*® This
figure has been reproduced from ref. 119 with permission from the WILEY-VCH Verlag GmbH & Co. KGaA, copyright: 2024. (d) Neural recordings
obtained by the fiber neural device implanted in the cat brain as the animal performed vigorous activities.**° This figure has been reproduced from
ref. 119 with permission from the WILEY-VCH Verlag GmbH & Co. KGaA, copyright: 2024. (e) Fabrication of the hydrogel hybrid probe.'?® This figure
has been reproduced from ref. 123 with permission from the Springer Nature, copyright: 2021. (f) A photograph of a mouse implanted with the
hydrogel hybrid probe and an illustration of optogenetic modulation and electrophysiological recording in a specific projection circuit.*?® This figure
has been reproduced from ref. 123 with permission from the Springer Nature, copyright: 2021. (g) Electrophysiological recordings in the ventral hip-
pocampus during optical stimulation with the probes within 6 months post-implantation.*?® This figure has been reproduced from ref. 123 with per-

mission from the Springer Nature, copyright: 2021.

3.2 Electrochemical sensing

Implantable fiber electrodes have demonstrated significant
potential in the field of electrochemical sensing, playing a
crucial role in exploring physiological functions, understand-
ing disease mechanisms, and developing treatments for
various health conditions. For instance, neurotransmitters are
closely related to neurological disorders such as Parkinson’s
disease and epilepsy,">*"'** glucose levels indicate the presence
of diabetes,"*® and electrolyte concentrations are linked to
serious conditions like cardiovascular diseases and kidney
failure.™”'>®

Unlike electrophysiological recording electrodes, which
focus on capturing electrical signals, electrodes used for
electrochemical sensing emphasize the selective detection of
chemical substances, optimization of electrochemical reaction

This journal is © The Royal Society of Chemistry 2025

kinetics, and long-term stability of sensing perform-

ance, 60,129,130

Enhancing the active surface area of the fiber
electrodes can lead to a substantial improvement in the sensi-
tivity of the chemical sensors.'?
multilevel helical structure endow the injectable fiber electrode
with high specific surface and high flexibility."**

allows it to efficiently bind different active substances and

Carbon nanotubes with a
This structure

detect a variety of chemicals, such as calcium ions, glucose
and proteins (Fig. 4a). Electrochemical deposition of platinum
nanoparticles on the fiber surface can enhance the sensitivity
of H,0, detection in tumors (Fig. 4b and c). In addition, creat-
ing a stable interface between the electrode and biological
tissue is vital for maintaining accurate and consistent
measurements, especially for long-term implantations. Li et al.
presented a modified multilayer fiber electrode coated with a
restorative gel, which ensures seamless adhesion and uniform

Nanoscale, 2025,17, 9870-9894 | 9879
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Fig. 4 Implantable fibrous electrodes for electrochemical sensing. (a) Schematic of the hierarchical structure of muscle. Representative trans-
mission electron microscope image of a multi-walled CNT. Representative SEM images of a primary CNT fibre and a hierarchically helical CNT fibre
assembled from primary CNT fibres.'*2 This figure has been reproduced from ref. 129 with permission from the Springer Nature, copyright: 2020. (b)
Multiply sensing fibres were injected in a nude mouse with tumour tissue.'32 This figure has been reproduced from ref. 129 with permission from the
Springer Nature, copyright: 2020. (c) Mapping of the spatial and temporal distribution of H,O, in a mature tumour in vivo.*? This figure has been
reproduced from ref. 129 with permission from the Springer Nature, copyright: 2020. (d) Schematic illustration of the IEFS implanted in the uterus
for real-time monitoring of biochemical signals during pregnancy. The signals monitored by the sensor were wirelessly transmitted through a
flexible chip attached to the skin.°® This figure has been reproduced from ref. 90 with permission from the WILEY-VCH Verlag GmbH & Co. KGaA,
copyright: 2024. (e) Photograph of the skin surface of a pregnant rat after implantation.90 This figure has been reproduced from ref. 90 with per-
mission from the WILEY-VCH Verlag GmbH & Co. KGaA, copyright: 2024. (f) Accuracy of the electrochemical fiber sensor to lactate, glucose, NO,
and pH after implantation for different days within a gestation period of the pregnant rat.°° This figure has been reproduced from ref. 90 with per-
mission from the WILEY-VCH Verlag GmbH & Co. KGaA, copyright: 2024. (g) Schematic illustration of a highly selective implantable electrochemical
homovanillic acid fiber sensor.”? This figure has been reproduced from ref. 72 with permission from the American Chemical Society, copyright:
2024. (h) Changes of dopamine concentration in hippocampus and homovanillic acid concentration in blood using fiber sensor.”? This figure has
been reproduced from ref. 72 with permission from the American Chemical Society, copyright: 2024.

stress distribution across the interface (Fig. 4d).”° This novel
design ensures stable and reliable electrochemical sensing,
facilitating real-time non-invasive monitoring of the dynamic
biochemical states of amniotic fluid during pregnancy (Fig. 4e
and f). High selectivity is another critical factor in the design
of electrochemical sensors."”® Zou et al. designed a carbon
nanotube fiber modified with molecularly imprinted polymers,
which resulted in a highly selective implantable electro-
chemical fiber sensor.”” It only allows molecules that precisely
match the recognition binding sites to pass through, ensuring
efficient electrochemical reactions and providing the sensor

9880 | Nanoscale, 2025, 17, 9870-9894

with in vivo selectivity for homovanillic acid (Fig. 4g and h).
Another promising approach involves the use of organic
electrochemical transistors for localized amplification of
electrochemical signals.”®"**

With the continuous advancement of biosensing techno-
logies, the integration of hospital-on-chip, breathomics, nose-
on-chip, 5th-generation biosensors, 6th-generation biosensors,
and quantum biosensors has paved the way for new directions
in medical diagnostics and real-time health monitoring."*>**?
Nose-on-chip sensors enable early disease detection, such as
the early diagnosis of lung cancer, by detecting volatile organic

This journal is © The Royal Society of Chemistry 2025
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compounds (VOCs) in exhaled breath, while breathomics offers
non-invasive health monitoring by analyzing biomarkers in
breath.'?>'*1%  Additionally, 5th-generation  biosensors
combine artificial intelligence (AI), the Internet of Things (IOT),
and big data analytics to provide portable, real-time detection
capabilities,"****® while 6th-generation biosensors further inte-
grate quantum sensing, holography, and 6G communication,
enhancing detection sensitivity and expanding remote medical
applications.”*>'*® Quantum biosensors, leveraging quantum
effects like quantum dots and quantum tunneling, significantly
improve detection accuracy, particularly in detecting low-con-
centration biomarkers.'*®'*” Incorporating these advanced
technologies into fiber electrodes, especially for applications in
breath monitoring, sweat analysis, and body fluid analysis, not
only enhances sensor sensitivity and selectivity but also allows
for the precise identification of complex biological signals (such
as early lung cancer screening) through AI algorithms and
quantum material integration. Moreover, the use of 6G com-
munication enables wireless data transmission, supporting
remote healthcare and personalized health management.'*>14

3.3 Invivo strain sensing

Implantable fiber-based strain sensing electrodes provide an
innovative solution for real-time monitoring of mechanical strain
in biological tissues, making them highly applicable in areas
such as rehabilitation training and dynamic tissue
monitoring."****° One of the major challenges in this field is
developing strain sensors that can achieve both high sensitivity
and ultra-stretchability across a broad working strain range.'”
Combining highly elastic materials, such as silicone or thermo-
plastic elastomers, with conductive materials like carbon nano-
tubes or graphene has proven to be an effective
solution.'****>*>* For example, Li et al. designed a highly stretch-
able strain sensor with a wide strain range (>1135%) and a fast
response time (16 ms)."® They achieved this using a buckled
core structure made from a multi-layer composite of carbon
nanotubes and thermoplastic elastomers. By attaching this
sensor to a rat’s tendon, they could monitor muscle movement
in real time and assess it quantitatively. This demonstrates the
potential for precise and effective monitoring of mechanical
deformations in biological tissues. In order to achieve long-term
implantation and real-time monitoring, it is particularly impor-
tant to develop a more stable, more flexible, and low-energy-con-
suming electrode system. Advancements in passive and wireless
transmission and signal processing are driving the application of
implantable fiber electrodes.""! Lee et al. developed a wireless,
stretchable strain sensing system by integrating a capacitive
optical fiber strain sensor with an inductive coil (Fig. 5a)."*®
Thanks to the resonant circuit formed by the integration of the
capacitive fiber optic strain sensor and the inductive coil, passive
operation is achieved through the energy of an external electro-
magnetic field. This system was capable of monitoring the
stretching strain during the movement of a pig’s leg, showing the
potential of wireless, implantable sensors in monitoring muscle
and joint activities without the need for invasive wired connec-
tions (Fig. 5b and c). The triboelectric nanogenerator, which con-

This journal is © The Royal Society of Chemistry 2025
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verts mechanical energy into electricity through the combination
of frictional charging and electrostatic induction, offers a versa-
tile platform for self-powered sensors. Wang et al desiged a
spiral-shaped strain sensor based on a triboelectric nanogenera-
tor using an organic gel/silicone fiber structure.">® This sensor
was designed for passive, suture-compatible ligament strain
monitoring, highlighting its potential use in orthopedic surgeries
and injury recovery monitoring. Real-time monitoring of hemo-
dynamic information is crucial for the prevention and manage-
ment of cardiovascular diseases. Zhang et al. developed a flexible,
fiber-based capacitive strain sensor using inkjet printing techno-
logy.'” The sensor features parallel spiral silver electrodes
encased in high-dielectric materials, providing excellent dual-
peak sensing capabilities. The energy supply is achieved by har-
nessing the energy from an external radio frequency electromag-
netic field. This fiber sensor was able to wirelessly monitor blood
pressure and heart rate within a simulated artificial blood vessel
environment. The success of this design demonstrates the poten-
tial for using flexible fiber sensors in cardiovascular monitoring,
offering a non-invasive, real-time approach to tracking vital signs
and preventing cardiovascular conditions. With the development
of emerging technologies such as artificial intelligence and
machine learning, implantable fiber electrode strain sensors will
bring more intelligent and personalized medical solutions.

3.4 Electrical stimulation

Electrical stimulation has become a key clinical approach for
treating various neurological and psychiatric disorders.'>®1¢°
Implantable flexible fiber electrodes for electrical stimulation
offer innovative solutions that enhance therapeutic outcomes
by providing more targeted and minimally invasive
treatments.”®°®1%1162 Conductive biomaterials provide the
potential for the combination of rehabilitation and regenera-
tive medicine by promoting the regeneration of nerves and
tissues and supporting the transmission of electrical
signals.”*'%*71%¢ For example, Yao et al. have developed aligned
conductive hydrogel fibers by introducing carbon nanotubes
into methacrylated gelatin hydrogels through rotary bath
electrospinning.”* The aligned structure of the hydrogel can
induce nerve fiber regeneration and combine with electrical
stimulation to enhance myelin sheath and axon regeneration.
Incorporating 3D printing technology, Deng et al. reported a
bio-adhesive cardiac pacemaker fiber device that demonstrated
minimally invasive and stable cardiac pacing in rats and pigs
for 10 to 14 days (Fig. 5d and e)."”” This device can be removed
on demand, offering flexibility and safety. Compared with
commercially available temporary cardiac pacing leads, the
bio-adhesive pacing lead exhibited a significantly higher
charge injection capacity of up to 450 pC cm2, as well as
improved capture thresholds and sensing amplitudes.
Electrical stimulation is also an effective non-drug wound care
strategy due to the fact that it mimics the natural healing
mechanism of endogenous electric fields.”>'*”'®® Sun et al.
proposed a novel bioabsorbable electromechanical suture that
promotes wound healing by converting the mechanical energy
of motion into electrical energy and generating electrical
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Fig. 5 Implantable fibrous electrodes for in vivo strain sensing and electrical stimulation. (a) Schematic illustration of a passive wireless strain-
sensing system based on a fibre strain sensor.’>® This figure has been reproduced from ref. 155 with permission from the Springer Nature, copyright:
2021. (b) Photographs showing the wireless measurement of the fiber strain-sensing system implanted in the minipig according to bending and
stretching of the leg.!®® This figure has been reproduced from ref. 155 with permission from the Springer Nature, copyright: 2021. (c) The implanted
wireless fiber strain-sensing system'’s resonant frequency after 3 weeks of repeated bending and stretching of the porcine leg.*>® This figure has
been reproduced from ref. 155 with permission from the Springer Nature, copyright: 2021. (d) The design of the bioadhesive pacing lead and the
tools for minimally invasive implantation.® This figure has been reproduced from ref. 157 with permission from the American Association for the
Advancement of Science; copyright: 2024. (e) Bioadhesive pacing lead supported continuous and telemetric cardiac pacing in a porcine model.'>”
This figure has been reproduced from ref. 157 with permission from the American Association for the Advancement of Science; copyright: 2024. (f)
Wound-healing mechanism between endogenous and applied electrical stimulation and representative optical images of wound areas after 10 days
of recovery.” This figure has been reproduced from ref. 75 with permission from the Springer Nature, copyright: 2024.

stimulation (Fig. 5f).”> This suture is composed of multiple
coaxial structures, including polylactic acid hydroxyacetic acid
copolymer, polycaprolactone, and magnesium, which can be
safely degraded in vivo. The combined device was placed
underwater to generate electricity by inducing a potential
difference of contact-separation between the nanofiber and the
sheath in the suture during the stretch-recovery process.
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4. Challenges in implantable
applications

Flexible fiber electrodes for implantable applications present a
variety of challenges related to material selection, mechanical
durability, signal transmission, and system integration.
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Fig. 6 The challenges and prospects for implantable flexible fibrous electrodes.

Addressing these challenges is essential to ensure long-term
functionality, safety, and reliable performance within biologi-
cal environments. In this section, we discuss key hurdles,
including material biocompatibility, electrochemical stability,
mechanical flexibility, microfabrication techniques, packaging,
and power management, which must be overcome to enable
the successful development of implantable flexible fiber elec-
trodes (Fig. 6).

4.1 Biocompatibility and long-term stability

Biocompatibility remains a fundamental requirement for
implantable electrodes. Various materials, such as conductive
polymers, metal and the oxide nanoparticles, and carbon-
based materials, have demonstrated potential in maintaining
compatibility with biological tissue while minimizing adverse
immune responses.®”'*>'7° Some studies have shown that
electrodes composed of aligned carbon nanotube (CNT) fibers
exhibit biocompatibility for up to 30 days post-implantation,'”*
while surface coatings and modifications (e.g., platinum coat-
ings on graphene fibers) improve the electrochemical pro-
perties and reduce tissue reactivity.”® Studies have found that
certain carbon nanotubes can cause inflammatory reactions in
the body, indicating that even nanomaterials with good con-
ductivity require in-depth research on their biocompatibil-
ity.'”? There is still a lack of long-term exposure experimental
data for nanomaterials, and future research in this area needs
to be strengthened to comprehensively evaluate their potential
impacts on human health.

Despite these advances, long-term biocompatibility and
stability are still critical challenges. Materials degrade over
time due to exposure to bodily fluids, leading to a reduction in
electrode performance and potential failure. Additionally,
fibrotic tissue formation and glial scarring can significantly
increase impedance at the electrode-tissue interface, diminish-
ing signal quality."””>"’* Future research must focus on creat-
ing more robust, biocompatible materials that maintain func-
tionality over extended periods and minimize the body’s

This journal is © The Royal Society of Chemistry 2025

foreign body response. Furthermore, piezoelectric materials
can generate electrical energy during human movement.
Integrating them with flexible fiber electrodes is expected to
provide part of the energy for the electrodes. Thermoelectric
materials can generate electricity using human body heat,
offering new possibilities for the energy supply of implantable
devices. Future research is needed to further explore their
application effects in flexible fiber electrodes.

4.2 Electrochemical stability and signal transmission

Current research has shown that flexible fiber electrodes can
maintain relatively low impedance and a high signal-to-noise
ratio through advanced material choices and surface modifi-
cations. For example, platinum-coated graphene fibers demon-
strate improved signal transmission and low impedance.”
Optimizing electrochemical stability is crucial for reliable
long-term implantation, as electrodes must continuously
transmit electrical signals without interference from the sur-
rounding biological environment.

However, many issues remain unresolved in maintaining
long-term electrochemical stability. Over time, electrodes face
increasing impedance due to biofouling and tissue response,
which can degrade signal quality."”* Additionally, motion arti-
facts and electromagnetic interference in dynamic environ-
ments, such as muscle or neural tissues, continue to compro-
mise signal transmission. More work is needed to develop
materials and surface treatments that reduce impedance and
improve the consistency of signal transmission over time.

4.3 Mechanical mismatch

Flexible fiber electrodes have been designed to withstand the
dynamic mechanical environment of the body, demonstrating
improvements in tensile strength, fatigue resistance, and
bending endurance. Multi-walled carbon nanotubes twisted
into helical fiber bundles, for example, mimic the structure of
muscle, providing low bending stiffness and high resilience
under mechanical stress.”® These developments enhance the
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mechanical flexibility needed for long-term implantation in
areas like muscles or joints.

However, challenges in mechanical matching between the
electrodes and biological tissues persist. Continuous move-
ment and mechanical strain can cause fatigue and eventual
fracture of the electrode material, leading to loss of function.
Moreover, mechanical mismatches between the modulus of
fiber electrodes and target tissues, especially during dynamic
deformations such as cardiac contractions and muscle fiber
movements, can lead to slippage at the device-tissue interface.
This results in inaccurate monitoring and potential tissue
damage. Developing fiber electrodes with mechanical pro-
perties that dynamically match those of the surrounding
tissues remains a significant challenge. Addressing these
mechanical challenges is critical for ensuring the reliability
and longevity of implanted devices.

4.4 Biodegradability and functional lifespan

Biodegradable flexible fiber electrodes have emerged as a
promising solution for temporary implants, providing func-
tionality while reducing long-term health risks. Recent studies
have developed biodegradable fibers that degrade within a
specified timeframe without causing significant harm to sur-
rounding tissues. For example, calcium ion sensors made
from biodegradable materials can function in vivo for several
weeks before degrading.'’® Additionally, a significant break-
through involved incorporating Mo microparticles into the
outer layer of a polycaprolactone (PCL) fiber scaffold, allowing
the fiber to serve as an interconnect, suturable temperature
sensor, and in vivo electrical stimulator. This fiber electrode
exhibited a notable decrease in weight, down to 42%, after 77
days of immersion in PBS solution at 37 °C, reflecting its con-
trolled degradation profile.'® Such materials show great
promise for applications requiring temporary monitoring or
therapeutic interventions.

However, challenges remain in ensuring controlled biode-
gradability and managing the precise functional lifespan of
these electrodes. A key difficulty lies in achieving reliable per-
formance during the device’s operational period while guaran-
teeing predictable degradation afterward. Uncontrolled or pre-
mature degradation could lead to device failure before the
completion of its intended use, while incomplete bio-
degradation might leave residual material in the body, poten-
tially causing adverse effects. Current research efforts are
focused on refining biodegradable polymers and composite
materials to improve their degradation kinetics, mechanical
properties, and biocompatibility. Further advancements are
needed to enhance the predictability of degradation rates and
to develop mechanisms that ensure safe and complete dis-
solution within biological environments, thereby minimizing
the risk of long-term complications.

To address these challenges, future research is increasingly
focusing on the development of “green” electrodes and
sensors, which are not only biodegradable but also environ-
mentally sustainable throughout their lifecycle.'”® Green elec-
trodes, made from renewable resources or biocompatible
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materials, offer a promising avenue for reducing the environ-
mental footprint of temporary implants. For instance, green
semiconductors derived from organic or bio-based materials,
such as cellulose, chitosan, or other natural polymers, are
being explored for their potential to create sensors that are
both functional and eco-friendly."””*® These green semi-
conductors can be engineered to exhibit tunable electrical pro-
perties, enabling their use in a variety of sensing and stimu-
lation applications while maintaining compatibility with bio-
logical tissues. Moreover, the integration of green semi-
conductors into biodegradable fiber electrodes could further
enhance their performance and sustainability. For example,
sensors made from green semiconductors could be combined
with biodegradable polymers like polycaprolactone (PCL) or
polylactic acid (PLA) to create multifunctional devices that
degrade harmlessly after use.'’®'7®18L1837185 quch devices
could be designed to monitor physiological parameters, such
as temperature, pH, or ion concentrations, while also provid-
ing therapeutic electrical stimulation. The use of green
materials in these devices not only ensures their safe degra-
dation but also aligns with global efforts to reduce the environ-
mental impact of medical technologies. By leveraging advances
in green materials and energy-harvesting technologies,
researchers can create next-generation biodegradable implants
that are both highly functional and environmentally respon-
sible. In conclusion, the future of flexible implants lies in the
convergence of green materials, biodegradable electronics, and
sustainable design principles. By addressing the challenges of
controlled biodegradability and functional lifespan, these
innovations hold the potential to revolutionize medical
devices, offering safer, more effective, and environmentally
friendly solutions for temporary monitoring and therapeutic
interventions.

4.5 Microfabrication and multi-channel resolution

The microfabrication of flexible fiber electrodes enables the
creation of high-resolution, multi-channel devices critical for
precise neural signal recording and stimulation. Techniques
such as electrospinning, 3D printing, and nanomanufacturing
have been explored to produce these devices, allowing for intri-
cate electrode patterns with enhanced functional properties.
However, ensuring consistent spatial resolution, particularly
when scaling to multi-channel systems, remains challenging.
Recent advances, such as the development of Neurotassel/PEG
composite fibers with 1024 channels fabricated using an elas-
tocapillary technique, have shown promise in reducing
implantation footprints while increasing channel density.'®
Despite these advancements, achieving precise electrode
placement remains difficult, especially in complex environ-
ments like the brain. Flexible multi-strand fiber devices can be
inserted into a helical scaffold and implanted, where they
spread after implantation, offering improved biocompatibility
compared to previous rigid electrodes.'® However, this
approach introduces new challenges in controlling the exact
positioning of the fibers.'®® Ensuring spatial accuracy while
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maintaining flexibility and biocompatibility is a critical area
for further development in neural interface design.

4.6 Encapsulation and system integration

Encapsulation and system integration are essential for implan-
table flexible fiber electrodes to ensure long-term functionality.
Packaging needs to protect the electrodes and their connection
points from fluid infiltration, which can cause corrosion, elec-
trical failure, and degradation of materials over time. Reliable
connections between electrodes and external systems, such as
signal processing units, are also crucial for maintaining per-
formance without sacrificing flexibility. For example, one-
dimensional line connectors have been demonstrated to work
for multi-channel electrodes in small-scale systems,'* while
two-dimensional array connectors have enabled monitoring of
neural activity in larger, 8640-bundle metallic fiber arrays, con-
nected to CMOS arrays for signal acquisition in the motor
cortex or striatum.'®®

However, challenges persist in ensuring consistent high
spatial resolution for flexible fiber electrodes, especially when
integrating multiple functionalities like sensing, stimulation,
or even drug delivery. Three-dimensional structures in silicon
probes'®® and multi-functional electrodes compatible with
magnetic resonance imaging (MRI), such as CNT fibers and
polymers, have shown promise."® Still, achieving optimal bio-
compatibility and system effectiveness requires further refine-
ment. Techniques such as PDMS encapsulation combined
with PHEMA gel coating have been explored to address these
issues,"" but long-term stability and the prevention of signal
degradation remain areas for further research.

4.7 Power consumption and management

Power consumption in implantable devices presents a critical
challenge, as low-power operation is essential to ensure device
longevity while minimizing adverse thermal effects on sur-
rounding tissues. Traditional implantable systems rely on
external power sources or batteries, which can limit their life-
span and create additional challenges such as the need for per-
iodic replacements or recharging. Innovations in low-power
electrode design and high-power implantable biofuel cell®>
are crucial to enhancing energy efficiency. However, these
designs must maintain signal quality and avoid trade-offs like
reduced data accuracy or slower processing speeds.

Huisheng Peng’s pioneering work on energy-harvesting
solutions provides a promising direction for addressing these
challenges. Peng and his team developed fiber-shaped super-
capacitors that can utilize physiological fluids as electrolytes,
allowing for in vivo energy storage and power generation.'®
These biocompatible fibers not only extend device lifespans
but also minimize thermal effects by efficiently managing
power consumption without relying on bulky external power
sources. Such innovations can alleviate the limitations posed
by traditional battery-dependent designs and offer a pathway
towards self-powered implantable systems. However, chal-
lenges remain in optimizing the integration of these energy
storage devices into multifunctional electrodes, ensuring that

This journal is © The Royal Society of Chemistry 2025

View Article Online

Minireview

they provide consistent power without compromising mechan-
ical flexibility or biocompatibility.

The use of such fiber-based energy solutions also intro-
duces the challenge of balancing energy harvesting and con-
sumption. While Peng’s fiber-shaped supercapacitors, genera-
tor and batteries'®*™*> offer a solution to power supply limit-
ations, maintaining stable and sufficient energy output for
continuous operation in dynamic biological environments
remains difficult. Additionally, ensuring that these systems do
not generate excessive heat, which could lead to tissue
damage, requires further refinement. Future research should
focus on improving the efficiency of these integrated energy
systems while minimizing their impact on surrounding bio-
logical tissues, enabling reliable and long-lasting implantable
devices.

4.8 Regulatory and commercialization

Implantable fibrous biosensors face significant regulatory and
commercialization challenges that must be addressed for clini-
cal translation. Regulatory hurdles include ensuring long-term
biocompatibility and safety, as required by standards like ISO
10993, and demonstrating device stability under physiological
conditions. Extensive preclinical and clinical testing is necess-
ary to validate their performance, including accurate signal
acquisition, minimal drift, and reliability over time. On the
commercialization side, scalable and cost-effective manufac-
turing remains a critical barrier, as advanced fabrication
methods such as 3D printing and injection molding must
meet both precision and affordability requirements.
Furthermore, intellectual property protection, clear approval
pathways, and collaborations with healthcare stakeholders are
essential for market entry. Material scientists, medical pro-
fessionals, industry, and regulatory agencies each have distinct
and crucial roles. Material scientists are responsible for devel-
oping advanced materials that meet strict biocompatibility and
performance requirements. Medical professionals can offer
valuable insights from a clinical perspective, guiding the
design and evaluation of these electrodes. The industry should
focus on optimizing manufacturing processes for scalability
and cost - effectiveness while maintaining high-quality stan-
dards. Regulatory agencies need to establish clear, science —
based regulations and efficient approval pathways. Addressing
these challenges will require interdisciplinary efforts and inno-
vations in regulatory science, manufacturing processes, and
stakeholder engagement to unlock the potential of flexible
fibrous electrodes for transformative healthcare applications.
The long-term sustainability of implantable fibrous bio-
sensors hinges not only on overcoming regulatory and com-
mercialization challenges but also on their potential to make a
profound societal impact. By enabling continuous, real-time
monitoring of physiological parameters, these devices can
revolutionize personalized medicine, allowing for early detec-
tion of diseases, optimized treatment plans, and improved
patient outcomes. Their minimally invasive nature and biode-
gradability further align with the growing demand for patient-
centric and environmentally sustainable medical technologies.

Nanoscale, 2025, 17, 9870-9894 | 9885


https://doi.org/10.1039/d4nr04542d

Published on 18 marzo 2025. Downloaded on 20/10/2025 0:40:14.

Minireview

Moreover, the widespread adoption of implantable fibrous bio-
sensors could contribute to the advancement of global health
equity. By providing affordable and accessible diagnostic tools,
these devices have the potential to bridge healthcare dispar-
ities, particularly in underserved or resource-limited regions.
From an environmental perspective, the development of green
and biodegradable biosensors aligns with the broader goals of
reducing electronic waste and promoting sustainable practices
in the medical device industry. By utilizing eco-friendly
materials and ensuring complete degradation after use, these
devices minimize their environmental footprint, contributing
to a circular economy in healthcare. This approach not only
addresses the growing concern over medical waste but also
sets a precedent for the development of future medical techno-
logies that prioritize both human health and planetary well-
being.

5. Future directions and prospects

With the continuous advancement of implantable flexible elec-
trode technologies, future research and application prospects
are promising. This chapter explores three key developmental
directions: multichannel multifunctional fiber electrodes,
intelligent fiber electrodes, and motile fiber electrodes. These
directions represent not only the cutting-edge trends in
technology but also have the potential to drive major break-
throughs in the field of implantable biosensors.

5.1 Multichannel multifunctional fiber electrodes

Multichannel and multifunctionally integrated flexible fiber
electrodes can significantly enhance the precision and breadth
of signal acquisition.®>”*7%'%¢ One of the primary advantages
of multichannel fiber electrodes is their structure, which
allows multiple sensing channels to be uniformly distributed
along the fiber axis. This design enables high-density signal
acquisition in relatively small implantation areas, making it
particularly suitable for recording complex physiological
signals. For instance, in neural applications, multichannel
fiber electrodes can simultaneously record neural activities
from various locations, offering a comprehensive understand-
ing of neural network dynamics far beyond the capabilities of
single-channel or low-density electrodes. In muscle monitor-
ing, multichannel designs capture the spatial distribution of
muscle contractions, helping to analyze the activities of
different muscle fiber groups. This high-density data acqui-
sition holds significant value in developing more advanced
brain-machine interfaces (BMlIs), neural prostheses, and elec-
tromyographic monitoring devices.

Another notable advantage of multichannel fiber electrodes
is their ability to integrate multiple sensing functionalities.
Traditional electrodes typically capture only a single type of
electrical signal, whereas multifunctional fiber electrodes can
simultaneously monitor various physiological signals, such as
electrical, mechanical (e.g., pressure, strain), and chemical
signals (e.g., pH, ion concentration). This multimodal monitor-
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ing is especially valuable in complex physiological environ-
ments. For example, during neuromuscular monitoring,
changes in electrical signals are often accompanied by vari-
ations in mechanical stress, and multifunctional electrodes
can capture these factors’ synergistic effects in real time, pro-
viding a more comprehensive picture of biological processes.
In biochemical monitoring, multifunctional fiber electrodes
can detect various chemical markers in body fluids, such as
glucose, lactate, or potassium ion concentrations, offering
real-time data support for metabolic monitoring and personal-
ized medicine.

Despite the significant technical advantages of multi-
channel multifunctional fiber electrodes, several challenges
remain in practical applications. For example, as the number
of channels increases, electrical crosstalk between electrodes
may affect signal accuracy. Researchers are addressing this
issue by increasing the spacing between electrodes or incor-
porating shielding materials to reduce crosstalk. Additionally,
data processing is a critical challenge, as the massive datasets
generated by multichannel electrodes require more efficient
signal processing algorithms and more robust hardware to
ensure real-time, precise analysis.

Multichannel and multifunctional fiber electrodes open
new possibilities in the field of implantable biosensing. They
not only provide richer biological information for fundamental
scientific research but also demonstrate great potential in
clinical applications such as neural modulation, muscle func-
tion monitoring, personalized medicine, and real-time meta-
bolic monitoring. As technology continues to advance, particu-
larly in materials science, micro/nano fabrication techniques,
and flexible electronics, multichannel multifunctional fiber
electrodes are expected to play an even more significant role in
future medical applications, revolutionizing disease monitor-
ing and health management.

5.2 Intelligent fiber electrodes

Intelligent fiber electrodes represent one of the key develop-
mental directions in implantable biosensing technologies,
aiming to enhance the adaptability and responsiveness of flex-
ible electrodes in complex physiological environments by inte-
grating sensing, processing, and feedback functionalities. This
technological breakthrough not only improves the precision of
monitoring but also lays the foundation for more interactive
and autonomous medical devices, with broad applications in
neural modulation, precision medicine, and real-time health
monitoring.'?” %!

The core advantage of intelligent fiber electrodes lies in
their ability to dynamically sense physiological signals and
respond in real time. Traditional implantable electrodes are
mostly passive devices used primarily for signal recording.
However, with the introduction of intelligent technologies,
fiber electrodes can be endowed with active regulation capa-
bilities, enabling them to adjust their performance or thera-
peutic interventions based on the physiological signals they
collect. For example, in neural modulation, intelligent fiber
electrodes can automatically adjust the intensity and frequency
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of electrical stimulation based on real-time monitored neural
activity, optimizing therapeutic outcomes. This adaptive regu-
lation capability is particularly valuable for treating neurologi-
cal diseases such as Parkinson’s disease and epilepsy, redu-
cing side effects and enhancing treatment precision.

Another important feature of intelligent fiber electrodes is
their ability to integrate signal processing. By embedding
microprocessors or other electronic components into the elec-
trode structure, intelligent fiber electrodes can perform pre-
liminary signal processing and data filtering after implan-
tation. This capability not only alleviates the computational
burden on external devices but also reduces potential inter-
ference and delays during signal transmission, ensuring the
real-time accuracy of the signals. Moreover, intelligent electro-
des can analyze trends in physiological signals, predicting
potential health issues in advance, such as abnormal heart
rates, respiratory arrest, or neurological disorders, thereby
enabling preventive medical interventions.

In medical applications, intelligent fiber electrodes have
the potential to transform the current operating modes of
implantable devices. Traditional implantable devices often
require continuous monitoring and control by external equip-
ment, whereas intelligent fiber electrodes can achieve greater
autonomy, reducing patient dependence on external devices.
For example, in brain-machine interfaces, intelligent fiber elec-
trodes can dynamically adjust signal acquisition parameters
based on neural activity changes, helping patients control
external devices, such as prosthetics or wheelchairs, more
naturally. This autonomous control feature has the potential
to significantly improve neurorehabilitation outcomes, allow-
ing individuals with disabilities to adapt more quickly to pros-
thetic operation. Furthermore, the realization of intelligent
fiber electrodes relies on advanced materials that can adjust
their electrical properties according to environmental changes,
ensuring stable operation over extended periods in the body.
For instance, self-healing materials can automatically repair
damage sustained during implantation, preventing signal
interruption or quality degradation. Some intelligent materials
can also respond to changes in the concentration of bio-
molecules or ions in bodily fluids, adjusting the electrode’s
conductivity in real time to enhance multimodal monitoring
sensitivity.

However, the development of intelligent fiber electrodes
faces several challenges. First, how to efficiently integrate
electronic components and smart materials into the minia-
ture structure of fiber electrodes remains a technical bottle-
neck. Although microelectronics technology has made signifi-
cant strides, ensuring that these components function long-
term in the body without compromising biocompatibility
requires further investigation. Additionally, the energy supply
for intelligent electrodes is a key challenge. Since replacing
batteries after implantation is difficult, researchers are
exploring ways to utilize physiological energy sources (e.g.,
blood flow, temperature gradients) or wireless power transfer
technologies to provide long-term, stable energy for the
electrodes.
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Intelligent fiber electrodes represent a promising future
direction in implantable biosensing technologies. By com-
bining intelligent materials and electronic components with
flexible electrodes, these devices can offer more precise
signal monitoring and autonomous regulation in complex
physiological environments, providing new solutions for per-
sonalized medicine and precision treatment. As advance-
ments in materials science, flexible electronics, and micro/
nano manufacturing continue, intelligent fiber electrodes
are expected to play an increasingly important role in future
medical applications, improving patient quality of life and
driving the development of smarter, more autonomous
medical devices.

5.3 Motile fiber electrodes

Motile fiber electrodes represent a frontier technology in
implantable bioelectronics, incorporating motion and self-
regulation functions into traditional flexible electrodes. This
enables precise capture and feedback of signals in dynamic
physiological environments. These electrodes not only possess
flexibility and biocompatibility but also have the ability to
perform controlled movements and displacements within the
body, better adapting to tissue changes and maintaining
stable performance in complex physiological conditions over
the long term. Compared to traditional static implantable elec-
trodes, motile fiber electrodes exhibit significant advantages
in dynamic adaptability, signal quality, and lifespan.>>7%20*72%7

Firstly, motile fiber electrodes are designed with adaptive
structures that allow them to actively respond to dynamic
changes in body tissues. Traditional implantable electrodes
are prone to signal loss or failure due to mechanical mismatch
when faced with tissue contraction, extension, or displace-
ment. Motile electrodes, however, can adjust their shape in
response to tissue movement, ensuring that the electrode
remains in close contact with the target tissue. This is critical
for long-term implants, particularly in the peripheral nervous
system or muscle tissues, where frequent dynamic activities
require the electrode to maintain high-quality signal acqui-
sition without damaging the tissue. For example, in monitor-
ing muscle electrical activity, motile fiber electrodes can adjust
in response to muscle contraction and relaxation, preventing
electrode slippage or detachment, thereby providing more
stable electromyographic signals.

Secondly, the self-regulating capability of motile fiber elec-
trodes enhances the accuracy and stability of signal capture.
The physiological environment within the body is complex
and variable, especially when monitoring neural or electro-
myographic signals, where electrodes must have strong
dynamic adaptability. By incorporating motility mechanisms,
these electrodes can not only adjust their position but also
fine-tune within a certain range to optimize the electrode-
tissue interface, reducing contact impedance and improving
signal transmission efficiency. This ability is particularly
valuable in neural interface applications, where small displa-
cements can lead to significant signal changes. Through self-
adjustment, motile electrodes dynamically optimize signal
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stability, enhancing the precision of electrophysiological
monitoring.

Furthermore, motile fiber electrodes offer new pathways to
reduce implantation trauma and improve patient comfort.
Traditional electrodes often cause significant tissue trauma
during implantation, and because their position is fixed, sub-
sequent adjustments may require additional surgery. Motile
electrodes, however, can be displaced and adjusted via external
control without the need for additional surgical procedures,
thus reducing trauma and increasing the adaptability of
implanted electrodes. For instance, in brain-machine inter-
faces, the initial implantation position of the electrode may
not be optimal, but with motility functions (controlled via
magnetic, electrical, or optical means), the electrode can be
fine-tuned post-surgery to optimize its position within the
neural population, capturing clearer signals. This not only
reduces surgical complexity but also significantly lowers post-
operative discomfort and risks for the patient.

The realization of motile fiber electrodes relies on
advances in materials and manufacturing technologies. To
ensure the safe movement of electrodes within the body, the
materials must possess high flexibility and extensibility while
maintaining excellent conductivity. Emerging materials such
as conductive polymers, metal nanowires, and carbon-based
materials provide a solid foundation for the development of
motile fiber electrodes. Additionally, the application of micro-
electromechanical systems (MEMS) enables precise control
and feedback of the electrode’s movement, ensuring that the
electrodes can perform adjustments and movements on a
microscale. These technologies collectively pave the way for
the widespread application of motile fiber electrodes in
medical fields.

Despite the theoretical advantages of motile fiber electro-
des, several challenges remain for clinical applications. First,
how to achieve controlled movement of the electrode in the
body while ensuring its long-term biocompatibility and
mechanical stability is a major research focus. Second, energy
supply issues cannot be overlooked. Researchers are exploring
miniaturized energy transmission systems or self-powered
systems to provide sustained energy for motile electrodes.
Additionally, the interaction between the electrode’s motility
mechanism and physiological tissues requires detailed study
to avoid inflammation or immune responses caused by elec-
trode movement.

Motile fiber electrodes, as a new generation of implantable
electrodes, provide a powerful solution to the limitations of
traditional electrodes in dynamic environments due to their
adaptive capabilities and dynamic regulation functions. As
material science, nanotechnology, and MEMS technology con-
tinue to advance, motile fiber electrodes are expected to play a
more prominent role in neuroscience, muscle monitoring, and
implantable therapies, driving medical devices toward greater
intelligence and personalization. This technology not only
offers new insights for biosensing and medical monitoring but
also lays the foundation for future precision medicine and per-
sonalized treatment.

9888 | Nanoscale, 2025, 17, 9870-9894

View Article Online

Nanoscale

6. Conclusion

In conclusion, flexible fibrous electrodes for implantable
biosensing represent a transformative advancement in real-
time, long-term physiological monitoring and therapeutic
interventions. These electrodes, with their adaptability to
soft, dynamic tissue environments, overcome many limit-
ations of traditional rigid electrode systems, promoting bio-
compatibility and reducing tissue irritation. Their multifunc-
tionality—enabling simultaneous monitoring of electrical,
mechanical, and chemical signals—provides a nuanced
understanding of complex physiological processes, enhan-
cing applications ranging from neural interfacing to electro-
chemical sensing.

Despite significant progress, challenges remain in achiev-
ing ultra-high-density and multifunctional flexible fiber elec-
trodes with robust integration and stable performance in vivo.
Future developments should prioritize advanced materials
and novel fabrication techniques that support both func-
tional versatility and durability under physiological con-
ditions. Moreover, the evolution towards intelligent, con-
trolled electrode systems will open new avenues in precision
medicine, allowing for personalized, responsive, and effective
interventions. The long-term sustainability of implantable
fibrous biosensors depends on overcoming regulatory and
commercialization challenges while maximizing their societal
impact through real-time health monitoring, personalized
medicine, global health equity, and environmentally sustain-
able design, ultimately advancing both healthcare accessibil-
ity and eco-friendly medical innovation. As flexible fiber elec-
trode technology advances, its potential for impacting clinical
diagnostics, rehabilitation, and neuroprosthetics continues
to expand, promising improved patient outcomes through
minimally invasive, adaptive, and integrated biosensing
solutions.
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