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Engineered Optical Fibers for Deep-Tissue Applications

Yuzhen Li, Siyang Zheng, Wenzhao Li,* Kai Chen, Tianting Zhong, Chi Man Woo,
Weiran Pang, Chuqi Yuan, Xiaozhou Xiao, Xianguang Yang, Long Jin, Xiang Qian,
Qiyao Tan, Changyuan Yu,* Liwei Liu,* Junle Qu,* and Puxiang Lai*

High-precision optical diagnostics and therapy in deep tissues
are hindered by light scattering and absorption. Engineered optical fibers,
serving as minimally invasive optical fibers, provide a powerful platform
to bypass these barriers. This review systematically deconstructs the design
of these advanced fibers from the unified perspectives of materials science
and structural engineering. First, key material systems are analyzed—from
traditional silica to emerging polymers and hydrogels—evaluating how
their intrinsic properties dictate the fiber’s optical performance, mechanical
compliance, and biocompatibility. Then, critical structural paradigms
are examined, including propagation modes, refractive index profiles,
and core geometries, elucidating how these designs control features such
as signal fidelity, resolution, and functional integration. The review further
considers how the fiber’s potential is amplified by auxiliary front-end physical
modulation and back-end computational reconstruction techniques. Building
on this foundational framework, the application of these engineered fibers is
comprehensively surveyed in state-of-the-art biomedical diagnostics, such as
endoscopic imaging and biosensing, and in targeted therapeutics, including
optogenetics, phototherapies, and drug delivery. Ultimately, by systematically
linking engineering principles to biomedical functions, this review establishes
a foundational framework for designing next-generation, clinically focused
fiber-optic systems, concluding with a critical assessment of prevailing
challenges to illuminate future research directions in this burgeoning field .
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1. Introduction

Real-time observation and precise interven-
tion deep within living organisms at cellu-
lar and even subcellular resolutions repre-
sent a major frontier in modern biomed-
ical science and engineering.[1,2] Optical
methods, owing to their high resolution,
high sensitivity, and non-invasiveness, ren-
der a key enabling technology for achiev-
ing this goal. However, the intrinsic opti-
cal properties of biological tissues pose a
fundamental challenge as the penetration
depth increases. The complex microscopic
structures within tissue lead to strong pho-
ton scattering, while endogenous chro-
mophores such as hemoglobin and wa-
ter cause significant light absorption.[3–5]

These two effects collectively result in the
rapid attenuation and broadening of the
light beam during propagation, severely
limiting the effective optical penetration
depth and spatial resolution.[6–10] To ad-
dress this challenge, researchers have de-
veloped various strategies. The first in-
volves optimizing the light source, for in-
stance, by utilizing the near-infrared (NIR-
I/II) as a biological optical window where
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absorption and scattering are relatively low, thereby enhancing
penetration depth.[11,12] Furthermore, optimizations are pursued
from two main aspects: signal generation and light beam propa-
gation. On the one hand, advanced microscopy techniques, such
as confocal and multiphoton microscopy, improve the signal-to-
noise ratio by effectively rejecting scattered noise through spa-
tial filtering or nonlinear localized excitation. On the other hand,
more cutting-edge technologies like adaptive optics (AO)[13] and
wavefront shaping (WFS)[14,15] attempt to counteract the effects of
tissue scattering by actively compensating for scattering-induced
wavefront distortions. The goal of these techniques is to achieve
efficient energy delivery and diffraction-limited focusing deep
within the tissue.[16,17] Nevertheless, despite their significant suc-
cess in specific scenarios, these techniques still encounter a gen-
eral limitation: they fundamentally rely on combating tissue scat-
tering from the outside. Once the penetration depth goes beyond
the optical diffusion limit (empirically ≈1 mm beneath skin), the
effective signal diminishes exponentially. Moreover, cutting-edge
methods like wavefront shaping are highly sensitive to dynamic
changes in the tissue, which restricts their widespread applica-
tion in vivo.[18–20] Therefore, to break through this depth barrier,
there remains an urgent need for a new technological paradigm
capable of effectively guiding photons to bypass the tissue scat-
tering barrier.
To directly confront the aforementioned challenges, optical

fiber offers a distinctly different strategy. Its core principle is
not to contend or battle with scattering externally but to serve
as a minimally invasive, physical optical fiber that bypasses the
opaque biological medium to deliver photons.[21–23] This func-
tionality is based on the principle of total internal reflection:
in a coaxial structure composed of a high-refractive-index core
and a low-refractive-index cladding, light rays striking the core-
cladding interface at an angle greater than the critical angle un-
dergo total reflection, thereby being confined within the core and
propagating along the fiber axis.[24–28] In biomedical applications,
optical fibers are inserted directly into tissue, serving both as pre-
cise conduits for delivering light from an external source to a
deep target and as efficient channels for collecting photons gen-
erated within the tissue and transmitting them out of the body for
analysis.[29,30] While effective in specific scenarios, standard op-
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tical fibers still face numerous challenges when applied in com-
plex biological environments. Beyond the optical performance re-
quired for ideal light transmission, biomedical applications im-
pose far more stringent demands, including biocompatibility,
mechanical compliance, and functionalization capabilities.[31–33]

To meet these needs, which far exceed those of the traditional
telecommunications field, optical fibers must undergo system-
atic engineering and enhancement. This process has directly
driven their evolution from passive transmission components
into highly instrumentalized and complex platforms. Through
the precise design of their intrinsic properties and extrinsic func-
tions, engineered optical fibers to date possess sophisticated ca-
pabilities for serving both precise diagnostics (high-resolution
imaging and real-time sensing) and targeted therapeutics (spe-
cific modulation and localized energy delivery).[34–36]

The goal of this review is to elucidate how systematic engineer-
ing of optical fibers—precisely tailoring their physical, chemical,
and biological properties—can meet the diverse and highly chal-
lenging demands of deep-tissue applications. This is primarily
achieved through the following strategies. First, Material Engi-
neering, which not only involves optimizing traditional inorganic
materials for broader spectral transmission and higher power
tolerance but also encompasses the development of bio-friendly
polymeric materials for superior flexibility and mechanical com-
pliance. It also extends to the design of biodegradable polymers
and hydrogel-based fibers, aimed at applications that obviate the
need for post-implantation removal or achieve a high degree of
modulus matching with soft tissues. Second, Structural Engi-
neering, which enables fine control over light propagation at the
micro- and nanoscale. Advances in this area include gradient-
index (GRIN) fibers for high-resolution endoscopy, multi-core
fiber arrays for multi-point parallel stimulation or sensing, and
microstructured and photonic crystal fibers that achieve unique
light confinement and enhance light-matter interactions. Fur-
thermore, the potential of these physical-layer engineering de-
signs is often amplified when combined with advanced auxiliary
technologies, such as computational imaging andmachine learn-
ing. In summary, these engineering strategies yield highly cus-
tomized fiber-optic tools, enabling advanced functionalities and
precision in deep-tissue diagnostics and therapeutics.
Although there are reviews that have provided detailed ac-

counts of specific optical techniques or certain classes of fiber-
optic devices, this article aims to systematically establish the in-
trinsic link between the fundamental design principles of optical
fibers and their cutting-edge deep-tissue biomedical applications
from a unified material science and engineering perspective. It
places a strong emphasis on elucidating how a diverse array of
engineering strategies determines and ultimately realizes spe-
cific biomedical functions. To this end, the article will first re-
view the fundamental challenges of deep-tissue optics and the
waveguiding principles of optical fibers. Building on this foun-
dation, as illustrated in Figure 1, we will delve into the core en-
gineering strategies for fiber functionalization, focusing on their
material compositions and structural paradigms, as well as the
key synergistic auxiliary technologies. Subsequently, this review
will systematically showcase how these meticulously designed
engineered fibers address practical biomedical problems in
state-of-the-art diagnostics (covering high-resolution endoscopy
and multifunctional biosensing) and therapeutic interventions
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Figure 1. Engineering optical fibers for deep tissue applications. a) Structures and materials: Structurally, optical fibers derive single-mode and multi-
mode propagation modes, as well as various core configurations, which regulate the transmission behavior of photons. Materials such as soft glass,
quartz, and polymer materials fundamentally determine the intrinsic optical, mechanical, and biological properties of optical fibers. b) Optical fibers
enable diagnostic techniques, including imaging and sensing, such as photoacoustic imaging, fluorescence imaging, and Raman imaging, along with
sensing capabilities for monitoring physical (temperature) and chemical (glucose, pH) parameters in tissues. c) Optical fibers are also used in a range
of deep tissue treatments and regulation, including photothermal and photodynamic therapies, facilitating targeted therapy for deep tissue, along with
optogenetic regulation and drug delivery for precise treatment.
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Figure 2. Light propagation in tissue and guidance in optical fibers. a) Refractive index mismatches within biological tissue cause strong light scattering,
limiting penetration depth and creating random speckle patterns. Reproduced with permission.[40] Copyright 2024, SPIE. b) Left: Direct laser illumination
fails to penetrate thick tissue. Right: An implanted optical fiber effectively delivers light to deep regions. Scale bar: 10mm. Reproducedwith permission.[42]

Copyright 2016, Springer Nature. c) An optical fiber consists of a high-index core and a low-index cladding. Light is guided within the core via total internal
reflection (TIR) at the core-cladding interface. Reproduced with permission.[43] Copyright 2024, Wiley-VCH. d) A single-mode fiber (SMF) has a small
core supporting a single light mode, whereas a multimode fiber (MMF) has a larger core supporting multiple modes. Reproduced with permission.[44]

Copyright 1980, IEEE. e) A larger numerical aperture (NA) provides a wider acceptance angle, enabling a larger field of view and more efficient light
collection. Reproduced with permission.[45] Copyright 2019, Springer Nature. f) Significant fiber bending (macro-bending) disrupts TIR, causing light to
leak from the core and creating lateral emission (dashed arrows). Reproduced with permission.[43] Copyright 2024, Wiley-VCH.

(covering optogenetics, targeted phototherapy, and tissue engi-
neering). This paper will conclude with an outlook on the frontier
interdisciplinary directions in the field and a thorough discus-
sion of the key challenges and future opportunities in translating
these technologies from laboratory research to clinical practice.

2. Optical Fundamentals of Fibers

2.1. Challenges in Deep-Tissue Optics

With the advancement of life science research moving towards
in vivo, in situ, and deep tissue studies, the high-resolution,
long-term, real-time observation of biological tissue microen-
vironments, cellular behaviors, and molecular events has be-
come a core requirement for understanding disease mecha-
nisms and developing precise therapies. Optical technologies,
with their advantages of high resolution, high sensitivity, and
non-invasiveness, theoretically are ideal tools for achieving this

goal.[37,38] However, when light penetrates tissue from the out-
side, its propagation is greatly challenged by the complex opti-
cal properties of the tissue itself, which represents a fundamen-
tal barrier in deep tissue optics research. This barrier primarily
arises from two major physical processes: light scattering and
light absorption.[39]

Light scattering is the primary factor limiting the penetration
depth and image quality of optical methods in tissues. The phys-
ical origin of scattering lies in the refractive index heterogeneity
of biological tissues at the microscopic scale. Tissues are not op-
tically homogeneous, but rather consist of components of vary-
ing refractive indices (Figure 2a).[40] For example, the refractive
index of extracellular fluid is approximately n ≈ 1.35, while the
refractive index of the cytoplasm is slightly higher, ranging from
n ≈ 1.36−1.38. The refractive indices of dense structures within
the cell, such as the nucleus (n ≈ 1.39), mitochondria (n ≈ 1.42),
and lipid droplets (n ≈ 1.44), are significantly higher than the
surrounding environment.[41] As photons propagate through
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tissue, their path is repeatedly deflected by numerousmicrostruc-
tures with varying refractive indices. This refraction, governed
by Snell’s law, occurs at interfaces such as those between the
cell membrane and cytoplasm or the nucleus and cytoplasm. The
dense arrangement of these structures, with sizes ranging from
hundreds of nanometers to tens of micrometers, results in nu-
merous scattering events. As a result, the key physical quantities
carrying spatial information, such as the beam’s intensity distri-
bution, initial collinearity, polarization state, and coherence, are
rapidly disrupted, causing the photon flow to transition into a dif-
fuse state (Figure 2a). This effect directly leads to two severe con-
sequences: first, the beam cannot maintain a sharp focus deep
within the tissue; second, the signal light emitted from the target
area is similarly disrupted on its return path to the outside. The
ultimate result is that the image resolution and contrast deterio-
rate sharply as the tissue thickness or depth increases.[39]

Light absorption is another key factor causing the attenuation
of light energy within tissues. The physical essence of absorp-
tion is the capture of photon energy at specific wavelengths by
chromophore molecules within the tissue, which excites them
to undergo electronic transitions or vibrations, converting the
light energy into other forms of energy and thus resulting in
energy loss.[46] There are many types of endogenous absorbers
within tissues, each with different absorption spectra. In the ul-
traviolet and visible (≈400–600 nm) light ranges, hemoglobin
(Hb) in blood and melanin in the skin are the two dominant ab-
sorbing substances. Notably, hemoglobin has a very high absorp-
tion coefficient at ≈415 nm in its Sorte band, which means that
visible light cannot penetrate more than a millimeter of blood-
containing tissue.[47] In the NIR range, the absorption effects of
water and lipids become more significant. The absorption peaks
of water molecules are primarily located around 970, 1200, and
1450 nm. These absorption peaks help define the biological opti-
cal windows (first window: 650–950 nm; second window: 1000–
1350 nm), where both absorption and scattering effects reach
their relative minima, significantly enhancing light penetration
capability.[48] However, even within the optimal window, absorp-
tion remains significant and, together with scattering, follows the
Beer-Lambert law, leading to exponential attenuation of photon
flux as the depth increases, which severely limits the signal-to-
noise ratio (SNR) achievable in deep tissue.
In summary, scattering disrupts the spatial information of

light, while absorption further weakens its energy delivery. The
combined effects of these two phenomena make traditional free-
space optical methods inadequate for deep-tissue applications.

2.2. Optical Fibers and Their Guiding Mechanism

Faced with the fundamental challenges of deep-tissue optics,
specifically the disruption of spatial information due to light scat-
tering and energy attenuation due to absorption, traditional free-
space optical methods fall short. In this context, fiber optic tech-
nology offers a fundamentally different paradigm.[42] Instead of
attempting to counteract or compensate for tissue scattering, op-
tical fibers act as a minimally invasive physical channel, directly
bypassing most of the scattering media along the optical path
and efficiently transporting high-quality light patterns and/or en-
ergy to the deep target regions. At the same time, fibers can also

serve as efficient local signal collectors, capturing photons be-
fore they are scattered and absorbed by the tissue and guiding
them to external detectors. This operational mode fundamen-
tally reduces energy loss and signal distortion in free-space opti-
cal paths, establishing an indispensable physical foundation for
achieving high-resolution imaging, high-sensitivity sensing, and
high-precision interventions in deep tissue.[49]

To achieve effective confinement and guidance of light, typical
optical fibers are physically designed as micron-scale cylindrical
optical fibers composed of a high refractive index core and a low
refractive index cladding.[50] The core serves as the primary chan-
nel for light energy transmission, and the refractive index of the
cladding is precisely controlled to be slightly lower than that of
the core, which is key to achieving light confinement. This struc-
ture allows the fiber to transport light energy precisely to deep tis-
sues, overcoming the signal attenuation problems caused by tis-
sue scattering and absorption in traditional free-space transmis-
sion mode. In contrast, without fiber guidance, light in deep tis-
sues would be severely deflected and attenuated due to multiple
scattering (μs) and absorption (μa) within biological tissues, lead-
ing to randomized photon paths, drastically reduced penetration
depth, and a significant decrease in SNR,making high-resolution
imaging or precise treatment localization nearly impossible.[45]

The guiding ability of this core-cladding structure is funda-
mentally based on the phenomenon of total internal reflection.
Typically, when a light beam encounters the interface between
two different media, part of the light is reflected according to the
law of reflection, while the rest enters the newmedium, bending
its direction in accordance with Snell’s law:

n1 sin 𝜃1 = n2 sin 𝜃2 (1)

where n1 and n2 are the refractive indices of the incident and
refracting media, and 𝜃1 and 𝜃2 are the incident and refracted
angles, respectively (Figure 2c). When light travels from a high
refractive index medium to a lower refractive index medium, and
the incident angle exceeds a specific critical angle, the refracted
phenomenon disappears, and light is 100% reflected back into
the original medium. In optical fibers, as long as the light strikes
the core-cladding interface at an angle greater than the critical an-
gle, total internal reflection occurs repeatedly, keeping the light
firmly trapped in the core, enabling low-loss long-distance trans-
mission.
In summary, optical fibers, with their core-cladding structure

and the principle of total internal reflection, form efficient photon
optical fibers. However, when used for deep-tissue treatment and
diagnosis, their complexity far exceeds a simple physical model.
From a functional standpoint, a biomedical optical fiber needs to
serve as both a photon channel and a medical device interacting
with the tissue. The efficacy of a photon channel is defined by
its precision in coupling, confining, and guiding photons. This
performance is dictated by the channel’s geometric and optical
properties, including its core size, numerical aperture, andmode
characteristics. These properties, in turn, determine crucial met-
rics such as imaging resolution and signal fidelity.[51] As a med-
ical device, its performance is determined by its behavior dur-
ing long-distance transmission within tissue and complex bio-
logical environments. This performance is defined by key trans-
mission, mechanical, and biological characteristics, including
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attenuation, bandwidth, flexibility, and biocompatibility. These
properties directly influence the SNR of biological signals, the
minimally invasive nature of implantation, and long-term op-
erational stability.[52] On a fundamental level, optimizing these
parameters can be achieved through material engineering (e.g.,
doping or modifying glass and polymer components), structural
engineering (e.g., via the design of microstructured or multi-core
fibers), and the application of auxiliary techniques at both ends
of the device.[53–55] A systematic examination and evaluation of
these core parameters is essential to guide design trade-offs and
device selection for specific applications. The following sections
will discuss these in detail.

3. Key Parameters

In biomedical applications aimed at deep tissue, the design and
selection of optical fibers represent a multi-variable optimization
engineering process. To precisely achieve specific functions, a
comprehensive consideration of a series of key parameters is nec-
essary. These parameters primarily cover four dimensions: geo-
metric, optical, transmission, and mechanical/biological perfor-
mance. Among these, geometric and optical parameters are fun-
damental in determining the guiding properties of the optical
fiber, while transmission parameters quantify the macroscopic
efficiency of photon transport. Mechanical and biological perfor-
mance define the fiber’s applicability and reliability in complex
biological environments. Therefore, careful selection and opti-
mization of these parameters are prerequisites for realizing spe-
cific biomedical functions and ultimately determine the success
or failure of the fiber in diagnostic and therapeutic applications.

3.1. Geometric Parameters

Geometric parameters form the basis for optical fiber structural
design and directly define its physical dimensions and shape. In
complex and dynamic biological environments, such as deep tis-
sue imaging, the rational configuration of geometric parameters
directly influences coupling efficiency, propagation stability, and
compatibility with biological tissue. These parameters mainly in-
clude core diameter,[43] cladding diameter, fiber length, cladding
structure, and NA,[44] all of which together determine the core
performance of optical fibers in terms of optical field coupling,
spot control, penetration depth, and imaging resolution.
The core diameter determines the fiber’s mode characteristics

and light flux (Figure 2d). For high-resolution imaging, such as
OCT and confocal microscopy, single-mode fibers are typically
used, with core diameters strictly controlled within the range of
8–10 μm to ensure that only the fundamental mode (such as
LP01) propagates in the fiber. This design avoids signal distortion
caused bymultimode interference, thus ensuring high spatial co-
herence and structural clarity in deep-tissue imaging.[56] In con-
trast, applications requiring high optical power transmission or
signal collection efficiency, such as photoacoustic imaging and
deep fluorescence detection, typically employ multimode fibers
with core diameters of ≥50 μm. Larger core diameters improve
light coupling efficiency and return light flux, which is crucial for
enhancing weak signal detection, especially in cases where deep-
tissue signals are severely attenuated.[57]

Cladding diameter, along with the overall fiber size, affects the
fiber’s insertion stability and mechanical reliability within tis-
sues. For applications involving deep-tissue implantation (e.g.,
brain, liver) or puncture into lesion areas, fibers must be suf-
ficiently thin to minimize tissue damage, yet maintain enough
structural strength to avoid bending or breaking during implan-
tation or operation.[58]

The NA represents the fiber’s ability to collect and emit light
at various angles and is a key factor affecting coupling efficiency,
focus size, and imaging depth. A high NA helps efficiently collect
scattered or emitted light from biological tissue, making it suit-
able for deep tissue imaging where signal attenuation is signifi-
cant (Figure 2e). On the other hand, a lowNA is beneficial for col-
limated illumination and long working distance of focusing.[45]

To address challenges such as tissue heterogeneity and limited
optical path space, researchers have developed various special-
ized fiber structures. For example, tapered fibers[45] regulate light
intensity distribution through a gradient in core diameter, achiev-
ing deep focusing ormode conversion. Double-cladding fibers[59]

support both high-quality excitation light transmission and large
flux signal collection, widely used in fluorescence microscopy
or multimodal imaging.[60] Multi-core fibers or fiber bundles[61]

allow spatial parallelism or angular multiplexing, enabling
multi-point simultaneous excitation or large field-of-view sig-
nal integration, significantly improving imaging efficiency and
sensitivity.

3.2. Optical Parameters

Optical parameters describe the intrinsic physical properties of
the interaction between fiber materials and light waves, which
directly affect the choice of imaging techniques, signal fidelity,
and the final imaging quality. Typical optical parameters in-
clude working wavelength, dispersion characteristics, transmis-
sion loss, supported mode types, and coherence.[62]

The choice of working wavelength is the primary considera-
tion for adapting to specific imaging techniques. Since the opti-
cal properties (scattering and absorption) of biological tissues dif-
fer significantly across wavelengths,[63] a balance must be struck
between imaging depth and signal attenuation. For example, in
photoacoustic imaging, researchers often use the near-infrared
II window (NIR-II, 1000–1700 nm), combined with semiconduc-
tor polymer nanoparticles that exhibit strong absorption within
this window, enabling deep-tissue imaging at the centimeter
scale. Kenry et al.[64] developed TII-TEG polymer nanoparticles
(TSPNs) that, when excited by 1064 nm laser light, produce high-
contrast photoacoustic signals at depths of up to 5.3 cm, with a
SNR of 82.
Dispersion characteristics, particularly group velocity disper-

sion (GVD), are crucial for coherent imaging systems that rely
on broad-spectrum light sources. For instance, optical coherence
tomography (OCT)[65] uses a broad-spectrum low-coherence light
source; significant dispersion in the fiber would lead to temporal
broadening of different wavelength components during propa-
gation, thereby degrading the clarity of interference signals and
directly reducing the system’s axial resolution. Therefore, high-
resolution imaging applications must use single-mode fibers
with ultra-low dispersion or dispersion compensation designs[66]

Adv. Optical Mater. 2026, 14, e02861 e02861 (6 of 51) © 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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to maintain consistency in optical path differences, thus preserv-
ing tissue microstructure information to the highest degree.
Mode types and coherence determine the propagation behav-

ior of light within tissue and the applicability of imaging tech-
niques. Single-mode fibers, which support only a single mode,
offer high coherence and collimated beam output, making them
ideal for imaging techniques that require interference or phase
information, such as in OCT and coherent Raman scattering. In
contrast, multimode fibers support multiple propagation modes,
providing higher light flux and light collection efficiency, making
them more suitable for large-area illumination or weak signal
collection scenarios. For example, Du et al. developed a hybrid
multimode-multicore fiber (M3CF), which can achieve a spatial
resolution of 2 μm within a 230 μm field of view in a static state
and maintain stable light transmission through 61 independent
cores (corelets) when bent. This fiber was successfully applied in
long-term optogenetic stimulation andmonitoring of neurons in
freely moving animals.[67] However, the inherent modal disper-
sion and lower coherence of multimode fibers require wavefront
shaping[68] or machine learning algorithms for correction when
used in applications that demand precise light field control.

3.3. Transmission Parameters

Transmission parameters quantify themacroscopic performance
of light signals after long-distance propagation in optical fibers
and are core indicators for assessing their efficiency and fidelity
as photon channels. Deep-tissue applications typically involve
longer optical paths and weaker signals, thus requiring higher
transmission stability and resistance to interference. In this con-
text, transmission parametersmainly encompass loss coefficient,
transmission bandwidth, and nonlinear optical effects.[69–71]

The loss coefficient, or attenuation, is a key metric for eval-
uating the energy transmission efficiency of optical fibers. This
parameter is particularly critical in deep-tissue imaging, where
light must penetrate multiple tissue layers to reach a target and
then return to a detector after being reflected or emitted. There-
fore, excellent energy retention capabilities are required. High
attenuation leads to significant signal dissipation during trans-
mission, especially in techniques where echo signals are weak
and can easily be overwhelmed by background noise, such as
in fluorescence imaging or Raman spectroscopy.[72] Therefore,
an ideal optical fiber should have extremely low loss characteris-
tics (<0.2 dB/m) to ensure efficient delivery of excitation light to
the target region while maintaining the integrity of the return-
ing signal. For example, Koike et al. reported a CYTOP-based
graded-index polymer optical fiber with an attenuation as low as
10 dB km−1 (≈0.01 dB/m) at wavelengths of 670–680 nm, far
better than traditional PMMA fiber’s 200 dB km−1. It has been
verified to support high-speed transmission at 40 Gbps over 100
meters.[73] This ultra-low loss characteristic demonstrates great
potential in biomedical applications, such as deep-tissue weak
signal detection.
Transmission bandwidth is a critical indicator for determining

whether an optical fiber can support broadband light sources and
high-speed signal modulation. In deep- tissue imaging, many
cutting-edge techniques rely on wide-spectrum light sources
and rapid pulse responses, such as broadband OCT, femtosec-

ond laser photoacoustic imaging, and multispectral fluorescence
imaging.[74] Therefore, the optical fiber must have sufficiently
high bandwidth capacity to avoid excessive delay or distortion of
different frequency or wavelength components during propaga-
tion, thus maintaining the integrity of the signal in both the time
and frequency domains. Insufficient bandwidth can lead to sig-
nal distortion, blurred images, or cross-talk between multispec-
tral channels, and in severe cases, it can even prevent normal
imaging.
In high-power laser excitation scenarios, a range of nonlinear

optical effects,[74] such as self-focusing, stimulated Raman scat-
tering (SRS), and four-wavemixing (FWM),may occur within the
fiber. These effects can cause beam distortion, spectral broaden-
ing, and energy fluctuations, which in turn affect the authenticity
and stability of the imaging signal. Additionally, nonlinear effects
induced by high power may create local hotspots within the fiber,
increasing the risk of thermal damage to the tissue, which must
be avoided in in vivo imaging applications. Therefore, when de-
signing deep-tissue imaging systems, laser power density must
be strictly controlled, and fibers with high nonlinear thresholds,
such as low-nonlinearity silica fibers or doped modified fibers,
should be chosen. Beam shaping and filtering strategies are also
essential to mitigate potential risks.[75]

3.4. Mechanical and Biological Performance

In addition to optical and transmission performance, the success
of optical fiber implantation and its long-term stability in living
tissue also depend on its mechanical and biological properties.
These parameters collectively determine the size of implantation
trauma, the device’s tolerance to physiological dynamic environ-
ments, and the host’s long-term biological response. They are key
factors in determining whether optical fiber can be successfully
utilized in vivo. This section primarily discusses core indicators
such as fiber flexibility, tensile strength, and biocompatibility.
Mechanical flexibility, defined by low bending stiffness, is es-

sential for optical fibers to accommodate the dynamic changes in
living tissue and ensure stable signal transmission (Figure 2f).
Tissues are subject to continuous micro-movements from pro-
cesses such as respiration, blood flow, and muscle contrac-
tion, making fiber flexibility a critical requirement.[76] Traditional
quartz fibers are relatively rigid, and when the bending radius is
less than a few centimeters, they are prone to brittle fracture or
micro-cracks, leading to optical path interruptions. In contrast,
flexible optical fibers made from elastic polymer matrices exhibit
excellent mechanical performance, even under millimeter-scale
bending radii, without mechanical failure. For example, Jiang
et al. developed flexible soft polymer optical fibers (SPOF) that
maintain an additional loss of less than 0.6 dB cm−1 at a 70° bend-
ing angle. These fibers were successfully implanted into 2 cm
deep in pig tissue using a 21G needle, demonstrating their relia-
bility and safety in complex dynamic environments.[77]

Biocompatibility and surface engineering are fundamental to
ensuring good interaction between the fiber and host tissue, en-
abling long-term, stable application. Ideal biocompatibility min-
imizes immune rejection and inflammatory responses. Fibrous
encapsulation after implantation maintains a stable optical cou-
pling interface between the fiber and tissue. A key strategy is
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using biodegradable or biologically inert materials. For example,
Shan et al. reported a biodegradable fiber based on citric acid,
which showed no significant protein deposition after being im-
planted in the peritoneal cavity of SD rats. The fiber maintained a
low loss of 0.4 dB cm−1.[78] In addition, advanced surface coating
technologies not only enhance biocompatibility but also integrate
additional functionalities. Park et al. used silver nanowire-PDMS
composites as coating layers for multifunctional fiber probes,
successfully achieving long-term electro-optical monitoring in
the spinal cord of freely moving mice without significant inflam-
matory reactions.[58] This highlights the important role of func-
tional coatings in improving the safety and functionality of long-
term implants.
Overall, the series of key parameters discussed in this section

collectively form the core objectives of optical fibers designed for
specific applications. To precisely control these performancemet-
rics in response to the complex challenges of deep tissue, founda-
tional design based on materials engineering and structural en-
gineering is essential. The fiber’s constituentmaterials impart its
intrinsic optical, mechanical, and biological properties, while the
engineered design of its structure and geometry provides higher-
dimensional control, ultimately determining how light is con-
fined and guided within the fiber. Therefore, the next sections
will focus on these two engineering approaches in fiber design,
beginning in section 4with an exploration of diversematerial sys-
tems, followed by a detailed discussion of innovative structural
paradigms in section 5.

4. Material Composition

The performance and functionality of optical fibers in biomedical
applications are fundamentally determined by their core materi-
als. The intrinsic properties of these materials not only directly
define the optical characteristics of the fibers—such as trans-
mission loss, working wavelength, and dispersion—but also de-
termine their mechanical properties (flexibility, Young’s modu-
lus) and biological behavior (biocompatibility, degradability).[79]

Therefore, to balance different performance dimensions, it is cru-
cial to carefully design and select optical fiber materials for dif-
ferent deep-tissue applications. This section will systematically
review key materials currently used in biomedical optical fibers:
from quartz (SiO2), the gold standard for industrial and research
applications, to polymers that provide great mechanical flexibil-
ity, soft glasses that open new windows in the mid-infrared spec-
trum, and hydrogels designed to achieve ideal tissue matching.
While no single perfect material exists, this section aims to pro-
vide clear material science guidance for the design of function-
alized optical fibers aimed at specific diagnostic and therapeutic
needs by deeply analyzing the unique advantages and inherent
limitations of various materials.

4.1. Quartz

Quartz optical fibers, composed primarily of high-purity silicon
dioxide (SiO2), are the most technically mature and widely used
optical fibers in biomedical applications. Their core advantage
lies in their exceptional optical performance: over a broad spectral

range of 240–2500 nm, quartz optical fibers can maintain ultra-
low transmission loss of <0.2 dB km−1,[76] enabling stable and
efficient transmission of high-power lasers from visible to near-
infrared wavelengths. For example, near the water absorption
peak at 1470 nm, quartz optical fibers can achieve precise pene-
tration of 0.4 mm into soft tissues, such as blood vessels, making
them ideal for efficient laser coagulation and tissue welding.[80]

In terms of biocompatibility, surface-passivated quartz exhibits
high biological inertness. Experiments have shown that even
when its outer surface temperature rises to around 74 °C, no sig-
nificant tissue inflammatory response is triggered, demonstrat-
ing excellent thermal stability and the potential for repeated high-
temperature sterilization.[80] However, quartz also has notable
drawbacks. Its high Young’s modulus of 72 GPa causes a sig-
nificant mechanical mismatch with soft tissues (typically in the
kPa to MPa range), leading to poor mechanical compliance and
susceptibility to brittle fracture under minor bending. Further-
more, its high fusion technology requirements and cost limit its
application in certain scenarios. As a result, quartz optical fibers
are better suited for short-duration deep-tissue imaging and ther-
apy that require high beam quality, transmission power, and po-
sitional accuracy. For long-term implantation, flexible cladding
or composite structures are typically used to alleviate mechanical
mismatch issues.
With its unique advantages, quartz optical fibers have played

an indispensable role in several cutting-edge deep-tissue opti-
cal technologies. In multiphoton imaging, quartz fibers are ideal
carriers for transmitting high-energy femtosecond laser pulses.
Their low dispersion and high damage threshold ensure tempo-
ral and energy stability during transmission. Andresen et al.[81]

demonstrated the use of quartz fibers to transmit 1100 nm fem-
tosecond laser pulses without damage to a depth of 700 μm
beneath the lymph nodes of mice, successfully achieving two-
photon excitation of DsRed2 fluorescence protein. This approach
maintained lateral resolution at 564 nm and reduced the fluo-
rescence bleaching rate fourfold compared to traditional 760 nm
excitation, proving quartz fibers’ crucial role in high-resolution,
low-light-toxicity deep-tissue imaging. In optogenetics, the thin
diameter and controllable output beam of quartz fibers are ideal
for precise neural stimulation needs in neuroscience. Petrovic
et al.[82] developed a tapered quartz fiber with a core diameter
of 200 μm, which reduced the output beam diameter to 656 μm
by polishing the tip at a 15° taper. This fine beam control allows
for precise stimulation of specific neuronal clusters in the motor
cortex of mice, while the integrated dual electrodes (spacing of
500 μm) enable synchronous recording of local field potentials.
This tapered tip design also significantly reduces tissue damage
during implantation, validating the enormous potential of quartz
fibers in precise neuronal control. In optical fiber-based photoa-
coustic endoscopy, the thermal stability and ease of end-face en-
gineering of quartz fibersmake them ideal platforms for integrat-
ing ultrasound sensors, enabling both excitation light transmis-
sion and ultrasound signal reception. To address its rigidity is-
sues, Nazempour et al.[83] proposed a solution to fabricate quartz-
polymer composite fibers through thermal drawing (TDP) pro-
cesses to effectively reduce bending stiffness and enhance long-
term implantation stability in soft tissues (Figure 3a). Based on
this, Xiao et al.[84] integrated a quartz optical fiber into an 8 mm-
diameter acoustic-resolution photoacoustic endoscopy (AR-PAE)
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Figure 3. a) A multi-functional composite fiber probe was implanted into the mouse prefrontal cortex for optogenetic stimulation, viral injection, and
electrophysiological signal recording. Reproduced with permission.[83] Copyright 2021, Springer Nature. b) Photoacoustic (PA) and ultrasound (US)
imaging of channels located at different depths (9, 14, and 19 mm) beneath chicken breast tissue were performed using a multimode fiber probe. Repro-
duced with permission.[84] Copyright 2022, Optica. c) The transmission of a 405 nm light beam was demonstrated in a single soft glass fiber and in an
optical fiber with a core/cladding structure, respectively. Reproduced with permission.[85] Copyright 2020, dissertation. d) A green laser was transmitted
through a polymer optical fiber inserted into porcine skin tissue, which had been pre-stained with Rose Bengal dye. Reproduced with permission.[42]

Copyright 2016, Springer Nature. e) Broadband mid-infrared supercontinuum generation was achieved from two soft glass fibers with different compo-
sitions (Ge15Sb15Se70/Ge20Sb80), pumped by a 4.485 μm femtosecond pulse. Reproduced with permission.[86] Copyright 2021, Springer Nature. f)
The transmission of a 532 nm laser in a hydrogel optical fiber was demonstrated, along with the light transmission after the hydrogel fiber was connected
to a multimode quartz optical fiber. Reproduced with permission.[87] Copyright 2016, Wiley-VCH.

probe, which was able to transmit 800 nm pulsed laser and ef-
ficiently collect 10 MHz ultrasound signals, achieving 1.4 cm
imaging depth and 0.77 mm lateral resolution in the rabbit rec-
tum (Figure 3b). Quartz fiber’s excellent thermal stability en-
sures long-term stable operation even at a 20 Hz laser repeti-
tion rate, highlighting its unique advantages in miniaturization,
multi-functional integration, and harsh in-vivo environments.

4.2. Polymer Materials

Polymer optical fibers (POFs), made from organic polymer-based
materials, have become key components in modern biomedi-

cal and wearable technologies due to their excellent flexibility,
low cost, and electromagnetic compatibility. While they sacrifice
some optical performance compared to rigid quartz fibers, they
offer superior mechanical flexibility, lower production costs, and
more versatile fabrication methods. These characteristics make
POFs ideal for biomedical applications requiring high mechani-
cal compatibility (Figure 3d).
In deep-tissue optics, POFs exhibit unique advantages. First,

their mechanical properties are closer to soft tissues, with
Young’s moduli typically in the range ofMPa to GPa, much lower
than the 50–100 GPa of quartz fibers. This significant difference
reduces mechanical damage to tissues during implantation.[58]

Furthermore, POFs can be manufactured into complex shapes
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via thermal drawing or 3D printing, allowing them to adapt to the
intricate pathswithin deep tissues. For example, PLA-based POFs
have been used to penetrate 5–8 cm of pig muscle tissue to acti-
vate photochemical reactions. In another study, Nizamoglu et al.
utilized bioabsorbable polymers such as poly (lactic acid) (PLA)
and poly (lactic-co-glycolic acid) (PLGA) to create optical fibers.
These optical fibers, designed for deep-tissue photomedicine,
are not only biocompatible and biodegradable but also offer sig-
nificant advantages over traditional optical fibers. Additionally,
POFs have larger core diameters (250–400 μm) and higher nu-
merical apertures (NA = 0.4–0.6), improving light coupling ef-
ficiency and keeping light attenuation in biological tissue be-
tween 0.1–0.5 dB cm−1.[88,89] Notably, degradable POFs, such as
PLGA copolymers, gradually degrade after imaging, eliminating
the need for surgical removal.
However, the use of POFs in deep tissue imaging presents

some challenges. The most notable is their higher light atten-
uation coefficient (0.1–1 dB cm−1) compared to quartz fibers
(≈0.2 dB km−1), which limits their effective transmission dis-
tance within tissues (only 5–10 cm in pig muscle).[84] Al-
though studies have introduced novel materials, such as D,L-
dithiothreitol (DTT) – modified polyethylene glycol diacrylate
(PEGDA-DTT), which reduce light loss to 0.1–0.4 dB cm−1,[89]

optimization of light source power or the use of multi-stage re-
lay systems is still needed to compensate for attenuation. Addi-
tionally, POFs may suffer from refractive index changes and op-
tical loss due to water absorption in humid environments. De-
spite these limitations, POFs made from thermoplastic materi-
als like PLA and its copolymers provide significant flexibility and
biocompatibility in dynamic tissue environments, though their
degradation products’ potential impact on optical performance
remains a concern.[90]

In summary, while POFs offer superior mechanical flexibility
and biocompatibility compared to quartz fibers, their higher light
loss presents major challenges for long-distance, high-precision
sensing applications. Continuous innovation inmaterials science
and fiber manufacturing technology is crucial for overcoming
these limitations and fully unlocking the potential of POFs in
medical imaging and therapy.

4.3. Soft Glass

Soft glass optical fibers are specialized fibers made from non-
silica-based glass materials such as phosphate, tellurite, borate,
and germanate. These materials are characterized by low melt-
ing points, high refractive indices, and excellent optical proper-
ties. Compared to traditional quartz fibers, the core advantage
of soft glass fibers lies in their significantly expanded transmis-
sionwindow, particularly in themid-infrared (2–5 μm) and longer
wavelengths. This featuremakes them ideal for directly detecting
the molecular fingerprint region. Additionally, they offer higher
nonlinear optical coefficients and stronger rare-earth ion doping
capabilities (Figure 3e).
The unique advantages of soft glass fibers have led to their

vast application potential in several cutting-edge fields. Their
wide transmission window (covering 2–16 μm wavelength) en-
ables the generation of ultra-broadband supercontinuum (SC)
outputs that span the entire molecular fingerprint region

(3–13 μm), opening new pathways for deep tissue imaging and
biological molecule detection. For example, Wang et al. utilized
tellurite-based soft glass fibers to achieve supercontinuumoutput
in the 2–16 μm range, providing the key technical foundation for
label-free imaging of lipid deposits and atherosclerotic plaques in
deep tissues.[86] Additionally, soft glass fibers’ high nonlinear co-
efficients (As2Se3 with n2≈1.1 × 10−18m2/W) excel in nonlinear
effects such as spectral broadening and self-phase modulation
(SPM), significantly enhancing spatial and spectral resolution in
imaging.
The broad bandwidth transmission capability of soft glass

fibers is critical for multimodal imaging. By transmitting light
signals of multiple wavelengths through a single fiber, it is pos-
sible to integrate OCT, fluorescence imaging, and other modes,
providing more comprehensive and detailed information on tis-
sue structure and function. Klimczak et al. utilized this broad
bandwidth characteristic to generate supercontinuum spectra
from 1.0 to 2.4 μm, covering several biological molecular absorp-
tion peaks, thus laying the foundation for multimodal biological
imaging.[91] Additionally, certain soft glasses, such as phosphate
glasses, exhibit good biocompatibility and degradability, making
them ideal for developing implantable optical fiber sensors, with
broad applications in long-term in vivo monitoring for tumor di-
agnosis, vascular imaging, and other biomedical scenarios.
Despite its excellent optical performance, soft glass fibers

also have some inherent drawbacks.[92–94] First, their mechani-
cal strength and impact resistance aremuchweaker than those of
traditional quartz fibers, and they are prone tomicro-cracking un-
der bending or external force, affecting their long-term reliability.
Second, soft glass fibers have poor thermal stability, and high-
temperature environments can lead to performance degradation
or structural deformation. Moreover, their chemical stability is
insufficient, making them vulnerable to damage in acidic, alka-
line, or corrosive media. Therefore, while soft glass fibers offer
significant potential in label-free molecular imaging and sensing
with their unique mid-infrared transmission capabilities, their
widespread application still needs to overcome inherent limita-
tions in mechanical strength, thermal stability, and chemical re-
sistance.

4.4. Hydrogels

Hydrogel optical fibers are flexible light optical fibers constructed
from high-water-content polymer networks (Figure 3f). Their
core advantages lie in their excellent biocompatibility, tissue-like
softness, high water content, and superior mechanical stretcha-
bility. These characteristics enable seamless integration with bi-
ological tissues at both physical and chemical levels, showcasing
enormous potential in in vivo optical sensing, biological signal
transmission, and light-controlled drug release in cutting-edge
biomedical fields.[95,96]

For seamless integration with biological tissues, matchingme-
chanical properties is crucial. For example, Guo et al. developed
a hydrogel optical fiber based on sodium alginate and polyacry-
lamide, with a Young’s modulus (≈80 kPa) that closely matches
brain tissue (3–10 kPa). This mechanical compatibility signifi-
cantly reduces immune responses and damage to the blood-brain
barrier after implantation, creating favorable conditions for long
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-term, high-fidelity in vivo optical monitoring and
intervention.[87] Due to their inherent hydrophilicity and
stability in aqueous environments, hydrogel optical fibers are
well-suited for real-time monitoring of bodily fluids (sweat,
blood). Compared to traditional rigid, hydrophobic fibers, their
fundamental property is the ability to integrate tightly with living
organisms while maintaining optical transmission capabilities.
This unique biophotonic interface makes them highly valuable
in implantable sensors, tissue engineering scaffolds, and smart
prosthetics. Particularly in neural modulation applications,
hydrogel fibers can efficiently transmit NIR, which is highly
penetrating in biological tissues, providing an ideal tool for
precise deep neuron stimulation.[97]

Although hydrogel optical fibers are regarded as a promis-
ing next-generation biomaterial for optical fiber technology due
to their unique biological adaptability, their inherent disadvan-
tages should not be overlooked. First, their mechanical strength
ismuch lower than traditional optical fibers, and they are prone to
permanent deformation or even breakage under repeated stretch-
ing or bending.[98] Second, their high water content makes their
performance highly sensitive to environmental temperature and
humidity, with water evaporation leading to structural shrink-
age and optical performance degradation, thus shortening their
lifespan.[58] Additionally, their higher optical loss limits their abil-
ity to transmit signals over long distances. Therefore, hydrogel
optical fibers still face multiple challenges regarding mechanical
robustness, environmental stability, and optical performance.

5. Structural Paradigms

Based on the intrinsic properties of materials, the structural
paradigm of optical fibers further affects the transmission behav-
ior of light signals within the optical fiber. By precisely control-
ling key parameters such as core size, refractive index distribu-
tion, and geometry, the propagation modes, intermodal disper-
sion, polarization-maintaining ability, and spatial multiplexing
potential of the fiber can be directly influenced. Therefore, careful
structural design can transform general optical fibers into func-
tionalized optical fibers tailored for specific biomedical applica-
tions, such as high-resolution imaging, high-fidelity sensing, and
multi-point parallel detection.[99–101] This section will systemati-
cally discuss how different structural designs confer unique per-
formance advantages and applications, focusing on three core di-
mensions: propagationmodes, refractive index profiles, and core
configurations.

5.1. Propagation Modes

The number of propagation modes supported by an optical fiber
is its most fundamental structural parameter and directly deter-
mines the trade-off between signal fidelity and light collection
efficiency. Based on the number of modes they support, optical
fibers can be classified into two main categories: SMF and MMF
(Figure 4a). These categories are suited for different application
scenarios, with SMF emphasizing signal quality andMMF focus-
ing on light flux.[102–104]

SMF have very small core diameters (typically 8–10 μm) and
support only a single propagation mode at a specific wavelength,

thereby fundamentally eliminating intermodal dispersion and
ensuring extremely high spatial and temporal coherence. Their
output beams are stable and well-collimated, making them ideal
for long-distance, high-bandwidth, and high-resolution imaging
applications.[105–107]

In the biomedical field, SMFs are widely used in OCT, fiber
interferometry, and Raman probe systems. For example, in in-
travascular OCT applications, a probe integrated with SMF (with
an outer diameter of 2.67 mm) can transmit a 1310 nm central
wavelength light source, achieving non-invasive measurement of
the 0.4 mm compressed thickness of pig renal arteries, with ax-
ial and lateral resolutions of 11 and 25 μm, respectively.[108] In
Raman spectroscopy, SMF’s high coherence ensures precise ex-
citation of lasers and accurate analysis of Raman scattering sig-
nals, making it possible to chemically analyze tumor markers in
deep tissues. In fiber interferometers, the coherent light trans-
mitted by SMF can monitor nanometer-scale tissue displace-
ments or pressure, such as in real-time monitoring of intracra-
nial pressure.[108]

However, the use of SMF also faces several challenges. First,
its small core size leads to lower light source coupling efficiency
and stringent alignment requirements. The coupling efficiency
between standard SMFs and laser sources is typically below 60%,
requiring sub-micron-level alignment platforms to ensure stable
transmission.[110] Second, its small numerical aperture (typically
0.1–0.22) limits the ability to collect scattered light. For example,
in brain tissue imaging, its light collection efficiency is only 1/5
that of MMF.[57] Furthermore, in scenarios requiring high flex-
ibility (such as endoscopy), the bending loss of SMF is signifi-
cant. When the bending radius is less than 5 mm, light loss can
increase by over 30%, making it difficult to adapt to dynamic,
bending environments like the gastrointestinal tract.[108]

MMF, with larger core diameters (typically ≥50 μm), sup-
port hundreds or even more propagation modes, resulting
in high light source coupling efficiency and light collection
capacity.[110,111] For example, MMF with a 62.5 μm core diame-
ter can achieve coupling efficiency of over 85% with LED light
sources, much higher than that of SMF.[111] This makes MMF
particularly advantageous for signal collection in applications
where light signals are weak. MMFs play a key role in photoa-
coustic imaging (PAI), Diffuse Optical Tomography (DOT), and
fiber photometry (Figure 4b,c). In PAI, MMF efficiently trans-
mits high-energy pulsed lasers and collects the photoacoustic sig-
nals generated by tissues. Xiao et al.[109] integrated quartz MMF
into an 8 mm diameter probe, transmitting 800 nm pulsed light,
achieving photoacoustic imaging of rabbit rectum to a depth of
1.4 cm, with lateral resolution of 0.77 mm. In brain functional
imaging, MMFs are used in DOT systems to efficiently transmit
light in the 650–900 nm range and collect scattered light to mon-
itor brain oxygen saturation (sO2), achieving spatial resolution of
5mm.[117] In fiber photometry,MMFs transmit 475 nmexcitation
light and collect fluorescence from calcium indicators (GCaMP),
monitoring neuronal activity in freely moving mice with a high
signal-to-noise ratio of 30 dB.[117]

Despite their excellent light collection capabilities, MMFs also
have significant inherent limitations. Their primary drawback
is severe intermodal dispersion: light of different modes prop-
agates along different paths, causing pulse broadening that re-
duces temporal resolution and bandwidth. For instance, in a 1 m
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Figure 4. a) This illustrates the different applications of single-mode andmulti-mode fibers in imaging and sensing, where single-mode fibers are suitable
for high-resolution imaging, and multi-mode fibers enhance fluorescence signal collection. Reproduced with permission.[109] Copyright 2024, Optica.
b) Multi-mode fiber imaging clearly reveals the 3D structure of dendritic spines. Scale bar: 10 μm. Reproduced with permission.[110] Copyright 2018,
Springer Nature. c) Multi-mode fiber imaging was conducted by adjusting the fiber position to assess the maximum bending tolerance. Reproduced with
permission.[111] Copyright 2018, Optica. d) Graded-index fibers improve light signal propagation through a gradual change in refractive index, enhancing
imaging performance. Reproduced with permission.[112] Copyright 2022, Wiley-VCH. e) Graded-index fiber imaging demonstrates the impact of varying

Adv. Optical Mater. 2026, 14, e02861 e02861 (12 of 51) © 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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long MMF, the mode delay difference can reach 5 ns, which is
sufficient to blur fine vascular structures in high-resolution pho-
toacoustic imaging.[109] Additionally, speckle patterns are gener-
ated due tomultimode interference, and they are extremely sensi-
tive to environmental disturbances such as vibration and temper-
ature changes. For example, it has been reported that a 1 °C tem-
perature fluctuation can cause a 15% change in photoacoustic
signal intensity, severely affecting the stability and reproducibility
of imaging.[109] Therefore, the core challenge for MMFs in preci-
sion applications is how tomitigate or compensate for intermodal
dispersion and environmental sensitivity while leveraging their
high light throughput.
Coherent fiber bundles (CFBs), consisting of thousands of in-

dividual fiber cores, provide a unique parallel imaging platform
that enables “scan-less” endoscopy. However, their translation
to deep tissue imaging is met with several constraints, includ-
ing the “honeycomb” artifact from inter-core cladding and the
large footprint (>500 μm) required for a sufficient field of view.
Critically, CFBs are highly sensitive to bending-induced phase
decorrelation, which scrambles the phase relationship between
cores. This pronounced sensitivity makes CFBs particularly ill-
suited for coherent imaging modalities like holography or phase-
contrast imaging, which are essential for many advanced appli-
cations. Consequently, the vast majority of CFB-based endomi-
croscopy research has concentrated on fluorescence imaging. As
an incoherent process, fluorescence relies on transmitting light
intensity from each core—a task for which CFBs are fundamen-
tally designed and which remains robust against the phase shifts
induced by bending. This focus is further driven by the criti-
cal role of fluorescence in providing molecular specificity for di-
agnostics and functional imaging, despite the remaining chal-
lenges of pixelation and limited optical sectioning.[118]

Despite these limitations, recent innovations are pushing the
boundaries of CFB performance in fluorescence imaging. One
approach focuses on enhancing the optical design at the probe
tip. For example, a study by Pablo et al.[119] developed a high-
contrast endoscope by integrating an ultrafast laser-fabricated
fused silica end-cap into a polymer CFB (PMMA CFB) with a
1.36mmFOV. This system, designed for selective plane illumina-
tionmicroscopy (SPIM), provided optical sectioning to effectively
suppress background fluorescence, enabling real-time (5–7 fps)
visualization of alveolar tissue autofluorescence in an ex vivo hu-
man lung model without exogenous fluorophores. This demon-
strates how micro-optical hardware can significantly improve 2D
image contrast and reduce artifacts.
Further advancing beyond 2D, another innovative strategy

shifts the paradigm from optical design to computational recon-
struction. This method utilizes a diffuser at the distal tip of the
CFB to encode a 3D scene into a single 2D speckle pattern, which
is then decoded by a neural network. For instance, a recent study
by Lich et al.[120] demonstrated a “diffuser-fiber-endoscope” capa-

ble of single-shot 3Dnon-coherent fluorescence imaging through
a probe tip with a diameter of just 700 μm. The neural network
reconstructs the 3D volume in under 20 ms, enabling video-rate
imaging at up to 50 fps with an axial resolution of 125 μm. Crit-
ically, because this approach relies on intensity patterns, it is ro-
bust against bending-induced phase shifts. This combination of
a passive optical encoder and a powerful computational decoder
opens new avenues for real-time, 3D functional imaging, such as
in vivo deep-brain calcium imaging, in dynamic environments.

5.2. Refractive Index Profile

The refractive index profile of an optical fiber, or the distribu-
tion of the refractive index between the core and cladding, is
a critical design element that controls the propagation paths of
light within multimode optical fibers and governs intermodal
dispersion. Based on whether the refractive index profile is step-
index or graded-index, optical fibers can be classified into Step-
Index Fibers (SIF) and Graded-Index Fibers (GIF). These two
types of fibers differ significantly in their ability to suppress pulse
broadening.[121,122]

Step-index fibers have a uniform and higher refractive index
in the core compared to the cladding, creating a sharp step-like
change at the core-cladding interface. This refractive index distri-
bution confines light within the core via total internal reflection,
and light propagates along a zig-zag path through the core.[123–125]

In deep tissue imaging, step-index fibers are particularly effective
due to their high light coupling efficiency and excellent light scat-
tering collection ability. In photoacoustic imaging, Saini et al.[126]

used a 3 cm long chalcogenide step-index fiber (core material
AsSe2, cladding As2S5) to generate a supercontinuum spectrum
spanning 1.6–3.7 μm via 2.6 μm femtosecond laser pumping.
This spectrum effectively penetrated deep tissues to excite spe-
cific photoacoustic signals, achieving functional imaging of a
mouse tumormodel at a depth of 1.2 cmwith a spatial resolution
of about 30 μm. Similarly, in DOT, Gordon et al.[127] employed a
multi-core fiber bundle made of 6000 step-index fibers (core di-
ameter 2.9 μm) to construct an endoscope. Its high-light coupling
efficiency greatly improved the system’s ability to collect scattered
light from tissues, enhancing the signal-to-noise ratio by 40%,
whichwas critical for blood oxygenmetabolism imaging in breast
cancer patients at a depth of 2 cm. Notably, in applications re-
quiring high signal fidelity, such as real-time monitoring of dy-
namic physiological processes, single-mode step-index fibers are
ideal. Their small core size supports single-mode propagation,
effectively eliminating intermodal dispersion and preserving the
integrity of the light signal. For example, Yazdi et al.[128] used a
single-mode step-index fiber in a combined Diffuse Optical Spec-
troscopy (DOSI) andDiffuse Correlation Spectroscopy (DCS) sys-
tem to monitor tumor hemodynamics in breast cancer patients

core diameter and numerical aperture (NA) on image resolution. Reproduced with permission.[112] Copyright 2022, Wiley-VCH. f) The structure and
transmittance measurement method of graded-index hydrogel fibers (GIHF) are shown, illustrating the fiber’s light transmission capability. Reproduced
with permission.[113] Copyright 2023, Wiley-VCH. g) Hollow-core photonic bandgap fibers (HC-PBGF) with an 8 μmcore and seven-cell defects effectively
guide light signals. Reproduced with permission.[114] Copyright 2015, Frontiers Media S.A. h) Hollow-core fibers are applied in human brain section
imaging, demonstrating three-photon and third-harmonic generation imaging. Reproduced with permission.[115] Copyright 2024, IEEE. i) The cross-
sectional structure of multi-core fibers displays the arrangement of different fiber cores and their imaging applications. Reproduced with permission.[116]

Copyright 2024, Springer Nature.
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with a time resolution of 0.5 s, capturing instantaneous physio-
logical changes in tissues.
While step-index fibers offer significant advantages in deep-

tissue imaging, they also have some limitations. The primary
issue is intermodal dispersion. Because light enters the fiber
at different angles (corresponding to different modes), the path
lengths within the core vary, resulting in different arrival times at
the output. This time delay causes significant pulse broadening,
reducing temporal resolution and system bandwidth. Addition-
ally, step-index fibers exhibit relatively high bending loss. When
the fiber is bent, somemodesmay have an incident angle smaller
than the critical angle for total internal reflection, causing light
leakage from the core into the cladding, leading to energy loss.
In applications that require fiber bending, such as endoscopic
imaging, bending loss reduces the light intensity reaching the
tissue, thereby lowering the image’s signal-to-noise ratio.[127] Fur-
thermore, the numerical aperture (NA) of step-index fibers is de-
termined solely by the refractive indices of the core and cladding,
limiting their flexibility. This restricts their ability to collect light
from different incident angles. In applications like diffuse opti-
cal tomography, where light needs to be collected from multiple
scattering angles, the inability to match the NA of the fiber with
the scattering light field can affect the accuracy of physiological
parameter measurements.[128]

Graded-index fibers (GIF) optimize light propagation paths by
designing a continuous, gradually changing refractive index dis-
tribution from the center of the core to its edge, typically in a
parabolic shape (Figure 4d).[123,124,129,130] The higher refractive in-
dex at the center of the core slows down light, while the lower re-
fractive index at the edges speeds it up. This design causes light of
different modes to propagate along nearly sinusoidal paths, with
higher-order modes (longer paths) traveling faster in lower re-
fractive index regions, compensating for path length differences.
As a result, the propagation times of different modes converge,
significantly suppressing intermodal dispersion. This character-
istic gives graded-index fibers a unique advantage in deep tissue
imaging applications requiring high temporal and spatial resolu-
tion.
In deep-tissue imaging, graded-index fibers are ideal light

transmission mediums due to their excellent temporal stability
and spatial uniformity. Pochechuev et al.[112] implanted a GRIN
fiber (core diameter 230 μm, NA 0.22) into the retrosplenial cor-
tex of a mouse, achieving cellular-level resolution imaging of the
mouse’s brain at a depth of 8.1 mm (Figure 4e,f). Thanks to the
low dispersion properties of GRIN fibers, the system successfully
captured calcium signal dynamics of neurons with a time reso-
lution of 30 fps and a fluorescence signal contrast of 0.4. To over-
come the rigidity of traditional quartz fibers, Zhuo et al.[113] de-
veloped a graded-index hydrogel optical fiber (GIHF). This fiber
showed an extremely low bending loss of only 0.24 dB/90° and
achieved photoacoustic signal transmission to a depth of 2 cm
in simulated brain tissue. Its excellent control of modal disper-
sion improved the lateral resolution of tumor microenvironment
imaging to 5 μm. Additionally, GRIN fibers themselves can act
as objective lenses, making them ideal for constructing ultra-
thin endoscopes. Sivankutty et al.[131] demonstrated the use of
a 125 μm diameter, 4 cm long GRIN multimode fiber to build
an ultra-thin two-photon endoscope, achieving a lateral resolu-
tion of 1.55 μm and an axial resolution of 18.1 μm for imaging

200 nm fluorescent beads, showing great potential in deep neu-
ral network 3D imaging in mouse brains.
Despite their excellent performance, graded-index fibers face

some challenges. Their performance heavily depends on precise
control of the refractive index gradient, as any slight inhomo-
geneity can destroy their low dispersion properties, thus impair-
ing imaging quality. For example, fabricating GIHF requires pre-
cision in controlling the gradient distribution of the refractive
index from 1.38 to 1.34 using projection-assisted 3D printing
technology.[132] Graded-index fibers are alsomore sensitive toma-
terial uniformity and mechanical stability. Thermal expansion or
external mechanical stress can alter the internal refractive index
distribution, leading to fluctuations in optical performance.

5.3. Core Geometry

Innovation in optical fiber core configurations has broken
through the limitations of traditional circular solid-core designs,
endowing optical fibers with entirely new functional dimen-
sions beyond simple light signal transmission. Special struc-
tures, such as Hollow-Core Fibers (HCF) and Multi-Core Fibers
(MCF), have been developed to address the inherent limitations
of conventional fibers in advanced applications like polarization
control[114,115] and multi-channel parallel processing.[133,134]

As the most mature and widely used optical transmission
medium, circular solid-core fibers offer high-quality, low-loss
light signal transmission due to their symmetrical structure and
uniform refractive index distribution. They perform excellently
in efficiently guiding laser or broadband light into deep biolog-
ical tissues and effectively collecting internal reflected and scat-
tered light. These fibers are indispensable elements in deep tis-
sue imaging technologies such as endoscopy, PAI, and near-
infrared spectroscopy.[135,136] However, the simple circular sym-
metry of these fibers also brings limitations. Standard circular
core fibers do not possess birefringence characteristics, meaning
they cannot maintain the polarization state of light. This makes
them unsuitable for detection scenarios requiring precise polar-
ization control, such as enhancing imaging contrast via polariza-
tionmodulation or identifying specific tissue structures (collagen
fiber orientation) based on polarization differences. Additionally,
in complex and dynamic physiological environments (heartbeats,
blood vessel curvature), the bending of the fiber can disruptmode
orthogonality, leading to mode coupling and energy loss, which
distorts the signal and reduces the quality and accuracy of imag-
ing.
To address these limitations, researchers have developed

fibers with alternative core configurations, such as hollow-
core fibers (HCF) (Figure 4g), to enable additional functionali-
ties. These fibers guide light through a hollow core, and their
unique geometry typically introduces strong birefringence ef-
fects, which effectively suppress coupling and crosstalk between
different polarization modes, ensuring high fidelity in main-
taining polarization states during transmission, also known as
polarization-maintaining (PM) properties.[137–139] This feature
greatly enhances the reliability of polarization-sensitive detec-
tion. For example, Labat et al.[140] designed a hollow-core double-
clad fiber coupler that reduces mode coupling through struc-
tural optimization, achieving stable polarization transmission in
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nonlinear endoscopes and significantly improving the contrast
of two-photon imaging. In polarization spectroscopy applica-
tions, hollow-core fibers can precisely capture slight changes
in tissue polarization states, effectively differentiating between
healthy and diseased tissue, such as early tumor screening by
monitoring polarization changes caused by extracellular ma-
trix remodeling (Figure 4h). Septier et al.[115] used hollow-core
fibers’ polarization-maintaining properties in a multimodal en-
doscope to successfully distinguish different orientations of col-
lagen fibers in mouse skin. Moreover, Zhang et al.[141] used mid-
infrared lasers generated by hollow-core fibers in polarization-
sensitive photoacoustic imaging to detect the myelin arrange-
ment direction in mouse brain tissue. The primary challenge
of hollow-core fibers is coupling efficiency and alignment pre-
cision. Due to their different light-guiding modes compared to
standard solid-core fibers, hollow-core fibers require extremely
precise alignment when coupled with light sources or detectors.
Lyu et al.[142] confirmed that even small deviations can lead to se-
vere mode mismatch and power loss, directly impacting the final
image’s signal-to-noise ratio.
Multi-core fibers (MCF) integrate multiple independent cores

within a single optical fiber cross-section, enabling spatially par-
allel information transmission and collection, significantly ex-
panding the application potential of optical fibers in the biomed-
ical field.[143–146] Their most prominent advantage is the ability
to perform real-time, multi-parameter physiological monitoring.
Each core can be designed to transmit different signals or sense
various parameters (e.g., temperature, pH, oxygen saturation),
making MCFs an ideal platform for building multimodal inte-
grated detection systems. In tumor microenvironment monitor-
ing, a multi-core fiber can simultaneously collect local temper-
ature, hypoxia levels, and pH values, providing comprehensive
data for evaluating the metabolic state of tumors. Wang et al.[147]

combined multi-core fibers with deep learning algorithms, col-
lecting spontaneous fluorescence signals from different cores to
achieve high-resolution boundary identification of glioblastomas.
Zolnacz et al.[116] developed a thermally expanded coremulti-core
fiber, which increased the core diameter to improve light collec-
tion efficiency and enhanced image contrast by 2.6 times in lens-
less imaging.
However, the main obstacle in the widespread application of

multi-core fibers is the crosstalk among cores. Due to the small
spacing between the neighboring cores, light signals from one
core may leak or couple into adjacent cores, causing interfer-
ence between channels, which reduces the signal-to-noise ratio
and measurement accuracy. It is worth noting that some designs
aimed at optimizing other performance aspects can exacerbate
crosstalk. For instance, research by Zolnacz et al. demonstrated
that efforts to improve light collection efficiency through ther-
mal core expansion resulted in a significant increase in inter-core
crosstalk, with the value worsening from better than −30 dB to
−16 dB.[116] Therefore, the key challenge in multi-core fiber de-
sign is how to effectively suppress crosstalk while improving per-
formance, which requires careful design consideration.

6. Auxiliary Techniques for Optical Fibers

Although optical fibers efficiently deliver light to deep tissues,
a passive fiber alone is insufficient to form a complete, high-

performance biomedical photonics system. Its ultimate perfor-
mance is constrained by two fundamental limitations: the inher-
ent boundaries of physical transmission and challenges related
to signal fidelity.[148] Physically, the fiber’s NA and material dis-
persion define the theoretical limits of spatial and temporal res-
olution. As a passive optical fiber, optical fibers lack the ability to
actively control light wave parameters such as wavelength.[33,149]

Regarding information, the transmission and collection of light
through fibers and tissue inevitably introduce wavefront distor-
tions and noise, resulting in data that do not directly reflect the
true tissue structure and function.[150,151] Therefore, to overcome
these bottlenecks, a range of auxiliary technologies must be in-
troduced at the physical front-end and computational back-end
of the fiber system to optimize both photon flow and informa-
tion flow collaboratively.

6.1. Front-End Physical Modulation

Physical front-end control technologies focus on actively modi-
fying the physical properties of light before its interaction with
biological tissues.[152–154] This strategy is primarily implemented
through two pathways: controlling photon properties and con-
verting energy forms. Nonlinear optical effects are used to al-
ter the wavelength of light to precisely match the optical win-
dow of biological tissues or the spectral characteristics of specific
molecules.[155–157] Alternatively, the light energy delivered by the
fiber can be efficiently converted into sound (photoacoustic ef-
fect) or heat (photothermal effect), enabling new imaging modes
or targeted therapy.[15,158,159]

6.1.1. Wavelength Conversion

Wavelength conversion technology is one of the key strategies for
improving tissue optical imaging depth and resolution. The core
idea is to use nonlinear optical effects to convert light at the initial
wavelength into new wavelengths that are more suitable for bio-
logical applications, such as tissue penetration, target excitation,
or signal detection.[160–162] There are two main approaches to this
technology.
The first is to convert longer wavelengths of light (near-

infrared light) that are easier to transmit in fibers into shorter
wavelengths that can efficiently excite specific targets. For exam-
ple, Li et al.[163] used the Cherenkov Radiation effect of nonlinear
fibers to blue-shift 1.03 μmnear-infrared femtosecond laser light
to the 0.6–0.8 μm range, effectively exciting the blue fluorescent
probe DAPI, allowing imaging of the mouse skin hair follicle cell
nuclei. Similarly, Charan et al.[117] used the soliton self-frequency
shift effect within the fiber to first convert a 1550 nm laser
into a 1880 nm soliton, then generate a 940 nm laser through
second-harmonic generation, which could efficiently excite green
fluorescent markers (fluorescein) for brain vascular imaging in
mice. In this study, the nonlinear fiber simultaneously trans-
mitted multiple wavelengths of light (0.6–0.8 μm, 1.03 μm, and
1.2–1.4 μm), guiding the excitation light to the hair follicle deep
within the tissue and synchronously collecting multiple fluores-
cent signals, achieving multi-color imaging of different struc-
tures within the hair follicle with both improved depth and reso-
lution compared to traditional methods.

Adv. Optical Mater. 2026, 14, e02861 e02861 (15 of 51) © 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2026, 10, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202502861 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [14/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

The second approach reverses the process, converting short-
wavelength fluorescence signals generated deep within tissues
into near-infrared light for more efficient transmission through
the fiber. Kobat et al.[164] demonstrated this by finding that while
two fluorescent molecules had different excitation wavelengths,
the 700 nm fluorescence signal produced by Alexa680 had much
lower absorption in blood compared to the 518 nm fluorescence
signal from FITC, making it more suitable for efficient collection
via fibers.

6.1.2. Energy Conversion

Energy conversion technology uses optical fibers to precisely de-
liver light energy to a target area and convert it into other en-
ergy forms. The photoacoustic (PA) effect—the conversion of
light energy into sound waves—is a powerful tool for achieving
high-resolution imaging in deep tissues.[15,165] For example, Xu
et al.[166] developed a photoacoustic tomography (PACT) system
based on a negative focus fiber laser ultrasonic transducer. The
system used fiber to transmit laser light and converted the light
energy into sound using the photoacoustic effect, achieving non-
invasive imaging of mouse brains at depths greater than 7 mm
with a spatial resolution of about 130 μm. In another photoacous-
tic application, Zhao et al.[167] integrated multimode fibers with
optical fiber ultrasound sensors into a 20Gmedical needle (outer
diameter 0.9 mm), creating a thin photoacoustic endoscopic mi-
croscope probe. Using wavefront shaping technology, the probe
focused excitation light through the fiber to deep tissues, achiev-
ing sub-cellular resolution imaging of mouse red blood cells,
demonstrating potential for guiding minimally invasive surgery
(Figure 5a).
Another key application is the photothermal effect, where light

energy is converted into heat energy, commonly used for targeted
therapy and controlled drug release. For example, Yang et al.[168]

designed a fiber needle array (OFNA) by inserting multimode
fibers into small needles to deliver near-infrared light directly
to subcutaneous tumors. The light energy was converted into
heat for photothermal therapy (Figure 5b). Compared to tradi-
tional direct laser irradiation, this method significantly reduced
thermal damage to the skin and allowed real-time monitoring of
the activation state of gold nanocaps in the tumor through the
central imaging fiber bundle. Similarly, Zhang et al.[27] proposed
an optical fiber drug delivery system that used fiber to transmit
980 nm laser light, with rare-earth ions in the fiber core acting as a
photothermal converter. The generated heat triggered the release
of doxorubicin (Dox) from thermosensitive hydrogels wrapped
around the fiber’s surface, achieving a combined photothermal-
chemotherapy treatment, while built-in sensors monitored tem-
perature and drug release in real-time.

6.2. Back-End Signal Processing and Reconstruction

Complementing the hardware control of the physical front-end,
the computational and algorithmic back-end focuses on the in-
formation processing layer. It treats the optical fiber as an in-
tegral part of the entire computational system, aiming to fun-
damentally address the challenges of signal fidelity faced dur-

ing optical signal transmission through fibers and biological tis-
sues. The core data processing chain can be summarized in three
synchronized steps: first, using wavefront shaping techniques to
encode the light field, compensating or reversing the joint dis-
tortions introduced by the fiber and biological tissue;[15,165] sec-
ond, using image reconstruction algorithms to decode the indi-
rect data collected by the detectors and restore meaningful im-
ages or sensor information;[161,162] and finally, leveraging ma-
chine learning and other data-driven methods to optimize the
results, achieving precise light field control in deep tissues, thus
enabling efficient targeted therapy, high-resolution imaging, or
high-precision sensing.[160]

6.2.1. Wavefront Shaping and Computational Imaging

Wavefront shaping is an active computational imaging strategy.
The core idea is to precisely control the phase, amplitude, or po-
larization of the incident light field before the light signal trans-
mission, using devices like spatial light modulators (SLM), to
actively compensate for wavefront distortions caused by biolog-
ical tissues or multimode fibers. This pre-compensation encod-
ing aims to transform random scattering processes into a deter-
mined and reversible transmission process.
This technology effectively combats dynamic disturbances,

achieving stable deep focusing or imaging. For example, Wen
et al.[169] developed the stable endoscope technology, which uses
spatial frequency beacon tracking and full-vector modulation to
maintain sub-diffraction-limit resolution of 250 nm even under
fiber bending and twisting conditions, successfully achieving in
vivo imaging of the mouse gastrointestinal tract (Figure 5c).
Furthermore, by precisely measuring and inverting the sys-

tem’s transmission matrix (TM), researchers can achieve pre-
cise control over the light field, even breaking through tradi-
tional imaging mode limitations. For instance, Cheng et al.[173]

applied a combination of natural gradient ascent strategies and
an improved non-convex optimization algorithm (RAF 2-1) to
not only project high-quality patterns through 15 meters of un-
stable multimode fiber but also improve the image quality of
an acoustic-resolution photoacoustic microscope (AR-PAM) to
optical-resolution (OR-PAM) levels, enhancing lateral resolution
from 54.0 to 5.1 μm.
To address the challenges of strong scattering and dynamic

changes in deep tissues, Cheng et al.[161,174] developed high-gain,
high-speed wavefront shaping (HGHS-WFS) technology. This
technology, by introducing concepts like stimulated emission
light amplification, improved energy gain to nearly perfect unity
(≈1000 times that of traditional AOPC technology) and enhanced
response speed to the microsecond level (≈10 μs). With these
breakthroughs, the technology successfully penetrated strongly
scattering dynamic media such as 4 mm thick chicken breast
slices and live mouse ears, achieving effective optical focusing
and paving the way for clinical applications of wavefront shaping
in optogenetics, minimally invasive surgery, and photodynamic
therapy.
Beyond the aforementioned strategies based on computation

and active feedback, another rapidly emerging direction is the
direct integration of advanced micro-optical elements, such as
diffractive optical elements (DOEs) and meta-optics, into fiber
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Figure 5. a) Mosaic imaging of a mouse blood smear sample was performed over a 100 μm × 250 μm area, with each frame covering a 100 μm
diameter area and 1 μm scanning steps, enhanced by wavefront shaping for better resolution. Reproduced with permission.[167] Copyright 2022, Optica.
b) Real-time PTT monitoring was conducted in vivo on a mouse tumor, with images captured by the fiber bundle showing enhanced signals from gold
nanoparticle activation at the tumor site. Scale bars: 10 mm and 100 μm. Reproduced with permission.[168] Copyright 2017, Optica. c) High-contrast
projection through a 200 μmMMF demonstrated improved resolution and contrast in deep tissue imaging using spatial-frequency tracking and adaptive
beacon light-field encoding. Reproduced with permission.[169] Copyright 2023, Springer Nature. d) Pattern projections through a 15 m unstable MMF
using various optimization methods improved image contrast and resolution, with the corresponding contrast value. Scale bar: 10 μm. Reproduced with
permission.[170] Copyright 2022, Optica. e) A CycleGAN network was used to recover image details by translating between images and reference objects,
generating high-quality reconstructed images. Reproduced with permission.[28] Copyright 2023, Springer Nature. f) Digit images from a test database
were converted into waveforms and reconstructed, showcasing the fast detection capability enabled by deep learning. Reproduced with permission.[171]

Copyright 2022, Springer Nature. g) A sub-diffuse spatial frequency domain imaging method with sinusoidal light patterns was used to measure tissue
optical properties, with data processed by a neural network to enhance tissue characterization. Reproduced with permission.[172] Copyright 2021, SPIE.

-optic endoscopic platforms, thereby enabling precise light field
modulation at the hardware level.[175,176] This approach promises
to replace or supplement complex computational correction al-
gorithms. For example, to address the scattering issue in mul-
timode fibers (MMFs), Yu et al.[177] demonstrated a pioneering
approach by integrating a miniaturized diffractive neural net-

work (DN2s) onto the MMF’s distal facet. This component, fab-
ricated via 3D two-photon nanolithography, has a footprint of
just 150 × 150 μm2. It functions as an all-optical image proces-
sor, enabling single-shot, real-time image transportation through
the MMF without the need for traditional wavefront shap-
ing or computational reconstruction, and achieved a minimum
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reconstructed feature size of ≈4.90 μm. This design, which ef-
fectively “embeds” computational functionality onto the fiber tip,
opens new pathways for compact photonic systems. Meanwhile,
in more traditional scanning endoscopes, DOEs also play a key
role in enhancing system performance. As demonstrated by Eka-
terina et al.,[59] in an ultra-compact fiber scanning platform for
multimodal nonlinear imaging, researchers integrated a linear
diffractive grating into its 2.4 mm diameter endoscopic objective.
This diffractive grating covered the foci across the entire field of
view, enabling diffraction-limited performance and allowing the
system to image tissue with sub-micron spatial resolution at one
frame per second. These studies indicate that whether used as
all-optical computing units or as corrective elements for high-
performance imaging, integrated diffractive optics technology is
a key direction for endoscopic miniaturization and functionaliza-
tion.
A key challenge in this area, however, has been that tradi-

tionalmeta-optics suffer from strong aberrations, especially chro-
matic aberrations, which complicate full-color imaging. Recent
work has directly addressed these limitations. For instance, Jo-
hannes et al.[178] demonstrated an inverse-designed meta-optic
(MOFIE) for use with a 1 mm coherent fiber bundle. By opti-
mizing the meta-optic at a system level, they achieved real-time,
full-color operation in the visible spectrum with a large field of
view (22.5°) and a long depth of field (>30 mm) without compu-
tational reconstruction. This approach also reduced the rigid tip
length by 33% compared to traditional GRIN lens endoscopes.
Beyond full-color imaging, meta-optics are also pushing the
boundaries of resolution in miniaturized formats. Liu et al.[179]

proposed a “meta-objective” using cascaded metalenses (400 μm
and 180 μm diameters) integrated with a fiber bundle. This de-
sign achieved a sub-micrometer lateral resolution of 775 nm by
correcting monochromatic aberrations over a 125 μm field of
view, enabling the clear observation of single cell contours in bi-
ological tissue, which was not possible with conventional GRIN
lenses.

6.2.2. Image Reconstruction Algorithms

Image reconstruction is a core step in optical information pro-
cessing, responsible for translating raw data collected at the front
end into clear, accurate images.[170,180] Traditional iterative re-
construction algorithms, such as Expectation-Maximization (EM)
and Newton’s method, form the foundation in this field. Simi-
larly, the Newton-Raphsonmethod is commonly used in DOT for
image reconstruction, where optical parameters such as absorp-
tion and scattering coefficients are iteratively updated to mini-
mize the error betweenmeasured and predicted values, thus pre-
cisely inverting the optical properties of tissues.
Although these algorithms can reduce errors and improve im-

age quality by leveraging prior knowledge or physical models,
their high computational complexity and long iterative cycles
constitute significant bottlenecks for real-time imaging applica-
tions. Whether it is the massive forward computation based on
the Radiative Transfer Equation (RTE) or the additional iterations
required to ensure convergence when handling high-noise data,
these processes severely limit their clinical potential. For exam-
ple, in time-resolved DOT, the time required for reconstruction

based on the diffusion equation can be up to 120 times longer
than the moment method.
In contrast, emerging unsupervised learning methods offer

a solution. Hu et al.[28] demonstrated that by combining high-
sampling-rate GALOF fibers with the Restore-CycleGAN net-
work, single-image reconstruction time could be reduced to 1.6
secondswhilemaintaining high fidelity even under dynamic con-
ditions, such as fiber bending by 60°, greatly enhancing the sys-
tem’s real-time capability and robustness (Figure 5e).

6.2.3. Machine Learning Methods

As the intelligent core of the computational back-end, ma-
chine learning, particularly deep learning, provides revolu-
tionary optimization techniques for processing optical data in
deep tissues.[174,181–183] Unlike traditional algorithms that rely
on fixed mathematical models, deep neural networks can au-
tonomously learn complex prior knowledge from vast amounts
of data, performing highly nonlinear mapping and enhance-
ment tasks. By constructing deep models based on architec-
tures like Convolutional Neural Networks (CNN), Recurrent Neu-
ral Networks (RNN), or Transformers (Figure 5f), these algo-
rithms can effectively extract multi-level, multi-modal features
from images.[184–186]

In image denoising, deep learning can precisely distinguish
signal from noise, preserving fine details of images while remov-
ing noise. For example, Dong et al.[187] used Generative Adver-
sarial Networks (GANs) to denoise OCT images. By introduc-
ing speckle modulation strategies, their method outperformed
traditional techniques in contrast-to-noise ratio (CNR) and peak
signal-to-noise ratio (PSNR).
In super-resolution and high-speed imaging, deep learning

shows potential to break through the physical limitations of
hardware. Liu et al.[171] proposed a high-speed full-fiber imag-
ing method based on U-Net, utilizing modal dispersion of mul-
timode fibers to encode two-dimensional spatial information
into one-dimensional time waveforms, which were then recon-
structed by neural networks. This method achieved a frame rate
of 15.4 Mfps and a spatial resolution of 15 μm.
This efficient data processing capability is also crucial in dis-

tributed sensing. By applying Convolutional Neural Networks
(CNNs) to extract features from the Brillouin gain spectrum, Ven-
keteswaran et al.[188] demonstrated a processing speed 3500 times
faster than traditional nonlinear regression. This approach con-
currently ensured high-precision temperature sensing, achieving
an error of just 1.172°C at the end of a 41 km fiber and thus en-
abling long-term environmental monitoring in deep tissues.
In conclusion, functionalized optical fiber platforms rely on

a series of engineering foundations. These begin with material
selection and modification, which fundamentally determine the
optical, mechanical, and biological properties of the fiber. On this
foundation, precise structural paradigm designs—from propa-
gation modes, refractive index profiles, to core configurations—
enable fine control over the transmission behavior of photons
within the optical fiber. However, the intrinsic physical proper-
ties of the fiber alone are insufficient to address the complex chal-
lenges in deep tissue applications. Therefore, a range of auxiliary
techniques, including front-end physical control and back-end
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computational imaging,must be introduced to break through the
inherent performance boundaries of the fiber and decode high-
fidelity biological information from raw signals. The organic in-
tegration of these three engineering dimensions transforms the
fiber from a passive optical fiber into a functional system ca-
pable of actively interacting with biological systems. Its interac-
tive modes can be summarized into two basic types: as a high-
fidelity sensor for reading deep tissue information, and as a high-
precision actuator for delivering specific materials and energy to
targeted locations. The subsequent sections will delve into the
specific practices of these engineered optical fibers in two core
application fields: biomedical diagnosis and precision therapy,
systematically demonstrating how they address key challenges in
clinical and research contexts.

7. Optical Fiber-Based Diagnostics

Among themyriad biomedical demands, diagnostics—the acqui-
sition of precise information regarding physiological or patho-
logical states from deep within a living body—stands as one of
themost direct and pivotal application areas. However, the strong
scattering properties of biological tissues make it difficult for ex-
isting high-resolution optical diagnostic techniques to be directly
applied to deep regions of living organisms. Engineered optical
fibers, with their flexibility, light-guiding capability, slender form
factor, and minimally invasive nature, provide an ideal physical
platform for achieving this goal. Engineered optical fibers pro-
vide an ideal physical vehicle to achieve this goal. Their slender
geometry and excellent flexibility enable them to be inserted deep
into tissue in aminimally invasive manner, directly accessing tar-
gets that are inaccessible to conventional free-space optical tech-
niques. Via the fiber, interrogation light can be efficiently deliv-
ered to the region of interest, while returning photons carrying
biological information can be effectively collected and transmit-
ted out of the body. This capability for efficient light delivery and
retrieval forms the foundation for deep-tissue diagnostics with a
high signal-to-noise ratio. Based on the nature of the informa-
tion being acquired, fiber-optic diagnostic technologies are typi-
cally classified into two primary categories. The first is Biomedi-
cal Imaging, where the primary objective is to acquire structural
and morphological images of tissues or cells to resolve their spa-
tial relationships with high resolution. The second category is
biomedical sensing, which aims to perform real-time, quanti-
tative measurements of physical parameters (such as tempera-
ture and pressure) or the concentration of chemical/biological
molecules at specific locations. In essence, imaging focuses on
resolving structure andmorphology, whereas sensing is centered
on quantifying specific parameters. The remainder of this sec-
tion will adhere to this classification. We will first introduce the
specific applications of engineered optical fibers in various deep-
tissue imaging technologies, and subsequently discuss their role
as high-performance sensors for biomedical measurements.

7.1. Deep-Tissue Imaging

The core principle of this approach lies in using optical fibers as
miniature conduits to deliver light into deep regions of biologi-
cal tissues and to collect the returning signals for image recon-
struction. Optical fibers cannot only efficiently focus light into

deep tissue to form localized illumination spots but also effec-
tively collect the generated signals from the same or nearby loca-
tions. However, strategies for achieving deep-tissue imaging vary
widely. Different optical fiber platforms—such as single-mode
fibers, multimode fibers, and fiber bundles—and distinct imag-
ing paradigms—such as mechanical scanning, computational
scanning, and parallel acquisition—result in markedly different
imaging characteristics.
This section focuses on four representative imaging modali-

ties, each exploiting a specific optical response of biological tis-
sues to generate signals: backscattering caused by refractive in-
dex mismatches, fluorescence from endogenous or exogenous
molecules, photoacoustic effects induced by thermoelastic expan-
sion following optical absorption, and inelastic Raman scatter-
ing arising frommolecular vibrations. For each modality, we will
examine its imaging methodology in detail, including the em-
ployed fiber platform and imaging paradigm, performance trade-
offs (particularly between field of view and resolution), acquisi-
tion and reconstruction speed (i.e., whether it approaches real-
time imaging and is suitable for dynamic in vivo applications),
as well as key limitations such as scanning stability and sensitiv-
ity to biological motion.

7.1.1. Conventional Optical Imaging

The core advantage of fiber-optic bright-field imaging lies in
its ability to perform in situ, real-time morphological obser-
vation deep within the body in a minimally invasive and rel-
atively straightforward technical manner. However, a funda-
mental trade-off exists within mainstream technologies. Con-
ventional coherent fiber bundles (CFBs), while capable of
stably transmitting incoherent white-light images, essentially
act as two-dimensional (2D) image relays and lack depth-
resolving capability, leading to the loss of critical 3D struc-
tural information. Conversely, a single multimode fiber (MMF),
despite offering a thinner diameter and higher modal den-
sity for potential high-resolution imaging, is extremely sensi-
tive to bending and deformation. This causes severe scram-
bling of image information during transmission, rendering
it impractical for clinical environments that require flexible
operation.[189,190]

To overcome the bending sensitivity of MMFs, researchers
have developed various dynamic compensation strategies. For in-
stance, Farahi et al.[191] proposed a scheme based on a “virtual
coherent beacon source”. The technique integrates a permanent
virtual point source at the fiber’s distal end via holographic meth-
ods to sense the fiber’s bending state. The system rapidlymatches
the specific speckle pattern generated by this beacon with a pre-
stored database to instantaneously determine the precise fiber
conformation. Once identified, the system reconstructs a stable,
diffraction-limited focus at the distal end through digital phase
conjugation, enabling scanning-based bright-field imaging un-
der dynamic conditions.
In a further advancement,Wen et al.[169] introduced the Spatio-

Temporal frequency tracking Adaptive Beacon Light-field En-
coding (STABLE) endoscope. This technique not only addresses
bending sensitivity but also achieves super-resolution imag-
ing. It ingeniously integrates a white-light endoscope (WLE)
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providing a wide 120° field of view (FOV) with a super-resolution
STABLE probe, enabling cross-scale imaging from centimeter-
scale navigation to nanometer-scale analysis. Clinicians can first
use theWLE formacroscopic localization, then switch to the STA-
BLE probe for precise subcellular observation with its impres-
sive 250 nm sub-diffraction-limited resolution. Due to the high
resilience of the STABLE system to probe motion and deforma-
tion, it can maintain stability under dynamic clinical conditions,
offering a promising pathway toward in vivo optical biopsies com-
parable to ex vivo pathology.

7.1.2. Optical Coherent Tomography

OCT is a non-invasive optical imaging technique based on the
core principle of low-coherence interferometry. It operates by di-
recting a beam of near-infrared light into biological tissue and
detecting the faint light signals that are reflected or backscat-
tered from interfaces at various depths. This information is then
used to construct cross-sectional images of the internal tissue
structure with micron-scale resolution. Conventional OCT sys-
tems have often relied on bulky, free-space optical platforms,
which has limited their application in clinical settings, partic-
ularly in the field of endoscopic diagnosis and therapy. In re-
sponse, fiber-optic-based OCT technology has emerged. Its cen-
tral innovation is the use of flexible optical fibers to connect
key functional modules of the system—such as light splitting,
scanning, and detection—which are ultimately integrated into
a miniaturized fiber-optic probe. This design not only dramati-
cally reduces the system’s footprint but also endows the probe
with excellent flexibility, making it compatible with various endo-
scopes. Consequently, the reach of OCT has been extended from
the body surface to deep-seated luminal organs and parenchy-
mal tissues, such as blood vessels, the gastrointestinal tract,
and the respiratory tract, opening up new avenues for in-vivo
diagnostics.
Within this technological framework, the miniaturization of

the fiber-optic probe is a primary prerequisite for achieving min-
imally invasive or even non-invasive detection. The outer diam-
eter of the probe becomes a critical bottleneck, especially in ex-
tremely confined application scenarios like intravascular lumens.
To this end, researchers have continuously explored the limits of
miniaturization. For example, Abid et al.[192] employed hydroflu-
oric acid etching to successfully reduce the outer diameter of a
fiber-optic probe to 70 μm, with only a ≈1 dB decreases in sensi-
tivity, offering a size-optimized solution for high-precision imag-
ing of the fundus and gastrointestinal tract. The probe was vali-
dated using a spectral-domain OCT system with a central wave-
length of 840 nm and a bandwidth of 50 nm, achieving a baseline
sensitivity of 85 dB. At a working distance of 400 μm, the probe
provided a maximum signal-to-noise ratio (SNR) of ≈64 dB. B-
scan imaging performed with a 1 μm lateral scanning step re-
vealed highly reflective regions in the porcine retina, although
individual layered structures could not be clearly resolved. More-
over, this mechanical scanning paradigm poses significant chal-
lenges. The stability of piezoelectric or mechanical scanning
mechanisms is crucial, as nonlinearity, vibration, and hystere-
sis effects can directly cause image distortion. In lumen imag-
ing, rotational scanning stability—commonly referred to as non-

uniform rotational distortion (NURD) remains a well-known and
persistent issue. Concurrently, the mechanical strength and op-
tical stability of the probe are equally crucial. Wu et al.[193] in-
tegrated a spherical lens and a 45° total internal reflection sur-
face within a needle, reducing the astigmatism ratio to 1.016.
This design achieved excellent focusing performance of 18.7–
19.0 μmwhilemaintaining a low insertion loss (0.25 dB) and high
mechanical robustness, providing a reliable technical solution
for applications such as subcutaneous tissue puncture (Figure
6c,d).
The trade-off in imaging performance is equally critical, as

high resolution typically comes at the cost of a shallower depth
of field (DOF)—a fundamental limitation that defines this core
performance balance. To overcome this limitation, Qiu et al.[198]

designed a novel filter based on the modal interference principle
of a gradient-index liquid-crystal-filled fiber (GRIN-LCF), which
extended the depth of focus by a factor of 2.6 while maintain-
ing a high resolution of 4.6 μm. This design is intended to di-
rectly mitigate the aforementioned trade-off. In terms of acqui-
sition speed, OCT offers extremely fast A-scan rates, enabling
two-dimensional (B-scan) imaging at video frame rates. However,
3D imaging still requires sequential acquisition (e.g., through
rotational pullback), making it highly susceptible to biological
motion such as heartbeat and respiration, which can introduce
motion artifacts. Furthermore, the inherently strong scattering
properties of biological tissues severely limit both the effective
imaging depth and the signal-to-noise ratio (SNR). In practi-
cal endoscopic applications, a certain fluid working distance—
typically water or saline—must bemaintained between the probe
and the tissue surface. This additional transmission medium
further attenuates the signal, exacerbating the SNR degradation
problem. To address the issue of signal attenuation in long-
range imaging, Lee et al.[195] utilized a high-refractive-index epoxy
lens and a common-path optical design to enhance the SNR
by 25 dB in a 1.5 mm water environment, providing a tech-
nical safeguard for applications requiring stable long-distance
imaging, such as in ophthalmology and intravascular procedures
(Figure 6e).
Building upon the enhancements in structural imaging per-

formance, the superior compatibility of the fiber-optic platform
has also spurred the development of multimodal and functional
integration. By merging OCT with other sensing or imaging
technologies, physiological and pathological information about
the tissue can be acquired from multiple dimensions. For in-
stance, Chen et al.[194] combined OCT with pH sensing tech-
nology to enable simultaneous measurement of tissue structure
and acidity, providing dual criteria for determining tumor mar-
gins during surgery (Figure 6a). The probe employs a three-
section structure consisting of a double-clad fiber, a no-core
fiber, GRIN fiber. It achieves a lateral resolution of ≈10.6 μm
and a working distance of about 506 μm. In pH sensing, the
probe demonstrates a measurement accuracy of 0.01 pH units.
Buenconsejo et al.[199] went a step further by integrating three
modalities—narrow-band RGB, autofluorescence imaging (AFI),
and OCT—into a single catheter, successfully achieving multi-
scale and multi-dimensional screening of the tongue mucosa.
The system utilizes a sub-millimeter-diameter double-clad fiber
rotary–pullback imaging catheter, achieving a spatial resolu-
tion of 25 μm in both the rotational and pullback directions.
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Figure 6. Applications of fiber-optic devices in coherence tomography imaging. a) Schematic of the all-fiber probe. DCF, double-clad fiber; NCF, no-core
fiber. Reproduced with permission.[194] Copyright 2021, Wiley-VCH. b) Porcine brain imaging. Left: Photograph of the sample. Right: Corresponding OCT
image showing anatomical structures (A: arachnoid, CR: cortex region, DM: dura mater, V: vasculature). Reproduced with permission.[194] Copyright
2021, Wiley-VCH. c) Probe characterization: (top) Fiber ball lens microscopy image. (down) Assembled 26-gauge needle tip showing focused laser spot
(red) exiting the side opening. Reproduced with permission.[193] Copyright 2022, Elsevier. d) OCT imaging of biological tissues using a fiber probe. Left:
Human finger skin showing epidermis (E), dermis (D), fingerprint (F), and sweat duct (S). Right: Grape tissue microstructure from circumferential scan.
Reproduced with permission.[193] Copyright 2022, Elsevier. e) En-face OCT images of fiber probe with lens with 240 μm expansion rod. Reproduced
with permission.[195] Copyright 2019, SPIE. f) OCT and multipath contrast of a human fingertip. Scale bars are 1 mm. A longitudinal slice (up) is taken
from the dashed line in the panel. (down) Demonstrate en-face views of the sample. Reproduced with permission.[196] Copyright 2023, Optica. g) OCT
images of atherosclerotic plaque. FF image, FS image, normal reflectivity image, and map of sample-field retardation. Scale bar: 1 mm. Reproduced with
permission.[197] Copyright 2022, Springer Nature.

Furthermore, the intrinsic physical properties of the fiber it-
self can be harnessed for functional imaging. Li et al.,[197] for
example, introduced a 12-meter-long polarization-maintaining
fiber and leveraged its birefringence effect to visualize choles-
terol crystals in ex vivo coronary arteries without the need for
active modulation. Its two polarization modes generate separate
OCT images, with a spatial separation of 2.7 mm between the
images obtained from the two polarization detection channels,
offering a novel (Figure 6f,g), passive polarization-sensitive so-
lution for assessing the mechanical stability of atherosclerotic
plaques.

7.1.3. Fluorescence Imaging

Fluorescence imaging operates by exciting fluorophores within a
sample, causing them to absorb photons of a specific wavelength
and subsequently emit photons at a longer wavelength; an im-
age is then formed by detecting these emitted photons. Owing
to its high sensitivity and molecular specificity, this technique of-
fers an indispensable advantage for observing cellular activities
and molecular changes. Unlike OCT, fiber-based fluorescence
imaging employs a variety of distinct imaging paradigms, which
can be broadly categorized into two main types: parallel image
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Figure 7. Applications of fiber-optic devices in fluorescence imaging. a) A schematic illustration of the stack-and-drawmethod for fabricating a fiber-optic
bundle. The process includes the initial preparation of rods and capillaries, drawing of a single-pixel preform, assembly and subsequent drawing of the
multi-pixel preform, and the final cutting and polishing of the optical bundle. Reproduced with permission.[200] Copyright 2023, ACS. b) Demonstration of
robustness against fiber disturbances for a single multimode fiber, a dynamic compensation multimode fiber (MMF) imaging system. (Top row) Shows
the different fiber states of the MMF at different times, resulting from bending or movement. (Middle and bottom rows) Show the imaging results for
atherosclerotic and lung pathology slides, respectively, under the corresponding fiber states. Crucially, despite the significant changes in the fiber state
(top row), the system successfully tracks these changes and recovers clear microscopic images, demonstrating its imaging stability in environments
with dynamic perturbations. (Scale bars, 25 μm). Reproduced with permission.[169] Copyright 2023, Springer Nature. c) In vivo imaging of Fos activity
patterns in themouse RS using FIB and a 10 × Plan-Neofluar objective lens. Corresponding images of the same RS area after home cage exploration (D1)
and novel box exploration (D2). Reproduced with permission.[200] Copyright 2023, ACS. d) Assessment of invasiveness. Scale-preserved comparison of
common endoscopic probes and MMF. Reproduced with permission.[57] Copyright 2018, Springer Nature. e) Demonstration of an MMF-based imaging
system for in vivo applications. The image shows neuronal somata and the detailed processes of inhibitory neurons, observed after direct insertion of
the multi-mode fiber probe into the mouse brain. Arrows are used to indicate specific features like branching points and synaptic boutons. Reproduced
with permission.[57] Copyright 2018, Springer Nature.

relaying via fiber bundles and computational imaging through a
single multimode fiber (MMF). These two strategies differ fun-
damentally in terms of resolution, speed, and stability.
The first strategy involves the use of multi-core fiber bundles

(MCF), where each core acts as a pixel, directly relaying the image
from the distal end to the proximal detector in a parallel acquisi-
tion manner. The advantage of this approach is its extremely fast
acquisition speed, enabling real-time video-rate imaging. This
makes it highly suitable for capturing rapid biological dynam-
ics. For instance, Bijoch et al.[200] successfully recorded calcium
signals from cortical neurons in mice using a high-numerical-
aperture (NA = 1.15) fiber bundle. The fiber bundle consists of
825 multimode cores arranged in a hexagonal lattice, with a to-
tal diameter of 914 μm. Utilizing a 910 nm femtosecond laser,
it achieves an imaging resolution of 14 μm. However, the spatial
resolution of this method is limited by the core size and spacing
(only able to resolve structures ≥20 μm), and the outer diameter

of several hundred micrometers remains considerably invasive
(Figure 7a,c).
The second category involves computational imaging through

a single multimode fiber (MMF). As described previously in sec-
tion 5.1, theMMF acts as a scatteringmedium, scrambling image
information into speckle patterns due tomodal dispersion. Imag-
ing relies on computational methods (e.g., holographic wave-
front shaping) to generate a diffraction-limited focus at the dis-
tal end; this focus is then scanned by modulating the proximal
input wavefront. The advantages of this approach include ex-
tremely high, diffraction-limited resolution and minimal inva-
siveness. Turtaev et al.[57] employed holographic wavefront shap-
ing to precisely pre-compensate for light propagation through a
single multimode fiber (50 μm core diameter), thereby generat-
ing a diffraction-limited focal spot at the fiber’s distal end. This
technique not only improved the resolution to 1.18 μm, enabling
dynamic imaging of fine structures like neuronal dendrites, but
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also demonstrated immense potential for ultra-minimally inva-
sive neuroscience research due to its minimal insertion damage
(<50 μm) (Figure 7d,e). However, the drawbacks of this strat-
egy include slow acquisition speeds, which are typically far be-
low video rates, making it difficult to capture rapid biological dy-
namics. Furthermore, its stability is extremely poor—a critical
vulnerability of MMF imaging. The system is exceptionally sen-
sitive to any physical perturbations of the fiber, such as bending
or temperature changes, which lead to image decorrelation. The
computational reconstruction required also adds to the system’s
complexity. An effective strategy to partially address image distor-
tion caused by fiber perturbations involves pre-characterizing the
fiber’s transmission matrix (TM) or its equivalent under various
perturbation states. During imaging, this allows for the rapid de-
tection and tracking of the fiber’s current state from the proximal
end. In this vein, Wen et al.[169] developed an endoscopic tech-
nique named STABLE (Spatial-frequency tracking adaptive bea-
con light-field-encoded), presenting a highly resilient solution. By
employing a spatial-frequency beacon tracking mechanism oper-
ating at up to 1 kHz, they achievedmillisecond-scale tracking and
compensation for dynamic fiber perturbations. This approach en-
sures stable image acquisition evenwhen the long-distanceMMF
undergoes bending and other operational manipulations. Com-
bined with full-vector modulation and fluorescence emission dif-
ference (FED) techniques, it achieves a sub-diffraction resolution
of 250 nm, and its cross-scale imaging capabilities were validated
in a live mouse model (Figure 7b).

7.1.4. Photoacoustic Imaging

Photoacoustic imaging (PAI) is an emerging hybrid imaging
modality based on the fundamental principle of the photoa-
coustic effect. When a short-pulsed laser illuminates biologi-
cal tissue, light-absorbing molecules within the tissue (such as
hemoglobin) absorb the optical energy, leading to a transient
temperature increase. This, in turn, induces thermoelastic ex-
pansion, which propagates outward in the form of ultrasound
waves. By detecting these ultrasound waves, the distribution of
light absorbers within the tissue can be reconstructed to form
a high-contrast image. This technique ingeniously merges the
high chemical contrast of optical imaging with the deep tissue
penetration capability of ultrasound imaging. In PAI systems, op-
tical fibers not only serve as flexible and minimally invasive light
delivery paths to guide excitation light into deep tissue but can
also be engineered into high-sensitivity optical ultrasound sen-
sors, thereby enabling all-optical and highly integrated detection
systems.
One strategy is the mechanically scanned photoacoustic endo-

scope, with typical applications such as intravascular photoacous-
tic imaging (IVPA).Wang et al.[201] integrated the optical fiber for
light delivery and the 𝜋-FBG sensor into a miniature probe, im-
ages are constructed through mechanical rotation and pullback.
This all-optical design enables an extremely small size (1.3 mm)
and high lateral resolution (18.6 μm) (Figure 8a). It has been
validated in rabbit iliac arteries and porcine coronary arteries,
demonstrating its significant clinical potential for finely delineat-
ing vascular structural details. Beyond intravascular imaging, in-
traluminal imaging in the gastrointestinal tract is another impor-

tant application direction for mechanically scanned probes. For
example, Chang et al.[202] developed a molecularly targeted pho-
toacoustic endoscopy system specifically for in vivo assessment
of the invasion depth of gastrointestinal tumors. This system em-
ploys a 4.2 mm diameter side-viewing probe, with its core scan-
ning mechanism utilizing a piezoelectric (PZT) bender to con-
trol an optical fiber, enabling rapid lateral beam scanning. Com-
bined with rotation and pullback motions, it constructs 3D im-
ages. This system achieved an axial resolution of 119 μm over
an imaging depth of 3.1 mm. However, its acquisition speed is
limited by the mechanical scanning rate, making 3D imaging
non-real-time and susceptible to motion artifacts such as those
caused by heartbeat (Figure 8d,e). Similar to OCT endoscopes,
it relies on the mechanical stability of the scanning. Further-
more, although the probes used in the aforementioned work are
extremely slender, the final probe size integrating optical and
scanning components is on the millimeter scale. While this is
sufficient for insertion into the instrument channel of a stan-
dard endoscope, this size remains relatively large for applica-
tions pursuing extremely low invasiveness or exploring narrower
lumens.
The second strategy is based on optically scanned photoacous-

tic endoscopy, which offers a higher signal-to-noise ratio (SNR)
and faster scanning speeds. For instance, Liang et al.[9] devel-
oped a miniaturized, optical-resolution photoacoustic endoscope
using a laser ultrasound sensor, specifically designed for high-
resolution hemodynamic response imaging. The core advantage
of this sensor lies in its amplification of the acoustic response
by measuring optical phase changes induced by acoustic waves,
thereby achieving an extremely high detection sensitivity of be-
low 1.5 mPa Hz−1/2 over a broad bandwidth of 5–25 MHz. Ad-
ditionally, the dual-frequency laser heterodyne phase detection
technique employed by this system enables effective resistance
to thermal drift and vibrational disturbances (Figure 8b). The re-
search team successfully used this endoscope for in vivo imag-
ing of the rat rectum and observed changes in oxygen satura-
tion during acute inflammation, which are difficult to observe
with other imaging modalities. Within optical strategies, achiev-
ing high-resolution forward-viewing imaging is another key chal-
lenge, as traditional MEMS scanning mirrors or rotary joints
struggle to balance small diameter and forward-viewing require-
ments. To address this issue, Li et al.[203] developed a miniature
PAE probe with a diameter of only 2.4 mm. The sophistication
of this design lies in its elimination of the need for an integrated
scanner within the probe. Instead, it combines an imaging fiber
bundle, a GRIN objective lens, and a fiber-optic tip-based Fabry–
Perot ultrasound sensor. Through the integration of the GRIN
lens, the probe achieves a wide field of view (>3.5 mm) signif-
icantly larger than the probe diameter while maintaining high
resolution (7.7–10.4 μm), demonstrating its application poten-
tial in gastrointestinal endoscopy and cystoscopy. However, the
inherent pixelated structure of the imaging fiber bundle intro-
duces honeycomb artifacts and fundamentally limits the spatial
resolution to the core-to-core spacing of the fibers. This necessi-
tates the use of higher-density fiber fabrication or advanced im-
age reconstruction algorithms to overcome. Second, there is still
room for improvement in the performance and integration level
of the optical components integrated at the probe tip. Future im-
provements will focus on optimizing the integration process of

Adv. Optical Mater. 2026, 14, e02861 e02861 (23 of 51) © 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2026, 10, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202502861 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [14/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 8. Applications of fiber-optic devices in photoacoustic imaging. a) All-optical intravascular ultrasound (AO-IVUS) imaging of vessel walls. (up)
System schematic and catheter ultrasound response spectrum. (down) Cross-sectional 2D and 3D rotational pullback images of arterial wall (scale
bars: 1 mm). Reproduced with permission.[201] Copyright 2023, AAAS. b) In vivo photoacoustic endoscopy of a rat rectum. This image simultaneously
quantifies the spatial distributions of hemoglobin concentration (CHb), oxygen saturation (sO2), and anatomical depth, providing a multi-parametric
functional assessment. The data are presented across three distinct regions of interest. (Scale bar: 1 mm). Reproduced with permission.[9] Copyright
2022, Springer Nature. c) Demonstration of a forward-viewing photoacoustic endoscopy (PAE) probe and its imaging capabilities. The probe enables
high-resolution imaging with a wide field of view (FOV), as evidenced by its ability to resolve fine structures like human hairs and clearly distinguish
patterned targets such as the letters “SJTU”. The wide FOV, indicated by the dashed circle, exceeds the physical dimensions of the miniature probe
itself. Reproduced with permission.[203] Copyright 2019, IEEE. d) Design and packaging of a photoacoustic endoscopy (PAE) prototype. The imaging
instrument features an overall rigid length of 65mm and a compact outer diameter of 4.2 mm. The detailed structure includes a support tube shell (STS),
internal holders (H1, H2), and a protective cap at the distal tip, which is covered by a transparent thin film (not shown in the photo). Reproduced with
permission.[202] Copyright 2025, Elsevier. e) In vivo multimodal imaging of a mouse colon adenoma using a photoacoustic endoscopy (PAE) prototype.
Following localization by white light endoscopy, the adenoma was identified with a NIR fluorescence probe, showing a tumor-to-background (T/B) ratio
of 2.22. The PAE image subsequently acquired from the same region revealed an even higher T/B ratio of 2.83, demonstrating the enhanced contrast
and detection capability of the PAE technology for in vivo tumor imaging. Reproduced with permission.[202] Copyright 2025, Elsevier.

these optical components and significantly increasing data ac-
quisition and processing speeds to achieve real-time 3D pho-
toacoustic imaging truly suitable for endoscopic examinations
(Figure 8c).

7.1.5. Raman Imaging

Raman spectroscopy is a label-free analytical technique based on
the principle of detecting the frequency shift of photons that oc-
curs after a laser interacts with molecular vibrations, thereby ac-
quiring a sample’s unique chemical fingerprint. However, the
fundamental challenge of Raman imaging lies in its extremely

weak signal. This weak-signal challenge is further exacerbated in
fiber-optic endoscopic applications. It is extremely difficult to effi-
ciently couple the weak Raman scattered light back into the fiber
core. More critically, as the excitation laser propagates through
the fiber, it generates a strong backgroundRaman signal from the
fiber itself. This background noise often completely overwhelms
the authentic characteristic signal originating from the biologi-
cal tissue. Consequently, compared to in vivo endoscopic appli-
cations, where managing this background interference is highly
challenging, Raman imaging (particularly spontaneous Raman)
is more commonly employed in in vitro microscopy systems. In
an in vitro setting, the system can utilize high NA objectives
for efficient signal collection and is free from the background
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Figure 9. Applications of fiber-optic devices in Raman imaging. a) Raman photon detection with a two-beveled-fiber polarized (TBFP) probe. The ex-
citation laser propagates through the fiber, polarizer, and ball lens into the epithelial tissue. The probe’s depth-dependent Raman collection efficiency
was characterized, and its design was verified via SolidWorks modeling and physical prototyping. Reproduced with permission.[204] Copyright 2023,
Optica. b) Raman spectra of pork fat and muscle tissues (top) and their corresponding tissue phantoms (down). Reproduced with permission.[204]

Copyright 2023, Optica. c) Optical fiber probe interaction with a simulated cell: (left) physical contact with the cell, (middle) liquid injection process, and
(right) final liquid-filled state. Reproduced with permission.[206] Copyright 2022, Springer Nature. d) CARS spectroscopy of acetone-water mixtures. Main:
Concentration-dependent spectral evolution. Inset: 10% v/v acetone spectrum. Right: Linear intensity growth at 2921 cm−1 with increasing acetone frac-
tion. Reproduced with permission.[206] Copyright 2022, Springer Nature. e) Detection of gastric dysplasia in H. felis/MNU-treated GAS-KO mice using
SERRS-Raman imaging and immunohistochemistry. Left: In vivo SERRS-positive lesion mapping at pyloric antrum (2 mm scale). Right: Corresponding
IHC showing dysplastic regions (CD44/MKI67 expression) at low (1 mm) and high (50 μm) magnification. Reproduced with permission.[205] Copyright
2019, ACS.

interference generated by a long delivery fiber.[1–3] This has led
fiber-optic Raman technology to be, to a large extent, an opti-
cal biopsy-like point-measurement technique. Imaging is gener-
ally achieved via extremely slow point-by-point scanning or sig-
nal enhancement. For example, Wang et al.[204] developed a dual-
beveled fiber-optic polarization-gated Raman probe (TBFP).With
an outer diameter of only 3.2 mm, the probe employs sophis-
ticated polarization gating and optical design to effectively fil-
ter out background signals from non-target regions, ensuring
that 91.2% of the collected signal originates from the critical ep-
ithelial layer. However, the single-point acquisition time is ≈3 s

(Figure 9a,b). While this is fast for a single spectrum, it is un-
acceptable for imaginga low-resolution 100 × 100 pixel image
would require over 8 hours. Consequently, this method is abso-
lutely incapable of capturing biological dynamics; even static in
vivo imaging would be severely affected by motion artifacts.
To enhance the signal, researchers have explored various

strategies. The first strategy involves chemical enhancement. For
example, Harmsen et al.[205] utilized the surface-enhanced reso-
nance Raman scattering (SERRS) effect by intravenously inject-
ing specially designed gold-core nanoparticles, which then accu-
mulate in the tumor regions of mice. This allows the signal to be
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successfully captured by a miniature fiber-optic probe integrated
into an endoscope channel, achieving a high detection sensitivity
of 93.1% for sub-millimeter lesions, enabling faster imaging to
become possible (Figure 9e). Although this method significantly
improves the detection limit, the reliance on external nanoparti-
cles and their potential long-term biosafety issues represent crit-
ical bottlenecks that must be resolved before clinical translation.
The second strategy involves physical enhancement or opti-

mized design. For example, Wang et al.[206] designed an adia-
batic tapered fiber-optic probe with a tip diameter of only a few
hundred nanometers. This design generates a strong electromag-
netic field enhancement effect at the tapered tip, enabling the
direct excitation and collection of Raman signals from specific
chemical bonds (such as C-H bonds) within a single cell without
any labels, thereby achieving subcellular resolution (Figure 9c,d).
However, it suffers from a near-zero field of view (FOV) and
significant system complexity, which restricts its clinical utility.
Fiber-optic Raman technology offers superior chemical speci-
ficity, but its imaging capabilities are fundamentally constrained
by weak signals and slow acquisition speeds. At present, it holds
greater clinical viability as a point-scanning optical biopsy tool
rather than as a true imaging modality (such as OCT or fluores-
cence).

7.2. Biomedical Sensing

In addition to serving as flexible light-guiding components in
imaging systems, optical fibers can also function directly as sens-
ing elements for the detection of biomedical parameters. The
core principle of fiber-optic sensing technology is to convert a
physical measurand (pressure, temperature) or a biochemical
quantity (pH, molecular concentration, antigen-antibody bind-
ing) into a precisely demodulated optical signal, such as a change
in wavelength, intensity, phase, or polarization state. Owing to
their intrinsic advantages, including miniature size, high sen-
sitivity, good biocompatibility, and immunity to electromagnetic
interference (EMI), fiber-optic sensors demonstrate immense po-
tential in the field of real-time in vivo monitoring. They provide
a critical technological means for the dynamic diagnosis of dis-
eases, the monitoring of therapeutic processes, and the imple-
mentation of precision drug delivery.

7.2.1. Physical Sensing

The core principle of fiber-optic physical sensing is to convert
changes in external physical parameters (such as strain, pres-
sure, and temperature) into precisely measurable characteristics
of an optical signal (such as intensity, phase, or wavelength). In
the biomedical field, a direct application of this principle involves
using the deformation of flexible optical fibers to monitor hu-
man body motion. For instance, Andreas et al.[207] reported a
stretchable, purely elastomeric optical fiber where deformations,
caused by large-scale movements like the bending of a joint, in-
duce a predictable loss in its light-guiding performance, thereby
enabling the monitoring of such motions (Figure 10a).
However, this mechanism, which relies solely on deformation-

induced loss in a pure optical fiber, lacks sufficient sensitivity for

the minute deformations caused by respiration, heartbeat, or vo-
calization. To overcome this challenge, researchers have shifted
toward the design of functionalized optical fibers, which involves
intentionally doping a flexible fiber matrix with functional mate-
rials to amplify the optical response to weak deformations. For ex-
ample, Guo et al.[208] successfully achieved real-time monitoring
of subtle physiological signals, such as speaking and deep breath-
ing, by doping a PDMS fiber with dye molecules and leveraging
their light-absorbing properties (Figure 10b). In another study,
Wang et al.[212] incorporated graphene into a PDMS fiber; due to
graphene’s exceptionally high sensitivity to strain, the strain re-
sponse of the functionalized fiber was enhanced fourfold (its op-
tical loss coefficient also increased from 0.63 to 2.58 dB cm−1).
This strategy of improving fundamental performance through
functionalized design offers a new direction for the develop-
ment of highly sensitive sensors for wearable health monitor-
ing devices. While this strategy of enhancing fundamental per-
formance through functional design is promising, it simultane-
ously introduces significant technical challenges. For instance,
the incorporation of functional materials, such as graphene or
dyes, can improve target sensitivity but may also significantly in-
crease the fiber’s intrinsic optical loss, thereby limiting the effec-
tive sensing length. Moreover, signal cross-sensitivity presents a
critical hurdle. Many functional materials, notably graphene, ex-
hibit high sensitivity to both strain and temperature, rendering
the decoupling of these convolved signals essential for achiev-
ing precise measurements. Finally, long-term material stabil-
ity, encompassing issues like dye photobleaching and material-
substrate compatibility, alongwith the need for robust and repeat-
able manufacturing processes, such as ensuring uniform dop-
ing, remains a critical barrier to practical integration in wearable
health monitoring devices. Consequently, future research will
likely focus on developing novel functional composite materials
that achieve ultra-high sensitivity and high-specificity responses
to target physical quantities (e.g., pressure or strain) without in-
curring high baseline optical loss, as well as on exploring novel
sensing structures PLGA designed for robust multimodal signal
decoupling.

7.2.2. Chemical and Biomolecular Sensing

Fiber-optic chemical and biosensing operates by modifying a
fiber structure—typically the core or cladding surface—with
sensitive materials that interact with specific target molecules,
thereby converting molecular binding events into detectable op-
tical signals. Based on the integrationmethod and sensingmech-
anism of these sensitive materials, two primary technical ap-
proaches have been developed.
The first approach is matrix functionalization, which involves

covalently integrating sensitive molecules into the fiber matrix
(such as a hydrogel). For instance, Yetisen et al.[210] integrated
phenylboronic acid (PBA) derivatives into a hydrogel optical fiber.
They utilized the conformational change of PBA upon binding
with glucose to alter the light-guiding properties of the fiber,
thus achieving label-free, real-time monitoring of glucose and
providing a new tool for diabetes management (Figure 10c).
However, this matrix-based approach often faces significant chal-
lenges with response time, as analytes must diffuse deep into the
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Figure 10. Applications of fiber-optic devices in physical and chemical sensing. a) Examples of optical fiber sensors integrated into everyday objects for
activity monitoring. The figure showcases several applications, including a knee brace where the sensor’s response is used tomeasure joint angle, a glove
with embedded fibers for real-time hand gesture recognition, and a tennis racket capable of detecting the location of a ball’s impact. Reproduced with
permission.[207] Copyright 2018, Wiley-VCH. b) A wearable glove instrumented with a strain optic fiber sensor for monitoring finger motion. The figure
displays the glove with the integrated sensor, along with corresponding strain readouts for a specific finger posture and for dynamic, repeated flexion
and extension movements. Reproduced with permission.[208] Copyright 2017, Optica. c) The implantation of hydrogel optical fibers in porcine tissue.
Scale bar = 3 mm. Reproduced with permission.[209] Copyright 2023, Elsevier BV. d) Time-lapse measurements of hydrogel fiber diameter expansion in
the presence of glucose, with control experiments fitted to an exponential decay model. Reproduced with permission.[210] Copyright 2017, Wiley-VCH.
e) Light transport performance of slippery hydrogel optical fibers in biological tissue. Arrows indicate the direction of light incidence. Scale bar: 1 cm.
Reproduced with permission.[211] Copyright 2024, Wiley-VCH. f) Schematic diagram of mouse model for inflammatory response. Reproduced with
permission.[211] Copyright 2024, Wiley-VCH. g) Tumor necrosis factor-𝛼 (TNF-𝛼) levels from hydrogel optical fiber. Reproduced with permission.[211]

Copyright 2024, Wiley-VCH.

hydrogel matrix, a process that can be slow. Furthermore, the
hydrogel’s physical properties (e.g., swelling/shrinking) are of-
ten sensitive to environmental factors like pH and temperature,
which can cause non-specific signal drift and cross-sensitivity.
The second approach is surface functionalization, which en-

tails constructing a sensing interface on the fiber surface. G. Zhu
et al.[213] sequentially modified the surface of a tapered optical
fiber with gold nanoparticles and a specific enzyme to create a
localized surface plasmon resonance (LSPR) sensing interface,
achieving highly selective detection of ascorbic acid. While this
surface-based method offers a much faster response, its primary
vulnerability, especially for in vivo applications, is biofouling.
Proteins, cells, and other biomacromolecules in complex fluids
(like blood) can non-specifically adsorb onto the sensing surface,
blocking active sites and rapidly degrading sensor performance
and lifespan.

Although these methods have demonstrated feasibility, early
sensors often faced challenges, including being limited to single-
analyte detection and exhibiting insufficient stability and biocom-
patibility in complex in vivo environments. To overcome these
limitations, subsequent research has primarily focused on the
performance optimization and functional expansion of the sens-
ing platform. In terms of enhancing stability and multifunction-
ality, Zhu et al.[211] proposed an in situ catalytic polymerization
method to grow a hydrogel cladding on the fiber surface that
possesses both high stability and lubricity (Figure 10e). This de-
sign not only significantly improves biocompatibility but also en-
dows the fiber with the potential for photothermal therapy and
controlled drug release, extending its capabilities beyond sim-
ple sensing. To improve fundamental sensitivity, Liu et al.[209]

designed a novel microstructured optical fiber that significantly
enhanced the surface plasmon resonance effect, enabling an
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ultra-high-sensitivity sensing platform compatible with both gas
and liquid analytes. These advancements signify the evolution
of fiber-optic biosensing technology from single-molecule de-
tectors to high-performance, multifunctional platforms suitable
for complex biological environments. Nonetheless, achieving ro-
bust, long-term, and trulymultiplexed sensing in complex biolog-
ical settings remains the central challenge. Future research will
likely focus on developing advanced, durable anti-fouling coat-
ings that can resist non-specific adsorption for extended periods
in vivo, creating highly multiplexed lab-on-a-fiber platforms that
can simultaneously detect dozens of different biomarkers, per-
haps using spatially patterned functionalization or novel spectral
encoding techniques, and further integrating sensing with thera-
peutic functions theranostics, moving beyond simple diagnostics
to active, on-demand intervention.

8. Optical Fiber-Based Therapeutics

The core functionality of engineered optical fibers lies in their
ability to precisely confine the propagation path of photons. This
characteristic can be leveraged not only for information acquisi-
tion but also for the precise delivery of energy, thereby enabling
active intervention in biological processes. In therapeutic and in-
terventional applications, the light emitted from the fiber tip is
no longer treated as a probing signal but rather as a form of en-
ergy or a control command that acts directly on target tissues to
induce specific physical, chemical, or biological effects. For exam-
ple, photons delivered by the fiber can serve as a heat source to di-
rectly ablate tissue, activate photosensitizers to generate cytotoxi-
city, or act as a switch with high spatiotemporal resolution to acti-
vate photosensitive proteins. Centered on this core principle, this
section will explore the application of engineered fibers in several
representative fields: in optogenetics, for the high-precisionmod-
ulation of neuronal activity; in photodynamic and photothermal
therapies, for targeted energy delivery to deep-seated lesions; and
in tissue engineering, for assisting in the fabrication and modu-
lation of functional biological structures or for serving as a carrier
for light-assisted drug delivery.

8.1. Optogenetic Neuromodulation

In optogenetic applications, the precise delivery of light pulses to
deep brain regions via implantable optical fibers is fundamental
to achieving neuronal modulation with high spatiotemporal res-
olution. However, the extreme stiffness of traditional silica-based
optical fibers (Young’s modulus ≈70 GPa) creates a significant
mechanical mismatch with soft brain tissue (<1 kPa), a factor
that limits the application of optogenetic in chronic, long-term
studies. The persistent mechanical stress at the implant-tissue
interface can trigger chronic inflammation and the formation of
glial scars. This not only damages adjacent neurons but can also
impede the effective transmission of the optical signal due to an
encapsulation effect, ultimately leading to a decline in modula-
tion efficacy over time.
To achieve long-term, stable in-vivo neuromodulation, the key

technical challenge lies in overcoming the adverse biological tis-
sue reactions induced by this mechanical mismatch. To this end,

researchers have turned to flexible hydrogel optical fibers that
are better matched to the mechanical properties of the tissue.
For instance, a study by Wang et al.[214] demonstrated that after
a four-week implantation of a low-modulus (≈65 kPa) alginate-
polyacrylamide hydrogel fiber, glial cells around the implant site
were not significantly activated, and the neuron density was com-
parable to that of normal tissue (Figure 11a,b). This provides his-
tological assurance for the effectiveness of long-term optogenetic
stimulation. Similarly, PEGDA-based hydrogel optical fibers have
also shown minimal tissue reaction and stable light-guiding per-
formance (optical loss of 0.23 dB cm−1), confirming that enhanc-
ing flexibility is an effective strategy for improving the biocom-
patibility of long-term implants[215,216] (Figure 11d–f). Another
example is the work of Li et al.,[217] who applied UCNPs to op-
togenetics to develop a minimally invasive therapy for Parkin-
son’s disease. They delivered 980 nm NIR light via an optical
fiber to a brain region injected withUCNPs, which then absorbed
the light and emitted 473 nm blue light in situ. This blue light
precisely activated photosensitive proteins (ChR2) pre-expressed
on neurons, enabling photochemical modulation of neural ac-
tivity in a deep brain region and effectively improving the mo-
tor function of PD mice. This method limits the implantation
depth of the fiber to outside the skull, avoiding the damage to
deep brain tissue associated with traditional optogenetics and
demonstrating great potential as a platform for minimally inva-
sive, optically controlled neuromodulation. Beyond the pursuit
of stability for long-term implantation, another class of optoge-
netic interventions is designed for transient or short-term appli-
cations. Here, the core challenge is enabling the interventional
tool to be withdrawn with zero impact after its task is completed.
Biodegradable optical fibers offer an ideal solution to this need.
A study based on poly (L-lactic acid) (PLLA) demonstrated the
feasibility of such a transient device[218] (Figure 11c). In its ini-
tial phase post-implantation, the fiber could effectively transmit
473 nm laser light to perform its optogenetic stimulation task,
but it completely degraded after ≈2 weeks. Histological analysis
revealed that by day 60, the number of neurons in the damaged
area had recovered to 50% of normal levels, and the glial cell re-
sponse had gradually subsided. This characteristic of being func-
tionally present on demand and disappearing on schedule opens
new pathways for the development of novel, minimally invasive,
short-term neuro-interventional therapies.

8.2. Photothermal and Photodynamic Therapies

In the minimally invasive treatment of diseases such as cancer,
the core role of the optical fiber is to serve as a highly efficient
and precise energy delivery conduit, guiding light from an ex-
ternal source to deep-seated lesions within the body. Based on
this functionality, fiber-optic technology has become deeply inte-
grated into two mainstream optical therapeutic modalities: pho-
tothermal therapy (PTT) and photodynamic therapy (PDT).

8.2.1. Photothermal Therapy

PTT is a therapeutic method that ablates target cells through
a photothermal conversion effect. Its fundamental principle in-
volves the targeted delivery of a photothermal agent (PTA)—such
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Figure 11. Applications of fiber-optic devices in optogenetics and photodynamic therapy. a) A schematic diagram of a hydrogel optical fiber-coupled
electrode array. Reproduced with permission.[214] Copyright 2018, Wiley-VCH. b) Using hydrogel optical fiber-coupled electrode testing expression of
CaMKII𝛼-ChR2-mCherry (red) in hippocampal neurons 4 weeks after injection (bar = 500 μm). Reproduced with permission.[214] Copyright 2018, Wiley-
VCH. c) A 5 cm long PLLA fiber coupled to a blue LED (473 nm). Left, no bending; right, bended with a tweezer. Reproduced with permission.[218]

Copyright 2017, Wiley-VCH. d) Imaging of light coupling to a hydrogel. Top: hydrogel before light coupling; middle: hydrogel after light coupling; bottom:
pseudo-color image of the spatial profile of the scattered light. Reproduced with permission.[215] Copyright 2013, Springer Nature. e) Fluorescence
calcium-level imaging of optogenetic cells in the hydrogel optical fiber optical fiber in vitro. Scale bar, 20mm. Reproduced with permission.[215] Copyright
2013, Springer Nature. f) Four different fiber ends (flat, spherical, conical, and strongly scattering spherical ends from left to right) and distributions of
532 nm laser with different ends. Reproduced with permission.[216] Copyright 2023, Optica. g) Body weight curves and tumor volume curves for different
groups of mice post-treatment (n = 4) by four different fiber ends. Reproduced with permission.[216] Copyright 2023, Optica.

Adv. Optical Mater. 2026, 14, e02861 e02861 (29 of 51) © 2026 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 2026, 10, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202502861 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

 N
G

 H
O

M
, W

iley O
nline L

ibrary on [14/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

as gold nanoparticles or graphene, which possess high photother-
mal conversion efficiency—to a lesion. Subsequently, a laser of a
specific wavelength, typically within the near-infrared tissue win-
dow, is used to irradiate the area via an optical fiber. The PTA ab-
sorbs the light energy and generates localized hyperthermia (>42
°C), thereby inducing irreversible damage and even necrosis in
tumor cells.
The introduction of optical fibers has made the precise and

minimally invasive photothermal ablation of deep-seated tumors
(e.g., in the liver and prostate) possible. In contrast, traditional
cancer treatments like surgical resection are generally suited for
early-stage or localized tumors but are highly invasive. Radiother-
apy and chemotherapy, while effective at killing tumor cells, may
also damage surrounding healthy tissue and can be associated
with toxic side effects. To further advance the field, researchers
are dedicated to developing theranostic (a portmanteau of thera-
peutics and diagnostics) fiber-optic platforms that integrate diag-
nostic or sensing functions. For instance, He et al.[219] proposed
a fiber-optic probe based on a gold-nanoparticle-modified silver
film (AuNPs-AgFM), which can be used not only for the detec-
tion of tumor cells but also for performing PTT at the same lo-
cation. To achieve more intelligent therapies, Jin et al.[220] devel-
oped a fiber-optic probe integrated with a graphene/gold nanos-
tar (Gr/AuNS) composite. This probe is capable of first rapidly
sensing key indicators of the tumor microenvironment (such as
hypoxia) and then using the same fiber to administer PTT, thus
enabling precise intervention based on the real-time status of the
lesion.

8.2.2. Photodynamic Therapy

PDT is a therapeutic technique that utilizes a photochemical re-
action to kill target cells. Its principle relies on three essential el-
ements: a photosensitizer (PS), excitation light of a specific wave-
length, and oxygen present in the tissue. During treatment, the
photosensitizer is targeted to and enriched in the tumor tissue.
Upon irradiation with a specific wavelength of light delivered via
an optical fiber, the photosensitizer is elevated to a high-energy
excited state. The excited photosensitizer then transfers its en-
ergy to surrounding oxygen molecules, generating reactive oxy-
gen species (ROS), primarily the highly cytotoxic singlet oxygen.
These ROS can rapidly destroy the biomacromolecules of tumor
cells, inducing apoptosis or necrosis.
Because the cytotoxic effect of PDT is strictly confined to the

area where light, the photosensitizer, and oxygen coexist, the pre-
cise delivery of light is of paramount importance. For tumors
in deep or complex locations, such as glioma, optical fibers are
the ideal tool for achieving precise illumination. Zhang et al.[221]

combined aggregation-induced emission (AIE) photosensitiz-
ers with fiber-optic delivery technology. This strategy leverages
the characteristic of AIE photosensitizers to be efficiently acti-
vated only after they have aggregated within tumor cells, thereby
achieving targeting at the chemical level. Simultaneously, a min-
imally invasive optical fiber is used to deliver the excitation light
directly to the core of the lesion, achieving precise energy delivery
at the physical level. This dual-precision strategy, combining both
chemical and physical targeting, effectively enhances the thera-
peutic efficacy for deep-seated tumors and significantly reduces

collateral damage to surrounding healthy tissue. Similarly, Pang
et al.[216] designed and fabricated a biocompatible POF based on
PLA with a strong scattering spherical end (SSSE) for intersti-
tial photodynamic therapy (I-PDT). The fiber, prepared by a ther-
mal drawing method, exhibits good flexibility and low transmis-
sion/bending loss. Its SSSE structure significantly expands the
excitation light field and achieves a uniform light intensity distri-
bution, demonstrating excellent tumor ablation effects in both in
vitro and in vivo experiments.

8.3. Tissue Engineering and Drug Delivery

The ability of optical fibers to precisely control the spatiotempo-
ral distribution of light energy gives them a key role in the fields
of tissue engineering and drug delivery. This section will explore
their application as light conduits for the in-situ crosslinking and
structural formation of photosensitive biomaterials during 3D
bioprinting, as well as their capacity to enable the on-demand ac-
tivation of photo-responsive drug release or therapeutic functions
from implanted devices.

8.3.1. Bioprinting and Tissue Scaffolding

In the field of tissue engineering, the core role of an optical fiber
is to act as a mobile, miniature light source, providing precise
photocrosslinking energy for 3D bioprinting based on photosen-
sitive hydrogels. Through the precise control of illumination po-
sition, intensity, and duration, the layer-by-layer or freeform fab-
rication of complex 3D biological scaffolds can be achieved, pro-
viding a structural foundation for tissue repair and regeneration.
One strategy is to integrate the optical fiber within the print-

ing head. For instance, Lee et al.[222] embedded a UV optical fiber
into a 3D printing nozzle to perform in situ photocrosslinking
of the bio-ink (GelMA) as it flowed through the printing chan-
nel. This method effectively solved the challenge of maintain-
ing the shape of low-viscosity inks during the printing process
and successfully constructed functional muscle tissue with uni-
axially aligned cells. To overcome the limitations on structural
complexity imposed by the printing nozzle, Cianciosi et al.[12]

proposed a fiber-assisted printing technique. They immersed an
LED-coupled quartz optical fiber directly into a photosensitive
resin bath and, by dynamically adjusting the light spot param-
eters, achieved the freeform fabrication of self-supporting hydro-
gels up to 8mm in thickness, offering a new pathway for building
large-scale organ and tissue models with complex internal struc-
tures.
In situ 3D bioprinting within a living body represents a more

advanced strategy, aiming to directly construct functional tissues
in vivo. This approach can circumvent cell damage and environ-
mental discrepancies associated with in vitro culture, promoting
the integration of the printed structure with the host and facil-
itating tissue self-repair within a true physiological microenvi-
ronment. Significant progress has been made in this area of re-
search. For example, Urciuolo et al.[223] developed an in vivo 3D
bioprinting technique that uses near-infrared two-photon exci-
tation (𝜆 > 850 nm) for the in-situ crosslinking of photosensi-
tive polymers. Without the need for surgical exposure, this tech-
nique can construct complex 3D structures with micron-scale
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resolution in deep tissues of living mice, such as the dermis,
skeletal muscle, and brain, and has successfully guided the dif-
ferentiation and vascularization of donor stem cells. To address
the challenges of flexibility and accessibility in in vivo printing,
Thai et al.[224] developed a flexible in situ 3D bioprinting system
(F3DB). The system integrates a soft printing head with high de-
grees of freedom and a robotic arm, which can enter the body
through natural orifices or minimally invasive incisions to per-
form precise, multi-material, and multi-location printing on the
surfaces of deep organs like the colon and heart. Experiments
on ex-vivo porcine models confirmed that hydrogels printed by
the system containing a high density of living cells (L929, 1.4 ×
106 cells/mL) exhibited extremely high cell viability and prolif-
erative capacity. Furthermore, the F3DB system also integrates
endoscopic surgical functions, demonstrating its significant po-
tential as an all-in-one regenerativemedicine tool and opening up
new possibilities for in situ tissue repair and regeneration under
minimally invasive conditions.

8.3.2. Controlled Drug Delivery

In this application scenario, the role of the optical fiber shifts
from that of a direct energy-based therapeutic tool to that of a
high-precision external control switch, used to trigger the release
of therapeutic molecules on demand at a specific time and lo-
cation. Its core advantage lies in transforming the drug delivery
process from a conventional systemic, passive-diffusion model
to a localized, actively controllable one, thereby dramatically en-
hancing therapeutic efficacy while reducing systemic toxic side
effects. The technical approaches to achieving this goal are pri-
marily based on two different photophysical or photochemical
mechanisms. The first mechanism is photothermal-controlled
release. This strategy involves encapsulating a drug within a
temperature-sensitive carrier, such as a thermoresponsive hydro-
gel or a phase-change material. An optical fiber delivers NIR
light to the implanted carrier, where the light energy is absorbed
by integrated photothermal converting agents and transformed
into localized heat. When the temperature surpasses the mate-
rial’s critical threshold (e.g., the lower critical solution temper-
ature (LCST) of a polymer or the phase transition temperature
of a liposome), the carrier undergoes a rapid physical confor-
mational change—such as shrinking, melting, or increasing in
permeability—which in turn squeezes out or releases its loaded
drug molecules. The advantage of this method is its ability to uti-
lize NIR light, which has good tissue penetration, although its
spatial precision is limited by the diffusion range of the heat.
For example, Zheng et al.[217] utilized this mechanism to develop
an injectable implant for treating vocal fold scarring. In their
system, gold nanorods, acting as photothermal agents, were en-
capsulated within thermosensitive liposomes. Through the pre-
cise delivery of 1064 nm NIR laser light via an optical fiber, the
gold nanorods absorbed the light energy and generated localized
hyperthermia. When the temperature exceeded the liposome’s
phase transition threshold, its permeability increased instanta-
neously, triggering the release of the loaded drug, dexametha-
sone. Here, the optical fiber served not only as a precise energy
conduit but also as a sensor, enabling real-timemonitoring of the
drug release kinetics through fluorescence imaging. Similarly,

Peng et al.[225] combined the photothermal effect with gas therapy
to construct a self-healing hydrogel for eradicating biofilms and
promoting wound healing. In this system, an optical fiber guided
an 808 nm laser to excite polydopamine nanoparticles within
the hydrogel, generating mild photothermal heat (<50 °C).
This localized temperature increases not only directly weakened
the bacterial biofilm but, more critically, synergistically triggered
the decomposition of a nitric oxide (NO) donor, achieving a dual
assault of hyperthermia and gas therapy (Figure 12a–c). This
study also highlighted the multifunctionality of the optical fiber,
which acted as both a trigger and a sensor for precise feedback
and control via real-time temperature monitoring, significantly
accelerating the healing process of infected wounds in an animal
model.
The second mechanism is photochemical-controlled release,

which offers higher, molecular-level precision. The core of this
approach is to covalently link drug molecules to a carrier back-
bone or nanoparticle via a photocleavable linker. This chemi-
cal bond is stable in the absence of light of a specific wave-
length, effectively locking the drug in place. When an optical
fiber delivers light of the appropriate wavelength (UV or visi-
ble light) to the target site, the photon energy directly breaks
this bond, causing the drug molecule to detach from the carrier
and regain its activity. To overcome the poor tissue penetration
of UV/visible light, more advanced designs employ photon up-
conversion technology. This involves using NIR light to excite
upconversion nanoparticles (UCNPs) within the carrier, causing
them to emit high-energy UV/visible photons in situ and thus
achieving deep-tissue, low-damage cleavage of the photosensi-
tive linkers. For instance, Zamadar[3] et al. developed a fiber-optic
microprobe with a tip-loaded photosensitizer. Upon photoirradi-
ation, singlet oxygen (1O2), generated in situ, triggers the cleav-
age of an olefin linker, leading to the release of the photosensi-
tizer. This system not only enables the controlled release of the
photosensitizer but also co-delivers cytotoxic 1O2, offering a novel
strategy for highly localized, topical administration for the PDT
of hypoxic tumors. In another example, Choi et al.[4] designed a
nano-delivery platform where the anticancer drug methotrexate
(MTX) was released from a PAMAM dendrimer carrier through
the cleavage of a UV-light-sensitive o-nitrobenzyl (ONB) linker.
The study demonstrated that active and controllable drug release
could be triggered by external photo-irradiation, offering a new
paradigm for targeted therapy with high spatiotemporal preci-
sion. Such light-responsive materials are promising candidates
for integration with fiber-optic systems. For example, they could
be incorporated as a coating on the fiber tip or as a component
in a composite fiber scaffold. By combining these approaches,
optical fibers could be engineered with advanced photochemical
drug release capabilities, enabling precise, on-demand therapy in
deep-seated lesions.
In addition to the release of exogenous drugs, light-controlled

strategies can also be extended to regulate the intrinsic func-
tions of cells, enabling the on-demand production of endogenous
therapeutic substances. In such designs, the light signals deliv-
ered via optical fibers serve as a high-precision control tool, ca-
pable of directly activating specific intracellular gene pathways.
This activation promotes the engineered cells to synthesize and
secrete therapeutic proteins or peptides. This approach trans-
forms engineered cells into cellular drug factories that can be
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Figure 12. Applications of fiber-optic devices in controlled drug delivery. a) Schematic of a multifunctional hydrogel platform designed for anti-infection
and wound regeneration. Reproduced with permission.[225] Copyright 2023, RSC. b) Thermographic images and corresponding temperature curves
confirm localized heating at the wound site upon NIR irradiation. Reproduced with permission.[225] Copyright 2023, RSC. c) Quantitative analysis
of wound closure over 8 days demonstrates accelerated healing in the NIR-treated group. Reproduced with permission.[225] Copyright 2023, RSC. d)
Design concept of a singlet oxygen fiber optic for photochemical release. Light delivered through the fiber generates singlet oxygen (1O2), which cleaves a
photocleavable linker to release a sensitizer molecule. Reproduced with permission.[226] Copyright 2011, ACS. e) Microscopic observation and schematic
illustration of photothermally triggered release of the chemotherapy drug doxorubicin (Dox). Reproduced with permission.[27] Copyright 2024, Springer
Nature.
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remotely controlled by external light signals, thereby establish-
ing a novel in vivo model for on-demand therapeutic drug pro-
duction. Based on this principle, Akshaya et al.[227] developed an
NIR-light-controlled gene expression system based on UCNPs.
In this system, they co-encapsulated genetically engineered cells
responsive to blue light with UCNPs in a hydrogel. The combina-
tion of this strategy with fiber-optic technology shows immense
potential. A minimally invasive implanted optical fiber can act
as a highly efficient conduit for NIR light (980 nm), delivering
the light energy precisely and with low loss to deep-body loca-
tions. Upon reaching the target, the highly penetrating NIR light
is absorbed by the UCNPs and converted in situ into blue light,
which activates the cells, thereby driving the endogenous produc-
tion and secretion of a therapeutic peptide (GLP-1). Thismodel of
fiber-guided, in situ upconversion significantly reduces the inva-
siveness and photothermal damage to surrounding tissues com-
pared to traditional approaches that require the blue-light fiber
tip to be placed in direct proximity to the cells.
The true value of fiber-optic controlled release lies not just in

delivery but in modulation. Because the on/off switching and in-
tensity adjustment of a light signal are exceptionally simple, re-
searchers can program an external light source to precisely reg-
ulate the drug release profile. For instance, pulsatile delivery can
be achieved to mimic the body’s physiological rhythms, or the
dosage can be dynamically adjusted in response to changes in
a patient’s condition. Furthermore, by integrating multiple pho-
tosensitive linkers responsive to different wavelengths of light
onto the same carrier, it is theoretically possible to use a single
multi-wavelength-output fiber to independently and sequentially
control the release of various drugs, opening up possibilities for
complex synergistic treatment regimens. For example, Zhang[27]

proposed a highly integrated theranostic fiber-optic probe aimed
at achieving synergistic photothermal-chemotherapy for deep-
seated tumors. The system ingeniously encapsulates a photother-
mal sensitizer (rare-earth ions) within the fiber core and loads
a chemotherapy drug (doxorubicin) into a thermoresponsive hy-
drogel coated on the fiber’s surface (Figure 11e). When 980 nm
laser light is transmitted through the fiber, it not only generates
a localized photothermal effect to directly kill tumor cells but
also produces heat that triggers a phase change in the hydro-
gel, enabling the on-demand, precise release of the chemother-
apy drug. Moreover, the platform achieves real-time, closed-loop
monitoring of drug concentration and local temperature via sen-
sors integrated within the fiber, ensuring the treatment process
is precisely controllable. Its unique center-to-periphery drug pen-
etration mechanism and long-term retention effect, similar to
that of transarterial chemoembolization (TACE), achieved com-
plete tumor eradication in an animal model after a single treat-
ment. The core advantage of this system is its integration of
precise delivery, on-demand release, and in situ monitoring.
This lays the foundation for the development of the next gen-
eration of intelligent, programmable, implantable drug delivery
systems.

9. Summary and Future Outlook

This article has systematically reviewed the research progress of
engineered optical fibers in deep-tissue biomedical applications.
Whether in in situ imaging, sensing, or precision therapy, engi-

neered fibers have demonstrated immense potential. However,
although we have summarized a variety of technical paradigms,
each faces its own inherent challenges, and a universal, perfect
solution does not yet exist. Therefore, to further enhance the per-
formance of optical fibers to meet complex biomedical demands,
relying solely on incremental improvements to existing materi-
als and structures is insufficient. Future breakthroughs are more
likely to originate from a paradigm shift in research—moving
from a materials-driven approach to an application-oriented in-
verse design strategy, where novel materials and structures are
created based on functional requirements. In light of this, this
section will present a structured outlook on the future challenges
and opportunities in this field from the key dimensions of per-
formance enhancement, functional expansion, and frontier inte-
gration, with the aim of providing insights for the development
of the next generation of high-performance biomedical optical
fibers.

9.1. Advanced Materials and Structural Engineering

Although the preceding sections have systematically elaborated
on various strategies for enhancing the sensing performance of
optical fibers by optimizing single-material systems, the intrin-
sic performance limits of any single material often make it diffi-
cult to meet the demands of future intelligent systems for multi-
functionality and high-level integration. Consequently, themulti-
component and composite materials strategy is gaining increas-
ing attention as a promising design approach. This method aims
to organically integratemultiple functional nanomaterials within
a single fiber matrix, leveraging the synergistic effects between
materials to achieve performance gains and provide a feasible
pathway for breaking through the performance bottlenecks of tra-
ditional materials.
In the field of biosensing, this synergistic effect was first

demonstrated to have significant potential in enhancing detec-
tion sensitivity. For example, Chaudhary et al.[228] functionalized
the surface of a polymer optical fiber with polyamide-amine (PA-
MAM) dendrimers to successfully construct a high-density layer
of bioreceptors. This nano-composite interface dramatically en-
hanced molecular capture efficiency, thereby achieving an ultra-
low limit of detection (LOD < 10 pg mL−1) for the preeclampsia
biomarker PlGF. This work showcases the potential of leveraging
the synergy between nanostructures and biomolecules to further
push the limits of sensing performance.
Furthermore, this strategy has shown advantages in systemat-

ically addressing practical application challenges, such as multi-
parameter cross-interference. The research by Xia et al.[221] pro-
vides a key reference in this regard. They deposited a graphene
oxide/polyacrylic acid (GO/PAA) composite coating onto the
surface of an excessively tilted fiber grating (ex-TFG). In this
design, the GO/PAA coating significantly improved humidity
sensitivity and response speed, while the underlying ex-TFG
ingeniously provided simultaneous temperature compensation
(Figure 13b). This design philosophy—using multi-component
synergy to both optimize a core performance metric and build in
an environmental compensation mechanism—offers a valuable
model for the future development of highly stable and reliable
sensor devices.
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Figure 13. Advanced Materials and Structural Engineering. a) Schematics comparing the cross-sections of a standard polyimide-coated reference fiber
with a nanocomposite (NC)-coated fiber, along with a side-view photograph of a drawn 5 wt% rGO/polyimide fiber. Reproduced with permission.[229]

Copyright 2024, IEEE. b) Microscope image of a functional film coated with ex-TFG. Reproduced with permission.[230] Copyright 2022, ACS. c) Schematic
illustration of the self-healing principle for an integrated fiber optic material. Reproduced with permission.[231] Copyright 2022, Optica). d) 3D model
of a polylactic acid (PLA) /polyethylene terephthalate glycol (PETG) frame used for the production of shape-memory fibers in various architectures.
Reproduced with permission.[232] Copyright 2023, Springer Nature. e) The inverse design process for a photonic lens, illustrating the problem definition
of transforming a plane wave into a spherical wave, the resulting 2D optimized structure, and the final 3D lens generated via rotational symmetry.
Reproduced with permission.[233] Copyright 2021, ACS. f) Scanning electron microscopy (SEM) image of a micro-lens fabricated directly on the tip of a
SMF. Reproduced with permission.[233] Copyright 2021, ACS. g) A colored SEM image of a fiber-tip refractive index sensor, accompanied by an enlarged
schematic that illustrates its working principle. Reproduced with permission.[234] Copyright 2024, ACS.

Moving further, multi-material integration holds the promise
of endowing optical fibers with composite functions that unite
sensing and actuation. The graphene-polyimide-coated fiber de-
veloped by Tow’s team[229] is a case in point. This composite coat-

ing not only imparts excellent sensing properties to the fiber, but
its electrical conductivity also enables localized, precision heat-
ing (Figure 13a). This design transforms the fiber from a passive
information collector into an active functional executor, greatly
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expanding its application prospects in fields such as implantable
biomedical sensing, targeted thermotherapy, and directed cell
guidance.
While exploring material combination strategies, the conven-

tional trial-and-error approach to material development is facing
challenges in efficiency and cost when confronted with complex
future functional requirements. In response, function-oriented
inversematerial exploration is emerging as a newdesignmethod-
ology and attracting widespread academic interest. This strategy
leverages computational simulation and artificial intelligence to
reverse the research and development workflow—shifting from
exploring materials to discover functions, to defining a function,
and then designing the material. It provides a new method for
the systematic design of smart and active materials with specific
advanced properties, such as self-healing and adaptability. For
instance, Wang et al.,[235] through inverse design, precisely con-
trolled hydrogen bond density and chain segment mobility at the
molecular level to successfully develop a PDES-based self-healing
optical fiber. This material achieved the simultaneous self-repair
of multiple physical properties and maintained stability across
a wide temperature range, demonstrating the possibility of con-
structing living devices capable of long-term, stable operation in
complex biological environments. Following a similar line of rea-
soning, Shen’s team[231] drew inspiration from biological bone
repair mechanisms. By using computational simulation to pre-
match, the optical and mechanical properties of materials and
to optimize repair kinetics, they constructed a biomimetic self-
healing fiber-optic composite, offering a promising solution to
the problem of long-term health monitoring for implantable de-
vices or large-scale structures (Figure 13c).
Inverse design also holds the potential to fundamentally en-

hance sensing precision by optimizing the intrinsic physical
properties of a material. The work of Bahin et al.[236] provides
evidence for this. They utilized multi-scale computational simu-
lation to pre-establish a quantitative structure-property relation-
ship between the bending stiffness of a material and its optical
loss. This enabled them to precisely screen for the optimal com-
bination of PDMS and PMMA, which significantly improved the
sensor’s ability to differentiate between pressure and bending
signals. This highlights the important role of computational sim-
ulation in decoupling complex biomechanical signals to achieve
high-fidelity monitoring.
The promise of thismethodology also lies in its potential to en-

dow materials with dynamically programmable properties. Stru-
tynski et al.[232] combined a shape-memory PLA with a thermo-
plastic material (PETG) to fabricate an optical fiber with shape-
memory capabilities. This fiber can autonomously return to a
pre-set shape upon external stimulation while maintaining ef-
ficient light-transmission performance (Figure 13d). This work
provides a new direction for the development of adaptive pho-
tonic devices and biomedical sensors that can actively adapt to
changes in the physiological environment to perform specific
tasks.
Parallel to innovations in material composition, another di-

mension crucial for future development arises from the precise
structural engineering of the optical fiber itself at the micro- and
nano-scales. By integrating cutting-edge concepts such as meta-
surfaces, chiral photonics, and topological physics with fiber-
optic technology, researchers are actively exploring finer and

more flexible ways to manipulate the light field. This endeavor
opens up possibilities for achieving new functionalities that are
unattainable with conventional optical fibers.
The foundation of this direction lies in advanced micro- and

nano-fabrication techniques, which have made it possible to con-
struct complex optical systems directly on the fiber. For instance,
Lai et al.[234] proposed a method for the direct laser writing of 3D
glass micro-optical structures with sub-wavelength resolution on
a fiber facet. By precisely controlling the printing patterns, they
successfully integrated functional devices such as refractive index
sensors and compact polarization beam splitters (Figure 13g).
This technology combines the excellent material stability of glass
with the plug-and-play nature of optical fibers, offering new de-
vice implementation schemes for fields like fiber-optic sensing,
optical MEMS, and quantum photonics.
This approach to structural design is not limited to the fiber’s

end face but can also be extended deep into its interior to enhance
specific light-matter interactions. The work of Dezaki et al.[237]

serves as a prime example. They proposed a circular dichroism
(CD) sensing method based on a chiral-core fiber. By introduc-
ing a chiral material as the fiber core to break mode degeneracy,
they leveraged the cutoff frequency differences between various
modes to detect the handedness of chiral molecules. By defin-
ing a new optical fiber CD parameter (CDw), this method sig-
nificantly enhances the differential signal response of traditional
CD spectroscopy, offering a new path for high-sensitivity chirality
detection in the biomedical and pharmaceutical industries.
Pushing this structural design philosophy to an even deeper

level is the introduction of concepts from topological physics to
achieve robust control over light transmission. Roberts et al.[238]

designed a photonic crystal fiber (TopoPCF) that supports topo-
logically protected supermodes. Through a helically arranged
multi-core structure, they achieved the topologically protected
transmission of visible light over meter-scale distances, meaning
the transmission state remains stable even under perturbations
such as fiber bending. This research lays a vital experimental
foundation for the study and application of topological photonic
effects on a scalable fiber platform, particularly for future quan-
tum photonic networks. Building on this, recent studies have be-
gun to further explore how to utilize the unique properties of
topological interfacemodes formore complex light fieldmanipu-
lation. For example, Huang et al.[239] proposed a novel topological
photonic crystal fiber based on a honeycomb structure, which in-
troduces a topological difference between the core and cladding
by adjusting the position of the air holes. The resulting topolog-
ical interface modes exhibit a pseudo-spin-momentum locking
effect, causing the light field to display a unique helical propaga-
tion behavior within the fiber. This work more tightly integrates
the concepts of topological photonics with fiber-optic technology,
providing new theoretical and design insights for information
transmission and light field control using new degrees of free-
dom, such as orbital angular momentum.
Beyond expanding functional boundaries with new materials

and physical concepts, another frontier with significant applica-
tion value is the fine-grained optimization of the fiber structure
for specific scenarios using advanced computational methods.
The core idea of this direction is to shift from general-purpose
to special-purpose design—that is, to use algorithms like in-
verse design and artificial intelligence to search for the optimal
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solution within a complex design parameter space, thereby push-
ing the performance of fiber-optic devices to their absolute limits
in specific applications.
This strategy has already demonstrated notable success in the

functional integration of fiber facets. For example, Hadibrata
et al.[233] utilized an inverse design algorithm to propose a met-
alens that can be 3D-printed directly on a fiber facet. This design
breaks free from the geometric constraints of traditional lenses,
achieving a numerical aperture as high as 0.85 and a focusing effi-
ciency of 73% at a wavelength of 980 nm. It has been successfully
applied in a high-resolution two-photon direct-write lithography
system (Figure 13e,f). This work clearly illustrates the immense
potential of inverse design in customizing high-performance in-
tegrated optical components for specific applications like micro-
and nano-fabrication and optical tweezers.
This optimization philosophy is equally applicable to enhanc-

ing the coremetrics of sensors. Dogan et al.[240] proposed an opti-
mizationmethod that combines artificial neural networks (ANN)
and a genetic algorithm (GA) for designing D-shaped fiber SPR
refractive index sensors. By integrating finite element simulation
data with their AI model, they systematically optimized multiple
key geometric parameters, including grating gap, number of grat-
ings, and cladding thickness, ultimately achieving a high sensi-
tivity of 3890 nm/RIU. Compared to traditional parameter-sweep
methods, this data-driven optimization approach can more ef-
ficiently and comprehensively reveal the complex correlations
among multiple parameters, providing a powerful tool for the
high-performance design of complex-structure fiber-optic sen-
sors.
Furthermore, the most advanced structural optimization ef-

forts not only pursue optimal performance under ideal condi-
tions but are also beginning to address the problem of uncer-
tainty, which is pervasive in real-world applications. Although
the following study does not directly target fiber-optic sen-
sors, its methodology is highly instructive. Wang et al.[241] pro-
posed a reliability-based structural optimizationmethod for fiber-
reinforced composite materials. They innovatively embedded re-
liability analysis into a simultaneous design process for topology
optimization and fiber orientation to cope with load uncertainties
in practical working conditions. The results showed that struc-
tures optimized by this method exhibited higher reliability under
uncertain conditions.
In summary, application-oriented structural optimization is

becoming a critical link between theoretical design and practi-
cal high-performance devices. From using inverse design to cus-
tomize optical components and leveraging artificial intelligence
to optimize sensor parameters, to introducing reliability analy-
sis to handle environmental uncertainties, these computation-
driven design methods are ensuring that fiber-optic technology
can deliver its best possible performance in a wide array of di-
verse and demanding application scenarios.

9.2. Integration and System Expansion

A core future direction for intelligent sensing systems lies
in moving beyond the limitations of single-parameter mea-
surement and advancing toward multimodal information ac-
quisition on a single probe. By integrating multi-dimensional

sensing capabilities—including optical, electrical, chemical, and
physical—within a compact fiber-optic structure, it is possible
to gain a more comprehensive and precise understanding of
complex pathophysiological environments. This, in turn, can en-
hance diagnostic reliability and open up new therapeutic and in-
terventional functionalities.
One of the immediate advantages of multimodal integration is

its ability to solve the pervasive problem of signal cross-sensitivity
in sensing processes. The work of Zhou et al.[242] provides a clear
example of this. They designed a dual-function SPR biosensor
based on a C-shaped optical fiber that, by integrating optical-
chemical and temperature sensing capabilities, achieved the si-
multaneous detection of DNA hybridization and ambient tem-
perature. In this design, two distinct SPR effects were spatially
separated and used to respond to refractive index and tempera-
ture, respectively, thereby effectively decoupling the interference
of temperature variations from the biomolecular detection. This
demonstrates the fundamental value ofmultimodal design in im-
proving signal fidelity and detection reliability.
Building on this foundation, multimodal integration has been

further extended to the synchronous monitoring of multiple
physical parameters to meet the demands of monitoring in com-
plex or extreme environments. For example, Zheng et al.[10] pro-
posed a stress/temperature dual-modal sensing technique based
on a flexible optical fiber. By integrating mechanoluminescence
(ML) and upconversion luminescence (UCL) materials onto a
single fiber-optic probe, they leveraged the unique responses
of each material to different physical quantities to achieve re-
mote and simultaneous monitoring of stress and temperature
(Figure 14d). This technology has shown application potential
in high-temperature, high-pressure, or hazardous environments,
proving the effectiveness of the multimodal strategy in acquir-
ing multi-dimensional physical field information. Physiological
signal recording, optogenetic stimulation, localized drug deliv-
ery, the most forward-looking exploration in this field lies in the
deep fusion of multimodal sensing with active functions such
as navigation and therapy, transforming the optical fiber from
a passive sensor into an active microrobot. The sub-millimeter-
scale multifunctional ferromagnetic fiber robots (MFFRs) pro-
posed by Zhang et al.[243] are representative of this direction.
Through an advanced thermal drawing process, they integrated
ferromagnetic materials, electrodes, optical fibers, and microflu-
idic channels into a single fiber (Figure 14c). This allows the fiber
robot not only to be precisely navigated through complex envi-
ronments using an external magnetic field but also to simultane-
ously perform multiple tasks, including electro and endoscopic
imaging. This high degree of functional integration—combining
navigation-sensing-therapy—provides a highly promising tech-
nological platform for future developments inminimally invasive
medical fields, such as cardiac intervention and the treatment of
deep-brain tumors.
In summary, from resolving signal crosstalk and enabling

multi-physics field monitoring to achieving the high-level inte-
gration of sense-and-actuate functionalities, multimodal infor-
mation acquisition has become a key research dimension. Inte-
grating an ever-increasing array of functions onto a single fiber-
optic probe is the definitive path toward providing comprehen-
sive, real-time information for complex biological and industrial
environments, and it lays the foundation for the development of
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Figure 14. Integration and system expansion. a) Amultimodal fiber with integrated platinum (Pt) electrodes, fabricated via thermal drawing. Reproduced
with permission.[244] Copyright 2023, Wiley-VCH. b) A submillimeter continuum robot, driven by multi-sectional magnetic fields, that integrates the fiber
in narrow anatomical channels for real-time diagnosis and treatment. Reproduced with permission.[245] Copyright 2024, Springer Nature. c)ML emission
images with different optical fiber sections stretched. Reproduced with permission. Copyright 2023, Wiley-VCH. d) Propagation loss of the optical fiber
measured in the air using the cutback method. Reproduced with permission.[10] Copyright 2025, Wiley-VCH. e) Mechanoluminescence (ML) emission
images and corresponding spectra collected from a stretched optical fiber, demonstrating the conversion of mechanical energy into an optical signal.
Reproduced with permission.[246] Copyright 2023, Wiley-VCH. f) A plan view and cross-sectional images of the self-powered, stretchable ML optical fiber
sensor. Reproduced with permission.[247] Copyright 2021, Wiley-VCH.
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the next generation of precision diagnostic and intelligent thera-
peutic tools.
Building upon the continuous development of materials,

structures, andmultimodal sensing capabilities, a more transfor-
mative frontier lies in the construction of closed-loop systems.
This direction is dedicated to the deep integration of real-time
sensing, decision-making analysis, and precision intervention
functionalities, aiming to achieve an autonomous sense-decide-
execute workflow. This represents a critical shift from passive
monitoring tools to active theranostic platforms and stands as the
core development direction for the future of precision medicine
and intelligent interaction.
Neuromodulation is a quintessential field that showcases the

potential of closed-loop systems. For instance, Du et al.[244] pro-
posed a closed-loop optogenetic modulation system (CLOMs)
based on a multifunctional fiber-optic probe. By integrating opti-
cal stimulation and electrophysiological recording functions, the
system established a complete sense-decide-intervene paradigm
in an epileptic mouse model. Its multimodal probe continuously
monitors neural electrical signals in the hippocampus (sensing),
combines this with a deep-learning algorithm to rapidly iden-
tify seizure precursors (decision-making), and automatically trig-
gers optical stimulation to suppress the abnormal discharge (in-
tervention), achieving an episode suppression rate as high as
86%. This work provides a clear technical framework for the au-
tomated, personalized treatment of neurodegenerative diseases
(Figure 14a).
The closed-loop concept is equally applicable to precision drug

delivery and synergistic therapy. Zhang et al.[27] designed a drug
delivery system that integrates a temperature-responsive hydro-
gel with a built-in fiber-optic sensor. This system can trigger drug
release at a tumor site using a localized photothermal effect while
simultaneously monitoring the drug release dynamics and local
temperature in real-time via the fiber sensor. This real-time feed-
backmechanism creates a treatment-monitoring closed loop that
significantly enhances the efficiency and controllability of tar-
geted drug delivery, achieving complete tumor eradication in a
mouse model and offering a precisely controllable, closed-loop
therapeutic platform for cancer treatment.
Applying the closed-loop philosophy to anatomically complex

in vivo environments, however, places higher demands on the
integration and flexibility of the execution platform. To address
this, Zhang et al.[245] developed a sub-millimeter-scale fiber-optic
continuum robot that integrates imaging, high-precisionmotion,
and multifunctional operational capabilities. The robot achieves
high-precision navigation via a magnetic actuation system and
utilizes real-time imaging feedback for path planning and tar-
get localization (Figure 14b). In ex vivo trials, it successfully
navigated to narrow passages such as the terminal bronchioles
of the lung and performed various operations, including sam-
pling, drug delivery, and laser ablation. Through the synergy of
real-time imaging with precise navigation and intervention, this
research lays a critical platform foundation for establishing a
closed-loop, theranostic workingmodel in difficult-to-reach areas
within the body.
Additionally, the future development of fiber-optic sensing sys-

tems, especially for applications involving long-term implanta-
tion and imperceptible wearables, is constrained by a critical en-
gineering bottleneck: the reliance on external physical tethers.

Therefore, a crucial frontier dimension lies in investigating the
integration of miniature energy harvesting and wireless commu-
nication technologies into fiber-optic systems, with the goal of
constructing untethered or self-powered systems that require no
external power sources or data lines.
A straightforward strategy is to harvest mechanical energy

from the surrounding environment. Self-powered optical fibers
based on mechanoluminescence are a prime example of this di-
rection. For instance, Liang et al.[247] developed a tensile strain
sensor based on an elastomeric optical fiber and a ZnS:Cu
mechanoluminescent material. In their design, mechanical de-
formation can be directly converted into an optical signal with-
out the need for any external light source or power sup-
ply (Figure 14f). Building on this, Zhou et al.[246] further ex-
tended this technique to distributed sensing. By employing
multiple mechanoluminescent (ML) materials and combining
wavelength- and time-domain demodulation, they achieved the
simultaneous identification of both the magnitude and location
of strain on a single fiber. These two studies jointly demonstrate
the feasibility of using mechanical energy to directly drive an op-
tical signal, offering a highly attractive self-powered solution for
wearable devices and implantable strainmonitoring (Figure 14e).
Besides harvesting mechanical energy from the environment,

another approach is to enable the optoelectronic device itself to
directly draw energy from the light signal it is detecting. This con-
cept of light-driven power can be more tightly integrated into the
optoelectronic device itself. Yang et al.[248] proposed an all-fiber
self-powered photodetector integrated onto a fiber facet. By con-
structing a graphene/palladium selenide (Graphene/PdSe2) van
der Waals heterojunction, they utilized its built-in electric field
to achieve a photovoltaic effect, allowing the detector to operate
without an external bias voltage. This design enables the device
to harvest the energy required for its operation directly from the
light signal being detected, offering a new path toward achieving
localized, passive operation for node devices in fiber-optic com-
munication and sensing systems.
In summary, whether through the harvesting of ambient me-

chanical energy or the on-site conversion of energy from light
signals, wireless and self-powered technologies are becoming a
definitive development trend in the field of fiber-optic sensing.
These strategies fundamentally solve the wiring and power sup-
ply challenges that have hindered traditional sensing systems in
long-term, non-disruptive applications. They lay the foundation
for the development of the next generation of fully implantable
medical devices, smart textiles, and distributed structural health
monitoring networks.

9.3. Bionic Intelligence and Biological Integration

As the structure and functionality of fiber-optic systems become
increasingly complex, a frontier dimension that runs through the
entire workflow of design, control, and data analysis is emerg-
ing: the deep integration of artificial intelligence (AI). AI is evolv-
ing from a conventional post-processing tool for data into a core
engine capable of participating in system inverse design, real-
time dynamic control, and complex signal interpretation. This
shift provides a newparadigm for solving high-dimensional, non-
linear problems that are intractable with traditional methods.
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First, at the level of data interpretation, AI can efficiently
extract valid information from complex sensor signals with
low signal-to-noise ratios. For example, Zaidi et al.[249] utilized
a bilayer neural network (BNN) to directly process the full-
wavelength spectrum from amultimode interference (MMI) sen-
sor. Without the need for traditional feature extraction, they
successfully resolved the signal ambiguity that occurs during
high-to-low refractive index transitions, achieving a prediction
accuracy of 99.7%. Similarly, Li et al.[250] designed a bionic
fiber-optic tactile sensor that used a cascaded neural network
(BP-ELM) to decouple the coupled signals from multiple fiber
Bragg gratings, enabling the simultaneous and precise percep-
tion of both tactile position and pressure magnitude. These
studies demonstrate that AI can significantly simplify the hard-
ware structure of sensors by shifting complexity to the software
level, thereby enhancing the robustness and intelligence of the
system.
Second, at the level of system design, AI is subverting the

traditional forward design-and-verify model. Mahmoud et al.[251]

proposed an inverse design paradigm based on reinforcement
learning (RL), where an AI agent autonomously explores a multi-
dimensional parameter space. This approach successfully im-
proved the dispersion performance of a photonic crystal fiber
by 41.8% and increased the convergence speed by nearly 20-fold
compared to conventional algorithms (Figure 15a). In the field
of computational imaging, the physics-informed neural network
(ASNet) proposed by Tang et al.[252] can accurately reconstruct
phase information from the speckle pattern output of an opti-
cal fiber without requiring large-scale labeled datasets, effectively
solving the inverse problem for complex optical systems. These
works showcase the powerful capability of AI in automatically
and efficiently finding optimal photonic structures and solutions
(Figure 15b).
The most transformative potential of AI, however, is man-

ifested in the real-time control of complex systems. Zhang
et al.[257] developed an intelligent, controllable, ultrafast fiber
laser system based on deep learning and an adaptive optimiza-
tion algorithm. The system utilizes a recurrent neural network
(LSTM) to rapidly establish the complex mapping relationship
between the polarization controller and the output spectrum.
This enables the system to automatically lock onto the optimal
mode-locking state within 1.8 seconds and to quickly recover af-
ter mode-locking is lost. This provides an unprecedented level
of system stability and autonomy for demanding applications in
precision manufacturing and scientific research.
Building on these advances in real-time control, a natural ex-

tension lies in the domain of information processing. To cope
with the rapidly increasing demand for ultrafast data handling
and to overcome the inherent bottlenecks of conventional elec-
tronic computing, a highly forward-looking research direction
is emerging: leveraging the specific physical structures of op-
tical fibers and photonic devices to perform pre-processing or
computation-like operations directly in the optical domain. This
approach shifts part of the computational workload from the elec-
tronic to the photonic domain, exploiting the intrinsic advantage
of light-speed propagation to dramatically reduce processing la-
tency and energy consumption.
This concept is first embodied in the construction of funda-

mental optical computing units. For instance, Liu et al.[258] de-

signed an all-optical signal processing device based on the inte-
gration of a multimode fiber and a phase-change material (GST).
They used a specific length of multimode fiber to shape the in-
put light beam into a Bessel-like field. This specific physical struc-
ture design can disperse the light energy, which, when combined
with the non-linear reflection properties of the GSTmaterial, en-
ables up to 19 levels of all-optical memory andmatrix-vector mul-
tiplication (MVM) operations. The device performs the computa-
tion directly within the optical path, with a single-pulse switching
time as low as 200 ns, demonstrating its potential for embed-
ding physical-layer computation in high-speed optical communi-
cations and photonic neural networks.
Building on this, the concept has been further applied to solve

a key challenge in high-speed fiber-optic communications: signal
distortion. Lu et al.[253] proposed a high-dimensional fiber-optic
communication system based on a reconfigurable silicon pho-
tonic processor. By using an integrated optical mesh, the system
performs an optical-domain matrix inverse operation on the var-
ious spatial and polarization modes that have become mixed in
the fiber, thereby completing a real-time descrambling of the sig-
nal before it even enters the electronic domain (Figure 15c). Sim-
ilarly, to address the more complex issue of non-linear distortion,
Huang et al.[259] designed a silicon photonic-electronic neural
network that uses an array of micro-ring resonators (MRRs) as a
tunable weight bank to perform real-time, non-linear compensa-
tion on the corrupted signal within the optical domain. These two
works collectively point to a core trend: offloading complex sig-
nal processing algorithms (such as MIMO decoupling and non-
linear equalization) from high-power, high-latency digital signal
processors (DSPs) and having them executed instead by specially
designed photonic physical structures. This computing with light
paradigm can reduce processing energy consumption by over
90%, offering a highly attractive low-latency, high-efficiency solu-
tion for short-reach interconnects in data centers and long-haul
submarine fiber-optic communications. By pre-embedding com-
putational functions at the photonic hardware level, it is possible
to fundamentally enhance the real-time response capabilities of
a system, opening up new technological pathways for the devel-
opment of next-generation ultra-high-speed optical communica-
tions, photonic artificial intelligence, and real-time sensing and
analysis.
Additionally, the development of future implantable and in-

teractive devices is driving a profound paradigm shift in materi-
als science: a move away from pursuing traditional, passive bio-
compatibility toward designing active biofunctionality. This new
approach aims to develop functionalized materials and devices
that are not merely tolerated by the biological system but can be-
come active participants, capable of exchanging information or
substances with the physiological environment.
The overarching strategy in this direction is the deep integra-

tion of micro- and nano-structured fiber-optic probes with func-
tionalmaterials. As described by Yu et al.,[260] by integratingmate-
rials such as gold nanoparticles, graphene oxide, ormetal-organic
frameworks onto an optical fiber and leveraging physical mecha-
nisms like surface plasmon resonance (SPR), LSPR, and surface-
enhanced Raman scattering (SERS), the fiber platform can be
transformed from a passive information collector into a tool that
actively interacts with its environment. These functionalized plat-
forms can not only achieve high-sensitivity molecular detection
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Figure 15. Bionic intelligence and biological integration. a) Schematic of a photonic crystal fiber (PCF) structure, detailing the different air hole diameters
(d1, d2, d3, d4, d5) and the pitch between adjacent holes. Reproduced with permission.[251] Copyright 2025, Elsevier. b) Experimental demonstration of
high-resolution imaging through a fiber using a USAF-1951 target. The image captured via digital holography is computationally refocused to reconstruct
a clear image of the target. Reproduced with permission.[252] Copyright 2025, Optica. c) System architecture for high-dimensional optical fiber commu-
nication using reconfigurable photonic integrated circuits at the transmitter (PICTX) and receiver (PICRX). The schematic also illustrates how optical
signals in different modes can experience mixing during propagation through a circular-core few-mode fiber (FMF). Reproduced with permission.[253]

Copyright 2024, Springer Nature. d) An illustration of fiber-assisted in situ bioprinting for wound repair. A pre-defined mesh pattern (inset, top panel)
is projected onto a skin defect on a rat model, selectively photocrosslinking a GelMA-based bio-ink at 405 nm. The bottom panel shows the resulting
hydrogel scaffold formed directly over the defect site. Reproduced with permission.[254] Copyright 2025, Wiley-VCH. e) Schematic diagram illustrating
an in vivo assay performed using a specialized fiber-optic-based micro-electrode (SA-CM/CdS@ZnO/GOFME). Reproduced with permission.[255] Copy-
right 2023, Elsevier. f) Schematic of a soft, wireless optoelectronic device designed for implantable applications, featuring a biodegradable PLGA shell
and a soft Polydimethylsiloxane (PDMS) core optical fiber. Reproduced with permission.[256] Copyright 2019, IEEE.
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but also perform targeted interventional tasks, such as photother-
mal therapy or optogenetic modulation.
This philosophy is clearly reflected in specific device de-

signs. In the realm of active chemical information exchange, Tao
et al.[255] developed an implantable photoelectrochemical micro-
electrode. Its surface, coated with a sodium alginate-cell mem-
brane composite, forms a hydrophilic interface that effectively
reduces protein adsorption, achieving a high level of biocom-
patibility. More importantly, its integrated CdS/ZnO heterojunc-
tion, upon photoexcitation, enables photo-electro-chemical sig-
nal transduction with the surrounding brain tissue, thereby fa-
cilitating the in-situ monitoring of dynamic changes in Cu2+

(Figure 15e).
In the area of active biomechanical interaction and multifunc-

tional integration, the hybrid neural probe developed by Park
et al.[261] provides another excellent example. By embedding poly-
mer fibers within a hydrogel matrix, they endowed the device
with adaptive stiffness. The probe is rigid upon insertion but be-
comes soft after hydrating in vivo, allowing it to match the me-
chanical modulus of the brain tissue. This minimizes chronic
tissue stress and the associated immune response. This intelli-
gent physical response at the material level, combined with its
integrated electrical, optical, and fluidic channels, enables stable,
long-term neural signal recording and modulation. It serves as a
classic example of enhancing biofunctionality through the active
optimization of the physical interface.
Beyond serving as an interface for sensing and interaction,

fiber-optic technology is demonstrating its immense potential as
an active tool in regenerative medicine. In this emerging dimen-
sion, the optical fiber is no longer just a carrier of information but
is directly involved in the fabrication of tissue-engineering con-
structs, guiding cell behavior, and serving as an energy delivery
platform to modulate the tissue regeneration process.
A key direction is the use of optical fibers to achieve the

precise fabrication of tissue-engineering scaffolds. For example,
the fiber-assisted bioprinting (OAB) technique developed by Lee
et al.[1] integrates an optical fiber into the printing nozzle, en-
abling the in situ and uniform photocrosslinking of the bio-
ink. This allows for precise control over the scaffold’s mechan-
ical properties and micro-topography, which effectively guides
the directed differentiation of stem cells. Building on this, the
image-guided fiber system (FaSt-Light) proposed by Chansoria
et al.[254] uses a fiber bundle to project customized light pat-
terns into deep tissue, achieving in situ and minimally inva-
sive bio-fabrication directly at the defect site. These two works
jointly showcase the value of optical fibers as high-precision
manufacturing tools for constructing tissue-engineering scaf-
folds with complex, biomimetic structures, both in vitro and in
situ (Figure 15d).
In addition to its role as a manufacturing tool, an implantable

optical fiber can itself serve as a therapeutic platform to directly
modulate the regeneration process in vivo. The research by Zuo
et al.[262] provides a case in point. They developed an implantable
diffusing optical fiber to deliver NIR light directly and precisely to
damaged spinal cord tissue. Through the effect of photobiomod-
ulation (PBM), this technique provides a highly efficient means
of energy intervention to promote neural repair without causing
tissue damage. This study shifts the role of the optical fiber from a
scaffold-builder to a functionalized implant, actively guiding and

promoting endogenous tissue regeneration through the control-
lable delivery of energy.
While implantable optical fibers open up new possibilities for

directly guiding tissue regeneration, their long-term presence
in the body inevitably raises concerns regarding secondary re-
moval surgeries and chronic foreign-body reactions To avoid the
trauma and risks associated with secondary surgery for implant
removal and to mitigate long-term foreign body reactions, a sig-
nificant research direction is the development of transient opti-
cal devices that can be safely degraded and absorbed in vivo after
completing their pre-set tasks. These devices are ingeniously de-
signed in terms of both material selection and structure, aim-
ing to unify functionality with a pre-determined operational
lifetime.
For example, starting from the basic materials, Agnieszka

et al.[256] fabricated optical fiberswith excellent performance from
biodegradable poly (D, L-lactide) (PDLLA) using a thermal draw-
ing process. Not only did these fibers achieve the lowest optical
loss (0.11 dB cm−1) ever reported for a bioresorbable material,
but their degradation rate could also be precisely tuned by ad-
justing the fiber’s dimensions to match the therapeutic window
of different clinical scenarios (Figure 15f). In another study, Han
et al.[263] cleverly utilized degradation properties to solve an en-
gineering challenge. They developed a composite optical fiber
for optogenetics, in which a rigid, degradable outer shell (PLGA)
provided sufficient stiffness for insertion. This shell would then
completely degrade within a few days post-implantation, leaving
only an extremely soft optical fiber (PDMS) inside the brain. This
design minimizes long-term mechanical damage and thermal
effects. Together, these studies show that biodegradability has
evolved from a simple exit strategy into an active design element.
Through precise control over material degradation kinetics or by
leveraging the degradation process to achieve a dynamic evolu-
tion of the device’s physical properties, transient optical fibers
offer safer and smarter solutions for clinical applications that re-
quire short-term, precise light-based interventions, such as pho-
todynamic therapy, post-operative monitoring, and chronic neu-
romodulation.

9.4. Challenges and Perspectives

Despite the exciting prospects for engineered optical fibers in
biomedicine, significant challenges at the levels of fundamen-
tal science, engineering, and technology, and clinical translation
must be overcome before their full potential can be released for
reliable clinical applications.
On the level of fundamental science, a deeper understanding

of the interaction mechanisms at the complex interface of bio-
photonic intelligent systems is still required. When a functional
optical fiber is implanted into living tissue, it forms not merely a
simple physical contact surface but rather a dynamic and evolv-
ing complex system. How does the tissue microenvironment af-
fect the sensing accuracy and optical performance of the fiber
over the long term? Conversely, how do the fiber materials and
the photonic energy they deliver influence cell behavior, tissue
remodeling, and even the immune response? Answering these
questions will demand interdisciplinary efforts to establish more
sophisticated theoretical models that can predict and guide the
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long-term stability and functionality of optical fibers in complex
physiological environments, thereby enabling a leap frompassive
implantation to active adaptation.
The challenges at the engineering and technology level are

equally pronounced, with the high-precision, scalable integra-
tion of heterogeneous materials and advanced manufacturing
techniques remaining key bottlenecks. Traditional fiber draw-
ing techniques are well-suited for materials with matched ther-
modynamic properties. However, next-generation biomedical
fibers require the integration of materials with vastly different
properties—such as inorganic glasses, flexible polymers, hydro-
gels, metal electrodes, and semiconductor nanoparticles—into a
single fiber with micron- or even nanometer-scale precision. The
core engineering problem that will determine the widespread
adoption of this technology is how to achieve the co-drawing
or multi-step integration of these dissimilar materials while en-
suring structural integrity and functionality, and how to tran-
sition from laboratory prototypes to repeatable, low-cost, large-
scale production.
Ultimately, the challenges on the path to practical use are

concentrated at the clinical translation level. This requires the
establishment of standardized evaluation systems, the com-
pletion of long-term biosafety validation, and the construc-
tion of corresponding ethical and regulatory frameworks. Cur-
rently, the performance evaluationmethods for different biomed-
ical fiber platforms vary, lacking uniform standards and mak-
ing direct comparisons difficult. Furthermore, for devices in-
tended for long-term implantation, issues such as their slow
degradation processes, potential biotoxicity, and the possibility
of inducing chronic inflammation must be systematically vali-
dated through large-scale, long-term animal studies and even-
tually clinical trials. These innovative technologies, particularly
those involving neuromodulation and gene editing, must be ad-
vanced under the guidance of clear ethical norms and regula-
tory policies to ensure they can benefit human health safely and
compliantly.
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