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1 Introduction

The convergence of nanotechnology, photonics, and biology has
led to significant breakthroughs in science and technology,
leading to the emergence of the interdisciplinary field of
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Biophotonic (nano)structures: from fundamentals
to emerging applications
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Biophotonics is a dynamic interdisciplinary field that merges biology, photonics, and optics to explore and
manipulate biological systems through light. Its applications are particularly prominent in medical
diagnostics, imaging, and therapy. Key uses of biophotonic (nano)structures include enhancing medical
imaging and enabling biosensing to detect disease markers. In therapeutic contexts, these
nanostructures show significant promise in photothermal and photodynamic therapies, improving
imaging contrast and allowing for real-time monitoring of cellular processes. However, the field faces
challenges such as fabrication complexities, scalability, biocompatibility, and integration with existing
technologies. For instance, limited biocompatibility can lead to adverse immune responses or toxicity,
hindering their safe use in vivo, while scalability issues restrict the mass production of nanostructures
with consistent quality, both of which are critical for clinical translation. Moreover, integrating these
materials with existing medical devices or workflows often requires redesigning current platforms,
slowing down adoption. Despite these obstacles, the future of biophotonics appears promising,
especially with advancements in nanotechnology, including 3D printing and self-assembly, which could
streamline production. The potential integration of biophotonic nanostructures with emerging
technologies like wearable devices and point-of-care diagnostics could revolutionize healthcare by
facilitating continuous health monitoring and rapid disease detection. This review aims to provide
a thorough examination of biophotonic nanostructures and their emerging applications in disease
diagnosis, imaging, and therapy. Additionally, it will address the challenges and future directions of
biophotonic research, enhancing our understanding of how these innovative technologies can tackle
critical issues in modern medicine and deepen our knowledge of complex biological systems.

biophotonics.* Optical detection is at the core of biophotonics,
enabling the identification and monitoring of biological signals
with high sensitivity, specificity, and spatial resolution. By
capturing real-time signals from biomolecular markers, cells,
pathogens, and tissues, optical detection facilitates early diag-
nosis and effective management of diseases, including cancer
and infectious disorders. This rapidly growing domain utilizes
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the interaction of light with biological systems, opening new
frontiers for probing, imaging, diagnosing, and treating
complex biological processes. Unlike conventional detection
methods, optical techniques overcome the light-matter inter-
actions such as fluorescence, reflectance, and scattering,
providing a non-invasive and label-free alternative for studying
biological systems.*?

The history of biophotonics is deeply rooted in the devel-
opment of optical detection and imaging technologies. The
advent of fluorescence microscopy in the early 20th century
marked a turning point, allowing scientists to visualize biolog-
ical processes with unprecedented detail. Subsequent innova-
tions in laser technology and spectroscopy further expanded the
capabilities of optical methods, enabling researchers to study
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dynamic biological processes in real-time.*® Biophotonic
nanostructures are engineered materials with at least one
dimension in the nanometer range that exhibit unique prop-
erties, including enhanced optical behavior, high surface-to-
volume ratios, and quantum confinement effects, which
enable precise manipulation of light-matter interactions.®
Unlike their bulk counterparts, nanostructures allow the design
of highly specialized optical systems capable of probing bio-
logical entities with exceptional sensitivity and specificity.
Indeed, by integrating nanoscale materials and devices with
photonic principles, transformative tools are prepared for
tackling critical challenges in optoelectronics as well as the
healthcare and environmental monitoring. The applications of
these nanostructures range from real-time visualization of
cellular processes to the development of advanced therapeutic
modalities, enabling non-invasive imaging, ultra-sensitive bio-
sensing, and targeted therapeutic delivery.*” In this context,
nanoscale materials, such as quantum dots (QDs), metallic
nanoparticles (NPs), and photonic crystals, provide exceptional
optical properties such as surface plasmon resonance (SPR),
localized electromagnetic field enhancement, and photonic
bandgap effects that have proven instrumental in biomedical
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imaging, sensing, and therapy.”"* Biophotonic nanostructures
(Table 1) have significantly enhanced the capabilities of optical
detection systems. For instance, plasmonic NPs amplify elec-
tromagnetic fields at their surfaces, enabling highly sensitive
detection of biomolecules through techniques like surface-
enhanced Raman spectroscopy (SERS).**** QDs, known for
their size-dependent photoluminescence, are widely used as
fluorescent probes for imaging intracellular processes with
unparalleled spatial and temporal resolution.'® Photonic
crystals, with their ability to manipulate light propagation, have
been employed in designing advanced optical filters and
biosensors.”*®* Plasmonic NPs have revolutionized optical
sensing techniques, enabling real-time detection of biomolec-
ular interactions with femtomolar sensitivity. Similarly,
photonic crystals have been employed for designing biosensors
capable of detecting trace amounts of biomarkers in complex
biological environments.”*° In imaging, QDs have enabled
multiplexed fluorescence imaging, providing insights into
cellular dynamics and molecular interactions.*** Furthermore,
tissue-based lasers, utilizing the scattering properties of bio-
logical tissues, have demonstrated potential for distinguishing
between healthy and malignant tissues.>*** The laser-emission-

Table 1 Comparison of biophotonic nanostructures for biomedical applications

Nanostructure type Examples Advantages Limitations Key applications Ref.
Plasmonic NPs AuNPs, AgNPs High photothermal Phototoxicity; limited Photothermal therapy, 48 and
conversion efficiency; penetration depth; SERS biosensing, 49
tunable LSPR; strong field aggregation in biological photoacoustic imaging
enhancement fluids
Upconversion NPs NaYF4: Yb, Er/ Anti-stokes emission; deep ~ Low quantum yield; Deep-tissue imaging, 50 and
(UCNPs) Tm doped tissue penetration; complex synthesis; surface photodynamic therapy 51
UCNPs photostability quenching
QDs CdSe/ZnS, InP/ Size-tunable emission; Cytotoxicity (heavy metals);  Fluorescence imaging, 8 and
ZnS high brightness; multiplex blinking; clearance issues targeted diagnostics 52
imaging
Photonic crystals 2D or 3D Wavelength-selective Difficult fabrication; angle-  Optical biosensing, real- 53 and
periodic reflection; structural color;  dependent signal time analyte monitoring 54
dielectric label-free detection
structures
DNA nanostructures ~ DNA origami, Precise programmability; Nuclease degradation; Forster resonance energy 6 and
DNA wires biocompatibility; stability in vivo transfer (FRET) sensors, 55
responsive design smart drug delivery, logic-
gate biosensing
Organic fluorescent Cy5, Alexa Fluor,  Established biolabels; high ~ Photobleaching; Fluorescence-guided 55
dyes IR-800 quantum yield; available in  nonspecific binding; short surgery,
near-infrared (NIR) circulation time immunofluorescence
Carbon-based Carbon dots, Low toxicity; stable Surface functionalization Multimodal imaging, 56
nanostructures CNTs, graphene fluorescence; needed; limited control photothermal therapy
QDs biodegradability over emission properties (PTT)/photodynamic
therapy (PDT) platforms
Polymeric Conjugated High brightness; tunable Batch-to-batch variation; Optical tracking, imaging- 57
nanostructures polymer NPs emission; good stability in lower tissue penetration in  guided delivery
(CPNs) aqueous media visible range
MXene TizC,Ty Strong photothermal Oxidation instability; NIR-II PTT, hybrid 58
nanostructures nanosheets effect; excellent NIR potential cytotoxicity imaging-therapy
absorption
Hybrid structures Core-shell Multifunctionality; Complex fabrication; Theranostics, biosensing, 59
Au@UCNPs, synergistic optical behavior  reproducibility issues dual-modality imaging
DNA-AuNP
hybrids
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based microscope (LEM) is an innovative tool that combines
high-resolution imaging with precise detection of tumor
biomarkers, facilitating early cancer diagnosis.**** In thera-
peutic applications, biophotonic nanostructures have shown
promise in photodynamic therapy, where photosensitizer-
loaded NPs generate reactive oxygen species upon light activa-
tion, selectively killing cancer cells.”** Additionally, opto-
genetics—a technique that combines light-sensitive proteins
with optical stimulation—has revolutionized neuroscience by
enabling precise control of neural activity.”®*® One of the
important points in this context is the selection of materials
that have a key role in defining the performance and func-
tionality of biophotonic nanostructures. Conventional mate-
rials like silica, glass, and polymeric nanowires have been
widely employed in the fabrication of optical waveguides,
sensors, and fiber-optic devices. These materials offer excellent
transparency, mechanical strength, and ease of fabrication, that
render them appropriate for different applications, including
deep-tissue imaging and fiber-optic bioimplants.**>*

Despite these advancements, several limitations remain in
the development and application of biophotonic nano-
structures. One major challenge is the scalability and cost-
effectiveness of nanomaterial synthesis, particularly for clin-
ical translation. Ensuring long-term biocompatibility and
stability of biophotonic devices in complex biological environ-
ments is another critical issue. Indeed, the limited biocom-
patibility and biodegradability of these materials pose
challenges for in vivo applications. Moreover, the integration of
these devices into existing medical workflows requires stan-
dardized protocols and rigorous validation.*® Recent innova-
tions in material science and device fabrication have addressed
some of these challenges. For instance, researchers have
explored naturally derived biomaterials, such as DNA, proteins,
silk, and polysaccharides, which exhibit remarkable optical
properties, biological compatibility, and degradability.>¢3*
Green fluorescent protein (GFP) and riboflavin have been
employed as gain media in biological lasers, while silk-based
photonic structures have demonstrated potential for creating
biocompatible optical devices.**** The integration of bio-
photonic nanostructures with biological entities, such as cells,
viruses, and tissues, has opened new avenues for designing
hybrid systems.**-*® These bio-inspired and biologically derived
materials enable the construction of photonic devices that
seamlessly interface with living systems, enhancing their func-
tionality and adaptability for biomedical applications.*® The
development of self-assembled nanostructures and 3D-printed
biocompatible materials has paved the way for scalable and
customizable biophotonic devices. Hybrid systems that
combine plasmonic NPs with responsive polymers offer tunable
optical properties, enhancing their functionality for targeted
diagnostics and therapy.”’

The aim of this review is to provide an overview about the
recent advancements and emerging applications of biophotonic
nanostructures via focusing on their applications in disease
diagnosis, imaging, and therapy. To this aim, the integration of
biophotonic nanostructures in optoelectronics has been
explored via highlighting their contributions to light-emitting
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diodes (LEDs), photodetectors, and other photonic devices.
Furthermore, the challenges associated with their design,
synthesis, and clinical translation have been discussed, offering
insights into potential future directions for this rapidly evolving
field. By bridging the gap between photonics, biology, and
materials science, biophotonic nanostructures hold immense
potential for developing healthcare and advancing our under-
standing of complex biological systems. Through this review, we
aim to highlight the transformative impact of these nano-
structures on science and technology, emphasizing their role in
addressing some of the most pressing challenges in modern
medicine.

2 Biophotonic nanostructures:
synthesis, photophysical properties,
and structure—function relationships
2.1 Synthesis

The synthesis of biophotonic nanostructures necessitates
precise control over size, shape, composition, crystallinity, and
surface chemistry to fulfill the dual demands of optical func-
tionality and biological compatibility. Each class of nano-
material employed in biophotonics, including plasmonic NPs,
QDs, upconversion NPs (UCNPs), carbon-based dots, and
MXenes, requires tailored synthetic protocols that ensure
reproducibility, scalability, and biofunctionality. This section
reviews the most advanced and widely adopted synthesis
methods used for each of these materials, highlighting their
critical chemical parameters, fabrication mechanisms, and
post-synthesis ~ modifications relevant to biomedical
applications.

2.1.1 Plasmonic NPs: gold and silver. Gold (Au) and silver
(Ag) NPs are primarily synthesized via wet chemical reduction,
with meticulous control over nucleation and growth kinetics.
The classical methods employ trisodium citrate to reduce
HAuCl, at boiling temperatures, yielding spherical AuNPs in the
10-40 nm range. This process allows partial control over
particle size via pH and reactant ratio adjustment. For aniso-
tropic shapes such as nanorods, nanostars, and triangular
prisms, seed-mediated growth in the presence of surfactants
like cetyltrimethylammonium bromide (CTAB) is used.® In this
method, small spherical seeds (~2-4 nm) are first prepared,
followed by their overgrowth in a growth solution containing Au
ions, ascorbic acid (a mild reducing agent), and shape-directing
additives such as Ag" ions to modulate the aspect ratio and
induce anisotropy.®® Shape-controlled synthesis of AgNPs is
similarly achieved using polyol processes where ethylene glycol
acts as both reducing agent and solvent, with poly-
vinylpyrrolidone (PVP) serving as a stabilizer. pH, temperature,
and ion concentration critically influence morphology.®* Post-
synthesis, ligand exchange is essential for biomedical utility,
as CTAB is cytotoxic. AuNPs are often functionalized via thiol-
terminated polyethylene glycol (PEG-SH), antibodies, or oligo-
nucleotides, using robust Au-S bonds for stability in physio-

logical environments.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.1.2 Quantum dots (QDs). Quantum dots (QDs) such as
CdSe/ZnS or InP/ZnSe are typically synthesized by hot-injection
colloidal methods, in which organometallic precursors are
rapidly introduced into coordinating solvents at elevated
temperatures (220-300 °C). For CdSe synthesis, a selenium
precursor dissolved in trioctylphosphine (TOP) is injected into
a mixture containing cadmium oleate and trioctylphosphine
oxide (TOPO). Size control is achieved by adjusting growth time
and precursor ratios, which directly influence the quantum
confinement and emission wavelength.***” To enhance stability
and quantum yield, QDs are often coated with a ZnS shell via
successive ion layer adsorption and reaction (SILAR) methods.
This core-shell architecture reduces surface trap states and
prevents photobleaching. Environmentally benign QDs (e.g,
InP) are now preferred for clinical translation due to the
reduced toxicity of indium compared to cadmium.®®** For
aqueous solubility and biocompatibility, ligand exchange with
hydrophilic molecules (e.g., mercaptoacetic acid, dihydrolipoic
acid) or polymer encapsulation using amphiphilic block
copolymers (e.g., PMAO) is employed. These surface treatments
improve circulation time and enable bio-conjugation.

2.1.3 Upconversion NPs (UCNPs). In UCNPs, such as NaYF,
doped with Yb** and Er*" or Tm**, high-temperature (typically
300-330 ©°C) thermal decomposition of lanthanide tri-
fluoroacetate precursors in hydrophobic solvents like oleic acid
and 1-octadecene is used as the most traditional fabrication
method. This yields monodisperse, highly crystalline particles
with hexagonal (B-phase) structure, known for superior upcon-
version efficiency compared to the cubic (a-phase).”””> To
enhance luminescence and reduce surface quenching, an inert
shell layer (e.g., NaYF,) is grown epitaxially around the core
using the same decomposition approach or solvothermal
methods. This core-shell structure increases quantum yield by
shielding sensitizer-activator pairs from surface defects and
water molecules.”””* In a recent study by Xu et al. (2024), a facile
one-pot solvothermal synthesis method was developed for the
large-scale production of biocompatible, water-soluble UCNPs
composed of NaYF, co-doped with Yb*" and Er®* ions. The
procedure began by preparing a reaction mixture containing
lanthanide oleates (derived from Y**, Yb®", and Er*" nitrates)
and sodium fluoride (NaF) as the fluorine source, all dispersed
in 1-octadecene (ODE) as the high-boiling non-polar solvent. To
impart water dispersibility and improve biocompatibility,
poly(ethylene glycol) bis(carboxymethyl) ether (HOOC-PEG-
COOH) was introduced as a functional surfactant during the
synthesis. This PEG ligand enabled simultaneous surface
passivation and aqueous compatibility, circumventing the need
for post-synthesis ligand exchange.”” The reaction was carried
out under a nitrogen atmosphere and involved a three-stage
heating protocol: initial heating at 135 °C for 1 hour ensured
complete solubilization and precursor complexation; followed
by 200 °C for 30 minutes to promote nucleation; and a final
310 °C for 1 hour to facilitate full crystallization of the hexag-
onal B-phase NaYF, nanocrystals. This in situ surface PEGyla-
tion approach enhanced colloidal stability through covalent
coordination between the carboxylic acid groups and surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lanthanide ions, while the long hydrophilic PEG chains pre-
vented aggregation and reduced opsonization. The resulting
NPs exhibited a uniform spherical morphology with an average
size of ~50 nm as confirmed by TEM, high crystallinity as
indicated by XRD, and consistent water dispersibility with
excellent stability in physiological media such as PBS and NaCl
solutions. Notably, this synthesis method allowed batch-scale
fabrication of up to 40 grams per run with minimal purifica-
tion steps, marking a significant advancement in the scalable
production of UCNPs for biomedical applications.”” UCNPs are
rendered water-dispersible using silica coating (Stober
method), ligand oxidation, or amphiphilic polymer wrapping,
followed by surface modification with targeting ligands (e.g.,
folic acid, peptides). Their non-blinking, narrow-band emission
under NIR excitation makes them ideal for deep-tissue
imaging.”""

2.1.4 Carbon dots and graphene QDs. Carbon dots (CDs)
and graphene QDs (GQDs) are synthesized via bottom-up
carbonization of organic precursors under hydrothermal, sol-
vothermal, or microwave-assisted conditions. Common feed-
stocks include citric acid, ethylenediamine, glucose, and even
biomass waste. A standard method involves heating a citric
acid/ethylenediamine mixture at 180 °C for 6-8 hours in
a Teflon-lined autoclave, yielding blue-emissive nitrogen-doped
CDs.””* The emission properties of CDs depend on surface
functional groups, heteroatom doping (N, S, P), and degree of
graphitization. Post-synthetic passivation with PEG or PEI
improves quantum yield and biological compatibility. GQDs are
typically derived by oxidative cleavage of graphene oxide sheets,
using concentrated HNO; or KMnO,4/H,SO, treatment followed
by ultrasonication and filtration.”»”* A novel and innovative
approach for synthesizing carbon-based QDs involves the use of
pulsed laser ablation in liquid (PLAL), which has gained
increasing attention due to its simplicity, environmental
friendliness, and ability to produce high-purity nanomaterials.
In this top-down laser-based method, a high-intensity pulsed
laser—typically a Nd: YAG system—is focused on a solid
carbonaceous target (such as graphite rods or graphene oxide
films) immersed in a liquid medium. The rapid energy depo-
sition at the solid-liquid interface induces localized plasma
formation, explosive evaporation, and subsequent nucleation of
carbon nanostructures. The process enables precise control
over the particle size (generally in the 2-10 nm range), crystal-
linity, and surface functionality of the generated carbon or
graphene QDs. The choice of liquid environment, laser wave-
length and pulse duration, and irradiation parameters allows
fine-tuning of optical properties such as fluorescence wave-
length and quantum yield—making this method particularly
attractive for biomedical imaging and sensing.”> An excellent
demonstration of this technique was provided by Zhang et al. In
their study, GQDs were synthesized from graphite rods using
a nanosecond-pulsed Nd: YAG laser in deionized water, with
varying laser fluence to control dot size and emission charac-
teristics. The resulting GQDs exhibited narrow size distribution
(~3-5 nm), blue-green fluorescence, and high stability under
UV excitation. Spectroscopic analysis (UV-vis, FTIR, Raman)
confirmed sp” carbon networks with surface hydroxyl and
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carboxyl groups, enhancing water dispersibility. Notably, this
PLAL approach enabled labelfree, excitation-wavelength-
tunable photoluminescence, suitable for imaging and sensing
applications. Their findings underscore the potential of PLAL as
a scalable, clean, and customizable method for QD fabrication
with minimal environmental impact and high biomedical
compatibility.””

2.1.5 MXenes. The conventional approach for MXene
synthesis involves chemical etching with hydrofluoric acid (HF)
or in situ generated HF, such as using a LiF + HCI mixture. In
this method, Ti;AlC, powder is immersed in the etchant to
remove the Al layers, resulting in multilayered Ti;C,T, struc-
tures. To achieve few-layer or monolayer MXene sheets, the
etched material undergoes intercalation with organic solvents
such as dimethyl sulfoxide (DMSO) or tetramethylammonium
hydroxide (TMAOH), followed by mild sonication to delaminate
the layers. This yields colloidally stable suspensions of Ti;C,T,
flakes with high surface area, suitable for a range of applica-
tions including drug delivery, biosensing, and photothermal
therapy.”®”® However, the reliance on HF presents serious
health, environmental, and scalability challenges, prompting
the development of alternative synthesis methods. One such
innovative and safer method is electrochemical etching, which
avoids the use of fluoride-based reagents. Besides, a fluoride-
free electrochemical route was used in a recent study to
synthesize Ti;C,T, MXenes. Their protocol employed a three-
electrode system comprising TizAlC, as the working electrode,
a platinum counter electrode, and Ag/AgCl as the reference
electrode in a 1 M ammonium chloride (NH,CI) electrolyte.
Under a constant current density of 7.8 mA cm™>, anodic
oxidation facilitated the selective removal of Al atoms from the
MAX structure. This method effectively preserved the integrity
of the Ti;C, basal planes, minimized environmental risk, and
resulted in high-purity, delaminated MXene sheets. Subsequent
intercalation with TMAOH and bath sonication yielded few-
layer nanosheets with excellent dispersion in water.”* Char-
acterization of the resulting MXenes confirmed the complete
etching of Al (via XRD), high electrical conductivity (~10 000 S
m '), and large lateral dimensions (1-2 pm) as observed under
TEM. Importantly, cytocompatibility assays using NIH-3T3 cells
revealed >90% viability at concentrations up to 200 pg mL ",
and zeta potential measurements demonstrated sustained
colloidal stability for several weeks. These features underscore
the potential of electrochemically synthesized MXenes for
biomedical applications such as bioelectronics, imaging, and
drug delivery systems.” Surface functionalization plays a pivotal
role in the biomedical deployment of MXenes. During
synthesis, surface terminations such as -OH, -O, and -F are
naturally introduced, imparting hydrophilicity and reactivity.
Further surface engineering techniques—such as PEGylation,
protein adsorption (e.g., albumin), or covalent conjugation with
targeting ligands—enhance biocompatibility, extend blood
circulation time, and enable specific targeting. Additionally, the
intrinsic NIR absorption capability and photothermal conver-
sion efficiency of MXenes position them as ideal candidates for
photothermal cancer therapy, while their redox-active surfaces
support ROS scavenging and biosensing functions.”®® Overall,
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the versatility in synthesis routes and functionalization strate-
gies allows MXenes to be tailored for precise biomedical roles,
ranging from imaging agents and drug carriers to photo-
therapeutic and diagnostic platforms.

2.2 Photophysical properties of biophotonic nanostructures

The photophysical properties of nanostructures define their
interaction with electromagnetic radiation, influencing how
they absorb, scatter, emit, and convert light. In biophotonics,
understanding and engineering these properties is essential for
developing systems for imaging, sensing, and therapeutic
intervention. Each nanostructure class—plasmonic NPs, QDs,
UCNPs, carbon-based nanodots (CDs/GQDs), and MXenes—
exhibits unique optical behaviors governed by their electronic
structure, geometry, and surface chemistry. For instance, plas-
monic NPs (PNPs), particularly those composed of Au and Ag,
exhibit localized surface plasmon resonance (LSPR). This
phenomenon arises from the collective oscillation of
conduction-band electrons in response to an external electro-
magnetic field. The resonance leads to intense light absorption
and scattering at specific wavelengths, which are tunable by
modifying particle shape, size, aspect ratio, and surrounding
dielectric environment.®* Spherical AuNPs typically display
LSPR peaks around 520-530 nm. As the size increases (>50 nm),
scattering dominates absorption. Au nanorods (AuNRs) exhibit
two plasmon bands—transverse and longitudinal. By increasing
the aspect ratio (length/diameter), the longitudinal band can be
shifted deep into the NIR region (~700-1100 nm), which is
essential for biological transparency windows. Au nanostars
and nanocages, characterized by sharp tips and hollow interiors
respectively, further amplify local electromagnetic fields
through the “lightning rod” effect, enhancing applications in
SERS and photothermal conversion.**®** The dielectric sensi-
tivity of LSPR enables refractive index sensing with limits of
detection down to 10”7 RIU. Additionally, these nanostructures
can serve as heat transducers for PTT. Upon NIR excitation,
absorbed energy is dissipated non-radiatively as heat, raising
local temperatures to induce hyperthermia in diseased tissues.
Notably, LSPR linewidths are narrower in AgNPs compared to
AuNPs, resulting in sharper optical features, although Ag's poor
stability in biological environments limits its utility.*>*®

In the case of QDs, as the size reduces to the exciton Bohr
radius, the energy levels discretize, resulting in a blue shift of
emission. For instance, CdSe QDs ranging from 2 to 6 nm can
emit across the visible spectrum (~450-650 nm). InP,
a cadmium-free alternative, shows similar confinement prop-
erties and is gaining attention due to its lower cytotoxicity.?” The
core-shell architecture (e.g., CdSe/ZnS) enhances quantum yield
(QY) and photostability by passivating surface trap states. ZnS
or CdS shells create a potential barrier for electrons and holes,
preventing non-radiative recombination. Typical photo-
luminescence quantum yields reach 60-90% in optimized
QDs.*# QDs exhibit high absorption cross-sections (~10"**
cm?), enabling efficient excitation with low light doses. Their
narrow emission spectra and resistance to photobleaching
make them ideal for multiplexed bioimaging. Additionally,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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blinking, a stochastic switching between emissive and non-
emissive states, has been mitigated by thick-shell designs and
core/alloy/shell strategies.”®* Surface ligands critically influ-
ence QD photophysics. Ligand exchange with thiol- or amine-
terminated molecules imparts aqueous solubility and allows
for bio-conjugation; however, improper exchange can reduce
QY due to partial loss of passivation, necessitating careful
optimization.*?

UCNPs convert low-energy NIR photons into higher-energy
visible or UV emission through nonlinear multiphoton
absorption. This process is mediated by sensitizer ions
(commonly Yb*") that absorb 980 nm or 808 nm light and
transfer energy sequentially to activator ions (e.g., Er’*, Tm®",
Ho*"), leading to anti-stokes emission.”®** Emission spectra are
composed of discrete narrow bands, such as green (~540 nm),
red (~660 nm), or blue (~480 nm), depending on the activator.
The B-phase hexagonal NaYF, is the most efficient host crystal,
offering low phonon energy and high upconversion efficiency.
Upconversion is sensitive to dopant concentration, so that
excessive activator ions result in cross-relaxation quenching,
while inadequate levels limit energy transfer efficiency. There-
fore, an optimal ratio (e.g., 20% Yb*", 2% Er*") is usually
required.®*® Core-shell engineering is vital to mitigate surface
quenching. Coating with inert NaYF, or NaGdF, shells
increases emission intensity by 10-50 fold. Shells also enable
multifunctionality, such as MRI contrast when Gd** is used.””*®
UCNPs exhibit exceptional photostability, negligible auto-
fluorescence, and deep tissue penetration due to NIR excitation,
making them superior to QDs or organic dyes in long-term
imaging and photo-triggered drug release.

CDs and GQDs display unique fluorescence originating from
7T transitions*, surface state emissions, and molecular fluo-
rophores. Their emission is typically excitation-wavelength-
dependent, a result of size heterogeneity and diverse surface
traps.”'® CDs show tunable emission from blue to red, with
quantum yields ranging from 10-80% depending on the
synthesis method, precursor, and passivation. Nitrogen doping
enhances QY by introducing mid-gap states that facilitate
radiative recombination. CDs are resistant to photobleaching
and exhibit strong two-photon absorption, useful for deep
tissue imaging.'*'> GQDs, derived from graphene oxide,
exhibit intrinsic quantum confinement and edge effect-induced
luminescence. Their planar sp> domains offer higher conduc-
tivity and robustness. Unlike CDs, GQDs can display structured,
excitation-independent emission.'**'** Photostability of CDs/
GQDs is enhanced by surface passivation with polyethylene
glycol (PEG), polyethylenimine (PEI), or other polymers. Their
biocompatibility, rapid renal clearance, and easy surface
modification make them promising candidates for targeted
imaging and photodynamic therapy.'®

Unlike conventional fluorescent NPs, MXenes do not rely on
bandgap emission but exhibit strong broadband absorption
across the UV-NIR range, stemming from free-carrier absorp-
tion and metallic conductivity.’®® Photothermal conversion
efficiency (PCE) of MXenes, particularly Ti;C,T,, can exceed
40% under 808 nm irradiation. This is attributed to their high
NIR absorbance, high extinction coefficients (~10° M cm ™),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and strong electron-phonon coupling. These features make
MXenes ideal for photothermal therapy and optoacoustic
imaging.'”'*® MXenes also serve as fluorescence quenchers due
to their wide energy band and electron-donating surface. This
property enables their application in FRET-based biosensors,
where interaction with a fluorescent probe modulates signal.*®
However, MXenes have some challenges as well. For instance,
the stability is a challenge; since MXenes can oxidize in aqueous
media, leading to degradation. Antioxidant coatings or encap-
sulation with polymers (e.g., polydopamine) can mitigate this.
Their surfaces can be functionalized with PEG, albumin, or
targeting ligands for improved circulation and cellular uptake.
Table 2 shows a summary of different photonic compounds,
their properties, and applications.

3 Biophotonic nanostructures in
optoelectronics
3.1 Biophotonic and LEDs

LED have emerged as a superior alternative to incandescent and
fluorescent lamps, offering unparalleled advantages in terms of
energy efficiency, luminous output, and durability. Their
growing dominance in both consumer and industrial markets
over the past two decades has been driven by the adoption of
innovative designs, such as widely utilization of blue LED chip
combined with green and red light-emitting phosphors."® This
setup operates by partially absorbing blue light through the
phosphor, while the unabsorbed portion is transmitted directly.
However, the environmental impact of rare-earth-based phos-
phors and the absence of effective recycling methods have
driven growing interest in exploring organic and biological
alternatives for LED development.***

Sensing mechanisms with bio-LEDs typically involve modu-
lation of the light emission in response to biochemical changes.
The integration of bio-recognition elements—such as pH-
responsive dyes, enzymatic substrates, or redox-active layers—
onto the emission surface allows the LED output to reflect
specific biological cues. These interactions alter emission
intensity, spectral characteristics, or lifetime through changes
in refractive index, energy transfer efficiency, or photonic
interference patterns. In advanced configurations, closed-loop
circuits couple emission with feedback sensors, enabling real-
time quantification of analytes like glucose, lactate, or reactive
oxygen species.”>'* In the context of bioimaging, bio-LEDs
serve as precision illumination sources embedded in flexible
or implantable platforms. Their ability to emit within the visible
and NIR windows permits imaging at variable tissue depths
while minimizing background scattering. When aligned with
contrast-enhancing agents—such as QDs or lanthanide
nanoprobes—the emitted light enhances imaging resolution
and signal stability. Pulsed or modulated LED arrays can further
support high-speed fluorescence imaging or structured illumi-
nation techniques, improving visualization of dynamic cellular
processes.*'>'**

Hagen et al first demonstrated the incorporation of
biomaterials into LED systems in 2006 by employing DNA films
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as electron-blocking layers in organic light-emitting diodes
(OLEDs), which significantly enhanced luminous efficiency."*®
This milestone marked the beginning of a new era in the use of
biological components in electronic and photonic devices. In
OLEDs, biomaterials have been employed both as white-
emitting composite materials and as functional elements for
enhancing luminous control. Recent research is advancing the
frontiers of bio-LED technology, expanding its applications to
include biological recognition and environmental responsive-
ness."® One key advancement in bio-LED technology involves
leveraging organic dyes for energy transfer via FRET. Despite the
promise of this mechanism, random dye distribution within
films has historically hindered energy transfer efficiency. To
overcome this, Benson et al, introduced a bovine serum
albumin (BSA) hydrogel framework, which precisely binds red,
green, and blue dyes at discrete sites."® This arrangement
regulates the spatial distribution of dyes, maintaining high
local concentrations while preventing aggregation and
quenching. By varying the molar ratios of the dyes, a stable
white-emitting LED was achieved, capable of functioning in
both dry and wet environments.

BSA hydrogels also exhibit remarkable adaptability to envi-
ronmental stimuli such as pH, temperature, and ligand pres-
ence. Changes in these conditions alter the gel's swelling
behavior, modifying the distances between donor and acceptor
dyes and thereby disrupting FRET efficiency. As a result, the
color of emitted light can be dynamically tuned, ranging from
red in acidic conditions to white in neutral pH and green in
basic environments. This versatility underscores the potential
of bio-LEDs in applications requiring dynamic color modula-
tion and responsiveness, opening new avenues for innovation
in lighting and sensing technologies."'”'*®

Fluorescent proteins, a unique class of organic dyes, have
also garnered significant attention for their role in biological
and organic LED advancements. Efficient energy transfer in
such systems depends heavily on the design of protein-based
packaging.'*® Two primary approaches used in this context are
included multilayered cascade coatings and micropatterned
single-layer coatings of fluorescent proteins.”***** However,
these methods are often hindered by labor-intensive fabrication
processes and suboptimal light outcoupling in thicker layers.
To address these challenges, Aguino et al., engineered a single
white fluorescent protein (FP) emitter vi linking the blue-,
green-, and red-emitting proteins, expressed recombinantly in
Escherichia coli (E. coli), that led to the photoluminescence
quantum yield of about 26% and a stable white emission. The
photoluminescence was modulated via changing the excitation
wavelength, allowing for precise control of emission peaks at
450, 510, and 610 nm. Depending on the excitation range,
emission intensities could shift to favor green and blue peaks,
demonstrating the versatility of this system.™ Building on
these advancements, researchers designed high-performance
white LEDs by utilizing red-emitting mScarlet and green-
emitting eGFP fluorescent proteins (Fig. 1). By optimizing the
concentration ratios of these proteins, they achieved
a maximum color-rendering index of 92, highlighting the
potential of protein-based systems for superior color fidelity.'*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(A) Schematic image related to the fabrication of eGFP and mScarlet fluorescent proteins. (B) Results of the extended CRI for the white

light produced by the PLED. (C) Intensity curve related to the protein-based white LEDs (PLEDs) with the highest CRI at various injection currents
(10-90 mA). (D) Image related to the illumination of objects with different colors by the PLED. Reprinted with permission from 123. Copyright

2020, WILEY-VCH Verlag GmbH & Co.

In parallel, DNA has emerged as a functional material in LED
systems, serving as an electron-blocking layer to enhance
luminous efficiency and luminance. By leveraging the base-
pairing specificity of DNA, Back et al. created prismatic hexag-
onal rod crystals composed of single-stranded DNA (ssDNA) and
Alg3. The luminescence intensity was enhanced by approxi-
mately 1.6-fold when these rods were treated with comple-
mentary DNA sequences, while mismatched DNA sequences
produced minimal enhancement.’* Furthermore, Kim et al.
demonstrated that DNA-DNA recognition impacts not only
photoluminescence intensity but also waveguide properties. By
preparing solutions with complementary and mismatched DNA
sequences, they observed distinct variations in intensity,
underscoring the precise tunability offered by DNA-based
systems. These findings reveal the broad potential of DNA and
protein materials in advancing bio-LED technologies, paving
the way for next-generation applications in lighting and

sensing."*

3.2 Biophotonic and wire

Biophotonics has also ventured into the realm of molecular
photonic wires (MPWs), which are sophisticated nanostructures

© 2025 The Author(s). Published by the Royal Society of Chemistry

designed for the transport of photons. Operating similarly to
electrical wires but on a photonic scale, these structures are
pivotal in harnessing light for advanced applications. Among
MPWs, DNA-based molecular photonic wires have gained
significant traction due to their flexibility and ability to spatially
arrange chromophores with precision. These systems often rely
on FRET for energy migration, utilizing two primary method-
ologies: hetero-FRET and homo-FRET. Hetero-FRET facilitates
energy transfer between different donor and acceptor dyes,
though its scalability is limited by the necessity for diverse dye
sources. In contrast, homo-FRET offers a scalable solution by
employing chains of identical-energy dyes, enabling energy
transfer from high-energy donors to lower-energy acceptors.
The success of this approach hinges on the arrangement and
orientation of chromophores to maximize efficiency.'*®
Biowires function as nanoscale transducers and optical/
electrical conduits, interfacing seamlessly with biological
systems to enable precise detection, visualization, and modu-
lation of physiological signals. Their core mechanism relies on
the efficient coupling of their one-dimensional architecture
with biological, electrical, or photonic inputs. In biosensing,
biowires—particularly silicon nanowires (SiNWs), zinc oxide

RSC Adv, 2025, 15, 26138-26172 | 26145
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(znO) nanowires, and conductive polymers—act as ultra-
sensitive field-effect transducers.”® Molecular binding events
at the biowire surface modulate the local charge density or
electric field, leading to measurable variations in carrier trans-
port characteristics (e.g., drain current, threshold voltage shift).
These interactions often occur within a Debye length, making
biowires highly responsive even at femtomolar analyte
concentrations. In optoelectronic sensing, biowires also func-
tion as dielectric waveguides or plasmonic resonators, where
the presence of a target analyte perturbs the evanescent optical
field, causing wavelength shifts or intensity modulation in
guided modes."”

In imaging, biowires serve as directional nanophotonic
structures that can guide, emit, or amplify light at cellular and
subcellular resolutions. Fluorescently labeled or rare-earth
doped nanowires can generate coherent emission upon excita-
tion, while metallic biowires (e.g., Au or Ag) act as nanoscale
plasmonic antennas, enhancing local electromagnetic fields
and fluorescence yield. Their anisotropic light propagation
enables targeted illumination with reduced scattering,
improving the signal-to-noise ratio and spatial resolution in
dense tissue environments. Furthermore, when integrated into
intracellular structures, biowires can act as intracellular optical
probes, tracking dynamic processes such as membrane poten-
tial changes or ion fluxes with high spatiotemporal fidelity."*****
Collectively, the utility of biowires lies in their ability to inte-
grate electronic and photonic functionality with biological
systems at the nanoscale, offering multiplexed capabilities in
biosensing, diagnostics, and precision therapy.

Boeneman et al., demonstrated the creation of self-
assembled QD-sensitized multivalent DNA photonic wires,
integrating the unique photophysical properties of QDs with
programmable scaffolding capabilities of DNA. These hybrid
structures employed QDs as central nanoscaffolds and ultravi-
olet energy donors, driving sequential FRET cascades through
a DNA-based system to achieve energy transfer over distances
exceeding 150 A. By arranging acceptor dyes with increasing
red-shifted emissions on a complementary DNA template
modified with a peptide, the system facilitated precise energy
flow. This approach allowed testing configurations like inter-
calating dyes or multiple identical acceptor dyes utilizing homo-
FRET. Notably, a structure incorporating four acceptor dyes
demonstrated four-step energy transfer, though efficiency was
primarily limited by acceptor dye quantum yields. These find-
ings highlight the potential of DNA-QD hybrids for advancing
photonic wire assemblies and their applications in
nanotechnology.**®

An innovative diagnostic approach was introduced in
a research for acute myocardial infarction (AMI) by developing
a miRNA addition probe utilizing a non-crosstalk DNA photonic
wire (PW) and a clustering algorithm. Their design incorporates
a three-dye DNA PW to construct a two-step FRET cascade
system, enabling separate or additive analysis of two upregu-
lated miRNAs (miR-133a and miR-208a). By employing a K-
Means clustering algorithm, the system achieved 100% accu-
racy in diagnosing early-stage AMI in clinical serum samples
across both training and validation cohorts. This method
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demonstrates the potential of integrating DNA photonic tech-
nologies with advanced computational algorithms for precise
and early medical diagnostics.***

A cutting-edge DNA-based intelligent machine was estab-
lished by Zhang et al., via developing an advanced DNA-based
intelligent machine that was used for imaging from the live
biological samples with a high-performance, to address the
major challenges in enzyme-free fluorescence biosensors. This
system consisted of two primary components: a pair of double-
stranded DNA probes, DP1 and DP2, along with their related
single-stranded sequences (S1 to S4), which were anchored onto
a long DNA wire nano-scaffold. In this configuration, S1 and S2
were labeled with a fluorophore-quencher pair—black hole
quencher-3 (BHQ-3) and cyanine 5 (Cy5)—to enable a FRET
process when in close proximity. The nano-scaffold also con-
tained another DNA duplex, named WS, with single-stranded
DNAs S5 and S6 (DP-WS). The second part of the system con-
sisted of core-shell UCNPs coated with polyacrylic acid (PAA)
and functionalized with DP-WS (Fig. 2). Using an 808 nm NIR
light-activated biosensing technique, this DNA machine
restricted nucleic acid interactions to the DNA wire nano-
scaffold, leading to a 30.8-fold increase in local concentration
and a 15-fold improvement in reaction rate. The system was
validated with miRNA-221 as a low-abundance biomarker,
demonstrating ultra-high sensitivity (limit of detection of about
62.65 fM) and exceptional specificity for the detection of hepatic
tumor. Additionally, it showed remarkable imaging perfor-
mance in live biological samples, from cellular assays to whole-
body applications, in nude mice, highlighting its transformative
potential in diagnostic and bio-imaging technologies.**

Nicoli et al., investigated the potential of FRET within DNA
origami-based photonic wires to advance nanoscale light
transport. By leveraging the spatial programmability of DNA
origami, they constructed a directional photonic wire
comprising cyanine 3 (Cy3) dye flanked by a blue donor dye
(Alexa488) and a red acceptor dye (Cy5). Their study demon-
strated that homo-FRET among Cy3 dyes enhanced energy
transfer to the acceptor, with the system effectively transporting
energy over 16 nm. Bulk and single-molecule spectroscopy,
supported by Monte Carlo simulations, confirmed the efficiency
of this design. This work highlights the promise of DNA-based
platforms in constructing scalable photonic circuits for future
light-harvesting and dye-based applications.'*

Lv et al., presented a groundbreaking approach to DNA-
based programmable gate arrays (DPGAs), marking a signifi-
cant step toward general-purpose DNA computing. By utilizing
single-stranded oligonucleotides as uniform transmission
signals, they successfully developed large-scale DNA integrated
circuits (DICs) with minimal leakage and high fidelity. Their
system features a reconfigurable DPGA comprising 24
addressable dual-rail gates, capable of implementing over 100
billion distinct circuits through programmable wiring instruc-
tions. Additionally, the use of DNA origami registers facilitated
directionality and asynchronous execution in cascaded DPGAs,
exemplified by a quadratic equation-solving DIC with 30 logic
gates and approximately 500 DNA strands. The integration of
DPGAs with analog-to-digital converters further demonstrated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic image related to the fabrication of DP-WS@UCNP machine and its application for high-performance imaging. (B) Fluo-

rescence spectra of Cy5 of the DP-WS@UCNP in the presence of different concentrations of miRNA-221. (C) Result of specificity assessment of
fabricated sensor (*** refer to P < 0.001). (D) Real-time fluorescence image of mice injected with DP-WS@UCNP during 15 h in the presence and
absence of NIR irradiation. (E) Fluorescence intensity of vital organs and tumor tissue in the presence/absence of light. Reprinted with permission

from 132. Copyright 2024, Elsevier B.V.

the potential for classifying disease-related microRNAs, high-
lighting the versatility and scalability of this innovative platform
in advancing DNA computing technologies.***

Diaz et al., explored the potential of excitonically coupled J-
like cyanine dye dimers (Cy3 and Cy5) as energy transfer
relayed within DNA-templated photonic wires to leverage the
collective emission dipole of J-dimers and enhance FRET rates
between relay dimers and remote acceptor dyes. However,

© 2025 The Author(s). Published by the Royal Society of Chemistry

under standard aqueous buffer conditions, dimer relays
showed no improvement over monomer relays in energy
transfer quantum yield, primarily due to nonradiative relaxa-
tion, suboptimal dye orientation within dimers, and misalign-
ment between dimers and acceptor dyes. The researchers
mitigated nonradiative losses by using viscous solvents or
cooling samples, which significantly enhanced energy transfer
efficiency. They concluded that achieving practical
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improvements in energy transfer with J-dimers would require
precise control over dye orientations to fully harness their
potential. This study highlights the challenges and opportuni-
ties in optimizing excitonic coupling for molecular photonic
applications.**

Adamczyk et al., demonstrated precise control of excitonic
energy transfer using DNA origami as a platform to position and
orient organic dyes. By independently manipulating the orien-
tation of single donor and acceptor dyes within DNA nano-
structures, they achieved a twofold increase in energy transfer
efficiency. This approach highlights the potential of DNA
nanotechnology for optimizing molecular exciton flow, with
significant implications for applications such as artificial light-
harvesting systems, energy conversion, and advanced spec-
troscopy. The study underscores the transformative role of DNA-
based platforms in achieving high-precision molecular control
for photonic applications.™*

3.3 Biophotonic and biolaser

Biological lasers represent a groundbreaking advancement
where laser technology is seamlessly merged with biological
materials to produce highly tunable, precise, and intense light
emissions. Unlike LEDs and fluorescence systems, lasers offer
unparalleled advantages, including linewidths,
enhanced intensity, and superior controllability, making them
indispensable for advanced nanoscale and microscale applica-
tions."” Bio-lasers operate on the fundamental principle of light
amplification through stimulated emission within biological or
bio-integrated systems. In these constructs, the gain medium is
typically composed of biologically compatible fluorophores—
such as fluorescent proteins (e.g., GFP), synthetic dyes (e.g:,
rhodamine derivatives), or rare-earth doped NPs —that are
either embedded in tissues, coupled to cells, or encapsulated in
biopolymers. Resonant feedback is provided by naturally
occurring or engineered microcavities, including intracellular
lipid droplets, cell membranes, or artificially introduced
whispering-gallery-mode (WGM) microspheres and Fabry-Pérot
cavities.’****® In sensing applications, bio-lasers exhibit ultra-
narrow linewidths and extreme sensitivity to environmental
perturbations. Slight changes in refractive index, pH, ion
concentration, or biomolecular interactions near the lasing
cavity result in measurable shifts in emission wavelength or
intensity. For instance, binding events at the cavity surface alter
local optical density, modulating the lasing threshold or emis-
sion profile. This allows real-time, label-free biosensing with
high resolution and specificity.”* In imaging, bio-lasers enable
enhanced signal-to-noise ratios due to their coherent and
monochromatic emission."*® Bio-lasing constructs embedded
within cells or tissues act as bright, tunable contrast agents.
Unlike traditional fluorophores, lasing emissions avoid broad
spectral backgrounds, providing super-resolution imaging in
complex biological environments. Additionally, their emission
can be tuned to penetrate deeper tissues when lasing in the NIR
region.”** For therapeutic purposes, bio-lasers have been
explored in photothermal and photodynamic therapy plat-
forms."™® Here, the optical gain medium—especially when

narrow
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based on plasmonic or lanthanide-doped nanostructures—can
convert absorbed laser energy into localized heat or reactive
oxygen species (ROS). When pumped above lasing threshold,
the intensified optical field significantly enhances therapeutic
output, allowing for more precise ablation of diseased cells or
activation of photosensitizers with spatial control.

Biolasers typically incorporate biological components either
within the gain medium, the optical cavity, or both, enabling
innovative functionalities.’** These systems often operate in
fluidic environments, where biological materials such as
proteins, DNA, or enzymes interact with optical cavities like
Fabry-Pérot resonators, distributed feedback cavities, or opto-
fluidic ring resonators to amplify light signals.** For instance,
Chen et al., developed an optofluidic laser system that utilized
genetically encoded fluorescent protein FRET pairs connected
by tunable peptides. It was composed of two strands of peptides
contained genetically encoded fluorescent proteins (eGFP and
mCherry which acted as donor and acceptor, respectively) that
were connected via a peptide with two different lengths, which
were injected into an optofluidic ring resonator (OFRR). This
system demonstrated a 25-fold reduction in donor laser emis-
sion when donor and acceptor fluorophores were brought into
proximity, significantly outperforming conventional FRET
detection methods, which achieved only a 17% reduction. This
approach offers enhanced sensitivity for studying protein-
protein and protein-drug interactions, paving the way for
advanced applications in biochemical and biophysical
research.***

Yuan et al., introduced the concept of bioresponsive micro-
lasers using whispering-gallery-mode (WGM) microdroplet
cavities, offering a novel approach to amplify light-matter
interactions at the bio-interface. These microlasers leverage
interfacial energy transfer to manipulate lasing wavelengths
based on molecular binding concentrations at the cavity
surface. By integrating protein-based and enzymatic interac-
tions, they achieved tunable lasing wavelengths over a broad
spectral range using different donor/acceptor dye pairs. This
study provided insights into how molecular interactions
modulate laser emissions and opened avenues for developing
smart biophotonic devices for advanced biodetection and bio-
imaging applications.**> Optical resonators constructed from
biological materials provide additional avenues for innovation.
Protein-based microlasers, hydrogels, and crystalline nano-
cellulose (CNC) systems exhibited tunable properties based on
environmental stimuli. For instance, CNC materials utilized
self-assembly to form cholesteric liquid crystals, which can shift
photonic bandgaps in response to moisture changes and
enabled wavelength modulation through swelling and
shrinking behaviors. Similarly, starch-based ellipsoidal micro-
granules demonstrated lasing wavelength shifts by altering
water content or crystalline arrangements.*® Structural changes
induced by dehydration or rehydration allow these systems to
tune their cavity volumes dynamically. Protein materials such as
silk and squid ring teeth add another dimension of function-
ality through their high thermo-optic coefficients. For instance,
squid ring teeth proteins exhibited thermo-refractivity nearly
a hundred times greater than silica, enabling efficient optical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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switching. Azosilk, a modified silk composite incorporating
azobenzene moieties, responded to light exposure by altering its
diffraction efficiency, creating adaptable optical patterns.**”**®
Such advancements highlight the versatility of biolasers in
integrating biological structures for responsive optical control.

Recent breakthroughs in biolaser technology underscore
their potential in diverse applications. For instance, genetically

A -
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encoded proteins in combination with optofluidic systems
enable high-performance imaging in live biological samples.**
DNA-templated QD systems further enhance these capabilities
by enabling multi-step energy transfer for broad-spectrum
tunability. These advances extend the functionality of biol-
asers to include precise diagnostics, biosensing, and environ-
mental monitoring, with applications spanning cellular
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imaging to whole-organism studies.”® In another research,
telecom optical fibers were used, as optical microcavities, to
fabricate low-coat repeatable disposable ultrasensitive biosen-
sors that had the capability of detecting biomarkers using
whispering-gallery laser emission. It was a submonolayer biol-
aser that showed better performance (about 6-time magnitude
advancement in limit of detection (LOD)) compared with the
monolayer biolaser. The fabricated sensor was used for the
detection of alpha-synuclein («-syn), as one of the biomarkers of
Parkinson's disease, in serum that showed LOD of about 0.32
PM and linear range between 0.1-100 pM. It was a sandwich-
like sensor composed of optical fibers which were functional-
ized with biotin and antibody 1 (Ab1, named as capture anti-
body). Then, streptavidin-Cy3 (Sav-Cy3) were added to the
media which were attached to the biotin molecules and acted as
the laser gain molecules. If a-syn molecules were present in the
microenvironment of the sensor, they would be captured
between Ab1 and Ab2 (the detection antibody conjugated with
a biotin molecule), followed by the attachment of additional
Sav-Cy3 molecules, which enhanced the fluorescence signal
(Fig. 3).**

Structural innovations also play a critical role in advancing
optical resonators. Hydrogel-based microlasers, for instance,
can modulate lasing properties by responding to external
stimuli such as pH or temperature. Polysaccharide-based
systems offer similar tunability through structural trans-
formations. Examples include whispering gallery mode reso-
nators that leverage protein-based secondary structures to
achieve dynamic wavelength control.**

Collectively, these advancements highlight the trans-
formative potential of biolasers in merging biological and
synthetic materials to create responsive, efficient, and highly
customizable optical systems. The convergence of DNA nano-
technology, protein engineering, and hybrid material platforms
positions biolasers as a cornerstone for next-generation optical
technologies. These systems redefine the capabilities of lasers
in biomedical imaging, diagnostics, environmental sensing,
and beyond, opening new frontiers for scientific exploration
and industrial innovation.

4 Applications of biophotonic
nanostructures in biomedicine

Biophotonic nanostructures have emerged as transformative
tools in biomedicine due to their unique ability to manipulate
light at the nanoscale. The application of biophotonic nano-
structures in biomedical domain has experienced significant
growth especially in imaging, diagnostics, and therapy. This
progress is attributed to the non-invasive and remote nature of
light-based techniques, the availability of light, and the versality
of light manipulation for diagnosis, treatment, and therapy
guidance.” In therapeutic applications, biophotonic nano-
structures have shown remarkable potential in photothermal
and photodynamic therapies. These properties provide superior
imaging contrast and enable real-time monitoring of cellular
processes, making them invaluable in both preclinical and
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clinical settings. Therefore, the advancements in biophotonic
nanostructures continue to develop biomedical applications,
offering precise, minimally invasive, and highly effective solu-
tions for complex medical challenges.

4.1 (Bio)sensing

Biophotonic nanostructures are revolutionizing the field of
sensing due to their ability to precisely interact with light,
enabling highly sensitive and selective detection of chemical
and biological targets. The accurate and specific identification
of targeted molecules such as proteins and nucleic acids, is
crucial for a wide range of applications, including disease
diagnosis and drug development. The use of biophotonic
structures for optical sensing of biomolecules offers valuable
advantage such as fast analysis, good reproducibility, high
selectivity and high sensitivity, making them indispensable
tools for biomedicine."* Such advancements have facilitated
breakthroughs in medical diagnostics, environmental moni-
toring, and food safety by enabling rapid, accurate, and non-
invasive detection methods. Application of biophotonic struc-
tures as optical sensing platforms providing optical features like
surface plasmon resonance (SPR), Raman scattering (RS), and
fluorescence biosensing, that have emerged as valuable tools in
the field of biomedicine.

4.1.1 Surface plasmon resonance (SPR). Surface plasmon
resonance sensing has become a powerful tool for the detection
of biomolecules due to its non-destructive nature and high
sensitivity that could detect molecular interactions in real-time
without using any label.****** It is an optical phenomenon based
on surface plasmons, which are collective oscillations of elec-
trons at the interface between a metal and a dielectric, triggered
by electromagnetic wave (light wave) that has garnered signifi-
cant attention due to its advantages, such as low sample volume
requirements, high sensitivity, and excellent reproducibility.**®
This phenomenon is sensitive to changes in the dielectric
medium, which affects the refractive index. When an analyte is
introduced, it alters the dielectric medium, leading to observ-
able changes in the surface plasmon resonance. This sensitivity
to changes in the surrounding medium forms the basis for the
use of SPR in sensing applications.*”

Various metals with plasmonic properties like Ag,'*® copper
(Cu),** and aluminum,'* as well as various metal alloys can be
used for SPR based biosensing applications. Among these, Au is
the most commonly used for biomedical applications. Au NPs,
as a type of biophotonic material, exhibit a characteristic
intense SPR band around 510-530 nm.*** Fang et al. used this
feature of Au NPs to design a biosensor for DNA detection
(Fig. 4A). A sandwich structure was constructed for the detec-
tion of the alkaline phosphatase-related PML/RARA gene,
providing specific DNA detection with a lowered limit of
detection. In this structure, a Au chip was used as the probe to
capture the target analyte, while AuNPs functionalized with
oligonucleotides served as external labels. These NPs bind
specifically to the captured analyte, resulting in an increase in
SPR reflectivity. The SPR signal response indicated a linear
relationship with the increasing concentration of the analyte.
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The biosensor achieved a limit of detection of 10.78 pM in the
linear range between 10 pM-50 nM for the PML/RARA gene
(Fig. 4B). When the external label, including AuNPs, was added,
the limit of detection was significantly reduced (compared to
when no external label was used). Various sizes of Au NPs (15,
20, and 30 nm) were utilized to investigate the impact of NP size
on biosensor performance. The limit of detection for AuNPs
with 20 nm and 30 nm diameters was significantly lower than
that of 15 nm AuNPs (60.31 pM). However, there was no
significant difference between the 20 nm (9.03 pM) and 30 nm
(3.01 pM) AuNPs (Fig. 4C). Although larger NPs provided a lower
limit of detection, this effect diminished as the analyte
concentration decreased. Furthermore, increasing the thick-
ness of the spacer layer of the probe can decrease the limit of
detection from 9.03 pM to 5.53 fM and reduce the background
signal. The coefficient of variation for repeatability improved
from 14.89% to 3.40%, when the spacer layer was increased. In
the presence of real samples, the fabricated system showed
recovery rate of about 44.83, 92.98, and 103.64% for the
concentrations of 10 pM, 1 nM, and 1 pM of PML/RARA gene,
respectively, that confirmed the specificity and performance of
utilizing this system for real sample detection.'®* This result
shows that AuNPs, as biophotonic NPs, have significant SPR
ability. This ability is enhanced by optimizing the size and other
characteristics of the AuNPs.

SPR biosensors based on Au can be used for the detection of
small biomolecules, such as microRNAs (miRNA). Detecting

© 2025 The Author(s). Published by the Royal Society of Chemistry

miRNAs is challenging due to their short sequence length, small
molecular weight, and rapid degradation. Biosensors used SPR
with AuNPs offer high sensitivity for miRNA detection. Liu et al.
developed a dual-mode phase imaging surface plasmon reso-
nance (PI-SPR) aptasensor for miRNA detection as a tumor
marker. The dual-mode operation allows for a rapid sensing
mode with high linearity and a real-time mode with a wide
response range, enabling the user to choose the sensing mode
based on desired target. The biosensor chip was coated with
a Au nanofilm functionalized with an aptamer as the detecting
agent. A sandwich biotin-streptavidin strategy was employed to
enhance the sensing signal for real-time sensing mode by
improving the surface mass density of the target. The biosensor
demonstrated excellent selectivity and sensitivity for miRNA
detection, providing a limit of detection of 7.14 pM at low
concentrations of miRNA (50 pM to 1 nM). The PI-SPR apta-
sensor exhibited good accuracy and reproducibility, with
recovery rates ranging from 90.0-97.0% and the coefficient of
variation below 5.76%. This aptasensor successfully detected
miRNA biomarkers in clinical samples with high sensitivity.
Therefore, sensing with biophotonic materials like Au is useful
for detecting small analytes.**®

MXenes, as biophotonic structures, possess rich oxygen and
hydroxyl functional groups along with complete metal atomic
layers, giving them a unique ability to bind with biomolecules.
This characteristic makes them ideal for enhancing the
performance of SPR biosensors by creating an effective bio-
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interface.™* For instance, Wu et al. developed an ultrasensitive
SPR biosensor based on MZXenes for detecting carcinoem-
bryonic antigen (CEA) as a tumor marker. The ultrathin Ti;C,-
MXene nanosheets were decorated with polyclonal anti-CEA
antibodies (Ab,), while a monoclonal anti-CEA antibody (Ab,)
decorated the Au film used as the sensing platform. A sand-
wiched immunocomplex was formed after introducing MXene-
Ab, to the sensing platform, capturing the CEA. The proposed
biosensor exhibited high sensitivity, with a limit of detection of
1.7 pg mL ™" and linear range between 10~ " t0 10 ° g mL™". A
linear relationship was established between the change in SPR
signals and CEA concentration. Furthermore, the biosensor
demonstrated good reproducibility and high specificity with
recovery in the range of 93-110% with relative standard devia-
tion (RSD) between 4.7-7.6 for detecting different concentra-
tions of CEA in real samples. The SPR biosensor performed
satisfactorily in evaluating CEA levels in human serum samples,
providing good selectivity and negligible nonspecific interac-
tions between the sensing chip and signal amplifiers, as no
obvious shift was exhibited in resonant angle.'*

In another study, Wu et al. reported a Ti;C,-MXene-based
SPR biosensor that exhibited an excellent performance in
detecting CEA which was composed of two different layers of
MXenes; one of them (Ab;/N-Ti;C,-MXene/Au film) was func-
tionalized with Au film and monoclonal anti-CEA antibodies
(Aby), and the other one (N-Ti;C,-MXene/HGNPs/SPA/Ab,) was
modified by hollow Au NPs (HGNPs), staphylococcal protein A
(SPA), and polyclonal anti-CEA antibodies (Ab,). In the presence
of CEAs, these compounds were conjugated with Ab; and Ab, to
fabricate sandwich structure by MXenes. As the CEA concen-
trations increased, the shift of the resonance angle gradually
increased, resulting in a detection limit of 0.15 fM with linear
range between 0.001-1000 PM. The relative standard deviation
was less than 5%, demonstrating good reproducibility and
stability of the sensing platform. The platform showed good
stability, as after 28 days storage at 4 °C, it lost only 20% of its
activity. In real serum samples, the sensing platform exhibited
recoveries ranging from 91.5%-104% with relative standard
deviations from 3.4% to 7.1%.'** Therefore, the MXenes-based
SPR sensing hold great potential in CEA detection with high
sensitivity.

4.1.2 Surface enhanced Raman spectroscopy. Since its first
report in 1974, Surface Enhanced Raman Scattering (SERS) has
attracted significant interest in research. It is a powerful bio-
sensing technique that can identify substances through their
molecule-specific spectral fingerprints, allowing for the chem-
ical identification of the single molecules.'® It has the capability
of detecting molecules at low concentrations with high sensi-
tivity, even under physiologically relevant conditions that
provides ultrahigh molecular specificity.'*>'*® Moreover, SERS
offers several additional benefits, including rapid and real-time
detection, non-destructive analysis, powerful multiplexing and
anti-interference capabilities, minimal water interference, and
label-free detection ability."****” These features make SERS
particularly noteworthy for applications in biomedicine.

The performance of SERS is significantly influenced by the
choice of substrate material, which plays a critical role in
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amplifying the Raman signal."*®® The primary substrate mate-
rials used for SERS are noble metals, such as Au,'* Ag,"”* and
Cu.'” Indeed, nanostructured Au and Ag exhibit remarkable
optical properties, primarily due to their surface plasmon
resonance effect that makes them highly effective for SERS
applications. In contrast, Cu-based substrates demonstrate
inferior structural stability and limited effectiveness in SERS
applications.'”*

Pazin et al. introduced a SERS nanobiosensor based on Au
nanoislands for the precise detection of SARS-CoV-2 antigens.
The Au nanoislands were deposited on glass substrates and
functionalized with 4-aminothiophenol (4-ATP), as a Raman
reporter, along with antibodies. Although the nanobiosensor
generated SERS spectra with intense peaks at 1079, 1004, 1179,
and 1141 ¢m ™', no significant shift in peak position was
detected between the SERS spectra before and after exposure to
a SARS-CoV-2 antigen solution. Therefore, the resulting infor-
mation visualization from the biosensor was integrated with
machine learning techniques. The resulting Raman spectra
were analyzed using supervised machine learning algorithms to
improve the detection of SARS-CoV-2. Detection accuracies of
the fabricated sensor was ranged from 96% to 100%, demon-
strating its high capability for antigen detection.'”> Thus, the
application of biophotonic structures of Au in SERS sensing can
be effective in detecting disease agents.

Besides Au, as the main SERS substrate material, Ag can also
be used as a biophotonic material with SERS properties. SERS
based on Ag substrates can be employed for the early detection
of cancer. Wang et al. utilized Ag NPs as a SERS substrate to
screen the breast cancer at its early stage. The fingerprint SERS
spectra resulting from Ag NPs with size between 50-60 nm were
analyzed using machine learning for data mining. Fine needle
aspiration samples from 78 patients were incubated with Ag
NPs, and the resulting SERS spectra were analyzed using
machine learning techniques. The analysis of the SERS spectra
revealed notable biochemical differences among breast fibroa-
denoma, breast hyperplasia, and breast cancer. The diagnostic
sensitivity and specificity for breast cancer, breast fibroade-
noma, and breast hyperplasia were obtained as follows: 94.74%,
83.33%, 81.82% for sensitivity, and 86.96%, 100%, 94.00% for
specificity, respectively, using support vector machine (SVM)
algorithm. Therefore, the combination of SERS with Ag NPs and
machine learning can enhance fine needle aspiration tech-
niques for the early-stage diagnosis of breast cancer.'”

Nowadays, semiconductor materials such as graphene,
transition metal oxides, and metal-organic composites have
been extensively explored for their potential as SERS substrates,
demonstrating significant SERS activity.'”* Graphene-enhanced
Raman scattering has garnered interest in the field of biosens-
ing, as it can be used to detect biological processes, disease
stages, and biomarkers.**® For instance, Wang et al. introduced
a SERS-based graphene sensing technique for detecting Alz-
heimer's biomarkers. In this study, a monolayer graphene was
placed in contact with mouse brain tissue slices. The Raman
spectra from the mouse brain tissues were collected and
analyzed using machine learning classification algorithms. The
spectra for mice with and without Alzheimer were measured

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with and without graphene contact. The presence of graphene
improved the signal-to-noise ratio of the spectra, increasing it
from 53.9 to 121, due to graphene's high thermal conductivity
and fluorescence quenching capability. This method achieved
an accuracy of 98% in detecting Alzheimer's biomarkers in the
presence of graphene, compared to 77% without graphene. This
study illustrated that the application pf graphene can improve
SERS-based sensing for early disease diagnosis.'”

It was also shown in a study that the combination uses of
noble metal NPs and metal-organic frameworks (MOFs) can
improve the selectivity and sensitivity of molecule detection in
clinical samples."” Chen et al. proposed a label-free SERS
biosensor based on Au nanostars coated with MOF for the
selective and ultrasensitive detection of trimetazidine in clinical
samples (Fig. 5A). The core-shell biosensor functions as
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a molecular sieve, where Au@MOF is decorated on a silicon
substrate and further modified with 1H,1H,2H,2H-per-
fluorodecyltriethoxysilane (PFDT-silane) to create a super-
hydrophobic surface that enhances the sieving capability for the
small-molecule trimetazidine (TMZ) and para nitrophenyl
phosphate (p-NTP). This biosensor selectively sieves TMZ and p-
NTP from mixed solutions while preventing the entry of larger
molecules like rhodamine G6 (RhG 6) (Fig. 5C). The Au@MOF
biosensor demonstrated a much stronger SERS signal
compared to Au nanostars with significantly lower limit of
detection for p-NTP (5.25 x 10~ > for Au@MOF compare with
4.58 x 10~ for Au nanostar) in the linear range between 10 °-
10™* M and 107''~10"® M for Au nanostars and Au@MOF,
respectively (Fig. 5B). Additionally, it exhibited remarkable
detection performance, achieving a limit of detection of
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approximately 0.56 nM and 0.53 nM in urine and blood
samples, respectively, for TMZ (Fig. 5D). This biosensing
approach was successfully applied for detecting trimetazidine
in a mouse model.'*

4.1.3 Fluorescence-based systems biosensing. Sensing by
fluorescence is widely used in biosensors due to its high
sensitivity, simplicity, and versatility, in which fluorescence is
employed as a signal transduction mechanism, enabling the
detection and quantification of various biological and chemical
substances. Fluorescence is a photophysical phenomenon in
which certain molecules, known as fluorophores, absorb light at
a specific wavelength and subsequently emit light at a longer
wavelength. These fluorophores can change their intrinsic
fluorescence when interacting with other elements and are
employed as sensing probes in biosensor-based fluorescence
applications.'”

QDs are remarkable semiconductor fluorophore NPs that
possess unique properties including narrow and tunable
emission spectra, high quantum yields, and compatibility with
biological molecules, such as DNA and proteins, that enables
their use in various biological applications as biophotonic
materials."”® For instance, the application of QDs for nucleic
acid characterization represents a significant advancement in
Hastman et al

molecular biology techniques. reported
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a multiplexed biosensor based on QDs that can detect both
target DNA strands and active proteolysis. In this biosensor,
multiple DNA sequences are assembled around a single QD via
peptidyl-PNA (peptide nucleic acid) linkers. The DNA sequences
encoded complementary genomic sequences originating from
the Ebola, influenza, and COVID-19 viruses, labeled with
acceptor dyes, while a Ru(u)-modified peptide quenches the
QD's photoluminescence, which is restored upon protease
interaction. The dyes, including terbium (Tb) chelate, Alexa-
Fluor647, and Cy5.5, create potential FRET cascades. The sensor
employs orthogonal energy transfer processes, featuring two
FRET cascades: one involving Tb — QD — AlexaFluor647 —
Cy5.5, and the other using direct excitation of QD — Alexa-
Fluor647 — Cy5.5. The ratiometric assembly of labeled DNAs
and peptides allows for precise tuning of energy transfer path-
ways, enabling specific detection of given target(s). Additionally,
the biosensor can perform logical operations, enhancing its
capability to discriminate between different pathogens. This
innovative design holds great potential for rapid and multi-
plexed pathogen detection in diagnostic applications.'”®
Besides QDs, organic dyes such as rhodamine derivatives,
fluorescein, Cy3, and Cy5 are widely used as biophotonic
materials due to their fluorescence properties, making them
highly effective in biosensing applications.'””** Lamberti et al.
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developed a biosensor based on plasmon-enhanced fluores-
cence that can track the concentration of tumor DNA markers
(Fig. 6A). This biosensor had the capability of continuously
monitoring analyte concentrations directly within biological
fluids. It consisted of Au nanorods that were biofunctionalized
with single-stranded DNA, as the capture probe. The AuNPs
served as antennas to strongly enhance the fluorescence of
detection probes. In here, fluorescence probe was a rhodamine
derivative (ATTO655) that bonded weakly to the target analyte in
a sandwich approach. This weak interaction allowed the probe
to dissociated and reassociated dynamically, which is essential
for continuous monitoring. In the presence of higher concen-
trations of analyte, the biosensor exhibited increased activity
from individual particles (Fig. 6C(I and II)). It was able to detect
cancer biomarkers in complex media such as buffers and serum
without washing steps. This biosensor demonstrated contin-
uous monitoring for cancer markers over a 3.5-h assay, varying
analyte concentration from 0 to 250 nM without washing or
regenerations steps (Fig. 6B). The biosensor showed high
reproducibility in average response, with a limit of detection of
1 nM and a temporal resolution of 10 minutes, with a coefficient
of variation of approximately 50%.'*" Therefore, this biosensor,
using Au NPs, exhibited great potential in the continuous
monitoring of cancer biomarkers in complex media.

UCNPs as biophotonic probes have shown promising
potential in fluorescence biosensing. However, their low fluo-
rescence intensity has limited their sensitivity, ranging only
from picomolar to femtomolar levels. Ma et al. developed
a fluorescence-based sensing method using UCNPs with ultra-
sensitive capability to detect the SARS-CoV-2 N-gene. This FRET
probe was composed of core-shell UCNPs (NaGdF,Yb*',
Er’’@NaGdF,) linked to an Au-Au dimer. The dimer, by
generating a stronger electromagnetic field compared to single
Au NPs, could transfer energy more effectively to the UCNPs,
leading to more effective detection of the target gene. This
system exhibited excellent sensing efficacy for detecting the
SAR-CoV gene. A linear correlation between signal intensity and
the concentration of target DNA was observed in vitro, ranging
from 2 aM to 2 fM, with a limit of detection around 4 aM.
Additionally, in clinical samples, the signal luminescence
intensity increased from 18% to 51% as the concentration of the
target increased from 25 aM to 2.5 fM. This detection was
carried out in 30 minutes without the need to amplify the target
DNA. Therefore, UCNPs, as biophotonic structure exhibited
rapid and sensitive sensing of biomolecules.®

One application of biophotonic materials is the design of
point-of-care diagnostic methods. Recently, point-of-care diag-
nostics have gained importance in biomedical applications due
to their ease of use, elimination of the need for trained
personnel, and the ability to conduct tests directly near
patients, resulting in immediate analysis, which is crucial for
timely disease diagnosis. Devices integrating biophotonic
materials can promptly detect and record signals, enabling
rapid clinical sensing and self-testing. In particular, chemilu-
minescent materials are well-suited for point-of-care applica-
tions, as they do not require an external light source for
excitation. Zhu et al. proposed a point-of-care, rapid, and user-
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friendly testing platform using a chemiluminescent probe to
detect liver injury directly from whole blood. This strategy
employed Schaap's dioxane derivative, as the chemilumines-
cent probe, biothiols, as biomarkers of liver injury, and a-
cyclodextrin to enhance the chemiluminescence signal. The
method successfully detected biothiols levels in the living cells
of mouse models. Additionally, it produced clear signal readout
in whole blood samples.™*

Using biophotonic materials as biolaser offers significant
advantages for biosensing applications. For instance, a smart,
protein-based biolaser was designed for the detection of protein
conformational changes. This biolaser was composed of an
organic laser dye embedded within a silk fibroin matrix. The
dye, serving as the optical gain medium, was doped into the silk
protein to construct a microcavity laser. The laser output was
strongly influenced by conformational changes in the silk
structure. Silk fibroin exhibited two distinct conformations, and
the transition between them altered the refractive index at
540 nm from 1.55 to 1.58. As a result, the microsphere biolaser
demonstrated high sensitivity to conformational changes in
proteins and presented a promising tool for monitoring such
transformations."’

DNA photonic nanowires are nanoscale structures designed
to facilitate energy transfer, most commonly via FRET. Their
capabilities-such as high information storage potential and
long-range resonance energy transfer-make them suitable for
applications in sensing, monitoring, and DNA computing,
surpassing the limitations of conventional molecular beacons.
According to these interesting features, DNA photonic nano-
wires were employed for the detection of the thrombin
biomarker. A FRET cascade was constructed using fluorophores
FAM, Cy3, and Cy5. FAM was positioned in the input region,
while Cy5 and Cy3 were located in the bridge and output
regions, respectively. Energy was transferred from FAM (a green
donor dye) to Cy3 (a red acceptor dye) through Cy5. Detection
was enabled by a specific aptamer targeting thrombin. In the
presence of thrombin, the FRET cascade was disrupted,
resulting in a high signal-to-background ratio (Fpam/Fcys). This
sensing strategy demonstrated a high sensitivity for thrombin
detection, with a detection limit of 2.7 nM. By modifying the
aptamer, this approach can be adapted for the detection of
other biomarkers, offering a versatile platform for biosensing
applications.™*

Overall, the use of biophotonic materials in diagnostic
applications in medicine demonstrates promising potential.
These materials enable the detection of biomolecules, improve
the sensitivity of detection methods, and facilitate the early
diagnosis of diseases. Additionally, they allow for the simulta-
neous detection of multiple targets, thereby improving diag-
nostic efficiency.

4.2 Imaging

4.2.1 Optical coherence tomography (OCT). Optical coher-
ence tomography (OCT) is an advanced imaging technique that
enables high-resolution, non-invasive visualization of biological
tissues. By employing a broadband light source and a fiber optic
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interferometer, OCT provides micrometer-scale spatial resolu-
tion. Utilizing NIR light, it can penetrate scattering media,
allowing for detailed cross-sectional and three-dimensional
imaging of tissue structures and functions.” With a high
temporal resolution of less than one second, OCT has become
a reliable diagnostic tool in biomedical applications; however,
OCT images can sometimes exhibit low contrast.'® To address
this issue, researchers are exploring the use of contrast agents,
including biophotonic materials, to enhance image quality and
diagnostic capabilities. Various contrast agents have been
employed to improve image quality in OCT techniques. Au NPs
are notable OCT contrast agents that have been used in many
studies. For instance, Jiang et al. utilized Au NPs as a contrast
agent to prepare three-dimensional (3D) imaging by OCT,
focusing on the penetration and distribution of ozone (O;) into
biological tissue. The Au NPs, in the form of triangular nano-
prism, were employed for imaging the anterior chamber of an
isolated crucian carp eye. The results showed that using Au as
a contrast agent in OCT allowed for the imaging of the pene-
tration and distribution of O; in the eye at a depth of 311 um
over 172 minutes.'®®

Bismuth Selenide (Bi,Se;) is a material commonly used in
various applications, including photonics and electronics. Yao
et al. employed Bi,Se; nanostructures as a contrast agent for
OCT. These nanostructures exhibited a desert rose-like
morphology, producing an OCT signal comparable to that of
Au nanostructures. The nanoclusters, tested in an intralipid
medium, were evaluated in tissue phantoms. When the nano-
clusters were injected into the tissue phantom, the OCT inten-
sity increased by two to fourfold in the regions where the
clusters were located. The clusters enabled imaging of the tissue
at a depth of 1 mm."® The advancement in nanomaterials has
introduced novel options for OCT imaging. Recently, innovative
materials have been utilized for this purpose. For instance,
intralipid, a nutrient solution for patients unable to eat nor-
mally, was introduced as a contrast agent for OCT bioimaging
due to its favorable optical properties and excellent
biocompatibility.***

Geng et al. used intralipid modified with DSPE-PEG2000-
COOH (P-INT) as a contrast agent for OCT (Fig. 7). This
contrast agent was employed to monitor changes in the vascular
network of the ear site, the cerebral cortex and tumors. These
contrast agents, based on NIR-II imaging, allowed for imaging
at depths of up to 3 mm. The OCT imaging results not only
provided images of the vascular network but also enabled
calculations of blood flow. Additionally, P-INT was used for
neuroimaging of the mouse brain at depths of 1-3 mm. This
approach successfully imaged the blood vessels of melanoma
tumors in mice, whereas other optical imaging methods, such
as fluorescence and photoacoustic imaging, face challenges in
visualizing melanoma vessels."®

Upconversion particles are another class of novel materials
that have gained immense interest in the field of bioimaging
due to their unique optical properties. Maurya et al. introduced
an OCT contrast agent based on UCNPs using chicken tissue.
The upconversion NPs, specifically NaGdF,:Er*'/Yb®", were
stabilized by polyvinylpyrrolidone and oleic acid. Under 976 nm
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diode laser, the UCNPs exhibited spectra with three dominant
emission bands at 521, 540, and 645 nm. The NPs provided
a quantum yield of 4.92 £ 0.10% and 2.70 % 0.10% at moderate
power. They also exhibited good biocompatibility, with over
75% cell viability observed for HeLa and HEK293 cells. These
contrast agents provided high-contrast OCT images of chicken
breast tissue at significant depths of penetration." Therefore,
UCNPs exhibited potential biophotonic properties as OCT
agents.

4.2.2 Photoacoustic imaging (PAI). Photoacoustic imaging
(PAI) is a widely used biomedical imaging modality due to its
several advantages, including non-invasiveness, non-ionizing
radiation, and real-time imaging. In this technique, three-
dimensional (3D) imaging is achieved through sound waves
generated by the irradiation of near infrared (NIR) light on
tissues. Under NIR laser light at 757 nm, tissue undergoes rapid
thermal expansion, leading to the generation of sound waves.
The performance of photoacoustic imaging depends on the
light absorption coefficient of the imaged tissue and the
contrast agents used in this technique. Since contrast agents in
PAI interact with NIR light, they could be considered as bio-
photonic materials.™°

So far, various biophotonic materials have been used as
contrast agents in PAI, including metallic nanomaterials,
carbon-based nanomaterials, organic molecules, and semi-
conducting NPs."* Although widely used in biomedicine, PAI
has limitations like low contrast that need to be solved. To
address this issue, Sun et al. fabricated Au nanorods modified
with an azide compound, called as gas-generating laser-
activatable nanorods for contrast enhancement (GLANCE).
Under 815 nm NIR irradiation, the Au nanorods acted as
a catalytic agent, generating nitrogen (N,) gas bubbles from the
azide compounds. This process enhanced the intensity of the
ultrasound signal and improved the performance of PAI in
targeted tissues. The GLANCE-modified Au nanorods exhibited
significantly greater contrast enhancement compared to
unmodified Au NPs.'”* In another study by Kim et al., it was
reported that Au nanospheres arranged in chains (Au sphere
chains, or GSCs) significantly enhanced the efficiency of PAI
compared to Au nanorods. The GSCs exhibited a high PAI signal
in vivo, with mice receiving GSCs showing a 300% higher
intensity of the PAI signal compared to those receiving a saline
solution.'®* Using NIR-II laser irradiation can improve the effi-
ciency of PAI due to its good penetrating biological tissue. Some
organic dyes can act as contrast agents in the NIR range.

4.2.3 Luminescence (fluorescence) imaging. Luminescence
imaging is a cutting age approach for studying biological
species and their underlying processes, offering advantages
such as non-invasiveness, real-time monitoring, and high
sensitivity and selectivity. The success of this technique is
attributed to speed development of its imaging instrument
a fluorescent prob.'* Fluorescent probs as biophotonic mate-
rials play a crucial role in improving luminescence imaging
performance. These probes encompass a range of materials,
including organic, inorganic, and hybrid types.*** Among them,
Au NPs have gained prominence as luminescent probes.
Particularly, ultrasmall Au NPs have shown great potential in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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enhancing luminescence performance, especially in the NIR-II
spectral window, which overcomes challenges such as limited
tissue penetration and poor temporal resolution.**®

Zhou et al. developed ultrasmall AuNPs as a nanoprobe for
NIR-II luminescence. The AuNPs, with a size of approximately
1.93 nm, assembled through an etching process to form
a unique Au(0) core/Au(1) shell structure (Fig. 8A). Their surface
was functionalized by a series of mercaptoalkyl acids with
different carbon chain lengths, including 6-mercaptohexanoic
acid (MHA) and 8-mercaptooctanoic acid (MUA) (Fig. 8B). These
NPs exhibited excellent NIR-II luminescence peak at 370 nm
and a green fluorescence emission at 549 nm, providing a high
quantum yield of 3.0%, which is higher than that of the majority
of previously reported NIR-II emitting Au NPs (Fig. 8C). The
ultrasmall Au NPs were biocompatible, with over 95% cell

© 2025 The Author(s). Published by the Royal Society of Chemistry

viability observed for HUVECs using the CCK-8 method. The
MUA-capped NPs showed an intense NIR-II luminescence in the
liver when injected into mice, with negligible emission in the
kidney. The intense of emission reached its maximum within
1 h after injection and was retained for 48 h (Fig. 8D). ICP
results confirmed that the content of MUA-capped NPs (1.0 +
0.1% ID g ) in the kidney was significantly lower than that of
MHA-capped Au (18.8 4+ 1.1% ID g '), while the content of
MUA-capped Au (82.0 & 3.1% ID g ') in the liver was signifi-
cantly higher than that of MHA-capped Au (30.6 +2.1% ID g™ ),
providing prolong retention of MUA-capped Au in the liver for
a week (Fig. 8E and D).***

In another study, the luminescence performance of Au NPs
was enhanced when they were assembled with lanthanides. Li
et al. employed ultrasmall Au nanoclusters to improve
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luminescence performance in in vivo NIR-II imaging of H,S
molecules. Au NPs with size of 2 nm were assemble with erbium
(Er’**)-doped lanthanide NPs to create a core-satellite structure
(Ln@AuNCs). These nanostructures provided strong NIR-II
luminescence; under 808 nm laser irradiation, Ln@AuNCs
demonstrated dual emission at 1100 nm and 1500 nm, with an
intensity approximately 2.5-fold greater than that of Au nano-
clusters. This approach enabled imaging of H,S molecules with
a limit of detection of 1.6 pM in mouse body, demonstrating
a high selectivity. Furthermore, it allowed for liver-targeted and
real-time imaging of H,S."’

Using metals as hybrid materials has been employed as
probes for luminescence. Wanas et al. developed a hybrid
nanostructure integrating graphene oxide and zinc oxide for
luminescence imaging of cancer. These graphene-based nano-
materials provided dual-mode emissions and targeted imaging
via folic acid. The nanocomposite exhibited both up-conversion
and down-conversion luminescence properties. The resulting
spectra for down-conversion luminescence showed two char-
acteristic emission peaks at 485 nm and 538 nm, while the up-
conversion luminescence exhibited different characteristic
emission peaks in the blue and green regions. Bioimaging of
tumor-bearing mice injected with the nanocomposite demon-
strated targeted luminescence at the tumor site."®

26158 | RSC Adv, 2025, 15, 26138-26172

Utilizing natural compounds as luminescence probes can
offer many advantages. Curcumin, as a natural compound,
provides not only therapeutic benefits, such as anti-
inflammatory and antioxidant effects, but also exhibits unique
optical properties that make it suitable as a fluorescence probe.
Wang et al. employed encapsulated in poly(p, r-lactide-co-gly-
colic) acid NPs (Cur@PLGA-NPs) for luminescence cell imaging.
These NPs exhibited superior optical performance, achieving
quantum yields of 23.78% in solution and 21.52% in solid state.
The luminescence emission spectra showed a characteristic
peak at 483 nm for the solution state and 537 nm for the solid
state. The CT26 cells treated with Cur@PLGA-NPs demon-
strated luminescence emission that was dependent on the
concentration of the NPs."

Some studies utilizing biophotonic nanomaterials, such as
UCNPs and FRET-based NPs like cyanine fluorophore and Black
Hole Quencher-3, have demonstrated high-quality imaging for
the analysis of live biosystems.”**?”* For instance, a high-
efficiency fluorescence imaging strategy was designed for
imaging living cells and mouse bodies using biophotonic
materials derived from UCNPs. This strategy included a DNA
nanodevice that operated under NIR light. The nanodevice
employed a self-propelled DNAzyme as a catalyst for a cascading
entropy-driven mechanism in which the catalytic activity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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DNAzyme was activated via NIR irradiation. In this strategy, the
UCNPs were modified with a triplex DNA composite, whose
strands were labeled with fluorophore molecules (cyanine) and
a quencher (Black Hole Quencher-3). The close spatial proximity
between the cyanine and quencher led to the fluorescence
quenching through FRET. Under NIR light irradiation, the
UCNPs emitted UV light that cleaved the labeled triplex DNA
composite, resulting in the production of a fluorescence signal
for imaging applications. The modified UCNPs were loaded
onto MnO, nanosheets, which served as a platform to facilitate
the cascading entropy-driven catalysis process and provided
highly effective in vivo imaging. Using a confocal laser scanning
microscope, high-resolution images were obtained from human
cells treated with the DNA nanodevice when exposed to 808 nm
NIR irradiation. In the absence of NIR irradiation, the DNA
nanodevice remained inactive, resulting in faint cyanine fluo-
rescence.>® In a similar study, the combination of a DNA device
and UCNPs that were physiosorbed onto MnO, nanosheets were
used to develop a high-quality fluorescence imaging strategy for
living biosamples. In this strategy, a self-enhanced orthogonal
catalytic DNA nanomachine was produced which contained
a hairpin DNA structure and detached from the UCNPs under
NIR irradiation. The detached hairpin initiated a catalytic
process and triggered a strand displacement mechanism upon
interaction with endogenous TK1 mRNA. This led to the
formation of a three-stranded intermediate that contained an
intact fuel chain, facilitating further catalytic cycles. The
sensing target, miRNA-21, induced additional strand displace-
ments, resulting in fluorescence recovery and enabling highly
sensitive detection of biomolecular interactions.” These
innovative approaches demonstrate the potential of using
UCNPs and DNA nanomachines for real-time biosensing and
imaging applications in living systems.

Biophotonic materials hold significant potential in imaging
applications for medicine. They improve imaging resolution,
allowing for detailed visualization of cellular and tissue struc-
tures. One advantage of biophotonic materials is their ability to
facilitate real-time monitoring of bio-samples. In addition to
enhancing imaging resolution, they serve as contrast agents,
increasing the visibility of specific biological targets during
imaging. Furthermore, these materials provide high-resolution
images of living cells and organisms.

4.3 Therapy

Biophotonic materials have emerged as innovative tools in
therapeutic applications due to their ability to interact with
light in unique and precise ways. These materials, including
nanostructures like Au NPs, UCNPs, and QDs, enable advanced
treatment modalities such as PTT and photodynamic therapy
(PDT). They can target diseased tissues, such as cancer cells,
and interact with light to produce thermal effects, free radicals,
or triggered chemical reactions that help eliminate diseased
cells. Additionally, biophotonic materials have shown potential
in wound healing and regenerative medicine by promoting
controlled light delivery to stimulate tissue repair and angio-
genesis. Their ability to be engineered for specific wavelengths
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and biocompatibility makes them a promising platform for
next-generation therapeutic strategies.>*

4.3.1 Photothermal therapy (PTT). PTT is a widely used
method in treatment that relies on converting NIR light into
heat using photosensitizer agents. The effectiveness of PTT is
largely determined by the photothermal converting agents that
generate hyperthermia after interacting with light and can be
classified as biophotonic structures. Different types of photo-
thermal agents have been used to date, including inorganic
materials, organic materials, and hybrid of them. Noble metals
including Ag, Au, palladium (Pd), and platinum (Pt) belong to
the class of inorganic materials.>**

Noble metals exhibit strong optical properties and relatively
efficient photothermal conversion. They demonstrate an
intriguing optical phenomenon known as Localized Surface
Plasmon Resonance (LSPR), which involves the oscillation of
electrons on the surface of metals due to light excitation. Pho-
tothermal conversion in noble metals occurs when photons are
absorbed and converted into heat through the LSPR effect,
resulting in outstanding photostability.>***** The efficiency of
the photothermal effect in noble metals can be enhanced by
optimizing their shape, size, and composition. For instance,
studies have shown that gold nanostructures in rod shapes
exhibit significant photothermal effects, and the LSPR is
improved as the aspect ratio of the gold nanorods
increases.****°° However, while gold nanorods possess excellent
photothermal properties, they face biocompatibility challenges
that limit their biological applications.>*”

Zengin et al. synthesized biocompatible Au nanorods
(AuNRs) as a photothermal agent using a novel method. Cetyl-
trimethylammonium bromide (CTAB) is a common surfactant
used in the synthesis of Au NPs; however, it is toxic to biological
systems. In this study, a novel method was introduced to
improve the biocompatibility of Au nanorods while preserving
their photothermal efficiency. Consequently, CTAB was
replaced with two biopolymers: Bovine Serum Albumin (BSA)
and Dextran. The biocompatibility of AuNRs was enhanced
while maintaining their photothermal efficiency. At a concen-
tration of 200 pg mL ™" of CTAB@AUNR, the cell viability of the
1929 cell line decreased to below 20%. In contrast, at the same
concentration of biopolymer@AuNR, cell viability was above
78%. Notably, under 808 nm NIR irradiation, the photothermal
efficiency of both showed negligible
differences.>*®

Another category of inorganic materials used in photo-
thermal therapy as biophotonic structures includes carbon-
based nanomaterials, owing to their unique optical properties
and excellent thermal behavior.?** Carbon-based nanomaterials
can absorb a broad spectrum of light, including visible, ultra-
violet (UV), and infrared (IR) wavelengths. They exhibit
remarkable thermal stability, high thermal conductivity, and
extensive chemical modifiability, which make them excellent
candidates for use as photothermal therapy agents.>*” These
materials typically convert light into heat through a non-
radiative relaxation pathway. In this mechanism, upon light
irradiation, electrons in the valence band of carbon atoms
become excited and, as they return to the ground state, the

nanostructures
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energy is released in the form of heat.”®* Interestingly, it has also
been reported that some carbon-based nanomaterials, such as
graphene, exhibit photothermal conversion based on LSPR
effects, especially when modified or structured at the nano-
scale.*'® Various types of carbon-based materials are employed
as biophotonic agents for photothermal therapy, such as carbon
dots, carbon nanotubes, and graphene. Khajuria et al. devel-
oped a photothermal agent using multiwalled carbon nano-
tubes specifically targeted for breast cancer cells. These carbon
nanotubes were functionalized with an aptamer and possessed
MRI imaging capabilities. Under UV-visible light irradiation,
the nanotubes generated heat via the photothermal effect. At
a light intensity of 62.5 mW cm 2, the heat output was
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MXenes, a category of inorganic biophotonic materials, have
shown promising potential for use as photothermal agents.
MXenes are two-dimensional materials derived from transition
metal carbides, nitrides, or carbonitrides. They share several
properties with carbon-based nanomaterials, especially gra-
phene, such as high electrical conductivity, tunable surface
chemistry, and strong light absorption.**® Their layered archi-
tecture and electronic structure make them effective broadband
absorbers, capable of absorbing light in both visible and NIR
regions.** Like graphene, MXenes exhibit photothermal effects,
which are attributed to LSPR phenomena resulting from the
presence of transition metals in their structure.”*® Due to their
ease of surface engineering and the abundance of functional
groups, MXenes can be tailored for specific biomedical appli-
cations. This versatility is particularly beneficial for addressing
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critical challenges such as cytotoxicity, targeted therapy, and
enhanced photothermal conversion efficiency.>*” Xiong et al.
synthesized a MXene nanocomposite as a photothermal agent
for mild photothermal therapy (Fig. 9A). This nanocomposite
was composed of Ti;C, MXene, copper oxide (CuO,) nanodots,
and Gambogic acid (GA), which were functionalized with folic
acid (FA) to create FA@MXene/CuO,/GA (FMCG) as a targeting
agent for tumor sites. FMCG not only served as a photothermal
agent but also acted as a chemodynamic therapy agent due to
the presence of CuO,. The nanocomposite exhibited photo-
thermal properties with an efficiency of 29.40% under NIR
irradiation. In tumor-bearing mice, these nanocomposites were
able to inhibit tumor growth (Fig. 9E and F); under 808 nm NIR
irradiation, the temperature at the tumor site rapidly rose to
over 40 °C and was maintained below 45 °C (Fig. 9D). Further-
more, FMCG exhibited good biosafety, with no observed adverse
systemic effects during treatment (Fig. 9B and C).>*?

Besides the inorganic materials mentioned above, many
organic materials have been used as photothermal agents,
including semiconducting polymers such as polypyrrole, poly-
dopamine, polythiophene, and polyaniline, as well as small
molecules like porphyrin, BODIPY, cyanine, and phthalocya-
nine.”** Conductive polymers are gaining attention as photo-
thermal agents due to their lower cost compared to noble
metals, as well as their photostability and biocompatibility.
They exhibit photothermal effects through non-radiative relax-
ation processes, in which the w-conjugated system within the
polymers absorbs photons under light irradiation, promoting
electrons to excited states. These excited electrons then relax
back to the ground state through vibrational and phonon
interactions, releasing the absorbed energy as heat. Conductive
polymers can be readily tuned via molecular design to achieve
maximum absorption in the desired light region. As organic
materials, polymers generally exhibit lower toxicity compared to
inorganic counterparts.*® Chen et al. synthesized conjugated
polymer nanomaterials based on porphyrin and diketopyrrolo-
pyrrole for cancer photothermal therapy. These nanomaterials
exhibited a photothermal effect in the NIR-II window. Under
940 nm laser irradiation, a photothermal conversion efficiency
of 86.21% was achieved, which was able to kill 78% of cancer
cells in vitro at a concentration of 40 pg mL™'. Additionally,
tumor growth was almost completely inhibited in mice injected
with the nanocomposite due to the photothermal effect.”**

4.3.2 Photodynamic therapy (PDT). For the first time, the
term “photodynamic action” was introduced in the 20th
century, which laid the foundation for PDT.*** PDT relies on the
dynamic interaction between a biophotonic agent (photosensi-
tizer (PS), light, and molecular oxygen. Upon light irradiation,
the PS becoms activated and converts molecular oxygen into
ROS, triggering a cascade of biochemical events that lead to
damage to the target tissue.**® Photoactivation of the PS can be
achieved using various light sources, including ultraviolet (UV),
visible, or NIR light, initiating a series of photochemical reac-
tions. Under light exposure, the electron in the ground state
absorbs the energy and becomes excited to a singlet state (*PS*).
Due to its short lifetime, 'PS* tends to return to the ground state
via radiative emission (fluorescence). Alternatively, 'PS* can
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undergo intersystem crossing to reach the more stable triplet
excited state (*PS*), which has a longer lifetime. Upon returning
to the ground state, *PS* may emit light through phosphores-
cence. PDT mechanisms are classified into two types based on
the pathway followed during the return of *PS* to the ground
state:

Type I: *PS* undergoes electron or hydrogen transfer with
nearby molecules, especially molecular oxygen, leading to the
formation of ROS such as superoxide anion (O,"") and hydroxyl
radical ("OH).

Type II: *PS* transfers its energy directly to ground-state
molecular oxygen (*0,), converting it into singlet oxygen (*0,),
a highly reactive and cytotoxic form of oxygen.

The ROS generated during PDT ultimately lead to cancer cell
death through both direct and indirect mechanisms. Direct
mechanisms include biological processes such as necrosis,
autophagy, and apoptosis, while indirect effects involve damage
to the tumor vasculature, thereby restricting the supply of
nutrients and oxygen to the tumor. Given the pivotal role of the
PS in ROS generation, its properties significantly affect the
efficacy of PDT. Desirable characteristics of an effective PS are
including biocompatibility, suitable excitation wavelength, and
chemical and photostability.>®® The first-generation PS was
a porphyrin derivative that had several limitations, including
poor water solubility, requirement for visible light excitation
(which limits tissue penetration), low molar extinction coeffi-
cient, and challenges in purification. Since then, PDT has
evolved significantly, with the development of newer genera-
tions of PSs that can be excited by NIR light, are water-soluble,
and exhibit improved biocompatibility.>*>*** Today, the goal is
to design PSs as advanced biophotonic materials that are
biocompatible, easily synthesized, capable of efficiently gener-
ating ROS through both Type I and Type II PDT mechanisms
under NIR irradiation, and selectively targeted to the intended
tissue.

Au NPs have been reported as PS for PDT. Moloudi et al.
synthesized a nanoformulation by combining berberine and Au
NPs in a liposome platform (Lipo@AuNPs@BBR) as a PS for
lung cancer photodynamic therapy. The hypothesis was that
berberine and Au NPs would provide a synergistic PDT effect.
The results confirmed this hypothesis; under 405 nm laser
irradiation, the morphology of A549 cells treated with Lip-
0o@AuUNPs@BBR showed shrinkage and dissociation, while cells
treated with Au NPs and berberine alone exhibited no changes
in morphology. Additionally, the nanocomposite demonstrated
greater efficacy in killing lung cancer cells compared to Au NPs
and berberine alone when the treated cells were exposed to laser
irradiation.?”” Besides noble metals, transition metal sulfides
can also act as photosensitizer agents for PDT. Recent studies
reported that hollow copper sulfide (CuS) can function as
a photosensitizer and generate ROS under NIR irradiation.*®

Chen et al. developed hollow copper sulfide platinum(iv) NPs
loaded with platinum(iv) complexes as a photosensitizer for
PDT, combined with chemo/photothermal therapy. These NPs
were modified with polyethylene glycol (CuS@Pt (IV)@PEG NPs)
to improve biocompatibility. Hollow CuS NPs and CuS@Pt (IV)
@PEG NPs exhibited the ability to generate ROS, producing
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a strong 2/,7'-dichlorofluorescein (DCF)fluorescence peak under
NIR irradiation. Additionally, platinum(v) could enhance PDT
performance by consuming glutathione. ROS were produced in
HeLa cells incubated with CuS@Pt (IV)@PEG under 808 nm NIR
irradiation, as indicated by the remarkable green fluorescence
illumination from DCF. CuS@Pt (IV)@PEG significantly sup-
pressed tumor growth in tumor-bearing mice injected with the
NPs under NIR irradiation.**®

MXenes have been reported as materials that possess excel-
lent infrared light absorption capabilities at tumor sites.
Furthermore, MXenes can serve as an ideal PS in PDT. They
enhance the efficiency of PDT by integrating type I and type II
mechanisms.?*® Zheng et al. utilized MXenes to combine type I
and type II PDT for cancer treatment. The heterojunction
formed by TizC, MXene and cerium dioxide (CeO,@MXene)
exhibits Schottky junction properties, making it suitable for
both type I and type II PDT. This system is capable of generating
superoxide ions, hydroxyl radicals, singlet oxygen, and
hydrogen peroxide. Under NIR irradiation, the viability of 143B
cells treated with the heterojunction increased gradually with
higher concentrations. In contrast, without laser irradiation,
the cell viability reached 100%. Moreover, the heterojunction
demonstrated efficient PDT in vivo, as the tumor volume in
tumor-bearing mice treated with CeO,@MXene under NIR
irradiation was the smallest.”*

Biophotonic structures, when used as PDT agents, offer
promising antibacterial applications in tissue engineering. A
novel composite hydrogel (UCNPs@ZrMOF-Pt) dressing incor-
porating UCNPs (NaErgg 50, F4:Tm, 50,@NaYF,) has been created
to accelerate wound healing while showing remarkable anti-
bacterial efficacy (Fig. 10A). This hydrogel dressing features
a nanostructure coated with a porphyrin-based metal-organic
framework and modified with platinum, serving as a catalyst for
converting hydrogen peroxide to oxygen, thus addressing
hypoxia. When exposed to NIR light, the porphyrin helps
convert environmental oxygen to singlet oxygen, enabling
photodynamic antibacterial action. This hydrogel was biocom-
patible, as evidenced by achieving a cell viability of over 90%.
The composite demonstrated excellent antibacterial efficacy in
vitro, eradicating 100% of bacterial colonies (Fig. 10B(I and II)).
The hydrogel also decreased hypoxia levels in vivo, as shown by
the lower intensity of immunofluorescence staining compared
to other groups (Fig. 10C). Moreover, the nanocomposite facil-
itated wound healing, with the UCNPs@ZrMOF-Pt hydrogel
achieving 100% wound closure under laser irradiation (980 nm,
10 min, 1.5 Wem™?) (Fig. 10D). Additionally, the nano-
composite's excellent antibacterial efficacy was confirmed in
vivo by completely eradicating bacterial colonies in wounds
(Fig. 10E). This nanocomposite provides an efficient strategy for
antibacterial effects, enhancing the generation of singlet oxygen
to improve antibacterial action and promote wound healing.**

Biophotonic nanostructures play a crucial role in advancing
medical applications by enhancing therapeutic interventions.
They improve the effectiveness of PDT and PTT in treating
diseases such as cancer and bacterial infections. These nano-
structures can be designed to be targeted and controllable,
allowing for more precise treatment methods. Additionally, they

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

enable the development of smart drug delivery systems that
provide temporal-spatial control over drug release. The effec-
tiveness of light irradiation in PTT and PDT can be further
enhanced. For instance, biophotonic nanomaterials like UCNPs
can improve the penetration depth of NIR light, increasing
treatment efficacy. Thus, these materials exhibit great potential
in therapeutic applications.

4.3.3 Advanced therapeutic applications

4.3.3.1. 3D-printing. Today, light-based 3D printing tech-
nology has gained popularity due to its spatial resolution,
pattern fidelity, and fabrication speeds. This technology
employs light to crosslink or solidify photosensitive bio-inks.
Given the light-based nature of this technology, the use of
biophotonic materials is crucial in the development of bio-inks.
In this strategy, the interaction of light-sensitive bio-inks con-
taining biophotonic materials with light initiates the photo-
polymerization process. These reactions are characterized by
rapid curing rates, even under low light intensity, short expo-
sure times, and negligible heat generation. Additionally, these
reactions can be conducted under physiologic conditions
without harsh cytotoxic reagents. These features facilitate
application of biophotonic nanostructures on large-scale and
are favorable for cell-based bioprinting applications, where
maintaining biocompatibility is essential.”**

Using biophotonic materials in three-dimensional (3D)
printing technology enhances its functionality and potential
applications. This led to the fabrication of a NIR light-
responsive, 3D-printed scaffold for bone regeneration. This
scaffold was composed of polydopamine-coated hydroxyapatite
NPs and collagen, in which polydopamine-coated hydroxyapa-
tite acted as a photothermal agent that responded to NIR light,
enabling controlled drug release through heat generation. The
scaffold was loaded with pargyline, an osteogenic drug, which
was released in a controlled and on-demand manner under NIR
irradiation. Upon NIR light exposure, the scaffold exhibited
a photothermal effect, generating heat up to 48 °C. Drug release
was adjustable under NIR irradiation, with an average release
increase of approximately 10.38%, attributed to the photo-
thermal effect. The biocompatible scaffold demonstrated oste-
ogenic potential, as evidenced by the upregulation of
osteogenesis-related gene expression, confirming its effective-
ness in bone tissue engineering.***

In addition, biophotonic materials can impart valuable
functionalities-such as photo-crosslinking to 3D-printed scaf-
folds. In this context, an aerogel scaffold was developed using
photo-crosslinking-assisted 3D printing for applications in
cancer therapy and tissue engineering. The scaffold was fabri-
cated via self-assembly of silk fibroin methacrylate (SF-MA), as
the primary biopolymeric matrix, incorporated with bismuth
sulfide methacrylate (Bi,S;-MA) nanobelts, serving as photo-
thermal agents. This composite mixture functioned as a bio-ink
for 3D printing and was solidified through light-induced
crosslinking. The scaffold was loaded with sorafenib, a chemo-
therapeutic agent, which was released upon localized heating
triggered by the photothermal effect. Under 808 nm NIR irra-
diation for 2-3 min, the scaffold temperature increased up to
47-50 °C, enabling effective photothermal ablation of tumor

RSC Adv, 2025, 15, 26138-26172 | 26163


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03288a

Open Access Article. Published on 22 July 2025. Downloaded on 1/21/2026 7:50:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

tissue and controlled drug release. This platform achieved
a 40% reduction in cancer cell viability after 20 min irradiation.
These findings underscore the potential of biophotonic mate-
rials in advancing next-generation 3D-printed scaffolds for
combined cancer therapy and regenerative applications.**

4.3.3.2. Self-assembly. Controlled self-assembly is an
important topic in biological and nanotechnological applica-
tions and is widely used in diagnostic and therapeutic studies.
RGD is a peptide that binds specifically to integrin o, 3;, which
is overexpressed on cancer cells and associated with cell adhe-
sion and migration behavior. Engineering the self-assembly of
RGD peptides can help regulate the metastatic behavior of
cancer cells. To this aim, a light-triggered self-assembly system
was fabricated using RGD peptides to modulate peptide
behavior. It was a platform composed of RGD, 3-methylene-2-
(quinolin-8-yl) isoindolin-1-one, as a light-responsive unit, and
a hydrogen-bonding peptide segment. Upon light irradiation,
the platform transformed from nonfunctional NPs into func-
tional nanofibers within living cells. While nanofibers were not
internalized by cells, the NP conformation allowed cellular
uptake. The light-induced self-assembly occurred rapidly, with
a rate constant of up to 0.17 min~ . A cell scratch healing assay
was used to assess cell adhesion, revealing that cells treated
with the nanoplatform under light irradiation achieved 76%
closure, significantly higher than the untreated group (14%)
and the group treated without light (17%). Therefore, the light-
triggered self-assembly of RGD peptides can modulate cellular
adhesion and holds potential for regulating biological behav-
iors in biosystems.>*®

Light-triggered self-assembly can control the size, shape,
surface chemistry, and long-term stability of nanostructures,
influencing their cellular internalization ability and clinical
safety. Self-assembly can also affect selective biocompatibility;
altering the shape of nanostructures can induce selective cyto-
toxicity. For instance, transforming from a spherical form to
a fibrous form under light irradiation can target specific cells, or
releasing drugs from self-assembled prodrugs that can induce
selective toxicity for target cells.*” In a study by Wang et al., self-
assembled platinum(ir) complexes were synthesized as anticancer
theranostic agents that exhibited varying levels of cytotoxicity
before and after self-assembly. These complexes were a series of
planar cyclometalated platinum(ir) complexes with a main ligand
containing enlarged aromatic rings, which enabled phospho-
rescence emission and self-assembly into linear nanoparticles.
With an increase in the number of rings, both lipophilicity and
selective cytotoxicity for cancer cells increased.””® In addition,
self-assembly is a bottom-up fabrication strategy that supports
the scalable production of nanostructures. Compared to
conventional techniques such as lithography, self-assembly is
more cost-effective and offers a flexible approach for controlling
interparticle spacing in assembled structures.”” Specifically,
light-triggered self-assembly can further reduce costs, as light
serves as a non-invasive initiator of the assembly process.
Moreover, the use of light enables the application of this tech-
nique under biologically relevant conditions.*°

4.3.3.3. Wearable device. Biophotonic
a transformative approach for the next generation of wearable

materials offer
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health devices due to their unique optical and physical prop-
erties. These materials enable highly sensitive and rapid
monitoring, support the simultaneous tracking of multiple
health signals, and are less susceptible to electromagnetic
interference compared to traditional electrically based wearable
devices. Additionally, they facilitate non-invasive health moni-
toring. Technological advancements critical to enabling
continuous health monitoring include the development of
highly flexible and biocompatible materials (e.g., poly-
dimethylsiloxane (PDMS), polyurethane (PU), graphene,
molybdenum disulfide (MoS,)), integration of nanoscale optical
sensors capable of functioning under dynamic physiological
conditions, and incorporation of self-powered systems through
mechanisms like solar energy harvesting. These features
enhance comfort, long-term wearability, and uninterrupted
data collection. Despite their advantages, biophotonic materials
also face certain limitations compared to conventional elec-
tronic materials. These include higher production -costs,
complex manufacturing processes, and sensitivity to environ-
mental factors such as variations in ambient light and the
opacity of biological tissues. Additionally, ensuring reliable data
transmission, device miniaturization, and compatible integra-
tion with existing digital health platforms remains a key
challenge.*

This section presents examples of innovative applications
involving the integration of biophotonic materials into wear-
able devices. Using biophotonic materials in wearable devices
introduces innovative and valuable properties for medical
applications. Transparency, defogging functionality, and self-
healing are beneficial features that increase the efficiency of
light-responsive wearable devices. These features enhance
optical clarity, prevent fog formation on optical surfaces, and
reduce the need for frequent replacements. For instance,
a wearable composite film was fabricated in a study with the
capability of efficient photothermal healing. This transparent
composite film was composed of plasmonic Ag NPs embedded
in covalent-organic framework (COF) nanosheets and exhibited
defogging functionality. The composite film was then inte-
grated into a waterborne elastic polyurethane (PU) matrix. By
integrating AgNPs, with strong plasmonic properties, and COFs,
as photothermal agents, the researchers achieved a synergistic
photothermal effect, resulting in a rapid temperature increase
to 80 °C under NIR irradiation. This localized temperature rise
enabled efficient self-healing, with a recovery rate exceeding
98%. Additionally, after 12 h of NIR irradiation, the composite
film maintained a high transmittance of 96.2%. The composite
film was successfully tested on human skin, confirming its
practical potential as a transparent, self-healing, defogging, and
solar-powered wearable material.>*>

Integrating biophotonic materials with wearable electronics
also offers a promising approach for developing patient-friendly
diagnostic tools. This led to the fabrication of a wearable on-eye
contact lens system via embedding ultrathin organic light-
emitting diodes (OLEDs) into contact lenses for electroreti-
nography (ERG), aimed at diagnosing retinal diseases. The
OLED was encapsulated within a dual two-dyad multilayer
structure to ensure both durability and biocompatibility. This
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system incorporated wireless power transfer operating at
a resonance frequency of 433 MHz, enabling smartphone-
controlled energy delivery. Preclinical testing on rabbits
demonstrated that the device could generate a robust ERG
signal of approximately 60 puV during 10 Hz flicker stimulation
at a luminance of 126 nits. By integrating biophotonic compo-
nents into a wearable medical platform, this system provided
a portable, point-of-care solution for retinal diagnostics.***

5 Challenges

Despite the tremendous advancements in biophotonic nano-
structures, several technical, material, and translational chal-
lenges exist that hinder their full potential in biomedical and
industrial applications. These challenges range from issues in
material compatibility and device fabrication to integration
with complex biological systems and scalability for clinical
translation. Addressing these challenges needs a multidisci-
plinary approach combining innovations in material science,
engineering, and biology, alongside advancements in fabrica-
tion techniques and regulatory frameworks.

5.1 Biocompatibility and biodegradability

The biocompatibility and biodegradability of materials remain
a cornerstone challenge for biophotonic nanostructures,
particularly for in vivo applications. Conventional materials
such as silica, glass, and metal NPs offer superior optical
properties but often fail to meet the stringent requirements for
biological safety.”** Metal-based materials, including Au and Ag
NPs, frequently accumulate in tissues, posing risks of cytotox-
icity and long-term inflammation. Similarly, polymeric mate-
rials, though versatile, often lack sufficient biodegradability,
necessitating removal or leading to chronic adverse effects.>**%*
Emerging biologically derived materials, such as silk fibroin,
DNA, and polysaccharides, offer promising alternatives due to
their inherent biocompatibility and natural degradation in
biological environments.”*® For instance, silk-based photonic
devices have shown exceptional promise in optical sensing
while minimizing immunogenic responses.”*”*** However,
these materials often require optimization to achieve the same
level of optical performance and stability as traditional
synthetic materials. Advancing composite materials that
combine the optical superiority of synthetic materials with the
biocompatibility of biological ones is a promising pathway.
Another pressing issue is the limited environmental sustain-
ability of current nanofabrication methods, which often involve
hazardous chemicals and high energy consumption.”®® The
development of greener, more sustainable materials and
synthesis approaches is essential for addressing these concerns.

5.2 Device scalability and fabrication

Achieving scalable and reproducible fabrication of biophotonic
nanostructures is a persistent challenge that significantly
impacts their commercial and clinical viability. Traditional
fabrication methods such as electron-beam lithography, colloidal
synthesis, and template-assisted assembly, while precise, are
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time-consuming, costly, and impractical for mass production.
These methods often face difficulties in maintaining uniformity
and reproducibility across large-scale production, where even
slight variations in size, shape, or composition can drastically
alter optical properties and device performance. Microfluidic
technologies have emerged as a transformative solution for
addressing these challenges. By leveraging the precise control
over fluid dynamics at the microscale, microfluidic systems
enable the scalable synthesis of nanostructures with exceptional
uniformity and reproducibility. For instance, droplet-based
microfluidic platforms allow for the production of mono-
disperse NPs and microbeads, which are critical for applications
such as plasmonic sensing and fluorescence imaging. The ability
to control reaction kinetics and mixing efficiency in microfluidic
channels ensures consistent particle properties across
batches.***>** Additionally, microfluidics facilitates the integra-
tion of multiple fabrication steps, such as synthesis, functional-
ization, and assembly, into a single automated platform. This
approach reduces manufacturing complexity and cost while
enhancing throughput. For instance, microfluidic systems have
been utilized to create multilayered photonic crystals and hybrid
nanostructures, combining diverse optical functionalities for
advanced applications in imaging and sensing.>** Advancements
in additive manufacturing techniques, such as 3D printing, have
also opened new avenues for the scalable fabrication of bio-
photonic devices. 3D printing allows for the rapid prototyping of
customizable nanostructures with complex geometries, paving
the way for patient-specific medical devices and tailored thera-
peutic solutions. However, ensuring the optical precision and
material compatibility of 3D-printed biophotonic devices
remains a critical area for further research.”*

5.3 Integration with biological systems

Biophotonic nanostructures are designed to operate in complex
biological environments, where their performance can be signif-
icantly influenced by factors such as optical scattering, tissue
absorption, and dynamic biological processes. Achieving effective
integration with living systems requires precise control over bio-
nano interactions, including cellular uptake, immune
responses, and long-term stability. Surface functionalization
strategies, such as ligand attachment and polymer coatings, have
been developed to improve the targeting and biocompatibility of
nanostructures. Despite these advancements, challenges remain
in ensuring uniform interactions across diverse biological envi-
ronments. For instance, tissue heterogeneity and variations in pH,
temperature, and enzymatic activity can alter the behavior of
biophotonic devices, reducing their efficacy.>****” Adaptive nano-
structures that respond dynamically to environmental stimulus,
such as temperature or pH changes, offer a promising solution.
These stimuli-responsive materials can enhance the specificity
and functionality of biophotonic devices in real-time applications,
such as targeted drug delivery and responsive imaging.***>*

5.4 Challenges of clinical translation

Bridging the gap between research and clinical application is
one of the most significant hurdles in biophotonics. Regulatory
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frameworks for medical devices require rigorous testing for
safety, efficacy, and reliability, often necessitating extensive
preclinical and clinical studies. The high cost and time required
for these processes can delay the translation of innovative
technologies from the lab to the clinic.>***** Agencies like the
FDA or EMA require extensive safety, efficacy, and
manufacturing data, which are costly and time-consuming to
generate. Nanostructures often do not fit neatly into existing
regulatory categories, leading to ambiguity and delays. More-
over, the lack of standardized testing protocols for nano-
materials hampers approval processes. Biocompatibility issues
are at the core of regulatory concerns. The interaction of
nanostructures with biological systems is complex and not fully
understood. Factors like immune activation, cytotoxicity, and
potential genotoxicity must be thoroughly investigated. Surface
modifications intended to improve stability or targeting can
introduce new risks, such as unforeseen immune responses or
toxicity. Long-term biodistribution and clearance also remain
poorly characterized, raising doubts about accumulation and
chronic effects. Moreover, the integration of biophotonic
devices into existing diagnostic and therapeutic workflows
requires compatibility with established medical infrastruc-
ture.” For instance, imaging devices must seamlessly integrate
with hospital imaging systems, and biosensors must align with
laboratory protocols for sample preparation and analysis.
Standardization of operating procedures, device calibration,
and data interpretation is critical for achieving widespread
clinical adoption. The future of biophotonic nanostructures lies
in overcoming existing challenges through interdisciplinary
innovation and the adoption of emerging technologies. One
promising direction is the development of hybrid nano-
structures that combine the strengths of multiple
materials.>** For instance, integrating plasmonic NPs with
bio-inspired polymers can yield devices with enhanced optical
properties and improved biocompatibility. Artificial intelligence
(AT) and machine learning (ML) are poised to revolutionize the
design, fabrication, and application of biophotonic devices. AI-
driven algorithms can optimize nanostructure designs for
specific applications, while ML-based tools can analyze complex
optical signals for enhanced diagnostic accuracy. These tech-
nologies can also facilitate the development of adaptive systems
that learn and respond to environmental changes, improving
the performance of biophotonic devices in dynamic biological
settings.>**>*® Sustainability is another critical frontier for bio-
photonics. Indeed, the development of renewable, biodegrad-
able materials and energy-efficient fabrication methods aligns
with global efforts to reduce environmental impact. Exploring
the use of bio-waste and naturally abundant materials for con-
structing photonic devices represents a promising step toward
eco-friendly innovation. Additionally, phototoxicity arises when
light-based therapies induce damage to healthy tissues due to
reactive oxygen species or thermal effects. This is a concern in
photodynamic therapy and other light-activated treatments
using nanostructures, requiring careful control of light dose
and NP properties to minimize adverse effects. Understanding
and mitigating phototoxic effects are critical for safe clinical
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application, especially when NPs enhance light absorption or
generate reactive species.

6 Conclusion

Recent advancements in biophotonic nanostructures have
significantly enhanced the capabilities of optoelectronic
devices. Innovations in materials science and engineering have
led to the development of highly efficient LEDs, photodetectors,
and various other photonic devices that leverage the unique
optical properties of nanostructures. By manipulating light at
the nanoscale, researchers have improved functionality,
resulting in devices with better performance metrics, such as
increased sensitivity and reduced energy consumption. These
advancements expand the applications of optoelectronics into
diverse fields, including telecommunications and environ-
mental monitoring, but perhaps most notably, biomedicine. In
this context, the ability to create more sensitive and accurate
diagnostic tools has paved the way for earlier disease detection
and better patient management, ultimately improving health
outcomes. Despite the progress made in biophotonic nano-
structures, several challenges hinder their widespread applica-
tion in biomedicine. One significant concern involves the
design and synthesis of nanostructures that are not only effec-
tive but also safe for clinical use. Issues related to biocompati-
bility, stability, and reproducibility must be thoroughly
addressed to ensure the successful translation of these tech-
nologies from the laboratory to clinical settings. Additionally,
the variability in patient responses to nanostructured materials
complicates the development of universally applicable solu-
tions. Furthermore, regulatory hurdles and the need for
comprehensive clinical trials can slow down the implementa-
tion of biophotonic innovations, as these processes require
extensive validation to ensure safety and efficacy. Looking
ahead, the future of biophotonics and its applications in
biomedicine appears promising. We can expect a new genera-
tion of biophotonic devices that are more efficient, versatile,
and capable of addressing complex medical challenges. The
integration of artificial intelligence and machine learning with
biophotonic technologies may further enhance their diagnostic
and therapeutic capabilities by enabling real-time data analysis
and decision-making. By harnessing these advanced computa-
tional tools, clinicians could receive timely insights, improving
patient outcomes through personalized treatment strategies.
Additionally, as our understanding of biological systems
deepens, biophotonic nanostructures can be tailored for
specific medical applications, fostering personalized medicine
approaches that cater to individual patient needs.
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