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Molecular fluorophore dimerization has recently emerged as a powerful and versatile design strategy in
phototheranostics, offering a distinct regulatory regime that is fundamentally different from conventional
single-molecule, polymeric, or aggregate-based systems. In this review, we present the first systematic and
unified analysis of molecular dimerization as an independent paradigm for precision phototheranostics.
Unlike previous reviews that primarily focus on isolated small-molecule fluorophores, polymeric
architectures, or aggregates, this work highlights dimeric systems as an intermediate yet well-defined state
that bridges molecular-level precision and collective-level functionality. We first comprehensively elucidate
the fundamental photophysical mechanisms governing dimerization, and demonstrate how these processes
uniquely regulate excited-state dynamics. Then, we reveal how dimerization enhances biophysical
performance, such as controllable self-assembly and improved tumor accumulation. Representative dimeric
systems across multiple dye families, including BODIPY, cyanine, porphyrins, donor—acceptor molecules,
and metal complexes, are systematically categorized and analyzed, with an emphasis on structure—activity
relationships and dimer-specific functional advantages in imaging-guided therapy. Finally, we discuss the

Received 25th December 2025 current challenges and outline future directions, especially for artificial-intelligence-assisted molecular
DOI: 10.1039/d5¢s01306b design. By positioning molecular dimerization as a distinct intermediate state between single molecules and

higher-order assemblies, this review provides conceptual clarity and design principles for the development
rsc.li/chem-soc-rev of next-generation phototheranostic agents.
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1. Introduction

Phototheranostics has emerged as a transformative medical
paradigm integrating diagnostic and therapeutic functions,
thereby fundamentally reshaping contemporary disease man-
agement. By leveraging precise optical control, it enables excep-
tional spatiotemporal selectivity, offering distinct advantages in
treating major diseases such as cancer, bacterial infections,
inflammatory disorders, and Alzheimer’s disease (AD)." Among
its clinical applications, photodynamic therapy (PDT) has pro-
ven particularly effective in dermatology, where it is used to
manage refractory skin conditions such as psoriasis and lupus
erythematosus, providing non-invasive, targeted therapies that
surpass the scope of conventional approaches.*?
Phototheranostics fundamentally relies on the precise
manipulation of photophysical processes (Scheme 1).*7 As
illustrated in the Jablonski diagram, when photosensitizers
(PSs) absorb photons of specific wavelengths, their molecules
transition to singlet excited states, whose energy is subsequently
directed through multiple pathways to achieve theranostic
functions.>° In particular, radiative transitions yield fluores-
cence signals suitable for precise lesion localization, while
intersystem crossing (ISC) generates triplet states that partici-
pate in energy or electron transfer with environmental oxygen,
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H,O0, or other biomolecules to produce reactive oxygen species
(ROS) for photodynamic or photocatalytic effects. Alternatively,
internal conversion (IC) and vibrational relaxation (VR) redirect
the energy through non-radiative decay pathways to produce
heat for photothermally induced cellular damage. This sophis-
ticated framework for energy allocation enables phototheranos-
tics to simultaneously deliver visible diagnostic effects and
achieve effective therapeutic outcomes while providing real-
time treatment feedback, thereby underscoring its substantial
clinical value."

Small organic molecules have garnered particular attention
in the development of photofunctional materials owing to their
distinct advantages.>*"* Compared to nanomaterials, these mole-
cular systems offer well-defined chemical structures, excellent
reproducibility, tunable photophysical properties, and clear meta-
bolic pathways, making them well-suited for precision medicine.'*
Leveraging these attributes, recent efforts have focused on opti-
mizing excited-state energy distribution efficiency through mole-
cular engineering strategies to improve overall performance
(Scheme 1).® For example, in imaging-guided applications,
researchers have developed high-brightness, target-specific fluores-
cent probes while actively exploring near-infrared (NIR)-II ima-
ging technologies to address tissue penetration limitations.">™*®
In PDT optimization, both traditional heavy-atom strategies
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(incorporating Br, I, and Se) designed to promote ISC and
innovative heavy-atom-free mechanisms, including spin-orbit
charge transfer (SOCT), symmetry-breaking charge transfer
(SBCT), resonance energy transfer (RET), and donor-acceptor
(D-A) structural optimization, have been explored.'®*! Simi-
larly, in photothermal therapy (PTT), approaches such as photo-
induced electron transfer (PET), twisted intramolecular charge
transfer (TICT), and intramolecular motion regulation have
been employed to improve non-radiative decay channels.****
However, prevailing research paradigms remain constrained
by several critical limitations. Specifically, most studies have
primarily addressed single-molecule system design, paying
limited attention to collective molecular effects. These studies
have leveraged phenomena such as aggregation-induced emis-
sion (AIE) and J-aggregation to modulate excited-state beha-
viors, offering distinct advantages.>* For instance, J-aggregation
not only induces spectral red-shifting but also narrows the
singlet-triplet energy gap, thereby enhancing photodynamic
efficacy.>®> However, the stability of the resulting assembled
structures under complex biological conditions has typically
been overlooked. Specifically, biological microenvironments,
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such as lipid bilayers and hydrophobic protein pockets, can
disassemble these structures, resulting in substantial degrada-
tion of optical performance. Moreover, while macromolecular
systems such as organic semiconductor polymers exhibit favor-
able optical properties through strong D-A interactions and
energy-level splitting, they continue to face inherent limitations,
including poor reproducibility and limited biocompatibility.

In response, intramolecular dimerization has been proposed
as a critical bridge between single-molecule design and supra-
molecular assembly or polymerization.>*® By integrating two
chromophores into a single molecular framework via covalent
bonding or self-assembly, this strategy imparts unique photo-
physical and biophysical properties while preserving molecular
structures. Moreover, it facilitates energy transfer, charge separa-
tion, and exciton coupling between chromophores through
spatial confinement, enabling precise regulation of excited-
state behavior. For example, boron-dipyrromethene (BODIPY)
dimers have been reported to exhibit markedly enhanced triplet
yields via SOCT and SBCT. Dimerization also improves absorp-
tion characteristics and increases two-photon absorption cross-
sections. Beyond these optical advantages, this strategy also
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enables fine-tuning of key parameters such as molecular hydro-
phobicity, rigidity, and self-assembly propensity to optimize
pharmacokinetics.” A representative example includes cyanine
dye dimers linked by flexible spacers that enhance water solu-
bility and promote ordered self-assembly, thereby achieving
efficient tumor targeting without carrier assistance.

While numerous reviews have systematically summarized
the advances in small molecules, polymers, AIE systems, and ]/
H-aggregated frameworks for phototheranostics, the molecular
dimerization strategy remains underexplored. To bridge the
aforementioned gap, this review systematically examines the
mechanisms by which molecular dimerization enhances photo-
physical processes and biophysical properties. It also assesses
design principles and recent progress across dimeric systems,
including BODIPY, cyanines, porphyrins, D-A molecules, and
metal complexes. Furthermore, it identifies prevailing technical
challenges alongside future directions, with particular empha-
sis on artificial-intelligence-driven approaches in the field.
Overall, by establishing a comprehensive framework for mole-
cular dimerization, this review seeks to equip researchers in
chemistry, chemical biology, materials science, and medicine
with both a solid theoretical foundation and new avenues for
innovation.

Notably, in the rapidly advancing field of phototheranostics,
molecular dimerization marks a pivotal shift from single-
function optimization toward collaborative design. It not only
deepens the current understanding of intermolecular interac-
tions but also establishes new directions for the development of
next-generation intelligent theranostic systems. As insights into
photophysical behavior continue to expand and synthetic tech-
nologies evolve, molecular dimerization is poised to open a new
chapter in precision medicine.
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2. Regulating molecular properties
through dimerization

Current rational strategies for modulating excited-state energy
distributions are broadly categorized into single-molecule design,
polymeric engineering, and aggregation-based approaches, each
aiming to precisely control the fate of excited-state energy, either
by promoting ISC to generate ROS or facilitating IC and VR to
produce heat. To contextualize these strategies, Scheme 1 sum-
marizes key design approaches and assembly modes, illustrat-
ing how structural modifications reshape excited-state energy
landscapes and regulate their associated competitive photophy-
sical pathways.>?”>93

Molecular dimerization represents an intermediate yet highly
versatile design paradigm serves as a bridge between single-
molecule engineering and polymeric/aggregate-level modulation.
Dimeric systems maintain molecular discreteness while exploiting
the exciton resonance or electron-transfer interactions between
identical chromophores to generate new excited-state config-
urations and precisely modulate energy-flow pathways. Unlike
complex monomer-level modifications, dimerization can be
achieved using straightforward and rational linkages while
avoiding the biocompatibility and targeting limitations often
associated with polymeric architectures (Fig. 1).

This strategy also offers distinct advantages beyond those of
monomeric and aggregated systems, including enhanced light-
harvesting capacity (e.g., high molar extinction coefficients) and
substantially improved nonlinear optical responses, such as
two-photon absorption (e.g., doubled g, values), collectively
boosting the optical performance essential for phototheranos-
tics. Positioned at the boundary between isolated chromo-
phores and bulk assemblies, molecular dimers combine the

v' Exciton coupling
v' SBCT or SOCT

v Homo-FRET

& PDT/PTT

@ Fluorescent sensor

€ Imaging-guiding therapy

Fig. 1 Construction strategies, photophysical performance modulation approaches, and representative applications of molecular dimers.
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advantages of both regimes, namely enhanced energy coupling,
tunable photophysical behaviors, and integrated multifunc-
tionality, offering a promising structural blueprint for next-
generation intelligent phototheranostic agents.

2.1 Construction strategies for molecular dimers

Molecular dimers are broadly classified as intramolecular or
intermolecular variants, depending on their linkage mode.
Their construction typically follows three primary strategies,
each defined by specific bonding modes that shape their
photophysical properties. (1) Covalent or coordination linkages
employ direct 6-bonds or metal coordination centers to form
structurally rigid dimers with fixed interchromophore dis-
tances and orientations, thereby enabling strong electronic
coupling and promoting efficient energy transfer. A notable
example includes orthogonally arranged dimers connected via
single bonds, which facilitate SBCT and substantially enhance
triplet-state generation. (2) Spacer-mediated connections use
flexible alkyl or glycol chains and rigid aromatic bridges to link
chromophores.The length and flexibility of the spacer directly
govern the balance between conformational freedom and elec-
tronic communication. Specifically, short spacers promote
Forster resonance energy transfer between identical fluoro-
phores (homo-FRET) via dipole-dipole interactions, whereas
optimized chain lengths support controlled PET, enabling
precise modulation of excited-state dynamics.

(3) Supramolecular self-assembly leverages non-covalent
interactions, including n-n stacking, hydrophobic effects, and
electrostatic forces, to drive spontaneous dimer formation.
These dynamic assemblies exhibit J- or H-aggregate-like beha-
vior, characterized by strong exciton coupling and efficient
interchromophore energy transfer. The responsive nature of
these non-covalent interactions allows structural reorganization

View Article Online

Chem Soc Rev

across diverse environments while preserving intermolecular
communication essential for modulating photophysical proper-
ties. Each of these strategies contributes distinctive advantages
in controlling molecular arrangement and electronic interac-
tions, thereby enabling the targeted design of dimeric systems
for phototheranostic applications.

2.2 Photophysical properties

Intramolecular dimerization, a refined molecular design strat-
egy, actively couples the excited-state dynamics of two chromo-
phores by covalently confining them within a nanoscale range
(typically <2 nm), thereby eliminating passive reliance on
concentration-driven encounters. This precise spatial pre-
organization enables a coordinated cascade of photophysical
processes, resulting from the interplay among exciton coupling,
energy migration, CT, and competitive non-radiative relaxation.
Among these, exciton coupling reshapes the absorption profile
through energy-level splitting and spectral shifts, while efficient
homo-FRET drastically suppresses fluorescence anisotropy and
promotes energy dissipation across the dimeric network
(Scheme 2).**** The close proximity between chromophores in
intramolecular dimers further facilitates photoinduced CT, PET,
and most notably, highly efficient SOCT-ISC, which collectively
reconfigure the distribution of excited-state energy. Conse-
quently, both the emissive characteristics, namely intensity,
wavelength, and lifetime, and the distribution of excited-state
populations between singlet and triplet states are systematically
modulated. This inherent “programmability” of photophysical
behavior underpins its pivotal role in advanced theranostics.
Specifically, leveraging aggregation-caused quenching (ACQ) or
PET supports the development of “turn-on” fluorescent probes
with minimal background for ultra-sensitive detection. Further,
maximizing SOCT-ISC efficiency through rational design directs
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Scheme 2 Representative photophysical modulation strategies in molecule dimer.
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excitation energy into triplet states, thereby enhancing singlet
oxygen generation for improved PDT. Conversely, augmenting
non-radiative decay via strong ACQ effects or intramolecular CT
efficiently converts photons into heat, yielding potent photother-
mal agents. Thus, intramolecular dimerization transcends mere
molecular addition; it represents a foundational paradigm for
designing photofunctional materials through the deliberate con-
trol of intramolecular interactions, thereby unlocking vast oppor-
tunities for next-generation theranostic platforms.

(1) Homo-FRET. The homo-FRET mechanism, defined by
rapid dipole-dipole-mediated energy transfer between spatially
proximate and optimally oriented chromophores in intra-
molecular dimers, forms an efficient energy migration network
that substantially affects therapeutic efficacy.>**> Although this
process does not produce detectable changes in absorption or
emission spectra, it enables excitation energy transfer to
quenching sites through depolarization-induced effects. Nota-
bly, the functional role of homo-FRET differs considerably
between photothermal and photodynamic applications. Speci-
fically, in PTT, it facilitates non-radiative decay by channeling
excitation energy into molecular vibrations, thereby enhancing
photothermal conversion efficiency (PCE). However, in PDT, it
acts as a competitive energy dissipation pathway that sup-
presses triplet-state formation by interfering with ISC, ulti-
mately lowering singlet oxygen quantum yields (&@,). This
functional divergence necessitates strategic molecular design,
where homo-FRET is suppressed to optimize PDT sensitizers
and enhanced to improve the performance of PTT agents.

(2) SBCT. SBCT is a distinct photophysical process occurring
in molecular dimers formed by two identical chromophores.**™®
It is characterized by the spontaneous symmetry breaking of the
delocalized excited state upon photoexcitation, producing a
charge-separated state wherein the hole and electron localize on
different chromophores, yielding a Dye'-Dye” configuration
(Scheme 2).*>*° Beyond its spectroscopic manifestations, SBCT
also functions as a dynamic relaxation pathway for the excited
state and occurs only when three fundamental conditions are met.
First, the excitation energy of the monomeric chromophore must
be nearly degenerate with or exceed the redox gap of the dimer to
permit thermodynamically favorable charge separation. Second,
the chromophores must be arranged to minimize orbital overlap
and excitonic coupling, typically through an orthogonal geometry.
Third, the inter-chromophore distance must be sufficiently short
to enable rapid intramolecular electron transfer, allowing SBCT to
outcompete singlet-state decay pathways such as fluorescence and
non-radiative relaxation. Notably, SBCT is characterized by ultra-
fast formation kinetics; discernible spectral signatures of the
charge-separated state in transient spectroscopy; and a notably
low exchange energy between the resulting singlet and triplet
states, which is a direct result of the orthogonal chromophore
geometry. This low exchange energy renders the SBCT state an
efficient intermediate to the localized triplet state, supporting its
application in PDT. Specifically, by promoting ISC to long-lived
triplet states, SBCT facilitates effective singlet oxygen sensitization
and offers a sophisticated molecular design strategy for developing
novel, heavy-atom-free PSs with high therapeutic value.

This journal is © The Royal Society of Chemistry 2026
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(3) SOCT-ISC. SOCT-ISC is an efficient triplet-state-generation
mechanism prominent in orthogonal D-A dyads, with a near-
orthogonal spatial arrangement between the electron donor and
acceptor units.*"*? This configuration suppresses ground-state
orbital overlap while enabling rapid formation of a singlet
charge-transfer (‘CT) state upon excitation.*> Upon photoexcita-
tion, either the donor or the acceptor is promoted to its locally
excited singlet state. From this state, a rapid photoinduced
electron transfer occurs from the donor to the acceptor, yielding
'CT. The subsequent charge recombination process is the key
step that governs triplet formation. Two distinct pathways can
operate during recombination: in the first, the radical pair
undergoes intersystem crossing to form a triplet charge-
transfer state (*CT), which then relaxes to the locally excited
triplet state (T;) of either the donor or acceptor. In the second,
more direct pathway, charge recombination populates the local
triplet state directly via SOCT-ISC. In this process, the large
change in orbital angular momentum associated with electron
back-transfer compensates for the required spin flip, thereby
conserving total angular momentum and enabling highly effi-
cient ISC in the absence of heavy atoms.

SOCT-ISC is conceptually related to SBCT, as both mechan-
isms exploit orthogonal molecular geometries to minimize
exchange energy in the charge-transfer state and promote spin
conversion. However, a fundamental distinction lies in molecular
symmetry: SBCT occurs in homodimeric systems composed of
identical chromophores, whereas SOCT-ISC is intrinsic to hetero-
dimeric donor-acceptor architectures. This structural asymmetry
provides additional degrees of freedom for tuning electronic
coupling, energy-level alignment, and redox properties, making
SOCT-ISC a particularly versatile design principle for heavy-atom-
free photosensitizers in photodynamic therapy and related photo-
chemical applications.

(4) Exciton coupling mediated by intramolecular aggrega-
tion. In molecular dimer systems, covalent linkages not only
reduce the spatial separation between chromophores but also
determine their packing arrangement and govern excited-state
coupling through precise spatial pre-organization. These linkages
facilitate strong intramolecular interactions between the two
fluorophores, particularly promoting vibrational coupling, exci-
ton coupling, and energy transfer processes, which often man-
ifest as self-quenching phenomena. Given the identical nature of
the chromophores, photoexcitation can promote the vibrational
coupling of excited states and facilitate energy-level degeneracy,
resulting in photophysical characteristics distinct from those of
monomeric systems, such as reduced excitation energies and
narrowed singlet-triplet energy gaps. These modified excited-
state properties create favorable conditions for either enhanced
ISC or increased vibrational relaxation, depending on the specific
therapeutic application, thereby improving performance in
photodynamic or photothermal modalities.

Molecular aggregation encompasses several structural arrange-
ments, most notably categorized as H-aggregation and J-aggregation
according to the assembly geometry, with each exhibiting dis-
tinct excitonic coupling characteristics and energy distribution
profiles.***> Among these, H-aggregation constitutes the most
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characteristic packing arrangement, defined by a parallel “face-
to-face” stacking setup of chromophores that results in strong
excitonic coupling, typically evidenced by a blue shift in the
absorption spectrum. In contrast, J-aggregation adopts a ‘“head-
to-tail” orientation, generally accompanied by red-shifted and
spectrally sharpened absorption features. Notably, upon aggrega-
tion, excitation is no longer confined to individual molecules but
becomes delocalized through long-range excitonic coupling,
thereby transforming the excited state into a collective property
and altering the system’s electronic energy landscape. From a
photophysical standpoint, such close packing results in a dual
character: n-stacking interactions can effectively bridge the sing-
let-triplet energy gap, theoretically enhancing ISC and promoting
singlet oxygen generation; however, aggregation concurrently
establishes highly efficient non-radiative decay channels, wherein
energy dissipation through VR substantially outcompetes that
through radiative channels. Consequently, although the reduced
energy gap theoretically favors triplet state formation, the excited-
state energy is more readily converted into heat via non-radiative
pathways, markedly suppressing ISC. This intrinsic competition
dictates the functional orientation of aggregated systems. Speci-
fically, their superior heat conversion capacity is advantageous
for PTT, whereas efficient PDT can be achieved through precise
molecular engineering to balance non-radiative relaxation
against ISC for optimal singlet oxygen yields.

Notably, dimer systems offer an innovative platform for
enabling controlled intramolecular aggregation. Although indi-
vidual small molecules can also aggregate via intermolecular
interactions, the structural stability of such assemblies under
biological conditions remains limited. Specifically, the com-
plexity of the biological environment, rich in phospholipids,
proteins, and other biomacromolecules, combined with the
inherent hydrophobicity of most phototheranostic agents,
raises valid concerns regarding potential disassembly in phy-
siological environments. Dimeric architectures address this
challenge through covalent pre-organization, thereby preser-
ving aggregation behavior and ensuring consistent photother-
apeutic performance in biological applications.

2.3 Biophysical properties

In addition to its profound impact on photophysical tuning,
dimerization also substantially alters the biophysical properties
of functional molecules. Specifically, structural changes induced
by dimerization, including modified rigidity and flexibility,
hydrophilicity and hydrophobicity, and intermolecular interac-
tions, critically influence molecular behavior in biological envir-
onments. Recent studies have demonstrated that dimerization
can impart improved self-assembly to otherwise poorly soluble or
highly hydrophobic drug molecules, facilitating the formation of
stable nanoparticles (NPs).***® Such assemblies typically offer
prolonged blood circulation, enhanced tumor accumulation,
improved cellular uptake, and increased drug stability, thereby
augmenting therapeutic efficacy. Notably, homodimeric pro-
drugs have been shown to achieve drug-loading capacities
exceeding 60%, thereby reducing dependence on external car-
riers. Anticancer drugs bearing planar aromatic moieties, such as
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doxorubicin, camptothecin, and SN-38, often undergo strong n-n
stacking upon dimerization, resulting in their precipitation in
aqueous media. To mitigate this issue, molecular defects are
commonly introduced through flexible linkers (e.g., sulfide
bonds) or rotatable c-bonded bridging groups (e.g., phenylene),
which reduce rigidity and inhibit long-range ordered packing.
Collectively, these findings underscore dimerization as a power-
ful strategy not only for manipulating photophysical states but
also for modulating biophysical properties and enhancing the
therapeutic potential of small molecules.

The prototype Cy7 exhibits pronounced hydrophobicity,
limited tumor accumulation, and low PCE owing to its domi-
nant radiative decay pathways. To overcome these challenges,
Peng and co-workers*® developed a series of ortho-, meta-, and
para-linked Cy7 dimers using phenyldithiol bridges (Fig. 2).
This covalent dimerization strategy not only modified the dyes’
electronic structures but also reshaped their supramolecular
behavior. Photophysically, this dimerization resulted in intra-
molecular H-aggregation and PET, resulting in nearly complete
fluorescence quenching and markedly enhanced nonradiative
decay. Consequently, the dimers exhibited substantially higher
PCEs than the Cy7 monomer (74.1% for the meta-dimer versus
17.2% for the monomer), in agreement with their stronger
photoacoustic signals. Biophysically, dimerization mitigated the
solubility and stability limitations of monomeric Cy7. Accord-
ingly, the dimers spontaneously assembled into NPs approxi-
mately 100 nm in diameter, exhibiting excellent colloidal stability
and prolonged circulation. In particular, the para-dimer exhibited
the most favorable pharmacokinetic profile and tumor accumu-
lation, resulting in superior in vivo anticancer efficacy.

ICG, the only NIR dye approved by the Food and Drug
Administration (FDA), exhibits excellent solubility and biosafety;
however, its clinical application in PDT and PTT remains limited
by poor photostability, rapid clearance, and insufficient tumor
specificity.>® To address these limitations, Zhou and co-workers>"
developed a zwitterionic ICG dimer (ICG-tk-ICG) incorporating a
thioketal linker to modulate intermolecular interactions (Fig. 3).
Notably, this dimer self-assembles into zwitterionic NPs (ZN-
dICG) with an ultra-low critical micelle concentration (<6.5 X
10~% M) and high colloidal stability. Photophysically, ZN-dICG
undergoes fluorescence self-quenching and demonstrates mark-
edly enhanced PCE (55.1% vs. 19.4% for ICG) and increased
ROS generation. The aggregates display a characteristic
shoulder peak at 700-730 nm, indicative of H-type interactions,

ortho/metalpara-dimer

(IR780)
substituted phenyl units.

Fig. 2 Cyanine dimers bearing ortho-,

meta-,

and para-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01306b

Open Access Article. Published on 13 February 2026. Downloaded on 2/25/2026 1:49:48 AM.

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

(cc)

Chem Soc Rev

Fig. 3 Chemical structure and oxidative cleavage mechanism of the
indocyanine green (ICG) dimer ICG-tk-1CG.>*

with fluorescence nearly fully quenched in aqueous solutions,
thereby promoting nonradiative decay and thermal energy gen-
eration. Biophysically, ZN-dICG exhibits robust colloidal stabi-
lity in biological media, prolonged circulation, and enhanced
tumor accumulation through the enhanced permeability and
retention (EPR) effect. Within the tumor microenvironment,
elevated levels of ROS cleave the tk linker, releasing free ICG.
The released ICG binds to albumin, enhancing NIR fluorescence
and thereby improving the signal-to-background ratio in tumor
imaging. In vivo, ZN-dICG enables the sensitive detection of
both primary and metastatic tumors and facilitates efficient
tumor ablation under NIR laser irradiation, underscoring its
translational potential as a biocompatible phototheranostic
platform.

3. Dimeric dyes for phototheranostics:
a spectrum of structural diversity
3.1 BODIPY dimers

BODIPY dyes have emerged as among the most attractive
classes of PSs owing to their distinctive combination of proper-
ties, including high molar absorption coefficients, elevated
fluorescence quantum yields, excellent photochemical stability,
synthetic accessibility, and favorable biocompatibility.**** Con-
ventional strategies aimed at boosting their photodynamic per-
formance have targeted ISC by incorporating heavy atoms (e.g., Br
and I) at the B-position to facilitate singlet-triplet transitions.
Although these approaches have enhanced triplet yield, they have
also introduced drawbacks such as shortened triplet lifetimes,
dark toxicity, and diminished compatibility with biomedical
applications.

To overcome these limitations, heavy-atom-free designs,
such as orthogonal D-A structures and configurations with
enhanced D-A strength, have emerged as viable alternatives.
Because ROS generation depends on ISC efficiency, recent
strategies have further aimed to enhance spin conversion by
incorporating spin-converting units, engineering D-A systems,
or extending m-conjugation.’® Notably, BODIPY dimerization
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Fig. 4 Standard numbering system for
molecule.

positions on the BODIPY

has emerged as a potent strategy for promoting ISC and ROS
generation. The simplest method involves linking two BODIPY
units via a single bond, and the abundance of tunable sites on
the core supports versatile dimer architectures. Reported dimeric
motifs include o, o-; B, B-; meso, meso-; B, meso-; o, meso-; o, B-;
and a, y-linked BODIPYs (Fig. 4). Alternatively, flexible chains or
aromatic spacers are often used to connect BODIPY units,
maintaining intramolecular flexibility and enabling a detailed
mechanistic analysis of dimerization-induced photophysical
behavior. Collectively, these developments underscore dimeriza-
tion and other heavy-atom-free approaches as effective means of
overcoming the inherent limitations of BODIPY dyes in PDT.

3.1.1 Direct linkage of two BODIPY molecules at the a-, -,
v-, and meso positions

(1) o—o and f-p-linked BODIPY dimers. In 2008, Flamigni
et al.>”® synthesized a series of 0,0-(3,3')-linked BODIPY
dimers and systematically compared their photophysical prop-
erties to those of their monomers (Fig. 5 and Table 1). Their
findings revealed that while the monomers typically exhibited a
single absorption band near 530 nm and emission centered
around 540 nm, with quantum yields approaching unity, the
synthesized dimers displayed exciton-split absorption bands
and a pronounced Stokes shift in emission while retaining high
absorption and fluorescence efficiency. As shown in Fig. 5,
Mon1 exhibited a primary absorption peak at 534 nm, whereas
Dim1 showed bifurcated bands at 492 and 565 nm, reflecting
strong excitonic coupling and distinct exciton splitting between
the two BODIPY units. Notably, although the fluorescence
quantum yields and lifetimes of these dimers in toluene were
comparable to those of the monomers, they proved highly
sensitive to solvent type, exhibiting substantially diminished
luminescence and shorter lifetimes in acetonitrile. More impor-
tantly, the dimers exhibited markedly stronger triplet absorp-
tion and considerably higher '0, yields, reaching approximately
0.4 in toluene and 0.5 in dichloromethane, compared to less
than 0.1 for the monomers. Overall, this study pioneered the
field of BODIPY-dimer-based PS design and demonstrated that
such dimers can serve as efficient singlet-oxygen-generating
agents with appropriate solvent selection.

Similar to Flamigni’s group, Jiao’s group®” also designed
and synthesized o,0-linked bisBODIPYs (Fig. 6) but subse-
quently functionalized them with one or two TPE moieties to
produce TPEB and 2TPEB. Here, incorporating TPE extended
the m-conjugation of the BODIPY core, yielding red-shifted
absorption and emission (Aapsiem = 740/810 nm) and enabling
aggregation-induced emission near 912 nm. Upon self-assembly
with the surfactant F-127, the resulting NPs efficiently generated
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Fig. 5 Chemical structures of representative a—a-linked BODIPY dimers.

ROS (0, and *OH) and achieved high PCE (68%). Mechan-
istically, the electron-rich TPE donors and electron-deficient
BODIPY acceptors established a D-A structure, which enhanced
spin-orbit coupling and narrowed the S;-T; energy gap, thereby
facilitating ISC and ROS production. The rotational flexibility
of TPE further promoted nonradiative decay, improving
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photothermal performance. Compared to the monomer and
commercial ICG, 2TPEB NPs demonstrated superior ROS gen-
eration, photothermal stability, and antitumor efficacy (half-
maximal inhibitory concentration, ICs, = 4.1 uM), underscoring
their potential as high-performance phototheranostic agents.

(2) «-Meso-, B-meso-, and meso-meso-linking. Shinokubo and
co-workers®® synthesized B,B-linked BODIPY dimers and tri-
mers (Fig. 7), wherein the BODIPY cores adopted a coplanar
geometry with minimal steric hindrance, facilitating extended n-
conjugation. This configuration produced notably red-shifted
absorption maxima compared to the monomer (501 nm for the
monomer, 609 nm for the dimer, and 678 nm for the trimer).
However, this enhanced conjugation was accompanied by a
decline in fluorescence quantum yield, dropping from 0.92
(monomer) to 0.15 (dimer) and 0.25 (trimer). Although extended
conjugation may promote triplet-state formation, the singlet
oxygen generation efficiency of these oligomers was not assessed
in that study. Xie et al.*® later synthesized a series of p-B-linked
BODIPY oligomers (D1-D3 and T1) to investigate the influence of
substituent groups and oligomer size on singlet oxygen genera-
tion. These dimers and trimers exhibited low 'O, quantum yields
in dimethyl sulfoxide (DMSO), specifically, 0.10 for D1, 0.11 for
D2, 0.08 for D3, and 0.06 for T1. These values were substantially
lower than those of analogues linked at alternative positions.
This poor performance was attributed to two primary factors: (1)
distorted dihedral angles between adjacent BODIPY units (55° for
D1 and 64° for D2), which hindered efficient ISC; and (2) electron-
rich substituents that stabilized the intramolecular CT state,
thereby suppressing singlet-to-triplet conversion. Consequently,
although these p-f-linked oligomers maintained high fluores-
cence efficiencies, their capacity for ROS sensitization remained
limited.

In 2011, Akkaya et al.® first performed theoretical calcula-
tions to demonstrate that doubly substituted BODIPY molecules
(Fig. 8), particularly those adopting orthogonal conformations,

Table 1 Photophysical parameters (absorption/emission maxima and fluorescence quantum yields) and ROS generation efficiencies of monomers and

a—o- and B—B-linked BODIPY dimers

Synthetic
Molecules Jabs (NM) Jem (NM) o ROS type Dy yield Ref.
Mon 1 534 540 1.0 0, <0.1 69% 55 and 56
Dim 1 492/565 648 0.71 0, 0.4 45%
Mon 2 526 538 0.88 '0, <0.1 42%
Dim 2 489/558 638 0.67 0, 0.4 65%
Mon 3 529 538 0.80 — — 45%
Dim 3 490/559 638 0.69 '0, 0.3 65%
Mon 4 535 540 1.0 — - —
Dim 4 494/567 650 0.76 0, 0.3 45%
BDP 663 703 0.71 — — — 57
TPEB 702 774 0.15 *OH, '0, - 30%
2TPEB 742 810 0.11 *OH, 'O, — 22%
Mon 5 501 514 0.92 — — — 58
Dim 5 609 655 0.15 — — 81%
Tri 1 678 731 0.25 — — 71%
D1 534 572 0.06 0, 0.10 26% 59
D2 526 564 0.02 0, 0.11 22%
D3 559 597 0.11 10, 0.08 45%
T1 559 599 0.10 0, 0.06 8%

Chem. Soc. Rev.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01306b

Open Access Article. Published on 13 February 2026. Downloaded on 2/25/2026 1:49:48 AM.

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

(cc)

Chem Soc Rev

View Article Online

Review Article

Fig. 6 Chemical structures of boron-dipyrromethene (BDP), tetraphenylethene-functionalized BDP (TPEB), and bis-tetraphenylethene-functionalized

BDP (2TPEB).

Fig. 7 Chemical structures of representative B,B-linked BODIPY dimers and trimers.

substantially enhance S;-T; coupling efficiency. Building on
this insight, they synthesized a series of orthogonally linked
BODIPY dimers using various linkages, including meso-meso
(Dim 7 and 8) and B-meso (Dim 6) connections (Dim 6). These
structural variations led to distinct photophysical behaviors. For
instance, both quantum chemical calculations and X-ray crystal-
lography confirmed that the representative B-meso Dim 6
adopted a nearly orthogonal geometry (~90° dihedral angle),
preserving the intrinsic electronic structure of each BODIPY
unit while enabling efficient ISC. Consequently, the orthogonal
dimers exhibited substantially quenched fluorescence while
markedly enhancing singlet oxygen generation. Dim 6 exhibited
a @, of 0.51 in dichloromethane, closely matching that of the
clinical PS methylene blue (MB, 0.57). Notably, Dim 7 and 8
maintained high fluorescence quantum yields, suggesting their
potential as dual-function agents for fluorescence imaging and
PDT. They also exhibited notable singlet oxygen quantum yields

This journal is © The Royal Society of Chemistry 2026

(0.46 and 0.21, respectively), although these were lower than
that of Dim 6. Subsequent studies confirmed that the enhanced
triplet population in these BODIPY dimers originated from SOCT
or SBCT mechanisms, with the relative efficiency of each pathway
strongly dependent on the specific linkage geometry.*”*%%1>
Building on this strategy, they subsequently synthesized two B-
meso-linked BODIPY trimers (Fig. 8), further validating the design
concept.®® Remarkably, both trimers exhibited efficient singlet
oxygen generation in dichloromethane, with quantum yields of
0.53 (Tri 2) and 0.55 (Tri 3), rivaling benchmark PSs and
demonstrating the scalability of orthogonal dimer-based triplet
enhancement. Jiao and Hao et al.®* also synthesized a series of
meso-B-linked BODIPY dimers featuring tunable dihedral angles
between the two subunits. Dimers 2a and 2c, lacking pyrrolic
substituents, exhibited smaller dihedral angles (34°-39°), which
facilitated excitonic coupling and resulted in broadened, red-
shifted absorption bands alongside inefficient singlet oxygen
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Tri 2, R, = tert-Bu
Tri 3, R, = (CH,)s0OH

Fig. 8 Chemical structures of B-meso- and meso—meso-linked BODIPY dimers.

generation. In contrast, pyrrolic substitution at the 1,7-positions
in 2b and 2d induced nearly orthogonal geometries (84°-89°),
which suppressed excitonic interactions and substantially
enhanced ISC efficiency, with dimer 2b exhibiting the highest
singlet oxygen quantum yield within the series (Table 2).

Jiao and Hao et al.®® designed o-meso-linked bisBODIPYs
(BDP-a and BDP-b) to achieve red-shifted emission while pre-
serving an orthogonal geometry, in contrast to B-meso and
meso-meso-linked analogues (Fig. 9). In BDP-a and BDP-b, steric
hindrance from the 2-ethyl group imposed an ~ 84° dihedral
angle between the BODIPY subunits, effectively restricting
rotation and enhancing ISC to the triplet state. Consequently,
these orthogonal bisBODIPYs exhibited high singlet oxygen
quantum yields (@5 = 0.62-0.70 in toluene). Meanwhile, BDP-
¢, BDP-c, which lacks steric constraints, exhibited a lower @, of
0.17 owing to diminished orthogonality. The emissions of BDP-
a and BDP-b were notably red-shifted (630-671 nm), indicating
enhanced electronic coupling without compromising their
orthogonal arrangement.

Maria J. Ortiz and co-workers®® advanced BODIPY multi-
chromophore engineering by synthesizing fully orthogonal
trimers (Tri 4-7, Fig. 9) and systematically elucidating the role
of linkage geometry in governing their excited-state behavior.
These trimers exhibited monomer-like absorption centered at
505-510 nm, with Tri 7 displaying only a weak long-wavelength
shoulder, consistent with the minimal excitonic coupling of its
2-8'/3-8' mixed junctions. Notably, the molar absorption coef-
ficients were highly dependent on linkage geometry: Tri 5, with
exclusive 2-8’ connections, exhibited a nearly additive value of
2.3 x 10° M~ " em™, while the incorporation of 3-8’ linkages
substantially diminished absorption efficiency, as observed for
Tri 6 (9.0 x 10 M~" ecm™"). The 3-8’ linkage also stabilized the
CT character, resulting in marked fluorescence quenching
(<0.02% for Tri 6 even in nonpolar solvents) and red-shifted
ICT emission, reaching ~610 nm for Tri 5 and ~ 675 nm for Tri
4. The trimers collectively underwent SOCT-ISC and efficiently
generated singlet oxygen. However, ROS production was reduced
in 3-8’ linked architectures, particularly Tri 6, where enhanced

Table 2 Photophysical parameters (absorption and emission maxima and fluorescence quantum yields) and ROS generation efficiencies of a-meso-, -

meso-, and meso—meso-linked BODIPY dimers and trimers

Synthetic

Molecules Aabs (NM) Jem (NM) [ ROS type Dy yield Ref.
Dim 6 514 527 0.03 ‘o, 0.51 20% 60
Dim 7 515 588 0.31 10, 0.46 16%

Dim 8 542 605 0.49 ‘0, 0.21 9%

Tri 2 507/522 — — ‘o, 0.53 40% 63
Tri 3 — — — 10, 0.55 56%

BDP-a 514 633 0.03 10,, 0,*~ 0.62 31% 65
BDP-b 516 628 0.07 10,, 0, 0.70 29%

BDP-c 516 671 0.09 '0,, 0,°~ 0.17 78%

Tri 4 513 545 0.09 ‘o, 0.49 7% 66
Tri 5 513 535 0.23 '0, 0.78 51%

Tri 6 508 617 0.019 ‘0, 0.29 5%

Tri 7 505 612 0.179 0, 0.72 32%

2a 521 563 0.007 0, — 31% 64
2b 507 540 0.002 0, — 23%

2¢ 538 568 0.002 ‘0, — 33%

2d 507 542 0.002 0, — 25%
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Fig. 9 Chemical structures of a-meso-linked BODIPY dimers and trimers.

CS stabilization facilitated nonradiative decay and concurrently
suppressed fluorescence and ISC. Overall, this study underscored
linkage-controlled excited-state modulation as a powerful design
strategy for optimizing the photophysical performance of heavy-
atom-free BODIPY systems.

Notably, the efficient implementation of SBCT is vital for
designing high-performance PSs, yet its efficacy is strongly
dictated by molecular architecture and the interplay of compet-
ing photophysical processes.?” A representative case is the long-
wavelength BODIPY dimer 3D, as reported by Winter and co-
workers.*® Although 3D undergoes SBCT in polar solvents,
forming an intramolecular CT state, its singlet oxygen quantum
yield (@5 = 0.5%) is notably lower than that of its monomeric
counterpart 3M (¥, = 1.4%). Detailed analyses revealed that
while the ICT state in 3D forms rapidly (~1 ps in methanol,
~500 fs in dimethylformamide), it does not constitute the sole
excited-state decay route; rather, it competes with ISC, fluores-
cence, and nonradiative relaxation. This competition becomes
particularly pronounced in polar solvents, where greater chan-
neling into the ICT pathway diminishes ISC efficiency. These
findings underscore the need to carefully balance photophysi-
cal decay pathways when engineering symmetric dimers and
highlight a critical design consideration for long-wavelength
dyes prone to nonradiative losses (Fig. 10).

Fig. 10 Chemical structures of 3M and 3D.

This journal is © The Royal Society of Chemistry 2026

Although BODIPY dimerization notably enhances photosen-
sitizing performance, most reported dimers rely on the Type-II
mechanism to generate singlet oxygen, which may compromise
their efficacy in treating hypoxic tumors. To address this
challenge, Yang et al.*” developed a series of a-B-linked BODIPY
dimers and a trimer exclusively producing superoxide radicals
(0,°7) via the Type-I mechanism, offering a promising strategy
for hypoxia-resistant PDT. Notably, in dimer 1a, the two BODIPY
units were joined at the o,B-positions, partially preserving pla-
narity while modulating electronic interactions. Consequently,
Dim 9a exhibited red-shifted absorption at 628 nm (¢ = 4.7 X
10" M~" em "), weak fluorescence at 746 nm (®y = 0.8%), and a
nearly planar configuration with a dihedral angle of 19.7°.
Electrochemical analysis revealed an anodic shift promoting
electron acceptance, consistent with its ability to generate O,°".
Laser flash photolysis confirmed a prolonged triplet lifetime
(1514 ps) and a T, energy below the threshold for singlet oxygen
generation, validating its exclusive Type-I behavior. Tri 8 further
exhibited red-shifted absorption at 740 nm in DMSO (¢ = 6.0 X
10* M~' em™") while maintaining a long triplet lifetime of
1060 ps. It demonstrated potent phototoxicity toward HepG2
cells under normoxic conditions (ICs, = 0.39 pM) and retained
high activity under hypoxic conditions (ICs, = 0.56 pM). These
findings underscore the potential of o-fB-linked BODIPY oligo-
mers as effective Type-I PSs for treating hypoxic tumors (Fig. 11).

Dim 9b: R=ClI

Dim9a: R=H Dim 9c: R = -C¢H4CH; Dim 9d: R = -CCCgHjg

Dim 9e: R = -CHCHCgHs; Dim 9f: R = -SCgH,OCH;  Dim 9g: R = -OC¢H,OCH;

Fig. 11 Chemical structures of a,B-linked BODIPY dimers and trimers.
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Collectively, these findings demonstrate that the linkage
topology exerts a decisive influence on triplet-state accessibility
and ROS generation efficiency. Co-planar dimers (o-o- and B-f3-)
typically display red-shifted absorption and emission in the NIR
region but fail to generate ROS, while orthogonal dimers (meso-
meso-; B-meso-; o-meso-; o—P-; and o—y-) serve as heavy-atom-free
PSs capable of producing singlet oxygen. To clarify this structure—
function relationship, Fan’s team®® conducted theoretical calcu-
lations and examined the photodynamic behavior of BODIPY
dimers with diverse linkage configurations. By optimizing mole-
cular geometries and examining frontier orbitals, electron density
differences, SOC matrices, and excited-state decay rates, they
found that B-B- and o-o-linked dimers tend to adopt planar
geometries in the T; state, suppressing ISC and limiting singlet
oxygen generation. In contrast, meso-B-, meso-meso-, and o-y-
linked dimers preserve dihedral angles of 125°-143° in the Ty
state, thereby facilitating ISC and enhancing ROS production.
Notably, the a-y-linked dimer exhibited long-wavelength emission
originating from S; — S, transitions involving lowest-unoccupied-
molecular-orbital-to-highest-occupied-molecular-orbital (LUMO —
HOMO) excitations with moderate oscillator strength, consis-
tent with experimental observations. Additionally, substantial
SOC matrix elements further improved ISC efficiency. Notably,
in these favorable systems, the S; — T; process entails pro-
nounced CT from the 'CT state to *LE state, indicative of an
SOCT-ISC mechanism. Overall, this study underscores the
importance of controlling the T;-state dihedral angle as a design
strategy for enhancing the photosensitivity of BODIPY PSs in
therapeutic and imaging contexts.

Despite their promise as a heavy-atom-free strategy for PS
design, directly linked BODIPY dimers present inherent limita-
tions. Specifically, their photodynamic performance is highly
sensitive to solvent polarity: while high singlet oxygen yields are
typically achieved in low-polarity media, efficiency markedly
declines in polar environments owing to ultrafast intramolecular
charge transfer, which suppresses ISC. This polarity-dependent
behavior may compromise their reliability in complex biological
environments. Nevertheless, their inherent lipophilicity pro-
motes accumulation in lipid-rich organelles or protein pockets
following cellular uptake, potentially mitigating polarity-induced
quenching to some extent. Extending absorption into the longer-
wavelength region introduces further challenges. As exemplified
by dimer 3D, red-shifted systems may exhibit greater competition
from non-radiative decay pathways, ultimately diminishing ROS
generation efficiency. These findings underscore the importance
of co-optimizing linkage geometry, electronic coupling, and
spectral characteristics to develop robust, broadly applicable
heavy-atom-free PSs.

(3) BODIPY dimers linked by spacers. Beyond direct linkage,
incorporating a molecular spacer between two BODIPY units
has emerged as a widely adopted design strategy. Compared
with covalently fused dimers, spacer-linked architectures offer
greater structural diversity, enabling precise control over inter-
chromophore distance, orientation, and conformational
dynamics. This tunability facilitates systematic exploration of
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excited-state dynamics. Moreover, by attenuating excessive
electronic coupling while maintaining effective interunit com-
munication, the spacer strategy provides a versatile platform
for optimizing triplet formation, ROS yield, and aggregation
behavior in molecular dimers.

Yoon and co-workers®® recently introduced a RP-ISC strategy
to design heavy-atom-free PSs (Fig. 12). In their designed configu-
ration, two BODIPY chromophores were conjugated to a phenox-
azine (PXZ) donor, yielding A-D-A-type molecules (BDP-8 and
BDP-9). The resulting architectures adopted strongly twisted
geometries, with near-perpendicular (~90°) torsional angles
between the BODIPY and PXZ units, as confirmed by density
functional theory (DFT) calculations. This structural distortion
ensured well-separated HOMO/LUMO distributions and a
remarkably small AEgy. Unlike the conventional D-A-type BOD-
IPY (BDP-5), which undergoes SOCT-ISC from the singlet CT state
(S1) to the triplet local excited (LE) state (T,), the A-D-A systems
exhibited multiple ISC pathways. Specifically, the near degener-
acy of the S,/S, and Ts/T, states facilitated efficient CT from
singlet to triplet CT states, consistent with the RP-ISC mecha-
nism. Consequently, the calculated kgc values of BDP-8 and BDP-
9 reached 2.44 x 10° and 2.31 x 10° s~ respectively, nearly an
order of magnitude higher than that of BDP-5 (5.99 x 10* s~ ).
Importantly, their 'O, generation efficiencies were comparable to
those of the benchmark 2,6-diiodo-BODIPY PS under identical
conditions, demonstrating that RP-ISC is a viable alternative to
heavy-atom-based ISC enhancement. To further assess their
biomedical applicability, BDP-8 and BDP-9 were formulated into
polymer-encapsulated NPs (BDP-8/BDP-9 NPs), which exhibited
bright red emission, photostability across physiological pH con-
ditions, efficient ROS production, and pronounced phototoxicity.
In vivo, BDP-8 NPs achieved ~75% tumor growth inhibition
under green LED irradiation, while control groups (light only or
PS only) displayed rapid tumor progression. These findings
underscore the potential of RP-ISC-based BODIPY derivatives as
a next-generation class of heavy-atom-free, biocompatible, and
efficient PSs for photodynamic cancer therapy.

Triphenylamine (TPA), characterized by a propeller-shaped
geometry, functions as an effective spacer imposing a fixed

4

—N. __N //
FF
BDP5

Fig. 12 Structures of phenoxazine-linked BODIPY dimers.
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dihedral angle between two chromophores while preserving
electronic communication through its n-conjugated frame-
work. Building on this structural advantage, Qian et al.®® devel-
oped a vinyl-pyridine-substituted BODIPY dimer (VP-BDP2),
derived from T-BDP2, which exhibited efficient photodynamic
activity in pure aqueous systems (Fig. 13). Relative to T-BDP2,
VP-BDP2 displayed a considerably higher singlet oxygen quan-
tum yield (increasing from 22.2% to 9.38%), faster CT dynamics
(decreasing from ~ 30 ps to ~10 ps), and red-shifted emission
advantageous for imaging applications. Notably, VP-BDP2
could also generate superoxide radicals (O,° ) in water, thereby
expanding its ROS repertoire. Studies confirmed that ROS
generation occurs through an SOCT-ISC mechanism. In aqu-
eous media, aggregation-induced emission stabilized the CT
state, while vinyl-pyridine substitution minimized energy loss,
enhanced charge separation, and facilitated ISC. The triplet
energy gap was also reduced (T3 — Ts: 0.13 eV for VP-BDP2 vs.
0.48 eV for T-BDP2), favoring triplet state and ROS generation.

Advancing their spacer-engineered dimer design, Qian et al.”’
further extended the absorption wavelength of BODIPY systems
and developed a heavy-atom-free BODIPY dendrimer PS (TM4-
BDP) employing a spin-vibronic coupling (SV-ISC) mechanism to
enable efficient one- and two-photon PDT. Notably, TM4-BDP
exhibited an intense absorption band at 685 nm (¢ = 1.28 X
10° M~" em™") and fluorescence emission at 720 nm, accompa-
nied by a weak CT emission tail spanning 750-800 nm. Relative to
its analogues, the singlet oxygen yields of TM-BDP, TM2-BDP, and
TM4-BDP increased from 0.18% to 4.21% in dichloromethane
and reached 11.2% in carbon tetrachloride, underscoring the role
of the BODIPY-indole module as the “functional zone” for ISC.
EPR analysis demonstrated superoxide radical generation under
660 nm irradiation. Moreover, in CNE-2 cancer cells, TM4-BDP
preferentially localized in lysosomes, triggering pronounced
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phototoxicity with an ICs, of 22.1 puM. Notably, TM4-BDP
exhibited a two-photon absorption cross-section of 383 GM at
1030 nm, corresponding to a ~33% enhancement over TM2-
BDP. Electronic structure analysis revealed that the ISC process
transitioned from conventional SOCT-ISC to SV-ISC, mediated
by the out-of-plane vibrational modes (6.59-7.34 cm™ ') of the
indole-BODIPY fragment, which facilitated singlet-triplet state
mixing. The near-resonant energy gap between the Sy, (1.83 eV)
and T;/, (1.84 eV) states further supported the SV-ISC pathway.

Alkenes represent an attractive class of molecular spacers, as
they not only bridge chromophoric units but also partially
extend m-conjugation, thereby modulating the electronic cou-
pling between them. Building on this concept, Hao and Jiao
et al.”" synthesized a series of BODIPY dimers (Dim 10), trimers
(Tri 9), and tetramers (Tera 1) using a “‘ground-state conjuga-
tion, excited-state rotation” design principle (Fig. 14). Extend-
ing conjugation via ethene linkages led to red-shifted
absorption maxima at 700, 864, and 1002 nm, with high molar
extinction coefficients (¢ =2.16 x 10° M ' em™ ' at 694 nm for Dim
10;2.17 x 10° M~ ' ecm ™" at 857 nm for Tri 9; 1.38 x 10°M *cm™*
at 992 nm for Tera 1 in CH,Cl,), each substantially higher than
that of the monomeric analogue (¢ = 6.3 x 10* M™"' em™" at
500 nm). Their emission profiles likewise shifted into the deep-NIR
region, with maxima at 716, 890, and 1071 nm in toluene. Notably,
oligomeric extension led to a systematic decline in fluorescence
quantum yield (93% for the monomer, 40% for the dimer,
0.58% for the trimer, and <0.01% for the tetramer), indicating
progressive suppression of radiative decay in favor of nonradia-
tive processes. The dimer maintained singlet oxygen generation
(@A = 0.12 in toluene), while the trimer and tetramer exhibited
substantially reduced ROS yields but enhanced photothermal
performance. Notably, the trimer exhibited a remarkable PCE of
72.4%, attributed to efficient intramolecular rotation in the

7\

VP-BDP2

Fig. 13 Molecular structure of BODIPY dimers linked by a triphenylamine spacer.
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Fig. 14 Structures of ethene-linked BODIPY dimers and trimers.

excited state. This behavior was confirmed by potential-energy
surface calculations, which revealed low rotational energy bar-
riers and consistently small Eg,, values. For biomedical use, the
hydrophobic oligomers were encapsulated within a pH-
responsive poly(ethylene glycol)-block-poly(2-(diisopropylami-
no)ethyl methacrylate) diblock copolymer, forming NPs featur-
ing a uniform size distribution, excellent photostability, and
tumor acidity-triggered release. Among these NPs, trimer NPs
(absorption at 857 nm, ¢ = 2.17 x 10° M~ " ecm ™', PCE = 72.4%)
demonstrated notable tumor photoablation efficacy, achieving
complete tumor eradication without recurrence in vivo under
808 nm laser irradiation. Subsequently, the authors’> synthe-
sized a 3-pyrrolyl BODIPY dimer (Dim 11), which exhibited dual
emission peaks at 878 and 983 nm, despite a low fluorescence
quantum yield of 0.02 in toluene. DFT calculations revealed
stabilized frontier molecular orbitals, with substantial electron
density localized over the pyrrole units and ethylene linker,
indicating intramolecular CT from the pyrrole moieties to the
electron-deficient BODIPY cores. Upon encapsulation within
Pluronic F-127 NPs, the dimer exhibited a high PCE of 72.5%,
exceeding the value of 46.2% recorded in toluene, along with
excellent photo- and thermal stability.

Like alkenes, alkynes are widely employed as spacers in
BODIPY dimers. This is because, unlike vinyl linkers, the C=C
unit provides limited conjugation to the BODIPY core while
offering greater rotational freedom, thereby reducing electronic
coupling and allowing more flexible excited-state evolution. In
a previous study, Zhu et al.”* synthesized a symmetrical D-A-A-
D-type BODIPY dimer (P-P) through one-pot oxidative homo-
coupling (Fig. 15). In this setting, triphenylamine functioned as
the donor, BODIPY functioned as the acceptor, and butadiyne
functioned as the n-bridge. Acetyl-protected glucose was intro-
duced into both P and P-P to enhance aqueous solubility and
facilitate cellular uptake. Compared to P, P-P exhibited broa-
dened and red-shifted absorption (465-725 nm), enhanced
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Fig. 15 Structures of alkyne-linked BODIPY dimers.

charge separation, and a prolonged triplet-state lifetime (165 ps
vs. 104 ps). Time-dependent DFT (TD-DFT) calculations revealed
a reduced AEgy for P-P (0.48 eV vs. 1.31 eV for P), attributed to
SBCT, which promoted efficient ISC and ROS generation.
Further, ROS measurements confirmed the superior activity of
P-P. The @, values of P-P and P-P NPs reached 0.877 and 0.795,
respectively, both exceeding that of rose bengal (0.76). P-P also
produced substantial amounts of O,° . Furthermal, it exhibited
strong photothermal conversion, inducing a temperature
increase from 28.3 to 43.2 °C at 50 uM under 730 nm irradiation
(0.5 W cm 2, 10 min). Biological evaluation revealed excellent
dark biocompatibility (>85% cell viability). Upon irradiation,
however, P-P NPs exhibited potent phototoxicity, reducing
HepG2 cell viability to 19% at 25 pM, with an ICs, of 15.2 pM.
Although these compounds exhibited promising photophysical
properties and dual PDT/PTT functionality, their therapeutic
efficacy in cellular assays remained moderate, suggesting that
structural refinement or improved delivery is necessary to
realize their full biological potential.

Another elegant strategy for constructing BODIPY dimers
involves using a single heteroatom as the bridging unit.”
Unlike n-conjugated linkers or flexible spacers, heteroatom
bridges (e.g., N, S) enforce a compact geometry and impose
strong electronic perturbations without considerable structural
extension. In a previous study, Jiao’ group’>’® introduced a
novel a-bridged BODIPY dimer design wherein two BODIPY
units were connected by a heteroatom (Fig. 16). When using
sulfur-bridged oligo-BODIPYs as heavy-atom-free PSs, the lone

©OND GO AW

Fig. 16 Molecular structures of heteroatom-bridged BODIPY dimers.
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pair on sulfur disrupted extended m-conjugation between the
subunits while preserving electronic communication. This fine-
tuned both the singlet and triplet excited states, resulting in
favorable NIR absorption and efficient singlet oxygen genera-
tion through enhanced SOC coupling. Notably, the T, energies
of B2-B4 (1.37-1.24 eV) rendered them suitable triplet donors,
while their calculated SOC values (0.76-3.03 cm™ ') proved
adequate to facilitate ISC. Consequently, B2 and B3 exhibited
greater efficiency in generating 10, and 0,*~ than the reference
azaBODIPY, indicating the involvement of both energy and
electron transfer pathways. The sulfur-bridged strategy was
subsequently advanced by replacing sulfur with nitrogen, yield-
ing a~a-nitrogen-bridged BODIPY dimers. In these dimers, the
nitrogen bridge facilitated strong excitonic coupling and effi-
cient p-electron delocalization across the two BODIPY cores.
This structural configuration produced distinct absorption
bands at 518 and 716 nm and a strong NIR emission at
746 nm, indicative of pronounced intramolecular excitonic
interactions. The resulting electronic structure supported effi-
cient ISC through exciton-assisted mechanisms. Consistent
with these features, the nitrogen-bridged dimer 2a exhibited a
moderate ROS quantum yield of 10% in toluene, demonstrating
that such exciton-coupled, heavy-atom-free BODIPY dimers can
effectively serve as PSs.

Modulating exciton coupling offers a powerful approach for
tailoring the photophysical behavior of dyes, although inter-
molecular interactions are generally more accessible than
intramolecular ones. Hao and co-workers”” designed vinyl-
bridged aza-BODIPY dimers (BDP3 and BDP4) supporting both
intra- and intermolecular exciton interactions, thereby enabling
efficient tumor PTT (Fig. 17). Relative to their monomeric
counterparts, BDP3 and BDP4 exhibited absorption bands red-
shifted by approximately 100 nm at 758 and 774 nm in dichlor-
omethane, with BDP3 displaying a marked emission red-shift
from 690 to 974 nm, reflecting expanded n-conjugation through
the B-ethene bridge. Strikingly, BDP3 displayed Davydov split-
ting, characterized by two dominant absorption bands at 758
and 582 nm, with the latter blue-shifted relative to the mono-
mer. These spectral signatures indicate enhanced dipole-dipole
interactions and strengthened transition dipole moments.
Upon self-assembly in water, BDP3 formed J-aggregated NPs
(BDP3 NPs), with absorption and emission peaks further red-
shifted to 936 and 1003 nm, respectively. This slip-stacked
arrangement substantially narrowed the bandgap and conferred
ultraphotostability, a high PCE (60.3%), and potent phototoxi-
city (ICso = 7.7 uM) to the NPs. In vivo, BDP3 NPs achieved
complete tumor ablation under 915 nm laser irradiation at

OCizHzs

Fig. 17 Structures of aza-BODIPY dimers.
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ultralow power density, underscoring their strong potential for
NIR-II-guided PTT. Nonetheless, the requirement for precise J-
aggregation conditions highlights the need for simplified mole-
cular design strategies to realize effective J-aggregate-based
theranostic agents.

Dong et al’® developed an orthogonally configured aza-
BODIPY-BODIPY dyad (NDB; Fig. 17) to enhance ROS generation
through the SOCT-ISC mechanism. The optimized geometry
featured a 76° torsion angle between the aza-BODIPY and BOD-
IPY units, thereby accounting for the orthogonal configuration
and facilitating efficient ISC. In toluene, NDB exhibited dual
absorption bands at 513 nm (BODIPY) and 703 nm (aza-BODIPY),
an optical bandgap of 1.65 eV, and an emission maximum at
744 nm with a fluorescence lifetime of 2.8 ns. Upon irradiation at
730 nm, NDB demonstrated a three-fold higher ROS generation
efficiency than that of ICG. To improve solubility and biocompat-
ibility, NDB NPs were prepared using DSPE-PEG2000 and PEGy-
lated phenylboronic acid. These NPs exhibited a high PCE
(39.1%), notable photostability, and excellent antibacterial effi-
cacy. In vitro assays against methicillin-resistant Staphylococcus
aureus revealed a survival rate of only 8% for NDB NPs under
laser irradiation, compared with 75% for NDB NPs alone and
88% for laser exposure alone. Collectively, these results highlight
the dual PDT/PTT applicability of NDB NPs, which integrate ROS
generation and photothermal effects for effective bacterial eradi-
cation, positioning them as a promising halogen-free platform
for photo-initiated antibacterial therapy.

(4) Activatable and targeted BODIPY dimers. While earlier
BODIPY dimers focused on tuning photophysical properties to
enhance ROS generation or heat production, a parallel strategy
has emerged: the development of activatable or targeted PSs.”®
This approach seeks to achieve selective tumor ablation while
sparing surrounding healthy tissue. These stimuli-responsive
BODIPY dimers are designed to remain functionally inert dur-
ing systemic circulation. Their therapeutic and diagnostic func-
tions are activated only upon the recognition of a tumor-specific
biomarker within the tumor microenvironment.

Akkaya and co-workers®® developed a GSH-activatable BOD-
IPY dimer for heavy-atom-free PDT. As depicted in Fig. 18, BDP
was initially condensed with pyridinecarboxaldehyde, followed
by quaternization of the pyridine unit, a modification that
increases the susceptibility of the double bond to nucleophilic
attack by GSH. Because intracellular GSH levels in normal cells
are approximately one-fifth of those in cancer cells, this design
enables efficient discrimination between healthy and malignant

PDT off

Fig. 18 Structures of glutathione (GSH)-activatable BODIPY dimers.
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Dim-NO, Dim-NH,

Fig. 19 Structure of a nitroreductase (NTR)-responsive BODIPY dimer.

cells, thereby facilitating selective cytotoxicity in cancer cells.
Notably, the above study marked the first demonstration of
selective, GSH-triggered intracellular activation enhancing
photocytotoxicity in cancer cells (Fig. 19).

Tan et al.®" synthesized a BODIPY dimer (Dim-NO,) respon-
sive to NTR, designed as a hypoxia-activatable photosensitizer
for tumor-selective PDT. A nitro group was introduced at the
meso-position to quench both fluorescence and singlet oxygen
generation in the native state. Upon exposure to NTR, enzymatic
reduction of the nitro group reinstated strong fluorescence and
PDT efficacy. Further, incubation with 1 mg mL™' NTR
increased the @, value from 0.05 to 0.46, confirming enzyme-
mediated activation and substantial 'O, generation.

Yin et al.®* developed a lysosome-targeting BODIPY dimer
(Dim-Lyso) by incorporating two morpholine groups (Fig. 20),
which conferred strong lysosomal affinity and pronounced NIR
absorption (A,ps = 673 nm) and emission (Jem, = 732 nm). Under
660 nm laser irradiation, the dimer exhibited efficient ROS
generation and photothermal conversion. Upon self-assembly
with Pluronic F127, Dim-Lyso formed stable nanomicelles
(Dim-Lyso NPs) that enhanced cellular uptake and lysosomal
localization. In DMSO, Dim-Lyso generated considerably more
singlet oxygen than Dim-Cl. In aqueous media, Dim-Lyso NPs
maintained high 0, generation efficiency, outperforming the
clinically approved Ce6. Mechanistically, Dim-Lyso NPs accu-
mulated in lysosomes and, upon irradiation at 660 nm, induced
severe lysosomal disruption, thereby concurrently initiating
pyroptosis and immunogenic cell death through NLRP3/Gas-
dermin D (GSDMD) and caspase-3/GSDME signaling. Notably,
lysosomal dysfunction also impaired protective autophagy,
further enhancing therapeutic efficacy. Consequently, both
intratumoral and intravenous administration of BDPd NPs
followed by laser irradiation markedly inhibited tumor growth
in a triple-negative breast cancer model. Such treatment also

Dim-Lyso

Fig. 20 Structure of a lysosome-targeting BODIPY dimer.
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elicited systemic antitumor immune responses, extended sur-
vival, and achieved complete tumor eradication in ~60% of
intravenously treated mice.

3.2 Cyanine dimers

3.2.1 Dimers based on symmetric polymethine cyanines.
Cyanine derivatives are widely regarded as promising agents for
bioimaging and PDT, owing to their excellent biosafety, high
molar extinction coefficients in the NIR region, and straightfor-
ward synthesis.® However, their clinical translation remains
constrained by their inherent drawbacks, including short
triplet-state lifetimes and low singlet oxygen quantum yields.
To address these limitations, Peng and colleagues® synthesized
a series of dimeric cyanine dyes by linking pentamethine cyanine
units with alkyl chains of various lengths (Fig. 21). Notably,
spectroscopic analyses revealed pronounced H-aggregate absorp-
tion bands in these dimers, with excitonic coupling progressively
weakening as the linker length increased, indicative of reduced
chromophore interactions. In parallel, the fluorescence quantum
yield increased with chain extension, reaching near-monomeric
levels with C10 bridging. X-ray crystallography corroborated the
presence of H-aggregate packing modes in representative dimers,
a structural arrangement that suppressed radiative singlet decay
and stabilized triplet states. Consequently, the dimers exhibited
extended triplet lifetimes and considerably enhanced singlet
oxygen quantum yields (14-20%), which were up to 28-times that
of the monomer (0.7%). These improvements translated into
superior therapeutic outcomes, as demonstrated by Cy-He-D,
which displayed substantial ROS production, minimal dark
toxicity (ICso = 0.92 pM), and strong mitochondrial localization
in 4T1 cells. In vivo studies in 4T1 tumor-bearing mice further
confirmed that Cy-He-D effectively inhibited tumor growth,
underscoring dimerization as a robust strategy for developing
heavy-atom-free PSs with improved PDT efficacy (Table 3).

Peng et al.®* developed a dimeric pentamethine cyanine dye
incorporating a fused benzene ring (Cy-D-5) to enable synergis-
tic PTT/PDT (Fig. 22). Relative to its monomeric counterpart

N X AN \NJ’
A -

Cy-H

~ n=1,cy-BuD

n =2, Cy-He-D
n =3, Cy-Oct-D N
n =4, Cy-Dec-D

\

Fig. 21 Chemical structures of pentamethine cyanine dimers bearing
alkyl linkers of varying lengths.
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Table 3 Photophysical parameters (absorption/emission maxima and fluorescence quantum yield), ROS generation capacity, and photothermal

performance of cyanine monomers and dimers

Molecules Aabs (NM) Jem (NM) Lo ROS Dy PCE Synthetic yield Ref.
Cy-H 640 660 0.15 102 0.007 — — 83
Cy-Bu-D 655 672 0.01 ~0.14 28%

Cy-He-D 646 670 0.06 0.19 38%

Cy-Oct-D 644 670 0.106 0.20 0.35%

Cy-Dec-D 642 670 0.14 ~0.14 0.34%

Cy-D-5 778 801 0.009 — 64.4% 60% 84
Cy5.5 692 720 0.33 — — — 70.34% 85
2LBCy5.5 802 850 0.06 102, 0,°*", *OH — 22.3% 40.38%

20-Cy 692 730 0.08 0.16 — 40.3% 86
2m-Cy 693 731 0.05 0.18

2p-Cy 691 731 0.10 0.27

ICG 780 + 10 820 — 10,, — 47.2% — 87
ICG dimer 780 £ 10 — — — — 95.6% 58.2%

T780T 780 810 — ‘o, — 38.5% 40% 88
T780T-TPP 783 826 — 0.05 40.2% 20% 89
T780T-TPP-C12 783 822 — 0.07 35.0%

HCy dimer 717 798 0.0019 0.023 46.8% 39% 90
mBHCy dimer 747 832 0.0011 0.028 56.8% 34%

oBHCy dimer 878 1057 0.00074 — — 49.2% 21%

Cy5, Cy-D-5 exhibited substantially altered photophysical prop-
erties, including a red-shifted absorption maximum at 778 nm
in ethanol (comparable to that of ICG) and a molar extinction
coefficient of 3.19 x 10° M~" em™", which is 1.2-fold higher
than that of ICG. Despite this, its fluorescence quantum yield
declined to 0.9%, while its photostability improved consider-
ably relative to that of ICG. In the fused configuration, dimer-
ization markedly increased the non-radiative decay rate (k,,),
which reached a value approximately 12.6 times greater than
that of ICG. Cy-D-5 also exhibited an extended triplet-state
lifetime, facilitating energy transfer to oxygen and promoting
singlet oxygen generation. Remarkably, Cy-D-5 underwent both
H- and J-type aggregation in phosphate-buffered saline (PBS), a
mode that synergistically enhanced its phototherapeutic effi-
cacy. In PBS, for instance, its singlet oxygen quantum yield was
fivefold higher than that of ICG, while its PCE reached 64.4%.
Theoretical calculations provided further mechanistic insight:
benzene fusion narrowed the bandgap, red-shifted the absorp-
tion, expanded the conjugated plane, and increased oscillator
strength, thereby raising the extinction coefficient and reducing
the singlet-triplet energy gap to promote ISC. Consequently, in
4T1 cells, Cy-D-5 demonstrated potent synergistic PTT/PDT
activity (ICso = 4.08 uM, combination index = 0.63).

Further, Fan and colleagues® developed a novel NIR cyanine-
based photosensitizer, 2LBCy5.5, by linking two Cy5.5 units
through a dual-cationic benzo[1,2-b:4,5-b"]dipyrrole bridge, yield-
ing an expanded and distorted D-n-A-n-D framework (Fig. 22).
This dimerization strategy imparted substantial photophysical
enhancements, notably a 110 nm red shift in the absorption
maximum to 802 nm and a substantially higher molar extinction
coefficient (4.2 x 10° L mol ' ecm™'), surpassing those of
Cy5.5 (692 nm, 2.5 x 10° L mol ' em ) and ICG (795 nm,
32 x 10° L mol ' em™'). The optimized electronic structure
produced a narrow A Egy that accelerated ISC (1.21 ns™ '), affording
a high triplet-state quantum yield of 26.1% under 808 nm irradia-
tion and enabling strong type-I PDT activity. The PS exhibited

This journal is © The Royal Society of Chemistry 2026
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) \_ 2LBCy5.5
Fig. 22 Structures of benzene-ring-fused dimeric pentamethine
cyanines.

outstanding ROS generation, with the 'O, yield enhanced by 10.6-
21.1-fold, O,*~ production elevated by ~8.7-fold, and *OH gen-
eration increased 3.2-fold relative to that in Cy5.5 and ICG.
Furthermore, 2LBCy5.5 maintained a favorable PCE of 22.3%
and displayed excellent photostability, supporting dual-mode
phototherapy via simultaneous type-I ROS generation and photo-
thermal effects under single-wavelength NIR excitation.

Cyanine dyes are often limited by inefficient ISC and short
triplet-state lifetimes, which constrain their effectiveness in
PDT. To address this, Fan and co-workers®® recently introduced
a dimerization strategy to modulate exciton coupling by linking

Chem. Soc. Rev.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01306b

Open Access Article. Published on 13 February 2026. Downloaded on 2/25/2026 1:49:48 AM.

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

(cc)

Review Article

View Article Online

Chem Soc Rev

Fig. 23 Structures of pentamethine cyanine dimers incorporating different linkers.

two Cy5.5 molecules at the N-indole position using ortho-, meta-,
or para-bis(bromomethyl)-benzene linkers (20-Cy, 2m-Cy, and
2p-Cy) (Fig. 23). This head-to-tail configuration induced
strong dipole-dipole interactions, which split excited-state energy
levels and generated delocalized exciton states that promoted
efficient ISC. Relative to the Cy5.5 monomer (Ppr =~ 11%,
r & 4.5 ps), each dimer exhibited substantially higher triplet
quantum yields (>30%) and extended triplet-state lifetimes
(>10 ps). Among the dimers, 2p-Cy demonstrated the most
pronounced exciton-coupled effect, favoring the S; — T, transi-
tion through a high SOC constant. This facilitated ultrafast ISC,
singlet oxygen yields of up to 26.8%, and substantial ROS gen-
eration. In therapeutic evaluations, 2p-Cy nanoparticles effectively
ablated primary tumors and suppressed distant metastases via
caspase-1/GSDMD-mediated pyroptosis, thereby eliciting a syner-
gistic antitumor immune response. Collectively, these findings
underscore exciton coupling in dimeric cyanines as an effective
strategy to overcome the intrinsic photophysical limitations
of monomeric dyes, offering a rational design framework for
developing high-performance, heavy-atom-free PSs in cancer
theranostics.

ICG is the only FDA-approved small-molecule fluorophore
suitable for clinical imaging and holds substantial potential for
surgical navigation and phototherapy. However, its broad clin-
ical application is constrained by its poor photostability and
relatively low PCE, rendering structural modification of the
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Method 1: In glyceryl trioctanoate oil, 4 °C
Method 2: Ferric chloride, ascorbic acid
Method 3: One-pot heat-induced reaction
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Fig. 24 Strategies for constructing ICG dimers.
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parent scaffold a longstanding research priority. Subsequent
studies revealed that one photochemical byproduct of ICG
produced under light irradiation is its dimeric form, which has
attracted considerable attention. Buzzi and co-workers®! reported
that mixing ICG monomers with glyceryl trioctanoate oil to form a
nanoemulsion, followed by storage at 4 °C, induced oxidative
dimerization within the core-shell nanostructure, resulting in
nearly 100% conversion to the ICG dimer (Fig. 24). More impor-
tantly, the resulting dimer underwent spontaneous J-aggregation
on the nanoemulsion shell, forming a nanostructured assembly of
dimeric ICG (Nano-dICG). Further investigations revealed that
Nano-dICG formation was thermodynamically controlled, with
dimerization and J-aggregation occurring nearly simultaneously.
Relative to monomeric ICG, Nano-dICG exhibited markedly altered
optical properties, including a red-shift in the absorption max-
imum from 780 nm to 894 nm and an increase in the molar
extinction coefficient to 4.1 x 10° M™', more than twice that of
ICG (1.8 x 10° M ' em™ ). In parallel, Nano-dICG exhibited nearly
complete fluorescence quenching. Collectively, these features con-
ferred exceptionally high PCE and strong photoacoustic signals to
Nano-dICG, enabling efficient photoacoustic imaging-guided
photothermal ablation of orthotopic breast tumors.

To obtain a stable ICG dimer, Wang’s group®” leveraged the
reactivity of the ICG radical, which readily couples with another
dye molecule, followed by deprotonation and electron loss to
yield ICG-II. A similar approach enabled the efficient, high-yield

ICG dimer

ICG-IIIDICG
O
/, \ - _, O
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synthesis and purification of ICG-II. Notably, ICG-II exhibits
photophysical properties distinct from those of monomeric
ICG. Although their absorption maxima differ only slightly
(785 nm), the dimer exhibits a markedly higher molar extinc-
tion coefficient (14.69 x 10* vs. 9.54 x 10" M™' em™). In
contrast, its fluorescence is strongly quenched, and singlet
oxygen generation is entirely suppressed. Strikingly, ICG-II
achieves a PCE of 95.6%, nearly double that of ICG (47.2%).
Theoretical calculations offer mechanistic insights into these
distinctive properties. First, TD-DFT analysis reveals two S,
minima (~65° and ~115°) separated by a ~ 1 kecal mol ™" barrier,
where steric hindrance from benz-indolyl groups confines
motion to a “butterfly” vibration (40°-140°). This conformational
constraint narrows the Sy—S; gap upon excitation, thereby enhan-
cing IC and quenching fluorescence. Second, dimerization alters
excited-state alignment: in MICG, the S; — T, gap is ~0.24 eV;
however, in MICG-II, T, lies above S;, rendering S; — Ty (~0.50 eV)
the dominant pathway and thereby suppressing ISC and photo-
dynamic activity. Third, MICG-II exhibits a substantially lower
internal reorganization energy (3.0 vs. 12.4 kcal mol '), which
limits structural relaxation and inhibits T; formation. Finally,
the T, state in MICG-II is more extensively delocalized over both
monomers than in MICG, imparting greater stability and lower
reactivity, thereby favoring photothermal over photodynamic
deexcitation. In vivo experiments further underscore the ther-
apeutic potential of ICG-II. Specifically, direct intratumoral
injection followed by just 2 min of NIR irradiation was sufficient
to eradicate xenograft tumors in some mice. Moreover, ex vivo
analysis revealed that just 1 min of ICG-II irradiation induced
greater tumor cell death than 5 min of irradiation with an
equivalent ICG dose. Together, these findings highlight the
remarkable potential of ICG-II as a photothermal agent and
provide new insights for the rational design of high-
performance photothermal materials.

Building on the unique properties of ICG dimers, Gu and co-
workers®®> developed an oxygen-nanobubble-loaded ICG dimer
(DICG/O,-NBs) platform enabling self-cascading PTT and PDT for
hypoxia-reversible tumor treatment. In their study, ICG dimers
were synthesized via a one-pot, heat-induced reaction (Fig. 24),
and subsequent characterization confirmed the formation of the
v-y-linked dimer rather than the widely assumed meso-linked
species. Consistent with previous reports, the prepared ICG
dimers readily formed J-aggregates in aqueous solutions, result-
ing in a red-shifted absorption peak at 895 nm. The dimers were
subsequently incorporated into oxygen nanobubbles to yield
DICG(J)/O,-NBs, which exhibited a high dissolved oxygen content
of 30.69 mg L', thereby directly addressing tumor hypoxia.
Notably, this J-aggregated dimer system exhibited behavior dis-
tinct from that in prior reports: upon light irradiation, the J-
aggregates disassembled into monomeric DICG (DICG(M)),
thereby establishing the basis for cascaded photothermal and
photodynamic processes. The PCE values of DICG(J)/O,-NBs and
DICG(]) were calculated to be 51.45% and 51.34%, respectively.
The localized heating induced by PTT not only detonated the
nanobubbles to release O, but also facilitated the transition from
DICG(J) to DICG(M) while simultaneously generating abundant
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°*OH radicals. Moreover, DICG(M) further reacted with the liber-
ated O, to produce 'O, for type-I PDT. The 'O, quantum yields of
DICG(J), DICG(M), DICG(J)/O,-NBs, and DICG(M)/O,-NBs were
determined to be 0.23%, 0.88%, 0.06%, and 3.37%, respectively.
Notably, DICG(M)/O,-NBs achieved the highest 'O, yield, approxi-
mately 17-fold greater than that of free ICG (0.20%). Through the
synergistic combination of PTT with cascaded type-I and type-II
PDT, DICG/O,-NBs exhibited strong antitumor efficacy, achieving
a tumor growth inhibition rate of 94.26% together with pro-
nounced hypoxia-reversible therapeutic capability in vivo.

Controlling the aggregation behavior of organic dyes remains
challenging, primarily owing to complex intermolecular interac-
tions and steric hindrance. Song and colleagues®® addressed this
limitation by designing Pt-coordinated cyanine dimers, CyR-Pt
(R = Me, Et), which spontaneously assembled in aqueous solu-
tions (Fig. 25). Notably, the bulkier ethyl-substituted CyEt-Pt
formed loose, amorphous aggregates (>15 nm), in contrast to
the smaller methyl-substituted CyMe-Pt, which assembled into
compact J-aggregates (<3 nm), driven by a subtle “butterfly
effect” arising from reduced steric hindrance. This minor struc-
tural variation markedly influenced the photophysical properties:
CyMe-Pt J-aggregates exhibited a pronounced red-shifted absorp-
tion (900-1100 nm), enhanced nonradiative decay, quenched
fluorescence, and improved PCE (37% vs. 20% for CyEt-Pt).
These J-aggregates demonstrated exceptional stability, forming
even at 0.1 pM, indicative of strong intermolecular interactions.
Steric modulation further enabled CyMe-Pt aggregates to sup-
press ROS generation and enhance photostability. In vitro and
in vivo experiments confirmed that CyMe-Pt nanostructures
mediated effective tumor ablation under 980 nm laser irradiation
at a safe power, underscoring the value of steric-hindrance-
directed aggregation in optimizing both the photophysical beha-
vior and therapeutic efficacy of NIR cyanine dyes.

IR780 was the first NIR dye reported to possess inherent
tumor-targeting ability, facilitated by the glycolysis- and
hypoxia-induced expression of HIF-1a and organic anion trans-
porting polypeptides (OATPs), and remained unaffected by ATP-
binding cassette transporter-mediated efflux. This enables its
selective accumulation in cancer cells, with a strong preference
for mitochondrial localization. However, similar to other tricar-
bocyanines, IR780 exhibits pronounced photobleaching and a
limited photothermal conversion efficiency (&3-20%). To
address these drawbacks, Meng and co-workers®® initially sub-
stituted the chlorine atom in IR780 with a TPE unit, which was

NH,

TIO—Pt—NH,

OTf Cis-Pt

CyR-Pt dimer

CyR

Fig. 25 Structures of Pt-directed cyanine dimers.
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T780T-TPP

Fig. 26 Structures of TPE-linked cyanine dimers.

subsequently employed as a linker to couple two IR780 mole-
cules into a dimer (T780T, Fig. 26). This twisted conformation
promoted excited-state intramolecular motion and suppressed
n-n stacking, resulting in reduced molecular packing density.
T780T nanoaggregates (~200 nm) exhibited enhanced tumor
accumulation via the EPR effect, with a markedly higher PCE of
38.5%. Efficient OATP-mediated uptake and mitochondrial
enrichment contributed to potent anticancer activity in vitro
and in vivo. Notably, although a dimeric structure was con-
structed, the study primarily focused on TPE’s role in enhancing
photothermal performance, leaving the specific influence of
dimerization on photophysical behavior largely unexplored.

In 2024, the same group®® advanced this approach by
incorporating triphenylphosphine (TPP) to facilitate mitochon-
drial targeting while simultaneously introducing steric shield-
ing and electronic deactivation. This yielded four derivatives:
IR780-TPP, IR780-TPP-C12, T780T-TPP, and T780T-TPP-C12
(Fig. 26). Although long alkyl chains (C12) were expected to
improve photostability, experimental results revealed a coun-
terintuitive reduction in stability relative to shorter chains,
though still outperforming monomers. These observations
suggest that steric hindrance alone does not fully account for
the stabilization effect, with dimerization likely playing the
dominant role. Supporting this conclusion, the dimeric analo-
gues achieved considerably higher PCEs, specifically, 40.18%
for T780T-TPP and 34.95% for T780T-TPP-C12, compared to
their monomeric counterparts (29.50% and 20.54%). Dimeriza-
tion also enhanced ROS generation. These dyes preserved
efficient OATP-mediated uptake and mitochondrial localiza-
tion, resulting in severe mitochondrial damage and induction
of both apoptosis and pyroptosis. In murine tumor models,
they demonstrated strong therapeutic efficacy.

Helicobacter pylori (H. pylori), which infects over half of the
global population, represents a severe threat to human health,

Chem. Soc. Rev.
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with biofilm formation serving as a key contributor to its
antibiotic resistance. Phototherapy presents a promising non-
antibiotic strategy to circumvent its resistance development. In
2023, Meng et al.®* extended their IR780 dimer (T780T) system to
antibacterial therapy by incorporating positively charged Gu
groups, yielding T780T-Gu (Fig. 27). This modification enhanced
water solubility and facilitated electrostatic interaction with the
negatively charged bacterial surface, thereby improving biofilm
penetration and enabling selective bacterial targeting. Dimeriza-
tion further increased the photothermal conversion efficiency (17 =
46.6%) and ROS generation, allowing T780T-Gu to rapidly bind H.
pylori and induce bacterial death through synergistic photother-
mal and photodynamic mechanisms. Importantly, Gu conjuga-
tion reduced nonspecific uptake by mammalian cells, resulting in
negligible dark and light toxicity and thereby ensuring antibacter-
ial selectivity. RNA-seq analysis revealed upregulation of genes
encoding heat shock proteins (grpE, groES, hrcA) and outer
membrane proteins (omp6, omp27, HP0487), confirming heat
stress and membrane disruption. Concurrently, genes associated
with translation and ribosomal function were downregulated,
indicating impaired bacterial metabolism following photother-
apy. Overall, this study underscores how molecular dimerization,
coupled with rational surface-charge engineering, can enable
potent, selective, and resistance-free eradication of H. pylori,
offering a compelling alternative to conventional antibiotics.
Cyanine dyes are widely employed in imaging and photo-
therapy; however, their susceptibility to ROS-mediated oxida-
tive cleavage undermines stability during treatment. When
configured as dimers, intrinsic self-quenching between closely
spaced cyanine units suppresses fluorescence in the intact
state; however, oxidative cleavage of one chromophore reacti-
vates fluorescence from the intact chromophore, converting
this vulnerability into a sensing advantage. Building on this
concept, Yang et al.> developed the first V-shaped asymmetric

This journal is © The Royal Society of Chemistry 2026
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IR780T-Gu

IR780-Gu

Fig. 27 Structures of guanidinium (Gu)-modified cyanine dimers.

cyanine dimer (VAD1080), a short-wave infrared turn-on fluor-
escent probe for sensing oxidative stress (Fig. 28). Notably,
rational structural design produced a rigid dimeric architecture
facilitating ultrafast intramolecular SBCT, effectively quench-
ing fluorescence in the native state. Notably, exposure to highly
reactive oxygen species, including ONOO™, ClO™, and HO®,
induced selective cleavage of the cyanine backbone, disrupting
the SBCT pathway and restoring near-infrared emission with a
61-fold enhancement in fluorescence. Detailed spectroscopic
analysis elucidated the photophysical implications of this
dimerization strategy. The monomeric IR1080 reference dis-
played characteristic absorption at 1030 nm and emission at
1068 nm, with a quantum yield of 1.2%. In contrast, the
VAD1080 dimer exhibited a modified absorption profile cen-
tered at 1020 nm and markedly quenched fluorescence, yield-
ing a quantum yield of just 0.08%. This pronounced quenching
effect was mechanistically corroborated by transient absorption
spectroscopy, which revealed ultrafast decay of the excited state
into a non-emissive SBCT state within 0.6 ps. The probe
exhibited remarkable selectivity in its reactivity profile, under-
going strong activation in the presence of highly reactive
oxidants while remaining inert toward weaker oxidants and
biological thiols. This selective activation pathway was further
confirmed via in vivo imaging, wherein VAD1080 enabled real-
time monitoring of oxidative stress dynamics. A rapid fluores-
cence increase was observed in the vasculature within 1 h of
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acetaminophen overdose, a response notably attenuated by N-
acetylcysteine (NAC) pretreatment, thereby establishing the
probe’s suitability for tracking pathological processes in living
systems.

Despite recent progress, the development of NIR triplet dyes
remains difficult owing to the exponential decline in ISC
efficiency at longer wavelengths. Although conventional H- or
J-aggregates modestly enhance ISC relative to monomeric dyes,
their triplet quantum yields remain inherently low. To address
this, Chen and Yang” introduced a strategy using obliquely
packed chromophores linked by a spiro-conjugated bridge to
yield the novel heptamethine cyanine dimer SZ780 (Fig. 28).
The finely tuned V-shaped architecture enforced an uncommon
oblique packing arrangement, thereby suppressing non-radiative
relaxation pathways and enabling multi-channel ISC processes.
Spectroscopic analysis confirmed that SZ780 achieved a record-
breaking ISC rate constant of ~10"" s, the highest reported for
NIR triplet dyes, along with a notable triplet quantum yield of
18.9% under 750 nm excitation. Notably, this performance repre-
sents a nearly three-fold enhancement over the H-aggregated
dimer SC780 (6.7%) and an order-of-magnitude improvement
relative to the monomeric IR780 (2.1%). Crucially, these enhanced
photophysical properties enable exceptional singlet oxygen gen-
eration, with SZ780 achieving a quantum yield of 13.8% under
808 nm irradiation. This value represents nearly a 20-fold increase
over the clinical reference ICG, underscoring its considerable

Fig. 28 Structures of cyanine dimers with different linkers.
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potential as a PDT agent. Transient absorption spectroscopy
directly captured the ultrafast exciton dynamics, confirming that
the oblique packing geometry facilitated rapid ISC while suppres-
sing energy trapping in excimer states, a common limitation in
conventional H-aggregates. The dye exhibited effective photody-
namic destruction of cancer cells with minimal dark toxicity.
Collectively, this study established oblique packing via spiro-
conjugation as a powerful molecular design paradigm, opening
new avenues for the development of high-performance NIR triplet
sensitizers for biomedical applications.

NIR-II fluorophores and probes offer considerable potential
for high-resolution biomedical imaging; however, most of them
rely on large n-conjugated planar scaffolds that inherently exhibit
several limitations. First, strong n-n stacking interactions in
aqueous media lead to aggregation, poor water solubility, blue-
shifted absorption, and fluorescence quenching. Second, their
extended conjugation makes them susceptible to oxidative and
reductive degradation, thereby compromising chemical stability.
Third, their hydrophobic nature often causes nonspecific protein
binding and large particle formation. Although cyanine dyes such
as Cy7 can emit in the NIR-II region, they still suffer from poor
water solubility and limited stability.

To overcome these intrinsic limitations, Wu and co-workers®”
introduced a structural strategy termed the “homo-dyad with outer
hydration layer” approach (Fig. 29). Two heptamethine cyanines
were linked via a flexible spacer, increasing steric hindrance to
suppress n-n stacking and enhancing chemical stability, photo-
stability, and spectral stability. Furthermore, four PEG9 chains
attached at each terminus formed a hydration shell that markedly
enhanced water solubility. More than 10 g of dye dissolved in 1 g of
water at 20 °C, while spectral features were preserved and aggrega-
tion was avoided. The incorporation of biomarker-responsive units
at the meso-positions led to the development of HD-FL-4PEG9-N,
an NO-activatable probe featuring a rapid response (<10 min),

Fig. 29 Structures of NO-activated cyanine dimers.
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high sensitivity (detection limit: 0.21 uM), and dual NIR-II fluores-
cence/optoacoustic readouts. This probe was successfully applied
to monitor drug-induced acute kidney injury and bacterial wound
infections, demonstrating the clinical potential of this design
strategy.

Building on the optimized homo-dyad scaffold, Wu and
coworkers®® further developed a zwitterionic chromophore
(ZW-N), designed as both a biomarker-activatable probe and
a therapeutic agent for lipopolysaccharide-induced acute lung
injury (ALI) associated with bacterial infection (Fig. 29). In this
system, ZW-N linked two heptamethine cyanines via a flexible
propanyl spacer and incorporated multiple sulfonate-based zwit-
terionic groups to confer high aqueous solubility, along with
quaternary ammonium moieties imparting antimicrobial activity.
To enable NO-responsive imaging, two secondary amines were
introduced into the scaffold, allowing ZW-N to detect inflamma-
tory NO through both NIR-II fluorescence and optoacoustic
modalities. Notably, ZW-N exhibited potent bactericidal activity
at concentrations >6 uM and, when co-administered with the
clinically approved antioxidant NAC, substantially mitigated ALI
progression in vivo. Although amine-NO adducts are typically
photolabile and susceptible to NO release, Wu and colleagues
consistently demonstrated the exceptional stability of the ZW-N-
NO adduct, thereby ensuring reliable biomarker detection. This
atypical stability not only enhanced the translational promise of
ZW-N but also challenged prevailing assumptions regarding the
fragility of such adducts, paving the way for the development of
robust NO-responsive imaging therapeutics.

Li’s group® developed a series of cyanine dye dimers as
efficient photothermal agents by linking two cyanine chromo-
phores using hydroquinone moieties. Among these systems, the
dimeric o0BHCy exhibited notable photothermal performance,
achieving a high PCE of 49.2% under 808 nm laser irradiation,
together with intense NIR-II fluorescence emission centered at
1057 nm and excellent photostability. Structural analysis indi-
cated that the dimeric configuration induced highly twisted
geometries, with dihedral angles of 66.93°, 74.88°, and 80.20°
for the respective dimers, while still maintaining delocalized
frontier molecular orbitals. Notably, the exceptionally low T;
energy level of dimeric o0BHCy (0.593 eV) was below the oxygen
sensitization threshold (0.98 eV), which effectively suppressed
ISC and ROS generation. This electronic feature promoted
nonradiative decay through intensified intramolecular motion
and extended m-conjugation, thereby rendering the system
particularly suitable for photothermal applications while mini-
mizing photodynamic activity (Fig. 30).

3.2.2 Dimers based on hemicyanines. In addition to sym-
metric polymethine cyanines, asymmetric architectures, parti-
cularly hemicyanines, have emerged as versatile scaffolds for
dimer design.®® Unlike classical cyanines, hemicyanines possess
a D-m-A electronic configuration, imparting enhanced electro-
nic polarization and expanded structural tunability. Huang
et al.'® integrated hemicyanine with bipyridine to construct
three variably substituted hemicyanine-bipyridine dimers
(Fig. 31), thereby red-shifting bipyridine absorption into the visible
region. For instance, bpyCN (£373nm = 6.3 x 10* M~ cm™ "), bpySN

This journal is © The Royal Society of Chemistry 2026
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Fig. 30 Representative cyanine dimers for PTT.

HCy dimer

(esssnm = 4.8 x 10* M~ em™'), and bpyPCN (e306nm = 5.0 X
10* M~' em ") all exhibited substantially higher extinction coeffi-
cients than unsubstituted bpy (es0nm = 1.7 x 10* M~ em™ ).
Among the three, bpyPCN demonstrated superior photodynamic
performance, showing the highest ®, (0.10 in aqueous solutions)
alongside robust photocatalytic activity in nicotinamide adenine
dinucleotide (NAD)H oxidation (turnover frequency, TOF =
10.1 h™"). In the presence of NADH as an electron mediator,
oxygen was converted into O,° and also facilitated the generation
of H,0,, thereby enabling concurrent type-I and type-II photody-
namic pathways. Furthermore, the high lipophilicity (logP) of
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BHCy dimer oBHCy dimer

bpyPCN promoted its accumulation in both mitochondria and
lysosomes, where light irradiation triggered ROS generation and
NADH photo-oxidation, ultimately resulting in potent cancer cell
cytotoxicity (ICso = 11.8 uM against HeLa cells).

Zhou and colleagues'®’ designed a series of two-photon-
excitable superoxide radical generators based on coumarin-
pyridinium conjugates linked by alkyl chains of varying lengths
(EBD, Fig. 31). Among these structures, the PSs exhibited an
inverse correlation between alkyl chain length and therapeutic
efficacy: EBD-1, with the shortest chain, showed the highest
0,°” generation efficiency, whereas EBD-5, with the longest,
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Fig. 31 Asymmetric D—n—A cyanine dimers.
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displayed the lowest. This trend was attributed to simultaneous
increases in fluorescence quantum yield and intramolecular
vibration in the longer-chain derivatives. Remarkably, for EBD-
1, real-time monitoring revealed intracellular redistribution of
red fluorescence from the plasma membrane to the nucleus,
enabling direct visualization of ROS-induced cell death and
establishing a self-reporting platform for therapeutic efficacy
assessment.

Zhow’s team'® developed a series of bilateral D-n-A AIEgen-
based theranostic agents (TPA1-4) by systematically investigat-
ing how alkyl chain length influences molecular properties,
thereby demonstrating the advantages of the dimerization
strategy in optimizing phototheranostic performance (Fig. 31).
All compounds exhibited characteristic aggregation-induced
emission behavior, with weak fluorescence in ethanol (1.03-
1.76%) that was markedly enhanced in an ethanol/cyclohexane
mixture (90% cyclohexane), yielding quantum efficiencies of
6.69-17.45%. Among the synthesized compounds, TPA3 exhib-
ited the highest ROS yield, attributed primarily to its smallest
AEgr. Furthermore, TPA3 showed strong specificity for autop-
hagy vacuoles, enabling real-time monitoring of mitophagy
during early apoptosis and inducing pronounced photocytotoxi-
city in skin cancer models in nude mice. For the first time, the
researchers visualized the dynamic autophagy process, includ-
ing mitochondria, autophagy vacuoles, and lysosomes, in real
time using confocal microscopy, thereby establishing a self-
monitoring platform for therapeutic assessment.

In subsequent research, Zhou’s group'®® replaced alkyl lin-
kers with hydrophilic glycol chains to develop a next-generation
dimeric system (Fig. 31). Systematic photophysical analysis
revealed that the incorporation of glycol chains enhanced water
solubility and biocompatibility while optimizing excited-state
energy allocation by modulating intramolecular motion and
electronic coupling. Comparative analysis of monomers (S-
TPA-PI/L-TPA-PI) and dimers (S-2TPA-2PI/L-2TPA-2PI) demon-
strated the substantial influence of molecular dimerization on
photophysical behavior. The dimeric S-2TPA-2PI exhibited a
>20-fold increase in ROS generation efficiency despite a lower
fluorescence quantum yield (1.85% vs. 14.27% for the mono-
mer), indicating the activation of non-radiative decay channels.

View Article Online

Chem Soc Rev

Structural analysis showed that while monomers formed J-
aggregates with n-n distances of ~3.69 A, dimers adopted an
end-to-end stacking pattern with shorter n-n contacts (~3.29-
3.34 A) and distinctly different dihedral angles (41.44°/10.23° vs.
15.03°/25.55° in the monomer). Mechanistic studies revealed
that dimer aggregates exhibited a ~500-fold increase in exciton
lifetime and an enhanced ISC rate constant, supported by a
reduced S;-T; energy gap (0.386 eV vs. 0.487 eV in J-aggregates
and 0.925 eV in the isolated state) and stronger SOC (0.25 cm ™"
vs. 0.14 cm™ ' in J-aggregates). Host-guest studies with CB[8]
confirmed stacking-dependent ROS generation, while low-
temperature phosphorescence (720 nm emission, 2.69 ms life-
time) provided direct evidence of efficient triplet formation in
dimers, collectively validating molecular dimerization as a
potent strategy for enhancing photodynamic therapy (Table 4).

Expanding on the D-n-A framework composed of tripheny-
lamine and pyridinium groups, Li and colleagues'®’ designed a
new dimer incorporating thiophene units as stronger electron
donors and molecular bridges (Fig. 31). This modification
notably enhanced D-A interactions and reduced the S;-T
energy gap, leading to a spectral red shift and improved ROS
generation efficiency. Theoretical calculations revealed highly
favorable energy alignments in dimer D1, with a AEg;14 of only
0.0001 eV and AEg;1; of 0.6716 eV, markedly more favorable
than those of monomer M1, thereby considerably enhancing
ISC efficiency. The dimeric configuration also facilitated non-
radiative transitions by enabling intramolecular stretching
vibrations and rotations owing to increased spatial separation
between donor and acceptor units. This molecular design
yielded notable therapeutic efficacy: D1 generated a high 0,
quantum yield of 89.4% and also efficiently produced type-I
ROS species. The membrane-targeted, AlE-active dimer exhib-
ited precise subcellular localization and strong self-assembly
ability, enabling pyroptosis-mediated photodynamic/photo-
thermal immunotherapy via its pronounced intramolecular
CT character and near-infrared AIE properties, marking a
notable improvement over traditional monomer-based PS in
comprehensive cancer photoimmunotherapy.

As a further refinement of their molecular design, Li’s
team'®! systematically reduced the alkyl chain length from

Table 4 Photophysical properties (absorption/emission maxima and fluorescence quantum yield) and ROS generation capabilities of various

asymmetric D—n—A cyanine dimers

Molecules Japbs (NM) Jem (NM) Py ROS Dy Synthetic yield Ref.
bpyPCN 435 600 0.1 10,, 0,°~ 0.1 65% 100
EBD1 489 633 0.01 10,, 0,°~ 0.90 93% 101
EBD2 486 630 0.09 0.76 88%

EBD3 485 628 0.17 0.78 85.1%

EBD4 485 627 0.20 0.83 83.2%

EBD5 483 626 0.26 0.56 78.4%

TPA1 468 601 0.016 0, — 70.2% 102
TPA2 469 608 0.013 68.6%

TPA3 470 601 0.01 65.9%

TPA4 471 607 0.018 65.1%

S-TPA-PI 450 744 0.14 10,, 0,°~ — 63.2% 103
S-2TPA-2PI 450 744 0.018 10,, 0,°~ 50.7%

3M 487 679 — 56.3% 104
D1 497 675 — 10,, 0,°~, *OH 0.89 61.4% 105
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eight (8M) to three (3M) carbon atoms, uncovering marked
enhancements in photophysical performance. Computational
analysis revealed that although both molecules exhibited simi-
lar electron density distributions, with the LUMO primarily
localized on the pyridinium unit and the HOMO localized on the
terminal triphenylamine group, the shorter-chain derivative 3M
displayed superior characteristics for photodynamic applications.
Notably, 3M possessed a reduced AEgr (0.6640 e€V) compared to
8M, facilitating more efficient ISC. It also exhibited a substan-
tially larger dipole moment (14.5583 D vs. 0.0394 D for 8M),
promoting more effective charge separation. Under irradiation,
this optimized molecular framework enabled 3M to simulta-
neously produce type-I and type-II ROS and a photothermal
effect, collectively inducing mitochondrial dysfunction and trig-
gering pyroptotic cell death. Although both linkage configura-
tions yielded comparable spectral profiles, the consistently
superior ROS generation by shorter-chain dimers aligns with
Zhou’s earlier findings, further substantiating 3M’s remarkable
ROS-generating capacity for synergistic PDT-PTT.

3.3 Porphyrin and phthalocyanine dimers

Porphyrins are extended n-conjugated macrocyclic compounds
comprising four pyrrole subunits joined by methine bridges,
forming a delocalized aromatic system.'’® This framework
imparts intense absorption in the visible and near-infrared
regions, high ISC efficiency, and efficient singlet-oxygen genera-
tion, positioning porphyrins and their derivatives as compelling
candidates for PDT. Their modular architecture also permits
chemical modification at peripheral sites and coordination with
various central metal ions, enabling precise tuning of photo-
physical, chemical, and biological properties. Collectively, these
features support their broad utility in imaging, diagnosis, and
cancer therapy. Porphyrin derivatives have been extensively
explored for PDT, and several are already in clinical use. Photo-
frin, Verteporfin, and Foscan, approved by the FDA or EMA,
serve as efficient singlet-oxygen generators. Beyond these
classical porphyrins, next-generation derivatives have also
advanced to clinical trials or gained regulatory approval. Lutrin
(lutetium texaphyrin, Amax & 732 nm) progressed to clinical
trials, whereas Redaporfin (a halogenated bacteriochlorin,

\O*\/O
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Fig. 32 Zinc porphyrin dimers bearing diverse substitutions.
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Amax & 749 nm) and Tookad (a Pd(u) bacteriopheophorbide,
Amax < 746 nm) were recently approved for PDT
applications.'””'°® Similar to other dimers, porphyrin dimers
not only enhance light absorption and singlet-oxygen genera-
tion but also address a key limitation of monomeric porphyrins
in two-photon PSs. A persistent drawback, however, is their
typically low 2PA (o,) cross-sections, often around 1 GM, which
hampers deep-tissue treatment under two-photon excitation.
Typical chromophores exhibit low 2PA cross-sections
(~1-100 GM), which are insufficient for clinical two-photon
PDT (verteporfin ~ 50 GM; Photofrin ~ 10 GM).

Fortunately, conjugated dimerization overcomes this con-
straint: dimer formation can increase the 2PA cross-section by up
to &~ 500-fold. For example, Anderson et al.**”'°® synthesized a
series of conjugated porphyrin dimers bearing electron-accepting
aromatic terminals that both red-shifted one- and two-photon
absorption bands and enhanced 2PA. Among these, P1 achieved
~17000 GM at 916 nm (Fig. 32). The dimers in the series also
exhibited high singlet-oxygen quantum yields in methanol (@, =
0.60, 0.54, 0.70, 0.16, and 0.69 for compounds P1-5, respectively).
One-photon PDT assays indicated that the cationic dimers (P1-3)
displayed activity comparable to that of verteporfin, whereas the
anionic analogs (P4-5) were less active. An in vivo proof-of-
concept was demonstrated: intravenous administration of P1 at
10 mg kg, followed by 15 min of irradiation, consistently
induced blood-vessel closure in treated animals. In addition to
enhancing 2PA, porphyrin dimers also intensify absorption
within the tissue-transparent red/NIR window (~600-850 nm).
Closely related dimers (P2, P3, and P4) exhibit the longest-
wavelength absorption maxima at ~705-712 nm with ¢ =~
6.2 x 10 M em ™", whereas more extensively t-conjugated dimers
(P4 and P2) display ¢ values approaching 1.2 x 10° M~ " cm™* within
approximately 746-769 nm. These extinction coefficients not
only compare favorably with but frequently surpass those of
clinical PSs, such as verteporfin (3.8 x 10* M~ * cm ™! at 690 nm;
lutetium texaphyrin: 4.2 x 10* M™* ecm ' at 732 nm; Tookad:
1.09 x 10° M~ ' em™" at 763 nm). The synergy of enlarged 2PA
cross-sections, strong one-photon extinction, and substantial
@, positions porphyrin dimers as promising candidates for one-
and two-photon PDT targeting deep-seated tissues.

COLH
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CO,CH;
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062 03
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Fig. 33 Structures of zinc porphyrin dimers with various linkers.

In a complementary study, Matczyszyn and co-workers'®’
systematically examined zinc porphyrins in monomeric and
dimeric forms, connected by single, ethyne, or diethyne linkers
(PD1-3, Fig. 33), to assess the influence of n-delocalization on two-
photon absorption and singlet oxygen generation. Relative to the
monomer (P, = 15%), the dimers displayed markedly enhanced
@, values, ranging from 27% to 47% depending on the linker.
Notably, the ethyne- and diethyne-bridged dimers adopted nearly
planar geometries, enabling extended m-conjugation and thereby
markedly increasing @, values to 35% and 47%, respectively.
Concurrently, the two-photon absorption cross sections rose sub-
stantially, reaching maxima of ~ 8000 GM at 725 nm, far exceeding
that of the monomer (~1000 GM). The two-photon singlet oxygen
production metric (6, x ®,) reached ~3700 GM in the diethyne-
linked dimer, nearly 500 times higher than that of commercial
tetraphenylporphyrin. Spectroscopic analysis revealed broadened
and bathochromically shifted Q-bands in the dimers, consistent
with stronger excitonic coupling and enhanced electron delocali-
zation. Remarkably, even the sterically hindered, non-conjugated

dimer exhibited a twofold increase in @, relative to the monomer,
underscoring that dimerization intrinsically promotes ROS gen-
eration regardless of the linker. Overall, these findings demon-
strate that structural optimization through conjugated linkers
between porphyrin macrocycles enhances both two-photon
absorption and singlet oxygen photogeneration, offering a compel-
ling design strategy for efficient PSs suitable for deep-tissue PDT.

Ventura et al."*® developed a theranostic agent comprising a
linear n-conjugated Zn(u) porphyrin dimer linked at both ends
to [GADOTA]-type complexes, thus integrating PDT and MRI
capabilities (Fig. 34). The Zn-porphyrin dimer exhibited pro-
nounced red-shifted absorption (¢ = 1.17 x 10° M~' ecm™' at
746 nm) and efficient singlet oxygen generation, with @, values
of 0.36 in DMSO and ~0.21-0.29 in aqueous media. Two-
photon absorption measurements revealed high cross-sections
(>7000 GM) within the 870-940 nm range, peaking at 9400 GM
at 920 nm. The corresponding two-photon singlet oxygen sensi-
tization value (o, x ®,) reached ~3400 GM, underscoring the
dimer’s considerable potential for deep-tissue PDT. In cellular

PD4-5
M = Gd** or Y**

Fig. 34 Structures of magnetic-resonance-imaging (MRI)-active Zn(i) porphyrin dimers.
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assays, the amphiphilic structure facilitated efficient uptake,
resulting in 26-fold higher internalization relative to [GADTPA]*~
at a Gd concentration of 4 pM. Upon irradiation (740 nm, 30 min),
a 50% reduction in cell viability was observed at a power of 40 J cm ™2,
while dark toxicity remained negligible (ICs, > 1 pM). Notably,
both one-photon (740 nm) and two-photon (910 nm) excitation
induced marked cytotoxicity in HeLa cells, demonstrating the
system’s dual activation capability. As an MRI agent, the con-
jugate exhibited a relaxivity of 14.4 mM " s~ " (per Gd, 40 MHz,
25 °C), approximately fourfold higher than that of commercial
counterparts. This advantage was further aided by strong cel-
lular uptake, driven by the amphiphilic design. Therefore, this
dual-function system enables real-time imaging of tumor accu-
mulation and treatment while offering a flexible therapeutic
window: one-photon PDT for superficial tumors and two-photon
PDT for deeper-seated malignancies. Such integration of high-
performance porphyrin dimers with MRI-active Gd complexes
marks a promising advancement toward personalized, image-
guided phototherapies.

Owing to their strong planarity and hydrophobicity, porphyrins
often exhibit distinct self-assembly behavior upon dimerization.
In 2017, Xie et al.""* synthesized porphyrin dimers containing Se-
Se, S-S, and C-C bonds (TPP-SeSe, TPP-SS, and TPP-CC; Fig. 35),
which readily self-assembled into NPs via a facile nanoprecipita-
tion method. In organic solvents, the dimers exhibited efficient
'0, generation; although their activity declined in aqueous media,
the assembled NPs retained moderate ROS production. Notably,
the Se-Se and S-S bonds responded to intracellular reductive
species such as GSH. For instance, the hydrodynamic diameter
of TPP-SeSe NPs increased from 193.5 nm to 970 nm after 1.5 h
of incubation in 10 mM GSH and further expanded to 3745 nm
after 24 h, indicating greater redox-responsiveness than the S-S
and C-C analogues. This elevated sensitivity promoted intracel-
lular structural disruption, thereby enhancing photodynamic
cytotoxicity.

In a related study, two structurally distinct porphyrins were
linked via disulfide bonds (Fig. 36) to form TPC-SS and TPP-SS
dimers, both of which spontaneously self-assembled into well-
defined spherical NPs.""> Photophysical characterization revealed

0,
O
I\UF e
TPP-SS,R = S
TPP-CC, R=CH,

Se Se

Fig. 35 Structures of GSH-activated porphyrin dimers.
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that TPC-SS NPs exhibited a high molar extinction coefficient of
9.90 x 10* M™" em™" at 650 nm, considerably higher than that of
TPP-SS. Despite aggregation-induced fluorescence quenching, the
1,3-diphenylisobenzofuran consumption rate was 4.26-fold greater
than that of the control, indicating a notably enhanced 'O,
generation capacity. Furthermore, TPC-SS nanoparticles demon-
strated a photothermal conversion efficiency of ~37% and sub-
stantially elevated photoacoustic signals in tumor tissues.
Following intravenous administration, tumor photoacoustic inten-
sity progressively increased, reaching a peak at 12 h, indicative of
effective tumor accumulation. Under continuous irradiation, TPC-
SS nanoparticles produced synergistic photothermal and photo-
dynamic effects, resulting in marked tumor growth inhibition.
Although disulfide linkages were employed, the study did not
evaluate the influence of intracellular reductive species on the
assemblies’ stability or performance. Collectively, these findings
demonstrate that porphyrin dimers can spontaneously assemble
into responsive, functional nanoparticles without external carriers.
These assemblies preserve photosensitizing capacity while harnes-
sing cleavable dynamic bonds to enable stimulus responsiveness,
thereby enhancing combined photodynamic and photothermal
therapeutic efficacy. This design strategy provides valuable direc-
tion for the development of carrier-free, stimuli-responsive, and
tumor-targeted therapeutic systems.

Like porphyrins, phthalocyanines are rigid, planar macro-
cycles with a highly conjugated 18-m electron system, which
confers distinctive optical and electronic properties, including
strong visible-NIR absorption and exceptionally high molar
extinction coefficients. Given these advantages, phthalocya-
nines have attracted substantial attention as both photosensi-
tizers and photothermal agents."**"**

In addition to peripheral substitution, axial metal-ligand
coordination has emerged as an effective means of modulating
their supramolecular structures and associated optoelectronic
properties. For example, Huang and co-workers''® assembled
four supramolecular complexes (1-4) from unsubstituted zinc(u)
phthalocyanine (ZnPc) dimers via axial coordination with bipyr-
idine derivatives. Single-crystal X-ray diffraction revealed dis-
tinct dimeric configurations: H-shape (1), saddle-like (2), and

)
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Fig. 36  Structures of disulfide-bonded porphyrin dimers.
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Z-shape (3 and 4). Notably, a pair of saddle-like dimers from
complex 2 interlocked to form a tetrameric assembly, while
complexes 3 and 4, bridged by semi-rigid ligands, exhibited
tighter packing and enhanced intermolecular interactions. In
the crystal structure of complex 4, the ligand’s naphthalimide
moiety intercalated between adjacent ZnPc macrocycles, form-
ing a slipped ‘“ZnPc-naphthalimide-ZnPc” sandwich stabilized
by dual n-n interactions. These supramolecular architectures
exhibited broadened solid-state Q-band absorption across the
visible-NIR region, substantial fluorescence quenching due to
excitonic coupling, and exceptionally efficient photothermal
effects. Upon laser irradiation, complexes 3 and 4 demonstrated
robust photothermal conversion, with surface temperatures
reaching 85.7 °C and 89.2 °C, respectively, and a photothermal
efficiency of up to 66.6% under 730 nm excitation. This elevated
performance surpassed that of most reported organic photo-
thermal materials, enabling applications across photoacoustic
imaging, superficial antimicrobial therapy, and cancer PTT.

While porphyrins and phthalocyanines possess highly pla-
nar n-conjugated frameworks that confer strong molar extinction
coefficients and efficient NIR absorption, these same features
often lead to poor solubility and a pronounced tendency toward
aggregation, which may impair their performance in biological
environments. Although dimerization strategies can improve
photophysical performance, they may simultaneously intensify
aggregation. Moving forward, rational molecular design incorpor-
ating hydrophilic substituents or responsive nanoassemblies pre-
sents a promising strategy to mitigate these challenges, ultimately
enhancing the therapeutic efficacy and translational potential of
chromophore-based systems.

3.4 Cyclometalated complex dimers

Phosphorescent transition metal complexes are central to
organic light-emitting diode technologies, as their strong SOC
enables efficient harvesting of triplet excitons, which are other-
wise non-emissive. This mechanism substantially enhances
device performance by permitting near-total exciton utilization.
Recent research has shifted attention from mononuclear to
multinuclear cyclometalated complexes, where the inclusion
of multiple metal centers markedly influences excited-state
dynamics. Notably, dinuclear Ir(m) and Pt(u) systems exhibit
considerably faster radiative decay rates than their mononuclear
counterparts. These enhancements arise from strengthened
coupling between the lowest triplet and adjacent singlet states,
thereby increasing the probability of phosphorescence. In addi-
tion to emission kinetics, these architectures offer considerable
structural tunability; modifying bridging or ancillary ligands
allows fine control over photophysical properties, from ultrafast
decay to dual-emission behaviors where phosphorescence and
fluorescence coexist.

Kozhevnikov and co-workers systematically investi-
gated how ligand design governs the photophysics of Ir(m)
complexes. As illustrated in Fig. 37, they first demonstrated
that the geometry of the cyclometalating unit critically influ-
ences phosphorescence efficiency: relocating the cyclometalat-
ing function from the terminal to the core aryl ring (Ir-1 — Ir-2)
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Fig. 37

Ir(n) dimeric complexes with different ligands.

substantially improved both the phosphorescence rate and
quantum yield. This enhancement stemmed from diminished
exchange interaction in the lowest triplet state (T,), attributed to
a more uniform distribution of frontier orbital electron density
across the ligand. Building on this concept, they further reduced
exchange interaction by m-expanding the ligand framework
through benzannulation between the two thiazole rings of the
Ir-2 bridging unit. This modification yielded a dinuclear
complex (di-Ir) and its mononuclear analogue (mono-Ir). In
degassed CH,Cl,, mono-Ir emitted yellow light at 552 nm
(PpL = 70%, T = 7.85 ms), while di-Ir exhibited red-shifted
emission at 560 nm with greater efficiency (®p, = 85%) and a
doubled radiative rate (1.90 x 10> s~'). Both complexes effi-
ciently sensitized singlet oxygen (@5 = 78% for mono-Ir, 71% for
di-Ir), underscoring how cyclometalation geometry and ligand
benzannulation jointly enhance phosphorescence and photo-
dynamic performance.

Transition metal complexes are promising PSs for clinical
application owing to their biocompatibility, efficient cellular
uptake, and potent ROS generation or photocatalysis. However,
Ru- and Ir-based complexes often exhibit short-wavelength absorp-
tion, which restricts tissue penetration and elevates phototoxicity.
To address these challenges, Lanoé and co-workers'" developed
Ir(m) complexes featuring enhanced two-photon absorption for
TPA-PDT (Fig. 38). In their design, two Ir(u) centers were bridged
by a non-conjugated bis(pyridylbenzimidazole) linker. Both the
monomeric IrL1 and dimeric Ir2L2 displayed phosphorescence in
the orange-red region at 610 and 625 nm, respectively, with
comparable quantum yields (~24%). Notably, Ir2L2 exhibited
fourfold greater brightness than IrL1 under both one-photon and
two-photon excitation. It also achieved a markedly higher singlet
oxygen generation efficiency, with a figure of merit (o, x ®,) of 40,
compared to only five for the monomer. Under 800 nm TPA
excitation, both complexes efficiently generated intracellular ROS
and induced cancer cell death, affirming their potential as deep-
tissue PDT agents. Overall, this study demonstrates that supramo-
lecular dimerization effectively amplifies two-photon brightness
and phototoxicity, providing a viable route to extend the clinical
applicability of transition metal complexes in phototherapy.

Cyclometalated complexes not only induce anticancer
effects through intracellular ROS production but also operate
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Fig. 38 Monomeric and dimeric Ir(n) and Ru() complexes featuring
different linkers.

through alternative mechanisms, such as the photo-oxidation
of cellular coenzymes. In particular, oxidation of reduced
NADH and its phosphorylated analogue NAD(P)H, key reducing
equivalents in respiration, biosynthesis, and redox homeostasis,
offers a viable route to disrupt cancer metabolism, even under
hypoxic conditions. In 2022, Huang et al.'**'** reported a dinuc-
lear Ir(ur) complex (Ir2) that exhibited excellent photostability and
strong phosphorescence, serving as both a PS and an efficient
photocatalyst for the oxidation of NAD(P)H and amino acids.
Notably, Ir2 exhibited photocatalytic activity over 13 times
greater than its mononuclear analogue Irl, underscoring a
pronounced synergistic effect. To further enhance absorption
and charge-transfer capacity, D-A-D chromophores were intro-
duced into Ru(u) bis-terpyridyl frameworks, yielding a dinuclear
complex (Ru2) with red-shifted absorption (Ama.x = 521 nm,
& = 65620 L mol™ ' ecm™') realative to Rul (478 nm, & =
20331 L mol™" em™')."** This design enabled efficient type I
and type II ROS generation and markedly accelerated NAD(P)H
oxidation, with Ru2 achieving turnover frequencies of 2117-
2525 h™', surpassing the performance of most reported metal-
based photocatalysts.

Although incorporating D-A-D fluorophores into metal
complexes enhances both absorption characteristics and
photodynamic efficacy, these designs generally restrict light
absorption to the visible region. Prior studies have revealed that
transition metal complexes bearing diketopyrrolopyrrole (DPP)
chromophores exhibit substantially red-shifted absorption and
emission, shorter fluorescence lifetimes, reduced quantum
yields, and elevated triplet-state populations. Building on this
strategy, Huang and co-workers'*® conjugated DPP chromo-
phores with transition metal complexes (Fig. 39), constructing a
series of PSs activatable in the NIR region. Among these, the
D-A-D-conjugated dinuclear Ru(u) complex Ru3 exhibited
broad, intense absorption spanning the visible to NIR region,
with a peak near 700 nm (¢ = 6.6 x 10° M~' cm™'). This
behavior stood in marked contrast to earlier dinuclear Ru(m)
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complexes containing low-conjugation linkers (e.g., phenylene),
whose absorption peaks were confined to ~450 nm. More
importantly, Ru3 generated notably higher singlet oxygen yields
than both its analogue Ru1l and the clinically employed PS Ce6,
whose absorption at 700 nm is inherently limited. Under
700 nm excitation, Ru3 efficiently catalyzed NADH oxidation
with a TOF of 152 h™', surpassing previously reported Ir(m)-
based photocatalysts. In parallel, a related dinuclear Ru(u)
complex, Ru4 (Fig. 39), not only preserved potent photosensi-
tizing and photocatalytic activity but also catalyzed NAD(P)H
oxidation, thereby disrupting the intracellular antioxidant
defense system in cancer cells.'*® Mechanistic studies revealed
that Ru4 induced intracellular redox imbalance, endoplasmic
reticulum stress, and cytoplasmic Ca** overload, collectively
resulting in irreversible cancer cell death. Consequently, Ru4
demonstrated outstanding anticancer efficacy. Under normoxic
conditions and 700 nm irradiation, Ru4 achieved nanomolar
ICs5o values (0.02-0.06 uM) and a phototherapeutic index as
high as 637. Notably, Ru4 remained effective even under
hypoxia (1% O,), achieving IC5, values as low as 0.6 uM.

Chao et al.'” synthesized a ferrocene-bridged dinuclear
cyclometalated Ir(m) complex (Ir,BPIFc) designed for photo-
uncaging-mediated photoimmunotherapy targeting hypoxic
melanoma (Fig. 40). The ferrocene bridge effectively quenched
the intrinsic emission of Ir,BPIFc; however, upon irradiation
with a 405 nm LED or a femtosecond laser at 970 nm, homolytic
cleavage released mononuclear IrPICp and Fe** ions, accompa-
nied by a restoration of phosphorescence at ~565 nm. High-
resolution mass spectrometry, nuclear magnetic resonance, and
trapping experiments confirmed the formation of carbon-
centered radicals, further substantiated by EPR and deuterium
substitution. Mechanistic studies using ultrafast spectroscopy
and DFT revealed that efficient metal-to-ligand charge transfer
of the Ir(m) center, coupled with single electron transfer from
ferrocene, initiated the generation of cyclopentadienyl radicals
and radical-containing triplet states. Notably, the three-photon
absorption cross-section reached 1.495 x 10~ % cm® s> photon >
at 970 nm. Under hypoxic (2% O,) tumor-mimicking conditions,
facilitated multimodal ROS generation via (i) carbon-centered
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radicals, (ii) Fenton reactions from Fe®', and (iii) photo-uncaged
type-1 PDT while simultaneously disrupting redox homeostasis
through NADH and GSH oxidation. The hydroxyl radical yield of
Ir,BPIFc (10 uM) was approximately 3.5-fold greater than that of
IrPICp (20 uM), despite identical Ir content, underscoring the
central role of the photolysis pathway. Biologically, Ir,BPIFc
localized predominantly to mitochondria and exhibited potent
photocytotoxicity against A375 cells under hypoxia (ICs, =
2.06 uM, 405 nm, 20 mW cm >, 10 min), in contrast to its
minimal dark toxicity (ICso = 16.32 uM).

Liu et al.'*® developed a heterotrinuclear Ir(m)-Gd(m) complex
(Ir2Gd1), described as a “mito-bomb,” for mitochondria-targeted,
bimodal-imaging-guided precision cancer therapy (Fig. 40). This
single-molecule approach overcomes the inherent limitations of
nanocomposite-based theranostic platforms, which often suffer
from complex formulation, poor reproducibility, and ambiguous
pharmacokinetics. Ir2Gd1 exhibited a @, of 0.14 and functioned as
both a PS and a high-relaxivity MRI contrast agent (9.42 mM " s~ ).
Upon light activation, it localizes to mitochondria and generates
'0,, promoting cytochrome c release and triggering apoptosis
and pyroptosis via the caspase-3/GSDME axis. It also photoca-
talytically oxidizes NADH, disrupts the electron transport chain,
and depletes ATP, thereby compromising mitochondrial func-
tion. Notably, Ir2Gd1 exhibited dark cytotoxicity comparable to
cisplatin (A549, IC5, = 30.9 uM vs. 33.4 uM) and maintained high
potency under hypoxia (A549, IC5, = 1.7 uM for normoxia,
1.8 uM for hypoxia). However, despite its promising multimodal
properties, its short excitation wavelength (390 nm) remains a
critical drawback, limiting tissue penetration and increasing the
risk of phototoxicity.

Transition-metal complexes are widely recognized as pro-
mising candidates for PDT owing to their intrinsic heavy-atom
effect, efficient ISC, and tunable coordination environments,
features that support both robust ROS generation and, in some
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Fig. 40 Ferrocene- and Gd(n)-bridged dinuclear cyclometalated Ir(i)
complexes.
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cases, additional catalytic functionality. Nonetheless, several
key challenges continue to impede their broader clinical trans-
lation. Most notably, their absorption in the ultraviolet-visible
region restricts tissue penetration, limiting therapeutic efficacy
to superficial tumors. Furthermore, structural complexity often
results in poor aqueous solubility, aggregation, and physiolo-
gical instability, thereby compromising pharmacokinetic beha-
vior. The inclusion of heavy metals such as Ir, Ru, or Pt further
raises concerns about long-term toxicity, metabolic clearance,
and off-target accumulation. Although strategies such as con-
jugation with D-A-type chromophores and encapsulation into
nanocarriers offer partial solutions, fundamental barriers,
including short excitation wavelengths and systemic toxicity,
remain unresolved.

3.5 D-A structure-based dimers

In designing NIR dyes, a common approach to achieving a small
optical gap involves extending the n-conjugation, as exemplified
by cyanine derivatives. Alternatively, donor-acceptor systems
offer a tunable route to HOMO-LUMO gap narrowing, since
the donor and acceptor units predominantly determine the
HOMO and LUMO levels, respectively. This modularity enables
precise electronic control. Notably, strong electron-accepting units
with low-lying LUMO levels promote both red-shifted absorption
and enhanced stability in air and under light irradiation.

Intramolecular B-N coordination has proven to be an effec-
tive strategy for enhancing electron-accepting strength while
minimally disrupting the n-conjugated framework. Boron coor-
dination thus serves as a powerful tool for lowering LUMO levels
in D-A dyes, as evidenced by various boron-bridged chromo-
phores such as N-B-N-bridged BODIPY derivatives and O-B-O-
bridged boron diketonates.'*® In 2018, Wakamiya et al'*°
reported BF,-bridged azafulvene dimers as potent electron
acceptors that were subsequently integrated with donor units
to construct three distinct dyes (Fig. 41). In CH,Cl,, dyes 1 and 2
displayed absorption maxima at 625 nm (loge = 4.76) and
457 nm (loge = 4.57), respectively, whereas the D-A-D dye 3
exhibited intense NIR absorption at 922 nm (log¢ = 5.06), with
an absorption edge extending to 1150 nm. Remarkably, dye 3
retained 97% of its absorbance after 50 h of irradiation in non-
degassed toluene, underscoring its exceptional photostability
and resistance to oxidative degradation (Table 5).

Building on the BF,-bridged azafulvene acceptor framework,
Liu and co-workers™' extended the design by incorporating
electron-donating groups to develop a series of D-A-D type
chromophores (Fig. 41). Specifically, 1,2-bis(4-N,N-dioctylamino-
phenyl)-1,2-diphenylethene served as the donor for BAF4, while
TPE, 1,2-bis(4-methoxyphenyl)-1,2-diphenylethene, and 1,2-bis(4-
N,N-dimethylaminophenyl)-1,2-diphenylethene were employed to
afford BAF1-3 as analogs. Spectroscopically, BAF1 exhibited an
absorption maximum at 625 nm (¢ = 4.8 x 10* M~" em "), while
BAF2 and BAF3 displayed progressively red-shifted peaks at
685 nm (¢ = 4.3 x 10 M' em ') and 882 nm (¢ = 1.7 x
10* M~' em™"), respectively, corresponding to the increasing
donor strength of methoxy and N,N-dimethylamino substitu-
ents. Strikingly, BAF4 further extended its A,ps to 1000 nm

This journal is © The Royal Society of Chemistry 2026
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BAF1 R=H, BAF2 R=0Me
BAF3 R = NMe,, BAF4 R = N(CgH47),

Py

Fig. 41 BF,-bridged azafulvene dimers.

(e =1.6 x 10* M " ecm ™), attributable to the superior electron-
donating capacity of the N,N-dioctylamino group. The active
intramolecular motions introduced by TPE units and long alkyl
chains rendered BAF4 and its nanoparticles non-emissive in
both solution and the aggregated state. This non-radiative
relaxation mechanism contributed to an exceptionally high
photothermal conversion efficiency of 80%, surpassing most
reported organic photothermal agents. Biologically, BAF4 nano-
particles exhibited favorable biocompatibility, efficient tumor
accumulation via the EPR effect, strong photoacoustic imaging
capability, and notable photothermal therapeutic performance
against both subcutaneous 4T1 tumors and deep-seated tumor
models, resulting in substantial inhibition of tumor growth and
metastasis in vivo.
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Recent efforts have focused on addressing a long-standing
limitation of D-A systems: their intrinsically low molar extinc-
tion coefficients (typically 1-2 x 10* M~* cm ™). Inspired by the
strong electron-withdrawing ability of the BF,-bridged azaful-
vene acceptor core, Tang and Fan’s group™? employed it as an
acceptor and systematically tuned donor groups to construct
three novel PTAs, namely TPEBF, TPABF, and OTTBF, by linking
TPE, TPA, and alkoxy-substituted TPA, respectively. These ration-
ally designed molecules exhibited markedly enhanced absorp-
tion, with maximum /s at 714 nm (e = 6.34 x 10* M~ cm™ %),
758 nm (¢ = 6.73 x 10* M~ " ecm™ "), and 892 nm (¢ = 7.21 x
10* M~ em ™). Notably, OTTBF extended its absorption tail to
1100 nm while still maintaining ¢ = 1.68 x 10" M~ em™" at
1064 nm, thereby enabling superior light-harvesting in the NIR-II
region. Fluorescence emission in toluene was observed at
792 nm, 880 nm, and 1058 nm, respectively, highlighting the
potential for dual photothermal/fluorescence imaging. Impor-
tantly, the PCEs of the corresponding NPs reached 22.5%, 37.3%,
and 54.1% for TPEBF, TPABF, and OTTBF, respectively, with
theoretical calculations attributing the efficiency of OTTBF to its
narrow HOMO-LUMO gap and efficient nonradiative decay.
Encapsulated into water-dispersible NPs, OTTBF exhibited
remarkable photothermal performance under 1064 nm irradia-
tion at a power density as low as 0.7 W cm %, the lowest reported
threshold for NIR-II PTT to date, demonstrating excellent chemo-
and photo-stability and strong translational potential for deep-
seated tumor ablation (Fig. 42).

In 2023, Tang and co-workers™* proposed a dual-acceptor
engineering strategy to construct NIR-II-active aggregation-
induced emission luminogens (AIEgens) for multimodal photo-
theranostic applications. As illustrated in Fig. 43, two molecular
series were developed: the 1A system (D'-D-A-D-D’, comprising
2TT-BTD, 2TT-PTD, 2TT-DPTDQ, and 2TT-BBTD) and the 2A
system (D’-D-A-A-D-D’, comprising 2TT-2BTD, 2TT-2PTD,
2TT-2DPTDQ, and 2TT-2BBTD). Within these frameworks,
BTD, PTD, DPTDQ, and BBTD acted as progressively stronger
acceptors, thiophene served as both donor and n-bridge, and

Table 5 Photophysical properties (absorption/emission maxima and fluorescence quantum yield), ROS and heat generation capability of various D—-A

molecules

Molecules Jabs (M) Jem (NM) b ROS D\ PCE Synthetic yield Ref.
BAF1 625 — <0.001 — — 39% 68% 131
BAF2 685 — 41% 72%

BAF3 882 — 47% 65%

BAF4 1000 — 80% 57%

TPEBF 714 792 — — — 22.5% 73% 132
TPABF 758 880 37.3% —

OTTBF 892 1058 54.1% 85.7%

2TT-2BTD 509 668 — — — — 89% 133
2TT-2PTD 546 716 — — — — 92%

2TT-2DPTDQ 688 886 0.016 — — — 98%

2TT-2BBTD 773 1004 0.0025 0, — 41.7% 83%

IID-PS-S 650 765 0.014 102 — 22% 38.2% 134
IID-PS-Se 677 775 0.006 102 0.15 35% 35.8%

ATHTPB 732 1058 0.03 — — 87.6% 83% 135
ATT-PBPT 700 1026 0.019 — — 73.8% 86.5% 136
4AM-0S 795 ~930 — 10,, 0,°, *OH — — 41% 137
dBTIC-S 735 ~ 820 0.015 — — 68.5% 44% 138
dBTIC-D 732 ~ 820 0.02 — — 61.4% 64%

This journal is © The Royal Society of Chemistry 2026
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Fig. 42 BF,-bridged azafulvene dimers with tunable donors.

TPA units contributed donor and rotor functionalities. Alkyl
chains were incorporated to modulate steric hindrance and fine-
tune backbone planarity.

Spectral analyses revealed that strengthening acceptor units
in the 1A series produced bathochromic shifts in both absorp-
tion (511-824 nm) and emission (663-1104 nm). In contrast,
the introduction of a second acceptor in the 2A series further
increased ¢ (up to 4.29 x 10" M~ cm ™" for 2TT-2BBTD), albeit
with partial blue-shifts, indicating that dual-acceptor substitu-
tion did not yield a linear enhancement in electrophilicity.
Structural analyses showed enlarged dihedral angles in the 2A
system, which disrupted conjugation and effectively converted
ACQ molecules into AIE-active emitters. Functional evaluations
identified 2TT-2BBTD nanoparticles as lead candidates,

2TT-BBTD

Fig. 43 AlEgens with single or dual-acceptor.
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exhibiting absorption and emission maxima at 799 and
1065 nm, respectively, with emission extending to 1400 nm.
These nanoparticles achieved a PCE of 41.7% and demon-
strated substantial superoxide generation for type-I PDT. These
features enabled NIR-II fluorescence, photoacoustic, and
photothermal imaging-guided trimodal photodynamic/photo-
thermal therapy in orthotopic breast tumor models. Collec-
tively, dual-acceptor engineering provides a robust molecular
design strategy to simultaneously enhance molar absorptivity,
extend NIR-II emission, amplify AIE characteristics, and unify
synergistic ROS and thermal generation.

Dual-acceptor engineering within twisted D-A-A-D frame-
works represent a promising yet synthetically demanding strat-
egy for enhancing molar absorptivity, suppressing nonradiative
decay, and elevating phototheranostic efficacy. Fan’s group'**
recently developed D-A molecules featuring triple-acceptor
architectures for combined PTT and PDT (Fig. 44). The proto-
type PS, composed of [1,2,5]thiadiazolo[3,4-c]pyridine and 3,4-
ethylenedioxythiophene-tetraphenylethylene as the acceptor
and donor, respectively, exhibited a high fluorescence quantum
yield but suffered from a low extinction coefficient and negli-
gible photosensitization. To overcome these limitations, iso-
indigo (IID) was introduced as a second acceptor, intensifying
D-A conjugation and the ICT effect, which red-shifted absorp-
tion and doubled the extinction coefficient. However, IID-PSS
exhibited marked fluorescence quenching, with the quantum
yield falling below 1.4%. To further enhance SOC, sulfur was
replaced with selenium, yielding IID-PSSe. This substitution
narrowed the HOMO-LUMO gap and AEgy, promoting ISC,
elevating the 'O, yield to 15%, and achieving a PCE of 35%.

Q

N\ ;N N"‘\N N
SIhd
W
Na /
NN CoHi
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Fig. 44 Triple-acceptor architectures for phototherapy.

Although fluorescence declined to 0.6%, IID-PSSe maintained a
high extinction coefficient and robust photothermal perfor-
mance across cycles. Importantly, IID-PSSe nanoparticles
demonstrated negligible dark toxicity yet induced potent tumor
ablation upon irradiation, achieving strong therapeutic out-
comes in vitro and in vivo.

Traditionally, the synthesis of dual-acceptor units such as
dibromo-benzothiadiazole required multistep procedures and
yielded low product quantities (<27%). To overcome this limita-
tion, Tang’s group™>® developed a one-step Suzuki coupling route
for constructing both D-A-D (2DMeTPA-BT) and D-A-A-D
(2DMeTPA-2BT) PSs, achieving a 47% yield for 2DMeTPA-2BT,
the first reported instance of single-step dual-acceptor PS synth-
esis (Fig. 45). Structural characterization revealed large dihedral
angles (~68°), a reduced AEsy (0.265 eV), enhanced SOC
(0.11 em™"), and a rapid ISC rate (kgc ~ 3.41 x 10° s %),
collectively promoting long-lived triplet states and efficient type

Qyin®

2DMeTBA-BT

2DMeTBA-2BT

Fig. 45 Chemical structures of 2DMeTPA-BT and 2DMeTPA-2BT.

This journal is © The Royal Society of Chemistry 2026
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I/Il ROS generation. Optical studies showed red-shifted absorp-
tion/emission peaks (636/713 nm) compared to the mono-
acceptor counterpart, alongside solvent-dependent TICT behavior
that conferred AIE characteristics in both aggregate and solid
states (quantum yield: 25%). Nanoprecipitated 2DMeTPA-2BT
nanoparticles exhibited a high ¢ (1.17 x 10* M~' em™"), strong
photostability, and notably enhanced ROS output, with singlet
oxygen yields reaching 1.42-fold those of RB. In vivo, these
nanoparticles achieved approximately 90% tumor growth inhibi-
tion via synergistic type I/Il PDT mechanisms.

AIE molecules are widely studied for fluorescence imaging
and phototheranostics; however, their inherently twisted con-
formations often result in low molar extinction coefficients.
Although dual-acceptor strategies developed by Tang and co-
workers have enhanced light-harvesting capacity, AIE mole-
cules continue to exhibit inferior absorption compared to
conventional ACQ dyes. To address this, Li and colleagues™*®
introduced a n-bridged dimerization strategy, in which mono-
meric AIE units (TPE-BTO and DTPE-BTO) were covalently
linked via various m-spacers to yield a series of dimers (TPE-
BTO-Dimer 1-6 and DTPE-BTO-Dimer 1-6; Fig. 46). This design
considerably improved absorption (¢ increased by 2.3-3.7-fold
t0 6.01-9.54 x 10* M~ em™ ") and induced marked redshifts in
the absorption maxima. For instance, TPE-BTO-Dimer 1 exhib-
ited a A,ps Of 500 nm and an ¢ of 8.61 x 10* M~ ' em™?,
compared to 449 nm and 2.69 x 10 M™' ecm™' for the
monomer. DFT calculations showed that n-bridging planarized
the molecular skeleton, yielding minimal dihedral angles (0.1°-
2.7°) and promoting delocalization of both HOMO and LUMO
orbitals across the m-framework. This conjugation enhance-
ment endowed the dimers with high oscillator strengths and
favorable charge-separation characteristics. Moreover, dimeri-
zation extended emission into the NIR region, making these
systems strong candidates for photothermal cancer therapy.

Qin and co-workers'*® designed a D-A dimer wherein TPA-
thiophene functioned as the donor and a benzothiadiazole
derivative served as the acceptor. A large conjugated electron-
withdrawing core (benzothiadiazole derivative) served as a
bridge connecting two D-A segments within a single molecule,
while peripheral alkyl chains introduced sufficient free volume
for intramolecular rotor motion. This rational design endowed
4THTPB with notable photophysical and photothermal char-
acteristics. Specifically, the twisted molecular conformation
induced by the alkylthiophene units effectively suppressed
aggregation-caused quenching, enabling a characteristic ICT
absorption band at 696 nm in THF with a molar absorptivity of
2.46 x 10* M ' em !, which is 1.31-fold higher than that of the
smaller-acceptor analogue TT1-0CB (793 nm). The fluorescence
quantum yield of 4THTPB in THF was limited to 0.52% due to
strong TICT and intramolecular rotations but increased to 3.2%
in aqueous nanoparticles, confirming a typical AIE effect. These
nanoparticles exhibited an ultrahigh PCE of 87.6%, surpassing
many reported organic photothermal agents. This enabled deep-
tissue NIR-II fluorescence imaging with penetration depths up to
840 um, where capillaries as narrow as 3.4 pm were resolvable at
540 pm, and also supported precise photothermal thrombolysis.
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Fig. 47 D-A architectures incorporating benzothiadiazole cores.

In vivo studies further demonstrated that 4sTHTPB nanoparticles
promoted vascular reconnection following treatment, underscor-
ing their strong potential for simultaneous diagnosis and ther-
apy of microvascular lesions (Fig. 47).

Tang et al.'*>'*" addressed the intrinsic limitations of con-
ventional NIR-II luminogens, including poor stability, low
synthetic yield, and limited therapeutic efficacy, by introducing
a “strength in numbers” strategy based on N-heteroacenes (NHAs).
As illustrated in Fig. 48, two acceptor skeletons, namely pyrene-
fused phenaziothiadiazoles (PPT, 5-ring) and pyrene-fused bisphe-
naziothiadiazoles (PBPT, 8-ring), were incorporated into D-A-D
frameworks to yield 2TT-PPT and 4TT-PBPT, respectively. Com-
pared to 2TT-PPT (4, 676 NM, Aey, 996 nm), 4TT-PBPT exhibited
extended conjugation and stronger ICT, resulting in red-shifted
absorption and emission (A,ps 700 nm, ey, 1026 nm with shoulder
at 1270 nm) and a twofold increase in the molar extinction
coefficient. The large Stokes shifts (>300 nm) effectively sup-
pressed self-absorption, a well-recognized limitation of cyanine
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Dimer 2

Dimer 3

Dimer 4

dyes. Photophysically, 4TT-PBPT NPs achieved a PCE of 73.8%,
surpassing that of 2TT-PPT (67.3%) and 2TT-PBPT (53.0%).
Upon 808 nm laser irradiation, tumor temperatures rose rapidly
from 35.0 °C to 51.4 °C, supporting efficient PTT. In parallel,
enhanced spin-orbit coupling and reduced energy gaps facili-
tated efficient ROS generation, thereby further improving PDT
efficacy. The trimodal FLI/PAI/PTI imaging capability of 4TT-
PBPT, coupled with its PDT/PTT synergy, enabled complete
eradication of orthotopic bladder tumors in mice. Notably, no
appreciable toxicity to normal tissues was observed, underscoring
the system’s excellent biosafety. Collectively, this study presents
the first example of an AlEgen that concurrently integrates NIR-II
brightness, a large Stokes shift, high PCE, robust ROS generation,
and multimodal imaging-guided synergistic therapy, establish-
ing a robust molecular design paradigm for overcoming the
limitations of conventional NIR-II agents.

Open-shell n-conjugated molecules with intrinsic unpaired
electrons are increasingly regarded as promising platforms for
type-1 PDT. To explore this potential, Tian et al.’*” systematically
compared a closed-shell monomer (2AM-CS) and an extended
dimer (4AM-OS) to examine how radical characteristics shape
excited-state dynamics (Fig. 49). Although both systems exhibit
nearly identical absorption maxima (793/795 nm in NPs) and
NIR-II emission extending to 1400 nm, the dimer adopts a
thermally accessible open-shell configuration that promotes
broader radical delocalization and introduces additional elec-
tronic states. This feature leads to substantial reductions in
AEs 1, (0.240/0.493 eV for 4AM-OS vs. 0.283/0.856 eV for 2AM-
CS), thereby facilitating photo-induced charge transfer and
enhancing type-I ROS generation (*OH, O,* ") alongside photocata-
Iytic activity. These mechanistic advantages translate into markedly
improved PDT efficacy, with ICs, values of 6.1/9.9 ug mL™*
under normoxic/hypoxic conditions (vs. 33.2/51.2 pg mL™" for
2AM-CS), while both systems retain negligible dark toxicity.
This study offers critical insights into the design of type-I PSs,

This journal is © The Royal Society of Chemistry 2026
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Fig. 49 Open-shell n-conjugated dimers.

though its applicability remains largely limited to fluorophores
bearing functional motifs capable of stabilizing open-shell
configurations. Broadening this strategy to encompass a wider
range of chromophores remains an important challenge with
the potential to substantially expand the chemical space for
robust type-I PDT.

Although record-breaking PCEs continue to be reported,
advancing clinical translation necessitates further enhancement
of light-harvesting efficiency. To this end, Tian et al.™*® imple-
mented an absorptivity-driven approach by dimerizing the high-
PCE A-D-A monomer BTIC into single-bond- and vinyl-linked
dimers, dBTIC-S and dBTIC-D, respectively. Upon dimerization
(Fig. 50), only slight redshifts were observed in the absorption
maxima. Even in the vinyllinked variant, the extended =n-
conjugation failed to notably shift 4., suggesting that the
introduction of a C—C bridge neither altered the intrinsic
donor-acceptor strength nor promoted notable intermolecular
energy-level coupling. Despite the minor spectral changes, both
dimers exhibited considerable gains in molar absorptivity. In
CHCl;, émax increased from 1.80 x 10> (BTIC) to 2.84 x 10°
(dBTIC-S) and 2.25 x 10° M ' em ™" (dBTIC-D). In aggregate form,

This journal is © The Royal Society of Chemistry 2026
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Illustration of a “strength in numbers” strategy based on N-heteroacenes (NHAs) for constructing D—A-D dimers.

£g0 TOSE from 0.47 x 10° to 1.37 x 10° and 1.40 x 10° M~ ' ecm ™,
representing nearly three-fold enhancements relative to the mono-
mer and surpassing the theoretical doubling. This trend is
consistent with strengthened n-n electronic interactions and
reorganized molecular packing. Notably, unlike many dimeric
systems that suffer fluorescence quenching, both dimers exhib-
ited increased @ (0.8%, 1.5%, and 2.0% for BTIC, dBTIC-S, and
dBTIC-D, respectively), with further enhancement observed in
nanoparticle form, indicating a greater local excited-state char-
acter upon m-extension. All three systems maintained comparable
PCEs (66.4%, 68.5%, and 61.4%), yet the substantially enhanced
light absorption enabled dBTIC-D to achieve effective tumor
ablation under low-power 808 nm laser irradiation (0.3 W cm™?).

3.6 Supramolecular dimeric assemblies

Supramolecular chemistry, pioneered by the 1987 Nobel Laure-
ates Cram, Lehn, and Pedersen, has advanced substantially over
recent decades.'*” In this context, supramolecular assemblies of
PSs have emerged as compelling platforms for tumor photo-
therapy and related biomedical applications.'**™*> Compared
with single-molecule systems, supramolecular strategies offer
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Fig. 50 Dimerization strategy for an A-D—A monomer.

improved water solubility, optimized photophysical behavior,
enhanced cellular uptake, and increased tumor-targeting effi-
ciency. In contrast to covalent dimerization, supramolecular self-
assembly, driven by n-n stacking, van der Waals forces, hydro-
phobic interactions, hydrogen bonding, and host-guest recogni-
tion, provides a versatile approach for constructing dimeric or
multimeric PS architectures."**

Phthalocyanines, which are planar macrocyclic metal com-
plexes, exhibit strong light absorption and high ROS and heat
generation capacities, rendering them valuable agents for photo-
therapy. However, their inherent hydrophobicity limits clinical
translation. To overcome this challenge, Yoon’s group™*® devel-
oped a supramolecular dimerization approach based on cation-
anion pairing (Fig. 51). Equimolar mixtures of oppositely charged
Pc derivatives assembled into dimers, which subsequently aggre-
gated into ~60 nm NPs. The ¢ of PcDA (5.8 x 10 M~ " em ™!
notably exceeded those of PcD (4.0 x 10* M~' cm™') and PcA
(3.1 x 10* M™* em™ ). Furthermore, intra-dimer FRET boosted
both ROS and heat production. As a result, PcDA achieved
superior photothermal efficiency (15.7%), substantially higher
than that of PcD (3.7%) and PcA (3.1%). This pronounced
photothermal effect also generated strong photoacoustic signals.
In vivo, PcDA treatment (0.8 nmol g *, 300 J cm ™ ?) suppressed
tumor growth by 95%, highlighting the therapeutic potential of
supramolecularly engineered Pc assemblies.

Organic free radicals possess narrower band gaps than tradi-
tional m-conjugated dyes, facilitating red-shifted absorption. When
intermolecular charge transfer occurs between radicals, the band
gap narrows further, enabling absorption to extend into the NIR-II
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Fig. 51 Phthalocyanine dimers based on cation—anion pairing.

N\t

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

dBTIC-D

region. Rather than employing covalent dimerization, Zhang
et al.™ introduced a supramolecular assembly strategy to con-
struct a supramolecular radical dimer (Fig. 52a). This dimer was
formed by combining N,N'-dimethylated dipyridinium
thiazolo[5,4-d]thiazole (MPT>") and cucurbit[8]uril (CB[8]), result-
ing in strong NIR-II absorption. Upon assembly, the two MPT>"
units adopt a parallel yet staggered conformation that facilitates
intermolecular charge transfer. Under 405 nm irradiation in the
presence of triethanolamine (TEOA) as an electron donor, photo-
induced electron transfer from MPT>" gradually generates MPT"
radicals, accompanied by distinct spectral evolution. During
irradiation of 2MPT>*~CB[8], an initial reduction yielded species
A, exhibiting absorption bands at 618 and 1308 nm. This
intermediate then converted into species B, characterized by
absorptions at 547 and 1004 nm. The molar absorption coeffi-
cient of species B at 1004 nm was determined to be 3.93 x
10* M~ " em ™. Notably, this transformation endowed the sys-
tem with efficient NIR-II photothermal properties, achieving a
PCE of 54.6%. Remarkably, even with a 5 mm chicken breast
tissue barrier, the supramolecular radical dimer generated
sufficient heat to ablate cancer cells effectively.

Jin et al.**® designed a D-m-A structured molecule (SC-3)
capable of forming a supramolecular dimer through host-guest
assembly with CB[8] (Fig. 52b). The binding constant between

a MPT>-MPT~-CB[g] (A) 2MPT-CB[8] (B)
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Fig. 52 Cucurbit[8]uril-mediated organic dimers.

Q <Y
g

A SC-3

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cs01306b

Open Access Article. Published on 13 February 2026. Downloaded on 2/25/2026 1:49:48 AM.

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

(cc)

Chem Soc Rev

Pl \™ ¥ :!i ,
V Host-guest interaction / 7
Pty =

DoxcBBox+4Cl

Fig. 53 Tetracationic BODIPY macrocycle integrated with doxorubicin via
a host—guest interaction. Reproduced with permission.**®> Copy Right
2025 American Chemical Society.

SC-3 and CB[8] was measured as 1.39 x 10° M, confirming
the successful formation of the supramolecular PS. Upon com-
plexation, the resulting 2SC-3/CB[8] adopts a cage-like structure,
wherein CB[8] offers a hydrophobic cavity, electrostatic shielding,
and conformational restriction. These synergistic effects collectively
suppress intramolecular motions and disordered aggregation while
promoting n-n stacking and charge-transfer interactions, thereby
enhancing intersystem crossing and triplet-state formation. Con-
sequently, the dimeric PS displays a 1.35-fold increase in ROS
generation efficiency compared with its monomeric form.

Liu et al.**® constructed a supramolecular photoelectron “reser-
voir” (SPR) by assembling a tetracationic BODIPY macrocycle
(BBox-4Cl), doxorubicin (Dox), and B-cyclodextrin-hyaluronic acid
(HACD; Fig. 53). The resulting host-guest complex (Dox = BBox-
4Cl) exhibited a high binding constant (8.05 x 10° M~ ") and
further self-assembled into nanoparticles (Dox < BBox-4Cl@
HACD). BBox-4Cl displayed broad absorption spanning 420-
650 nm, with a dominant peak at 511 nm and emission between
541 and 547 nm. Strong m-7 stacking interactions substantially
reduced the fluorescence quantum yield from 34.15% in acet-
onitrile to 5.34% in water. Crucially, the supramolecular assem-
bly markedly enhanced ROS production, achieving a singlet
oxygen quantum yield of 160%, 2.1-fold higher than Rose
Bengal (75%). Upon 660 nm irradiation, the excited triplet state
3(BBox)* not only underwent energy transfer with O, to produce
'0, but also facilitated intramolecular disproportionation
between two antiparallel BODIPY units, creating radical cations
and anions. The radical anion (BODIPY)*™ efficiently trans-
ferred electrons to oxygen, yielding *OH, while the radical cation
(BODIPY)*" was reduced by NADH, which was catalytically
oxidized to NAD" (k.ps = 0.187 min ). Dox embedded in the
BODIPY cavity acted as an electron “pump” to mediate ICT,
whereas HACD served as a ‘“‘sponge” to concentrate assemblies
and accelerate intermolecular transfer. Together, these compo-
nents sustained photoelectron cycling and boosted ROS genera-
tion even under hypoxic conditions. This supramolecular
design thus integrates favorable photophysical properties with
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cascade-activated radical generation: efficient absorption in the
visible range, high '0, quantum yield, NADH-driven *OH pro-
duction, and redox imbalance induction. Therefore, the system
exhibited potent anticancer activity with ICs, values of 0.46 uM
(normoxia) and 0.85 uM (hypoxia), with in vivo tumor inhibition
rates reaching 95%, demonstrating its strong potential as a
hypoxia-tolerant, type-I/II synergistic PDT platform.

In recent years, metal-based drugs have garnered growing
interest within the biomedical field, and supramolecular coor-
dination complexes (SCCs)—formed via coordination-driven
self-assembly of PS ligands—have emerged as versatile plat-
forms for constructing functional multimers. SCCs are discrete
supramolecular entities with well-defined two- or three-
dimensional architectures, in which metal centers or clusters
coordinate with organic ligands in specific geometries.'***%°
Within this domain, Sun and co-workers'*> have made notable
contributions, particularly in the development of SCCs with
NIR-II emission for advanced biomedical applications. These
complexes have been successfully employed in photodynamic
therapy, PTT, and sonodynamic therapy, highlighting the ver-
satility of metal-ligand coordination strategies. In such assem-
blies, pyridyl-functionalized BODIPY molecules and D-A-D-
type ligands based on the BBTD framework often serve as
organic building blocks. Coordination between pyridine moi-
eties and metal centers facilitates the formation of discrete
dimers, trimers, or higher-order supramolecular architectures.
These SCCs not only enhance the optical and photophysical
properties of the constituent ligands but also enable precise
spatial organization, offering new opportunities for synergistic
multimodal cancer therapy.

Although SCCs offer notable advantages in PS design—for
instance, metal coordination and rigid macrocyclic frameworks
effectively separate PS units and suppress further aggregation,
thereby enhancing ROS generation, while heavy atoms promote
ISC to boost PDT efficiency, their potential toxicity presents
notable biosafety concerns. To mitigate this issue, Sun’s
group™' developed a series of aza-BDP ligands (Fig. 54) with
varying electron-donating capacities and assembled them with
Ru(1) complexes to construct metallacycle-based supramolecu-
lar PSs. These assemblies were conveniently obtained by mixing
ligands with Ru complexes in a 1:1 ratio in methanol/chloro-
form at room temperature, yielding discrete metallacycles
featuring three broad absorption bands (approximately 630,
740, and 850 nm) and strong NIR-II emission (1105-1115 nm),
closely resembling that of the aza-BDP ligand. Theoretical
calculations suggested that increased ligand distortion could
enhance intramolecular CT and ROS generation, while steric
hindrance inhibited n-n stacking, thereby reducing ROS
quenching. Among these, RuD exhibited the lowest AEgr
(0.61 eV), facilitating efficient ISC and yielding superior ROS
generation, including both singlet oxygen and superoxide
anion. Importantly, RuD showed negligible dark toxicity
(IC50 > 700 UM in A549 cells) attributed to its bulky, electron-
rich acceptor that minimized ligand exchange with biomolecules,
unlike RuA, which showed higher dark toxicity. Upon laser irradia-
tion, RuD delivered the strongest PDT performance (ICs, = 1.8 pM),
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Fig. 54 Representative structural architectures of supramolecular coordination complexes.

consistent with its highest ROS productivity, and achieved an
exceptional phototoxicity index of 406.5.

In addition to modulating the donor properties of aza-BDP
ligands, Sun and co-workers'>” implemented a m-expansion
strategy on Ru(u) acceptors to construct a new series of metalla-
cycles. This structural refinement not only reduced dark toxicity
but also substantially enhanced phototoxicity, achieving a high
phototoxicity index (~ 146). Notably, these compounds sustained
strong PDT performance even under adverse conditions, exhibit-
ing pronounced anti-tumor activity in deep tissue (~7 mm) and
hypoxic environments. These findings underscore the effective-
ness of m-expanded Ru(u) acceptors in simultaneously optimizing
biosafety and therapeutic efficacy, thereby broadening the clinical
applicability of metallacycle-based supramolecular PSs. Collec-
tively, this study highlights how rational modulation of ligand
electronics and steric environment in Ru-based SCCs can finely

Chem. Soc. Rev.

tune the balance between biocompatibility and therapeutic
performance.

SCCs have demonstrated considerable promise for anti-tumor
PDT, antimicrobial PDT, and photoimmunotherapy. However,
despite the deeper tissue penetration afforded by NIR-II light,
treating deeply seated pathologies remains a notable challenge.
To address this limitation, Sun and co-workers'>® designed
ultrasound-activatable SCCs for the prevention of ventricular
arrhythmias (VAs) following myocardial infarction. In this sys-
tem, a modified aza-BODIPY dye (IR1105), incorporating a 180°
dipyridine ligand to enable long-wavelength emission, was coor-
dinated with Ru(u) complexes featuring varying conjugation
planes to generate metallacycles RuE and RuF (Fig. 55). Com-
pared with IR1105, clinical dye ICG, and RuA, RuB exhibited
superior ROS generation, achieving a @, of 0.88 under ultra-
sound activation (vs. 0.70 for RuA and 0.25 for IR1105). This
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Fig. 55 SCCs with NIR-II properties.

enhanced performance was attributed to its larger n-conjugated
framework and smaller AEsy (0.54 eV vs. 0.90 eV for RuA). RuB
efficiently generated ROS at low concentrations and under mild
ultrasound conditions, thereby promoting pro-survival autophagy
in microglial cells. In vivo, RuB-mediated ultrasound activation
effectively attenuated sympathetic overactivity and inflammation,
ultimately mitigating VAs.

4. In situ dimerization via CBT-Cys
click chemistry

Pre-formed dimers generated through covalent bonding or
supramolecular association constitute a direct “pre-activation”
strategy, in which the functional state of the molecule remains
permanently switched on following administration. Although
such dimers can improve photophysical performance, their con-
tinuous activity during systemic circulation raises concerns about
off-target effects and overall toxicity. Despite the inherently high
spatiotemporal precision of phototherapy, pre-formed dimers
often fail to achieve adequate tumor or lesion-specific activation,
thereby limiting their clinical translational potential.

In 2009, Rao et al.'® introduced a bioorthogonal CBT click
reaction between 1,2-aminothiol and 2-cyanobenzothiazole
(Fig. 56), which proceeds under specific physiological triggers,
including pH variation, disulfide bond reduction, or enzymatic
cleavage, both in vitro and in living systems. Remarkably, the
resulting condensation products displayed distinct sizes, morphol-
ogies, and self-assembly profiles depending on monomer struc-
ture, allowing precise modulation of nanostructure formation.
This concept enables the in situ construction of dye dimers: by
incorporating responsive groups into the monomer backbone,
dimerization can be selectively triggered by tumor-associated
biomarkers. The resulting dimers may further engage in hierarch-
ical self-assembly, promoting extended retention and improved
lesion visualization. In addition, dimerization inherently strength-
ens intermolecular interactions such as energy transfer and charge
transfer, thereby amplifying multimodal outputs, including

HO. s i HO. s, 8
P—CN * HS/\HLOH — \CEH\
N NH, NN OH

o]
Fig. 56 CBT click chemistry.
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fluorescence, photoacoustic signals, ROS generation, and photo-
thermal effects, for precise diagnosis and therapy.

Building upon the CBT click chemistry strategy, Liang and
co-workers developed a series of enzyme-activatable systems for
disease detection and therapy, targeting biomarkers such as alka-
line phosphatase, Granzyme B, and cathepsin B (CTSB).">>**® For
example, CTSB, a lysosomal protease overexpressed in the early
stages of many cancers, represents a valuable target for sensitive
diagnosis. Liang and colleagues'® designed a “smart” near-
infrared photoacoustic probe, Cypate-CBT, wherein design princi-
ple and biological function were intimately interwoven (Fig. 57a).
The key concept centered on leveraging enzyme-triggered self-
assembly to convert fluorescence quenching into photoacoustic
signal amplification: following intracellular glutathione-mediated
reduction and CTSB cleavage, the probe underwent a CBT-Cys
click reaction to form Cypate dimers, which spontaneously self-
assembled into nanoparticles. This aggregation induced the for-
mation of H-aggregates, suppressing fluorescence while promoting
nonradiative decay, thereby notably enhancing photoacoustic out-
put. Experimental validation confirmed this mechanism. Cypate-
CBT exhibited pronounced intracellular accumulation and a 4.7-
4.9-fold increase in photoacoustic intensity within CTSB-
overexpressing MDA-MB-231 cells and xenografted tumors rela-
tive to unmodified Cypate. Furthermore, the probe’s PA
response demonstrated a linear correlation with CTSB concen-
tration (LOD = 0.095 U mL '), underscoring its high sensitivity
and selectivity. By unifying enzyme-responsive dimerization,
self-assembly, and signal transduction within a single platform,
this work exemplifies how rational molecular design can enable
tumor-selective activation and high-contrast imaging with clin-
ical potential.

AD remains one of the most devastating neurodegenerative
disorders, with chronic neuroinflammation playing a pivotal role
in accelerating neuronal degeneration and cognitive decline.
Among the inflammatory mediators, caspase-1 (Casl) has
emerged as a critical executor of pyroptosis, linking inflamma-
some activation to neuronal injury. The ability to visualize Cas1
activity with high sensitivity and specificity would thus offer
valuable mechanistic insight into AD pathogenesis while
enabling early diagnosis. To this end, Liang et al."®® developed
a Casl-activatable molecular probe comprising a Val-Cit peptide
substrate tethered to a CBT moiety. As illustrated in Fig. 57b,
upon cleavage by Casl, the newly exposed cysteine thiol under-
goes a bioorthogonal CBT-Cys condensation reaction to yield a
covalently linked dimer. These dimers spontaneously self-
assemble into nanoscale aggregates, producing a two-tiered
restriction mechanism: first via covalent dimerization, and sub-
sequently via supramolecular nanoparticle formation. This hier-
archical assembly substantially amplifies aggregation-induced
emission, yielding a markedly stronger fluorescence signal than
that of nonassembling analogues. Experimental validation con-
firmed the efficacy of this molecular strategy. The Cas1-triggered
assembly generated nanoparticles with diameters of approxi-
mately 80-120 nm, as revealed by TEM imaging. Fluorescence
measurements showed a nearly 6-fold enhancement in emission
intensity compared to controls lacking the CBT condensation
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2023 American Chemical Society.

motif, demonstrating that structural reorganization directly
translates into signal amplification. Notably, in cellular studies
employing AD-relevant inflammatory models, the probe sensi-
tively visualized Cas1 activity, yielding bright intracellular fluores-
cence localized to regions of pyroptotic activation. In vivo,
administration of the probe to AD mouse models resulted in
intense fluorescence within inflamed brain regions, enabling
real-time tracking of Casl activity throughout disease progres-
sion. This study not only provides a robust molecular tool for
visualizing Cas1 activity in AD, but also establishes a general-
izable design strategy in which enzymatic activation drives supra-
molecular self-assembly to amplify diagnostic signals.

Building on this concept, Liang’s group'®’ developed a
tandem-targeting AIEgen for cancer imaging (Fig. 58a). The
activatable probe f-tBu-Ala-Cys(StBu)-Lys(Biotin)-Pra(QMT)-
CBT (Ala-Biotin-QMT) integrates a biotin moiety to engage
overexpressed biotin receptors and a B-tBu-Ala substrate for
leucine aminopeptidase (LAP), ensuring selective uptake and
activation within tumor cells. Upon intracellular processing,
the probe undergoes fluorescence turn-on, resulting in
enhanced tumor accumulation and signal output. In living
HepG2 cells and HepG2 tumor-bearing mice, Ala-Biotin-QMT
exhibited 4.8-fold and 7.9-fold increases in NIR fluorescence,
respectively, compared to controls pretreated with biotin or LAP
inhibitors.

The self-assembly of small organic photothermal agents pre-
sents a powerful strategy to simultaneously modulate fluorescence
and heat-generation properties. In the aggregated state, fluoro-
phores typically undergo self-quenching, which suppresses

Chem. Soc. Rev.

fluorescence emission and redirects absorbed energy toward
nonradiative decay, thereby improving photothermal conversion
efficiency. Leveraging this principle, Liang et al'®® developed a
tumor-targeting PTA, Biotin-Cystamine-Cys-Lys(Cypate)-CBT (1),
designed to undergo intracellular activation and achieve concur-
rent intra- and intermolecular fluorescence quenching, resulting
in enhanced photothermal performance (Fig. 58b). Following
biotin receptor-mediated internalization, compound 1 is reduced
by intracellular GSH, producing a reactive intermediate (1-Red).
This intermediate then undergoes CBT-Cys click condensation to
form a cyclized dimer (1-Dimer), which engages in intramolecular
quenching. The resulting dimers further self-assemble into nano-
particles (1-NPs), introducing an additional level of intermolecular
quenching and yielding a dual-quenching effect. Fluorescence
measurements confirmed this mechanism: 1-NP formation led to
a 93.3% reduction in absolute fluorescence quantum yield, while
1-Dimer alone produced a 32.6% decrease. DFT calculations
attributed this quenching to intramolecular FRET and intermole-
cular CT, validating the proposed nonradiative singlet energy
decay pathways. This dual-quenching strategy considerably ampli-
fied photothermal performance. Upon 808 nm laser irradiation, 1-
NPs achieved a PCE of 36.6 £ 2.1%, 2.77-fold higher than that of
the unassembled molecule and superior to comparable com-
pounds. As a result, 1-NPs exhibited potent cytotoxicity against
HelLa cells (IC5o = 7.9 = 1.4 uM) and induced complete tumor
ablation following laser exposure. This work highlights how
rationally engineered PTAs that exploit simultaneous intra- and
intermolecular quenching can markedly enhance photothermal
efficiency and therapeutic stability.

This journal is © The Royal Society of Chemistry 2026
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(a) Schematic of the sequential tumor-targeting strategy and dual-assembly behavior of Ala-Biotin-QMT, enabling precise localization and

amplified NIR fluorescence imaging of malignant tissues. Reproduced with permission.*®* Copy Right 2024 American Chemical Society. (b) lllustration of
the reductive transformation of compound 1 into its dimeric form (1-Dimer), which undergoes intramolecular fluorescence quenching. The dimer further
self-organizes into 1-NPs, where additional intra/intermolecular quenching enhances the photothermal efficiency of the Cypate fluorophore.
Reproduced with permission.’®? Copy Right 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Diagram of the reduction-triggered
condensation of Cy-CBT into nanoassemblies (Cy-CBT-NP), followed by Caspase-3-mediated cleavage that activates fluorescence. Reproduced with

permission.'®®> Copy Right 2020 American Chemical Society.

Precise control and real-time monitoring of PTT are essen-
tial for maximizing tumor ablation while minimizing collateral
damage to surrounding healthy tissues. To address this challenge,
Liang et al.'® developed an intelligent near-infrared nanoparticle,
Cy-CBT-NP, capable of self-assessing its therapeutic efficacy via a
Caspase-3-responsive “off-on” fluorescence mechanism (Fig. 58c).
This system incorporates a Casp3-cleavable DEVD peptide
sequence into a dimeric precursor, Cys(StBu)-Asp-Glu-Val-Asp-
Lys(Cypate)-CBT (Cy-CBT). Upon intracellular reduction of the
disulfide bond, Cy-CBT undergoes CBT-Cys click condensation
to form a cyclized dimer (Cy-CBT-Dimer), which subsequently self-
assembles into NPs with quenched fluorescence. During PTT-
induced apoptosis, activated Casp3 cleaves the DEVD sequence,
triggering the formation of Cy-CBT-NP-Cleaved and restoring near-
infrared fluorescence. This turn-on signal quantitatively correlates
with apoptosis levels, enabling real-time evaluation of therapeutic
outcomes. Cy-CBT-NPs display uniform morphology (~113 nm
diameter, hydrated diameter ~246 nm), high stability in phy-
siological environments, and strong specificity toward Casp3.
Upon 808 nm laser irradiation, the nanoparticles exhibit effi-
cient photothermal conversion (1 = 28.6%) and induce notable
apoptosis in HeLa cells (ICso = 24.4 £ 7.0 uM). Fluorescence
imaging revealed a gradual NIR signal increase in irradiated

This journal is © The Royal Society of Chemistry 2026

cells, directly corresponding to Casp3 activation. In HeLa tumor-
bearing mice, the self-evaluation function was further validated:
tumors treated with mild (44 °C) or severe (49 °C) PTT exhibited
temperature-dependent fluorescence signals, with a 1.52-fold
higher intensity in more severely apoptotic tissues. Histological
staining and Casp3 immunolabeling confirmed that fluorescence
intensity accurately reflected apoptotic activity.

5. Conclusions and perspectives

The dimerization of fluorophores has established a transforma-
tive design paradigm in tumor phototheranostics. Beyond its
capacity to finely modulate photophysical properties, regulating
excited-state dynamics to steer energy flow toward either photo-
thermal or photodynamic pathways, this strategy profoundly
reshapes key biophysical attributes, including hydrophobicity,
conformational flexibility, and structural rigidity. These tailored
modifications promote spontaneous self-assembly into well-
defined nanostructures, thereby extending systemic circulation,
enhancing tumor targeting, and improving cellular uptake
efficiency. In this comprehensive review, we have systematically
delineated the mechanistic roles of molecular dimerization as a
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strategic modality in phototheranostics, emphasizing its dual
functionality in optimizing both optical performance and bio-
physical behavior. We have also categorized a broad spectrum of
small-molecule dimeric systems, including BODIPY dimers, cya-
nine dyes, porphyrins, phthalocyanines, donor-acceptor-type
molecules, cyclometalated complexes, and supramolecularly
assembled dimers, and critically evaluated their diverse applica-
tions in disease diagnosis, PTT, and PDT.

Despite the maturity of dimerization as a strategy for opti-
mizing molecular performance, several challenges related to
pharmacokinetics, metabolism, and safety remain unresolved.
In particular, the clearance pathways, long-term retention, and
potential off-target accumulation of dimeric systems require
careful re-evaluation. Dimerization inherently increases mole-
cular weight, rigidity, and hydrophobicity, often at the expense
of aqueous solubility, which makes dimers more prone to aggrega-
tion. Consequently, dimeric fluorophores may exhibit pharmaco-
kinetic behaviours that differ substantially from those of low-
molecular-weight small-molecule dyes, which are generally
favoured for their good biocompatibility and well-defined meta-
bolic pathways. To address poor solubility, many dimeric systems
are formulated into nanoparticles. While nanostructuring can
improve solubility and circulation, it may also introduce draw-
backs associated with nanomaterials, including complex metabo-
lism and uncertain clearance, thereby shifting pharmacokinetic
control from the molecular level to the nanoscale. Therefore,
rational regulation of dimer pharmacokinetics is essential to fully
exploit their advantages in tumor targeting and long-term reten-
tion. Future molecular design strategies can focus on enhancing
intrinsic water solubility, reducing dimer size, regulating self-
assembly behaviour, and developing carrier-free delivery systems.

Another major challenge lies in the environmental sensitiv-
ity of dimer performance, which poses constraints on clinical
translation. Many BODIPY dimers that rely on SBCT or SOCT
mechanisms exhibit a pronounced dependence on microenvir-
onmental conditions. In particular, polar environments are
essential for stabilizing the charge-separated states that under-
lie efficient reactive oxygen species generation in these systems.
As such, the development of environmentally robust photother-
anostic agents that maintain functionality across diverse bio-
logical settings remains a vital direction for future research.

Third, targeting specificity remains insufficient: most cur-
rently reported molecular systems are pre-designed without
intrinsic affinity for pathological sites, raising the risk of off-
target accumulation and related side effects. The “lesion-
activated in situ self-assembly” strategy proposed by Liang
et al. offers a compelling alternative, suggesting that dimers
engineered to undergo selective activation at disease sites,
particularly those formed in situ, could markedly enhance
targeting precision while minimizing systemic toxicity.

Fourth, limited tissue penetration depth presents a persis-
tent barrier to clinical translation. Existing phototheranostic
agents primarily operate within the visible and first near-
infrared windows, whose restricted penetration confines their
utility to superficial tumors. Overcoming this limitation will
require a multipronged strategy. One promising avenue is the
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development of agents excitable in the second near-infrared
window, which theoretically affords deeper tissue penetration.
However, these systems face a fundamental trade-off: their
narrow bandgaps facilitate rapid nonradiative decay, compli-
cating the controlled distribution of excited-state energy and
impeding efficient triplet-state formation. Alternative activation
modalities that circumvent optical limitations, such as X-ray
irradiation and ultrasound activation, offer attractive solutions
for treating deep-seated lesions. In parallel, advanced delivery
technologies, including endoscopic platforms for gastrointest-
inal tumors and implantable fiber-optic systems, can physically
bridge the gap between external energy sources and internal
pathological targets. The integration of these complementary
strategies, uniting novel activation mechanisms with innova-
tive delivery tools, will be essential to extend the reach of
phototheranostics beyond current depth constraints.

Finally, artificial intelligence is reshaping phototheranostic
design. Beyond image processing and drug discovery, Al is now
entering the rational design of fluorescent probes and thera-
peutic agents. This shift is timely, as many phototheranostic
systems already have well-defined parameters, such as absorption
and emission wavelengths, singlet oxygen quantum yields, and
photothermal conversion efficiencies. Recently, Peng et al'®*
developed independent regression-based machine learning
models to predict singlet oxygen and fluorescence quantum yields,
and constructed a virtual library of 2835 structurally diverse
cyanine-based PSs using modular decomposition and algorithmic
assembly, with synthetic accessibility and similarity filters to
ensure feasibility. These advances suggest that AI can be further
extended to predict intersystem crossing efficiency, optimize linker
geometry, and screen dimer architectures. With systematic data
curation and structured databases, such approaches can reveal
hidden structure-property relationships, enable multi-parameter
optimization, and accelerate the development of next-generation
phototheranostics, marking a shift toward predictive and
precision-guided molecular engineering.

By systematically addressing these challenges and strategically
incorporating emerging technologies, dimerization-based platforms
are poised to redefine the standards of phototheranostics, bridging
the divide between laboratory innovation and clinical translation
while advancing therapeutic precision and diagnostic fidelity.
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Abbreviations

AD Alzheimer’s disease
ACQ Aggregation-caused quenching
Al Artificial intelligence

AIE Aggregation-induced emission

AlEgens Aggregation-induced emission luminogens
BODIPY Boron-dipyrromethene

Casl Caspase-1
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CBT 2-Cyanobenzothiazole

CR Charge recombination

CTSB Cathepsin B

D-A Donor-acceptor

DFT Density functional theory

DMSO Dimethyl sulfoxide

Dox Doxorubicin

DPP Diketopyrrolopyrrole

EPR Enhanced permeability and retention effect
FDA Food and Drug Administration

HOMO The highest occupied molecular orbital
H.pylori Helicobacter pylori

IC Internal conversion

1Cso Half maximal inhibitory concentration
ICG Indocyanine green

1D Isoindigo

ISC Intersystem crossing

LAP Leucine aminopeptidase

LE Local excited

LUMO The lowest unoccupied molecular orbital
NAC N-Acetylcysteine

NIR Near-infrared

NPs Nanoparticles

PBS Phosphate-buffered saline

PCE Photothermal conversion efficiency
PDT Photodynamic therapy

PET Photoinduced electron transfer

PSs Photosensitizers

PTT Photothermal therapy

PXZ Phenoxazine

RET Resonance energy transfer

ROS Reactive oxygen species

RP-ISC Radical-pair intersystem crossing
SBCT Symmetry-breaking charge transfer
SCCs Supramolecular coordination complexes
SOCT Spin-orbit charge transfer

SV-ISC Spin-vibronic coupling

TICT Twisted intramolecular charge transfer
TPA Triphenylamine

2PA Two-photon absorption

Vas Ventricular arrhythmias

VR Vibrational relaxation

ZnPc Zinc(u)phthalocyanine

(2 Fluorescence quantum yield

N Singlet oxygen quantum yield
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