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Supramolecular J-aggregation of t-conjugated photosensitizers provides a powerful strategy to optimize

phototheranostic performance. However, integrating facile assembly with photodynamic and
photothermal (PDT/PTT) synergy remains challenging. Herein, we report a charge transfer (CT)-state J-
aggregation paradigm using a selenium-embedded molecular framework (FUC-Se). Driven by directional
mt—7t stacking and Se---Se interactions, FUC-Se undergoes ultrafast (<5 s) self-assembly in water, forming
stable CT-J aggregates without external triggers. Moreover, these aggregates enable concurrent
amplification of reactive oxygen generation (®, = 0.139, 6 x monomer) and photothermal conversion (n
= 47.69%, 13x monomer) through (i) reducing the singlet-triplet energy gap by 57% (AEs;t; = 0.25 eV vs.
0.58 eV) and enhancing spin—orbit coupling 9-fold (7.14 cm™ vs. 0.78 cm™); (i) promoting non-
radiative decay with 77% surge in geometry reorganization (RMSDs;_, 50 = 0.209 vs. 0.118) and 127%
increase in the Huang—Rhys factor (1, = 0.25 eV vs. 0.11 eV). Phospholipid remodeling yields tumor-
targeted FUC-Se@LP with hypoxia-tolerant ROS/PTT and NIR-Il imaging. FUC-Se@LP achieves NIR-II-
guided PDT/PTT, eradicating hypoxic tumors (ICsg = 2.47 pM) and suppressing metastasis via
immunogenic cell death. This work establishes the first CT-J aggregate unifying exogenous-trigger-free

ultrafast self-assembly, NIR-1I imaging, and dual PDT/PTT enhancement, providing a promising strategy
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Introduction

Phototherapy, which spatiotemporally channels photon energy
into cytotoxic signals, including reactive oxygen species (ROS) in
photodynamic therapy (PDT) and localized hyperthermia in
photothermal therapy (PTT), has significantly advanced
oncotherapy.'” Despite significant anticancer advances, clinical
translation remains hindered by intrinsic limitations of
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conventional m-conjugated photosensitizers (PSs), such as weak
near-infrared absorption compromising tissue penetration,
aggregation-caused quenching (ACQ) from uncontrolled stack-
ing, and nonspecific biodistribution reducing tumor targeting
efficiency.

Supramolecular J-aggregation of m-conjugated PSs offers
a promising strategy to modulate their optical properties and
biodistribution profiles, endowing them with unique capabil-
ities to address these challenges.>*® Specifically, (i) redshifted
absorption/emission via J-type exciton coupling enables deeper
NIR photon penetration;'”>* (ii) enhanced extinction coeffi-
cients and exciton—exciton annihilation promote photothermal
conversion;>* (iii) certain J-aggregate architectures may
reduce singlet-triplet energy gaps (AEsy), potentially enhancing
intersystem crossing (ISC) for ROS generation;®** (iv)
morphology-dependent biological behaviors (e.g., circulation
time, cellular uptake, and organ distribution) can be tuned by
stacking modes.>*¢ Collectively, these advances position J-
aggregation as a transformative platform to overcome the
penetration-quenching-targeting trilemma of conventional
PSs.
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However, most existing J-aggregate phototheranostics rely on
cumbersome assembly protocols, such as specific solvent,**°
precise thermal**/ionic control,***® or carrier assistance*’~*®
for stable nanostructure formation. This complexity not only
risks dissociation under physiological conditions (e.g:,
hemodilution-induced disassembly, thermal reversion at 37 °C,
RES clearance) but also conflicts with clinical demands for
simplified formulations. In this context, the concept of zero-
trigger or exogenous-trigger-free assembly, where the aqueous
environment itself serves as the sole thermodynamic driver
without requiring any additional stimuli, becomes highly
desirable yet remains largely unmet. Critically, most J-
aggregates function exclusively as either PDT or PTT agents.
Even the mere three reported J-aggregate systems demon-
strating concurrent PDT/PTT effects fundamentally rely on
exogenous stabilization methods, including solvent-triggered
aggregation,”  sonication-induced crystallization,”® and
surfactant-mediated phase transitions.*” Thus, the persistent
failure of this field to achieve rapid, modulator-free aqueous J-
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aggregation with dual ROS/heat amplification constitutes
a critical translational barrier.

Herein, we pioneer a selenium-directed charge-transfer J-
aggregation paradigm through rational substitution of indole
with selenazole in the well-established Changsha dye scaffold
(Lin et al, 2012).* The engineered FUC-Se intrinsically gener-
ates synergistic supramolecular forces, including cooperative
m-m stacking (3.7 A) and directional Se---Se contacts (4.0 A),
both of which contributed to drive exogenous-free, ultrafast (<5
s) J-aggregation in aqueous media. Crucially, unlike conven-
tional J-aggregates limited to bathochromic shifts, the resulting
CT-J architecture establishes interfacial charge-transfer states
that reconfigure excited energy landscapes. This unique elec-
tronic reconstruction synergistically enhances intersystem
crossing (ISC) while promoting vibronic thermalization,
enabling concurrent amplification of singlet oxygen (@, =
0.139, 6 x monomer) and heat conversion (n = 47.69%, 13 X
monomer) (Scheme 1a). Subsequent phospholipid remodeling
further transforms the insoluble sheets into tumor-targeted
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nanospheres (FUC-Se@LP), which exhibit rapid cellular uptake
(complete within 30 min), peak tumor accumulation at 8 h post-
injection, dual hypoxia-tolerant ROS generation (Type I/II), and
NIR-II imaging capability (Scheme 1b). Under NIR-II fluores-
cence guidance, FUC-Se@LP eradicates primary tumors while
triggering immunogenic cell death via DAMP release, systemi-
cally inhibiting non-irradiated distant metastases (Scheme 1c).
Overall, our J-aggregate system presents a promising strategy for
solid tumor management by integrating three significant
advantages, including facile and rapid assembly enabling off-
the-shelf formulation, hypoxia-defying dual-mode therapy
overcoming tumor resistance and phototherapy-initiated
systemic immunity suppressing distant lesions. A quantitative
comparison of key parameters between our system and other
state-of-the-art J-aggregates®®* is summarized in Table S1,
highlighting the integrated advantages of our CT-J platform.

Results and discussion
Molecular design

Hemicyanine dyes, characterized by a donor-m-acceptor (D-7-A)
architecture, provide a versatile molecular platform for tailoring
phototherapeutic and self-assembly properties through struc-
tural modularity.®** A landmark advancement came with Lin
et al.’s rhodamine-hemicyanine hybrids (termed Changsha dyes
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CS1-6), comprising a rhodamine derivative and an indole/
benzoindole segment connected by a vinyl bridge. This fusion
synergizes the advantages of both parent dyes, NIR absorption/
emission coupled with rhodamine-like fluorescence switching
behavior, which cemented its status as a privileged and widely
exploited framework in dye chemistry. Plenty of derivatization
strategies, including carboxylic-acid-controlled spirocyclization,
m-extension, and heterocycle replacement, have expanded this
scaffold for bioimaging, sensing and diagnostics.**”* Yet, despite
these functional developments, the fundamental aggregation
and assembly behavior of this hybrid skeleton remains largely
unexplored. To transform this inert scaffold into a potent J-
aggregation platform, we herein rationally replace indole with
selenazole based on three design considerations: (i) Se's heavy-
atom effect will boost ISC for ROS amplification;”*” (ii) selena-
zole's intrinsic planar rigidity (vs. indole) will redshift absorption
and facilitate ordered w-stacking; (iii) directional Se---Se inter-
actions, well proven to facilitate interchain charge transfer in
polymer photovoltaics,”>”® may induce and stabilize charge-
separated states while acting as structural “zippers” to coopera-
tively guide v~ stacking toward ordered architectures. Thus, we
speculate that such a transformation will simultaneously
promote photosensitization and directional assembly arrange-
ment. To validate this design, we synthesized FUC-N (indole-
based control) and FUC-Se (selenazole-engineered analog). The

1-"Only drop in water"

©Tem,pH, ion ...
© surfactants
© sonication

Ultrafast
(<5s)

2--"Mix and Form

Gray: M1

Pink: M2 Blue: M3

Fig.1 Chemical structures of (a) FUC-N and (b) FUC-Se, respectively. Normalized absorption spectra of (c) FUC-N and (d) FUC-Se in ethanol and
PBS, respectively. Absorption spectra of (e) FUC-N and (f) FUC-Se in THF—water mixtures with different volume ratios, respectively. (g) Schematic
diagram of the preparation process of FUC-Se J aggregates. (h) SEM images of FUC-Se J-aggregates prepared at different times. Single-crystal
packing structure of FUC-Se (i) with a slippage angle (fq,; = 48.5°) and (j) w— interaction distance (d,_. = 3.4 A) and Se:--Se van der Waals

distance (dse_se = 4.0 A).
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detailed synthesis routes and structural characterization are
shown in the SI (Fig. S21-S24).

Optical properties

UV-Vis-NIR absorption spectra reveal that both dyes exhibit
strong 7-m* transitions with high extinction coefficients (>10° L
mol~" ecm™") in organic solvents (Fig. S1 and Table S2). And,
FUC-Se displays a 30 nm redshift in absorption maxima (A,ps =
730 nm) relative to FUC-N (A,ps = 700 nm) due to larger planar
rigidity of selenazole. Strikingly, they exhibited distinct spectral
behaviors in PBS. FUC-N maintains its monomeric profile in
PBS versus ethanol at concentrations up to 20 uM (Fig. 1c and
S2a), whereas FUC-Se exhibits a pronounced red shift in water
with A,pg shifting from 730 to 810 nm, even at a dramatically
lower concentration of 1 uM (Fig. 1d and S1-S2b). To exclude
the effect of water polarity on the wavelength redshift, the
absorption spectra in the THF/water binary system with varying
water fractions (f,,) were recorded. As shown in Fig. 1e, FUC-N
exhibits only minor intensity fluctuations at 700 nm without
peak displacement across all f,. Conversely, FUC-Se shows f,-
dependent spectral evolution (Fig. 1f). Specifically, it main-
tained monomeric character (1,5 = 730 nm) when f,, < 80%, but
exhibited a fixed 810 nm band at f,, = 80%, which progressively
intensified with increasing water (Fig. 1f). Moreover, similar
spectral evolution was observed in EtOH/water and DMSO/water
mixtures (Fig. S3), confirming that this aggregation behavior is
independent of organic solvent identity. The combination of (i)
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fixed-wavelength redshift, (ii) threshold concentration depen-
dence, and (iii) intensity growth of the new band provides solid
evidence for J-aggregation of FUC-Se in water. Collectively,
selenazole substitution successfully converts the inert scaffold
into a J-aggregation platform, validating our molecular design.
Notably, FUC-Se accomplishes spontaneous, ultra-fast and
exogenous-trigger-free J-aggregation in aqueous media. This is
rarely achieved in prior phototheranostic J-aggregates. Merely
dispersing a 1 pM solution into water with brief pipette mixing
(<5 s) immediately generates a characteristic J-aggregate
absorption band at 810 nm (Fig. 1g and S2). Critically, this
“mix-and-form” transition proceeds identically in both ultra-
pure water and PBS (Fig. 1d and S3) without any external trig-
gers (temperature, pH, ultrasound, or surfactants). Scanning
electron microscopy (SEM) confirms rapid nanostructure
formation. The well-defined nanosheets with uniform dimen-
sions (1-2 pm x 20-30 nm) emerge within 1 minute and
maintain morphological integrity after 10 minutes (Fig. 1h).
Atomic force microscopy (AFM) further confirmed the sheet-like
morphology of the aggregates (Fig. S4). This combination of
techniques confirms that barrierless molecular assembly
generates macroscopic, two-dimensional architectures.

X-ray single-crystal structure analysis

The single-crystal structure unequivocally demonstrates that
FUC-Se's remarkable J-aggregation stems from a hierarchically
organized assembly process driven by m-m stacking and
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(a) Trajectories of self-assembled systems of FUC-Se. (b) Detailed view of FUC-Se J-aggregates formed in pure water. (c) IGM plot

isosurface for FUC-Se J-aggregates from (b) (100 ns). Blue represents attractive or bonding interactions, green represents weak van der Waals
interactions, and more green-colored atoms contribute more to the interaction, while red represents repulsive interactions. (d) Spatiotemporal

visualization of driving forces in FUC-Se aggregation.
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directional Se---Se bonding, orchestrated by precise molecular
rotations (Fig. 1i-j and Tables S3-54). In the asymmetric unit,
there are three FUC-Se molecules (marked in gray, M1; pink,
M2; and blue, M3). M2 undergoes a near-perfect 178° rotation
relative to M1, enabling two face-to-face - interactions (3.68
A and 3.78 A). Concurrently, a directional Se---Se chalcogen
bond (4.0 A) bridges M1 and M2. This interaction acts as
a “structural clamp?”, rigidly fixing the 178° orientation and slip
distance (3.5 A). This corroborates our initial rationale that Se---
Se contacts would act as “structural zippers” to cooperatively
guide the assembly process. This M1-M2 dimer constitutes the
fundamental excitonic unit, which is the primary structural
basis for the large 80 nm J-band redshift (810 nm). M3 adopts
a 58° rotation relative to M1, creating an asymmetric extension
point. The tilted Se---Se bond enables the extension of the J-
aggregate structure with controlled geometry. The cooperative
interplay of Se---Se and m-m interactions, directed by specific
molecular rotations, establishes the structural foundation for
the rapid, exogenous-trigger-free J-aggregation of FUC-Se in
aqueous media.
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Molecular dynamics simulation insights

To further unravel the ultrafast assembly mechanism, molec-
ular dynamics (MD) simulations were conducted using GRO-
MACS 19.5 under periodic boundary conditions to model an
infinite solution environment. As shown in Fig. 2a and Video S1,
hydrophobic forces and directional Se---Se interactions initiate
molecular clustering within 20 ns. Subsequent dominant -7
coupling drives rapid, oriented alignment, yielding stable J-
aggregates by 100 ns with characteristic geometry, including
3.5 A intermolecular spacing, 2.9 A slide displacement, and slip
angle 38.5° < 54.7° inclination (Fig. 2b). These parameters
quantitatively match experimental crystal data (Fig. 1i and j).
Complementary independent gradient model (IGM) analysis
confirms m- stacking (blue isosurfaces) as the primary driving
force, with van der Waals (green) and hydrophobic interactions
enabling long-range order (Fig. 2c¢ and d). This synergy of
chalcogen bonding initiation and 7-7 interaction rationalizes
the sub-minute barrierless assembly observed experimentally.
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Fig. 3 Synergistic ROS/Heat dual-effect enhancement with mechanistic insights from DFT. (a) Comparison of singlet oxygen generation
capacity between FUC-Se monomer and J-aggregates, monitored by recording absorbance changes of DPBF at 415 nm. (b) Comparison of
singlet oxygen generation between FUC-Se J-aggregates and ICG, assessed by fluorescence changes of SOSG at 524 nm. (c) Evaluation of
photothermal properties of FUC-Se monomer in DMSO and J-aggregates in pure water, determined by recording solution temperature changes
upon light irradiation. All samples were adjusted to identical absorbance and irradiated under the same laser power density. (d) Comparison of key

photophysical parameters between FUC-Se monomer and J-aggregates.

Calculated natural transition orbital (NTO) diagrams for the ground and

excited states of (e) FUC-Se monomer and (f) FUC-Se J-aggregates. (g) Jablonski diagram for both the FUC-Se monomer and J-aggregates.
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In vitro singlet oxygen and heat generation

To quantify J-aggregation effects on photodynamic and photo-
thermal performance, we compared singlet oxygen ('O,)
generation and photothermal conversion between FUC-Se
monomers and J-aggregates under strictly controlled identical
conditions (solvent, absorption intensity, and irradiation
parameters). Using DPBF as an 'O, trap, J-aggregates induced
sixfold greater DPBF degradation (4,,s = 0.52) than monomers
within 7 min under 808 nm irradiation (Fig. 3a), a trend
conserved across other solvent systems (Fig. S5). This signifi-
cant enhancement was further validated using an alternative
'0, detection method based on ABDA decomposition (Fig. S6),
which yielded consistent results. Using ICG as a reference (¢, =
0.008 in water),””* complementary SOSG assays further quan-
tified @, of J-aggregates (0.139), 6x higher than that of mono-
mers (P, = 0.023) (Fig. 3b, d and S7). Parallel evaluation of
photothermal effects under 808 nm laser irradiation demon-
strated that J-aggregates achieved rapid temperature elevation
to 47.7 °C within 3 min (0.5 W cm™>, 5 min), contrasting with
the negligible monomeric response (AT = 4.6 °C) (Fig. 3¢ and
S8). Photothermal conversion efficiency (n), calculated via an
established method,** reached 47.69% for aggregates versus
3.59% for monomers (Fig. 3d and S9). Collectively, these data
demonstrate that J-aggregation of FUC-Se simultaneously
amplifies both photodynamic and photothermal efficacy.

DFT calculation and natural transition orbital analysis

To decipher the photophysical origins of ] aggregation-
enhanced ROS and heat performance, we conducted system-
atic DFT calculations and NTO analysis. For monomeric FUC-
Se, both excitation and emission processes involve conventional
locally excited (LE) transitions, as evidenced by the compact
electron-hole distribution (centroid distance < 1 A) in NTOs
(Fig. 3e, S9 and Tables S5-S6). This localized character results in
a large S;-T; energy gap (AEsy = 0.58 eV) and weak spin-orbit
coupling (SOC = 0.78 cm %), thus limiting intersystem crossing
efficiency. Strikingly, J-aggregation induces a paradigm shift in
excited-state dynamics. Initial excitation generates degenerate
S4/S, states through HOMO — LUMO transitions (Fig. 3f, S10
and Tables S7-S8), which rapidly split into two distinct states:
(1) a low-lying S, state dominated by intermolecular charge-
transfer excitation (CTE) with HOMO — LUMO transition
across adjacent molecules (electron-hole separation, 5.5 A), and
(2) an S, state retaining intramolecular LE character via HOMO-
1 — LUMO transition. Notably, the formation of this intermo-
lecular CT state fundamentally distinguishes the photophysics
of FUC-Se J-aggregates from those driven solely by exciton
delocalization in conventional J-aggregates. While exciton
delocalization typically leads to bathochromic shifts and altered
radiative rates, the key feature here is the spatially separated
electron-hole distribution across molecular units. This CT
character directly reduces AEgy by 43% (0.25 eV vs. 0.58 eV) and
enhances SOC nearly tenfold (7.14 cm ™" vs. 0.78 cm™ '), which
are not inherently provided by excitonic coupling alone
(Fig. 3g). Both synergistically promote ISC, accounting for the
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observed sixfold increase in 'O, quantum yield, which is
consistent with the El-Sayed rule:*>*

kisc o |(SIHSOC| T |>/AE?

Moreover, the CT-J architecture concurrently promotes effi-
cient non-radiative decay, establishing a stronger photothermal
pathway compared to the monomer. Firstly, the CT-J aggregates
exhibit a significantly larger root-mean-square deviation (RMSD
= 0.209 A) between S, and S; geometries than the monomer
(RMSD = 0.118 A). This clearly suggested pronounced structural
distortion in the aggregated state upon photoexcitation (Fig.
S10 and S11). This distortion would enhance vibrational energy
release during S; — S, relaxation, directly contributing to heat
generation. Secondly, the reorganization energy of the CT-J
aggregates (4, = 0.25 eV) is more than double that of the
monomer (4, = 0.11 eV), demonstrating a stronger propensity
for non-radiative decay over radiative transitions. Correspond-
ingly, the k,/k,, ratio of CT-] aggregates is drastically reduced to
0.003, far lower than that of the monomer (0.111). Additionally,
the CTE state's low energy position (1.38 eV vs. 1.70 €V in
monomer) creates a thermodynamic sink for rapid internal
conversion, favoring absorbed photons into lattice vibrations.**

Ultrafast excited-state dynamics behaviors

Following closely behind, femtosecond transient absorption
spectroscopy further unraveled distinct excited-state dynamics
between monomers and J-aggregates. For monomers,
symmetric ground-state bleaching (GSB) (A4 < 0 at 660 nm) and
excited-state absorption (ESA) (A4 > 0 at 550 nm) signals
exhibited identical decay kinetics with matched lifetimes (7, =
300 ps, 7, = 1.5 ns), indicative of direct S; — S, relaxation
without intermediate states (Fig. 4a—c). In stark contrast, J-
aggregates displayed a three-component ESA decay profile
dominated by an ultrafast process (t; = 1.0 ps, a; = 7.21%),
absent in GSB dynamics (Fig. 4d—f). This unambiguously signals
the formation of a charge-transfer intermediate state (CT) with
near-unity yield (>95%), which is absent in the monomer and
not a typical feature of excitonic J-aggregates, providing direct
time-resolved evidence for a unique relaxation funnel induced
by Se/w-directed assembly. This allows us to decouple the CT-
mediated processes from generic aggregation effects. The CT
state displays a biphasic relaxation: (i) initial vibrational cooling
within 16.1 ps (1,), followed by (ii) non-radiative decay to the
ground state over 489 ps (t3). The latter component's lifetime
aligns with the enhanced SOC constant (7.14 cm™ ') and reduced
S,-T, gap (0.25 eV), synergistically promoting ISC-mediated 'O,
generation. Concurrently, the ultrafast CT formation (1.0 ps)
and vibronic coupling (z, = 16.1 ps) channel more absorbed
energy into lattice vibrations, as evidenced by the negligible
fluorescence quantum yield (Fig. 4g). Overall, the ultrafast CT
formation and its subsequent relaxation (vibrational cooling
and ISC-competent decay) specifically channel energy into the
enhanced ROS and heat production observed, rather than
through exciton delocalization pathways that would primarily
affect radiative properties.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanistic study using fs-TA spectra. (a and d) Full contour maps of fs-TA spectra of FUC-Se monomer and J-aggregate under
excitation at 725 nm (200 nJ). (b and e) fs-TA spectra of FUC-Se monomer and J-aggregate at selected decay times. The arrow indicates the
direction of the representative wavelength along the increase of decay time. (c and f) Kinetic decay curves of ground-state bleaching (GSB) at
660 nm and excited-state absorption (ESA) at 550 nm and their fitting lines (solid line). (g) Fitting parameters of GSB and ESA of FUC-Se monomer

and J-aggregate.

Preparation and characterization of morphology-reshaped CT-

J aggregates (FUC-Se@LP)

To address the incompatibility of micron-scale FUC-Se J-
aggregates (sheet-like structures) in biological systems, we
further restructured them into spherical nanoparticles using
DSPE-PEG2K via a thin-film dispersion method (Fig. 5a).
Systematic evaluation of DSPE-PEG2K/FUC-Se mass ratios (1 : 4-
20:1) revealed distinct phase behaviors (Fig. 5b, ¢ and Tables
S9-510). In detail, low ratios (1:4-1:3) preserved J-aggregate
absorption at ~800 nm but retained oversized particles (>2000
nm); intermediate ratios (1 : 2-2: 1) reduced size to >500 nm but
still unsuitable for the EPR effect; high ratios (8:1-20:1)
induced obvious dissociation of J-aggregates. Optimal ratios (4 :
1-8:1) balanced J-aggregate integrity (~800 nm) with a hydro-
dynamic diameter of ~100 nm. NIR-II fluorescence analysis
further showed enhanced emission at intermediate ratios (1 : 2—
8:1), peaking at 8:1 due to partial monomer dissociation.
Finally, the 6:1 formulation emerged as ideal, exhibiting
~80 nm hydrodynamic diameter (DLS), ~60 nm SEM-measured
size, and strong J-aggregate fluorescence, thereby enabling
cellular uptake and EPR-driven tumor targeting. And, the
preservation of the distinct spectral signature suggests that the
core electronic structure of the CT-J aggregate remains intact
after morphological reshaping. Furthermore, the optimized
FUC-Se@LP formulation (6:1 mass ratio) exhibited excellent
colloidal stability, with negligible changes in hydrodynamic
diameter and zeta potential over 8 days in PBS at 4 °C (Tables S9

© 2026 The Author(s). Published by the Royal Society of Chemistry

and S10), meeting the prerequisite for in vivo applications.
Notably, the FUC-Se@LP nanoparticles demonstrated stability
in a physiologically relevant environment. The characteristic J-
aggregate absorption at ~800 nm remained intact after incu-
bation in PBS and RMMI 1640 containing 10% fetal bovine
serum at 37 °C for up to 24 hours (Fig. S12), confirming the
robustness of the CT-J core against dissociation in media
simulating in vivo conditions. In addition to spectral charac-
terization, molecular dynamics simulations further visualized
the DSPE-PEG-assisted aggregation and assembly process of
FUC-Se, which still retained the characteristics of J-aggregation
in nanoparticles (Video S2 and Fig. S13). The simulations
explicitly show that the directional m-m stacking and Se---Se
interactions, key to forming the CT state, are maintained within
the nanoparticle core during the encapsulation process. This
optimized FUC-Se@LP nanoparticle system was selected for
subsequent biological studies.

In vitro ROS generation and photothermal performance of
FUC-Se@LP

Before evaluating the anticancer potential of FUC-Se@LP, we first
examined whether morphological reshaping affected its ROS
generation and photothermal properties. SOSG and DHR123
were used to detect 'O, and superoxide anions (O, ), respec-
tively. As shown in Fig. 5d and S14, FUC-Se (sheet J-aggregates)
and FUC-Se@LP (spherical nanoparticles) showed comparable
enhancement in either SOSG or DHR123 under identical
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Fig. 5 Morphology remodeling process and performance verification at in vitro and cellular levels. (a) Schematic diagram of the preparation
process of FUC-Se morphology remodeling; scale bar: 1 um. (b) Absorption spectra of FUC-Se nanoparticles prepared with different mass ratios.
(c) NIR-II fluorescence images of FUC-Se nanoparticles prepared with different mass ratios. Comparison of in vitro performance of FUC-Se and
FUC-Se@LP. (d) In vitro singlet oxygen and superoxide anion detection indicated by SOSG and DHR123 as fluorescence probes, respectively
(808 nm, 100 mW cm~2, 6 min). (e) Concentration-dependent photothermal heating performance under identical absorbance and irradiation
conditions (808 nm, 800 mW cm™2, 5 min). (f) Confocal fluorescence imaging cell uptake of FUC-Se and FUC-Se@LP; scale bar: 40 um. (g)
Confocal fluorescence imaging of intracellular reactive oxygen species production induced by FUC-Se@LP (808 nm, 100 mW cm™~2, 5 min); scale
bar: 40 uM. (h) Dark cytotoxicity and (i) photocytotoxicity of FUC-Se@LP in mild hypoxia (10% O, + 5% CO,) (808 nm, 100 mW cm™2, 5 min). (j)
Apoptosis analysis of 4T1 cells under different treatments by flow cytometry using AV-FITC and Pl as indicators.

conditions, suggesting that morphological remodeling has
negligible impact on ROS generation. ESR spin-trapping experi-
ments using DMPO (for O, ") and TEMP (for '0,) confirmed the
concurrent generation of both radical and non-radical ROS
species upon irradiation (Fig. S15). Next, we further assessed
their photothermal performance. As shown in Fig. 5e and S16,
FUC-Se@LP exhibited significantly higher temperature eleva-
tions than FUC-Se across various concentrations and laser power
densities. The photothermal conversion efficiency of FUC-Se@LP
reached 52.6%, outperforming the 16% efficiency of ICG.
Subsequently, photostability was further evaluated using ICG as
a reference (Fig. S17). Within five minutes, ICG's absorption
dropped below 0.1, indicating near complete degradation. FUC-

Chem. Sci.

Se retained absorbance above 0.3 at five minutes but declined to
near zero after ten minutes. In contrast, FUC-Se@LP maintained
absorbance above 0.45 throughout. Overall, compared to sheet J-
aggregates (FUC-Se), FUC-Se@LP not only preserves comparable
ROS generation capacity but also exhibits superior photostability
and enhanced photothermal performance.

Enhanced cellular uptake and mitochondrial targeting

Critically, the reshaped J-aggregates FUC-Se@LP exhibited
significantly accelerated cellular internalization kinetics. Real-
time confocal imaging revealed rapid intracellular accumula-
tion of FUC-Se@LP, with intense red fluorescence saturation
achieved within 30 minutes of treatment (Fig. 5f). This uptake

© 2026 The Author(s). Published by the Royal Society of Chemistry
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kinetics starkly contrasted with negligible fluorescence in cells
treated with non-engineered FUC-Se aggregates. Fluorescence
imaging further demonstrated exceptional subcellular targeting
precision. As shown in Fig. S18, FUC-Se@LP showed strong
colocalization with MitoTracker TMRM (Pearson's coefficient =
0.85), confirming mitochondria-specific localization. This dual
advantage of accelerated cellular uptake and organelle-level
spatial precision creates favorable conditions for photo-
therapy, as mitochondrial targeting maximizes ROS-induced
oxidative damage while minimizing off-target effects.®>*

Dual-mode ROS generation and phototoxicity

Previous in vitro studies further established FUC-Se@LP as a dual-
mode photosensitizer capable of simultaneously generating
singlet oxygen and superoxide anions under 808 nm irradiation.
To validate its cellular performance, we employed three fluorescent
probes, including DCFH-DA for pan-ROS detection,”***” SOSG for
'0,-specific tracking, and DHE for O, " monitoring. As shown in
Fig. 5g, neither FUC-Se@LP alone nor laser irradiation indepen-
dently induced significant intracellular ROS production. However,
laser-activated FUC-Se@LP triggered a synergistic ROS cascade,

View Article Online
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evidenced by concurrent fluorescence intensification across all
probes, confirming efficient dual ROS generation. Crucially, this
cooperative mechanism maintains ROS production efficiency
under mild hypoxia, relieving the oxygen-dependent limitation of
conventional photodynamic therapy. The cytotoxic effects corre-
lated directly with ROS generation profiles. FUC-Se@LP exhibited
exceptional biocompatibility under dark conditions, preserving
>90% 4T1 cell viability even at 7.5 uM (Fig. 5h). Upon laser acti-
vation, it demonstrated concentration-dependent phototoxicity
(10% O,, IC5¢ = 2.47 pM) (Fig. 5i). Importantly, this potent efficacy
was retained even under severe hypoxia (2% O,), with a compa-
rable ICs, value (Fig. S19). This robust hypoxia tolerance under-
scores the advantage of the CT-] aggregate-enabled dual-mode ROS
mechanism, where the oxygen-independent Type-I pathway
remains highly operative under oxygen-deficient conditions.

To elucidate the mechanism of FUC-Se@LP-induced -cell
death, AV-FITC/PI staining was performed (Fig. 5j). Neither FUC-
Se@LP alone nor 808 nm laser irradiation independently trig-
gered apoptosis or necrosis (apoptotic rate < 5%). However, their
combined application markedly elevated apoptotic cells to 58.2%.
This apoptosis-dominant response aligns with the mitochondrial
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In vivo distribution and anti-subcutaneous tumor treatment of FUC-Se@LP. (a) Schematic illustration of the treatment schedule of FUC-

Se@LP. (b) In vivo NIR-II fluorescence images of 4T1-tumor-bearing mice at different time points after intravenous injection of FUC-Se@LP in
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cm™2, 10 min). (d) Tumor volume, (e) body weight changes, and (f) representative tumor images of mice from different treatment groups.
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targeting specificity observed in prior mitochondrial colocaliza-
tion experiments, indicating that localized ROS generation at
mitochondrial sites preferentially activates intrinsic apoptotic
pathways.** These findings collectively position FUC-Se@LP as
a hypoxia-tolerant phototherapeutic agent that synergizes dual
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In vivo distribution and anti-subcutaneous tumor treatment
of FUC-Se@LP

Prior to evaluating therapeutic efficacy, we first characterized
the tumor-targeting capability of FUC-Se@LP through real-time
NIR-II fluorescence imaging. As shown in Fig. 6a and b,
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post-injection, peaking at 8 h, and maintaining sustained
retention through 24 h. This spatiotemporal profiling estab-
lished the optimal therapeutic window at 8 h post-injection
when maximum tumor accumulation was achieved. Capital-
izing on that, we conducted phototherapy in 4T1 tumor-bearing
mice under 808 nm irradiation (0.8 W cm™2). As shown in
Fig. 6¢, while PBS-injected controls exhibited a slight tempera-
ture increase, FUC-Se@LP-mediated photoconversion induced
rapid tumor hyperthermia, reaching 46.6 °C within 4 min and
55.5 °C at 10 min, surpassing the critical threshold for protein
denaturation. This localized thermal ablation translated to
significant tumor regression. Phototherapy-treated tumors
demonstrated significant volume reduction by Day 2 post-
treatment, with complete eradication observed in 60% of
subjects (3/5 mice) and only minimal residual tumors in the
remaining cases (Fig. 6d and f). In stark contrast, control groups
exhibited uninterrupted tumor progression. Crucially, all
treatment groups maintained stable body weights throughout
the observation period (Fig. 6e), confirming systemic
biocompatibility.

Immunogenic cell death and anti-distant tumor effects
triggered by FUC-Se@LP

Beyond direct tumor ablation, FUC-Se@LP-mediated photo-
therapy demonstrates profound immunomodulatory effects
through light-triggered immunogenic cell death (ICD).*™* As
a hallmark of ICD, the cascade release of damage-associated
molecular patterns (DAMPs), including calreticulin (CRT)
exposure, ATP secretion, and HMGB1 translocation, was
systematically validated (Fig. 7). Confocal microscopy revealed
intense CRT surface translocation exclusively in the FUC-Se@LP
+ laser group, compared to negligible signals in controls. This
“eat me” signal primes antigen-presenting cells (APCs) for
phagocytic activation, bridging innate and adaptive immunity.
Concomitantly, HMGB1 (a nuclear DNA chaperone) underwent
complete cytoplasmic relocalization and extracellular release in
the treatment group, evidenced by the disappearance of nuclear
green fluorescence (Fig. 7a). This spatial redistribution converts
HMGB1 into a pro-inflammatory cytokine that activates Toll-
like receptor 4 (TLR4) on dendritic cells, driving their matura-
tion. The ICD cascade culminated 3-fold increase in ATP efflux
(Fig. 7b), establishing a chemoattractant gradient for immune
cell recruitment. These results indicate that FUC-Se@LP can
effectively enhance the immunogenicity of 4T1 cells. Crucially,
this immunogenic potential is strictly light-gated: FUC-Se@LP
alone showed no DAMP release, ensuring spatiotemporal
control over immune activation.

The therapeutic implications of this ICD induction were
validated in a bilateral 4T1 tumor model, where primary (right
flank) and distant (left axilla) tumors were sequentially inocu-
lated (Fig. 7c). Notably, temperature monitoring confirmed
precise photothermal control: primary tumors reached ~60 °C
(sufficient for cell death) versus ~40 °C in laser-only controls
(Fig. 7d and e). Localized treatment of primary tumors (0.8 W
cm 2 for 10 min) achieved complete ablation in 80% of subjects
(4/5 mice) while suppressing distant tumor growth by 58%

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

versus PBS controls (Fig. 7f-g and i). Systemic safety was
concurrently demonstrated through stable body weight trajec-
tories (Fig. 7h) and histologically confirmed organ integrity,
with no hepatic inflammation, renal fibrosis, or pulmonary
lesions observed (Fig. S20), demonstrating that the remodeled J-
aggregate FUC-Se@LP exhibits excellent biocompatibility.
These multimodal therapeutic advantages, combined with NIR-
II imaging-guided treatment personalization, position FUC-
Se@LP as a transformative candidate for clinical translation,
particularly for treating hypoxic, immunotherapy-resistant
malignancies.

Conclusions

In this study, we successfully developed a charge-transfer state J-
aggregate photosensitizer (FUC-Se). By leveraging a unique CT-J
aggregation mechanism, these aggregates exhibit a bath-
ochromic shift of 80 nm (A, = 810 nm) and reconfigured
energy landscapes. This restructuring reduces the singlet-
triplet gap to 0.25 eV (vs. 0.58 eV in monomers) and amplifies
spin-orbit coupling to 7.14 cm ' (9.2-fold enhancement).
Concurrently, it also promotes a 77% surge in geometry reor-
ganization (RMSDg; .50 = 0.209 vs. 0.118) and a 127% increase
in the Huang-Rhys factor (4, = 0.25 eV vs. 0.11 eV). Conse-
quently, the ISC efficiency and vibronic heat conversion are
significantly boosted, with a @, of 0.139 (a 6-fold increase over
the monomer) and an 5 of 47.69% (a 13-fold improvement).
Notably, FUC-Se achieves spontaneous aggregation at ultralow
concentrations without requiring exogenous triggers. Subse-
quent phospholipid remodeling yields tumor-targeted nano-
spheres (FUC-Se@LP) capable of hypoxia-insensitive PDT/PTT
and NIR-II fluorescence-guided imaging. In vivo, FUC-Se@LP
eradicates primary tumors via ROS/thermal synergy (IC5o = 2.47
uM) and suppresses distant lesions by 58% through the
induction of immunogenic death, all while demonstrating
excellent biosafety. This work establishes CT-J aggregation as
a new design strategy, offering potential for improved clinical
metastasis management.
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