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De novo design of NIR-Il thioxanthene dye and
phosphate-driven charge transfer-coupled
J-aggregates for high resolution tumor
angiography and type | phototherapy against
hypoxic tumors

Chuangli Zhang, Ziyong Wu, Yang Bai, Jing He, Mengyuan Miao, Feiyu Diao,
Qingzhi Wang, Shan Zhong, Pengfei Shi, 2 * Xin-Yue Song ® *
and Shusheng Zhang & *

Regulating the photophysical properties of NIR-II dyes via atomic engineering to inhibit type Il reactive
oxygen species (ROS, 10,) generation and only generate type | ROS (O,'~ and "OH), and modulating dye
aggregation for fabricating charge transfer (CT)-coupled J-aggregates (Jct-aggregates) to amplify Oy~
and "OH yield remain major challenges with rare reports. Herein, we de novo designed a NIR-II
thioxanthene dye SOH. The heavy atom effect of sulfur and the twisted conjugated skeleton
strengthened spin—-orbit coupling (SOC) by 9.3-fold and intersystem crossing (ISC) efficiency by 86.5-
fold and reduced the lowest triplet excited state (T;) energy level to 0.959 eV, completely inhibiting *O,
generation while only initiating O, and "OH production, with a photothermal conversion efficiency
(PCE) of 42.3%. Furthermore, electrostatic interactions between phosphates (HPO4%7) and the positively
charged skeleton of SOH drove the formation of Jcr-aggregates (P-SOH NPs), leading to a prominent
redshift (beyond 350 nm) of absorption/emission to 1120/1134 nm, 36.1-fold fluorescence enhancement,
59.0-fold increased type | ROS vyield, and PCE elevated to 51.1%. P-SOH NPs achieved NIR-II high-
resolution tumor angiography (fluorescence resolution: 0.34 mm, signal-to-background ratio (SBR) =
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Introduction

The hypoxic characteristics of the solid tumor microenviron-
ment were a core bottleneck that limited the efficacy of
conventional type II photodynamic therapy (type II PDT). Over
90% of advanced solid tumors contained hypoxic regions with
a local oxygen partial pressure below 2%, which directly
impaired the therapeutic efficiency of type II PDT.® The core
mechanism of type II PDT was that photosensitizers, after
excitation by laser irradiation, underwent intersystem crossing
(ISC) to reach the triplet excited state, and then transferred
energy to molecular oxygen to generate singlet oxygen (‘O,).
However, the scarcity of molecular oxygen in hypoxic environ-
ments led to a sharp decline in 'O, production, ultimately
resulting in therapeutic failure.*® Although researchers
attempted to supplement local oxygen in tumors through
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4.56; photoacoustic resolution: 0.11 mm, SBR =
maintained high tumor cell killing efficiency even in hypoxia, achieving complete tumor ablation.

17.2). The type | phototherapy of P-SOH NPs

strategies such as oxygen carrier delivery and in situ hydrogen
peroxide decomposition, these approaches generally suffered
from complex operations, limited oxygen diffusion range, and
potential biosafety risks, making it difficult to fundamentally
overcome the hypoxia-induced limitations.”” In sharp contrast,
type I PDT and photothermal therapy (PTT) provided novel
solutions for hypoxic tumor treatment by virtue of their oxygen-
independent properties. Type I PDT generated superoxide anion
radicals (O,"") and hydroxyl radicals ("OH) through electron
transfer or hydrogen abstraction between excited-state photo-
sensitizers and substrates. The production of these ROS did not
directly rely on molecular oxygen, enabling the maintenance of
high-efficiency tumor-killing effects even in severely hypoxic
environments.'** PTT was completely oxygen-independent and
it converted light energy into thermal energy via photosensi-
tizers to elevate the local temperature of tumors and achieve
thermal ablation.**® More importantly, compared with the first
near-infrared (NIR-I) region, excitation light in the second near-
infrared window (NIR-II, 1000-1700 nm) exhibited stronger
tissue penetration depth (up to 5-20 mm) and lower photo-
damage to biological tissues. Its higher maximum permissible
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exposure (MPE) dose could enhance the therapeutic depth
while reducing the risk of normal tissue injury."”** Therefore,
the development of dyes with integrated NIR-II absorption,
efficient type I ROS generation (O,"~ and "OH), and high PCE
had emerged as a core research direction for efficient photo-
therapy of hypoxic tumors.

Currently, the rational design of molecular structures of NIR-
1I dye and precise regulation of directional type I ROS generation
are mainstream strategies. The core principle was to reduce the
triplet energy level (Er < 0.98 eV) through molecular configura-
tion design and electronic structure modulation, block the
energy transfer to ground-state oxygen for 'O, generation, and
prioritize the initiation of electron transfer pathways to di-
rectionally produce O,"~ and ‘OH.*"* For instance, the intro-
duction of strong electron-donating/withdrawing groups
(triphenylamine (TPA)/BODIPY;** TPA/rhodanine;*® TPA/-CF3;**
TPA/PPQ;* julolidine/BODIPY and pyridine;* Y6/Th;* COi6/C1*®)
or the optimization of conjugated m-bridges (benzene* and
thiophene***’) into dye molecules could enhance the intra-
molecular charge transfer (ICT) effect, narrow the singlet-triplet
energy gap (AEsy), and improve ISC efficiency. The utilization
of twisted molecular skeletons could disrupt intermolecular w—
stacking, promote spin-orbit charge-transfer intersystem
crossing (SOCT-ISC), avoid aggregation-caused quenching (ACQ),
and simultaneously enhance electron transfer for type I ROS
production.>*" The application of acceptor-triggered photoin-
duced electron transfer (a-PET) could facilitate the separation of
electron-hole pairs, thereby boosting type I ROS generation.**
The construction of open-shell diradical configurations via large
T-conjugated systems to stabilize unpaired electrons could
reduce AEgrand promote photoinduced charge separation.® The
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employment of the heavy atom effect (e.g:, tellurium (Te)) could
enhance spin-orbit coupling (SOC) to directionally generate
0,"".** In addition, the aggregate engineering of NIR-II dyes to
reinforce the synergy between electron transfer and photo-
thermal conversion was also an effective design strategy. For
example, optimizing molecular structures to enable dyes to
assemble into charge-transfer (CT)-coupled J-aggregates via
intermolecular electrostatic attraction with short-range orbital
overlap, intermolecular distances <4 A, and distinct orbital
overlap, boosted the yield of type I ROS and promoted non-
radiative decay for improved PCE.**** Compared with the tradi-
tional J-aggregates driven by hydrophobic interactions,
intermolecular -7 stacking, or hydrogen bonds, jor-aggregates
realized a spectral redshift of more than 200 nm, directly
advancing the absorption/emission of the dye from the NIR-I
window to the NIR-II window, and avoiding the ACQ defect.***
Nevertheless, the aforementioned strategies were commonly
plagued by cumbersome organic synthesis and failed to
concurrently integrate a large spectral red-shift (>350 nm), effi-
cient NIR-II absorption (>1100 nm), a high yield of type I ROS,
superior PCE (>50%), and NIR-II dual-modal fluorescence (FL)
and photoacoustic (PA) tumor angiography.

In this contribution, we designed and developed a novel NIR-
1I thioxanthene dye, SOH (Scheme 1), from scratch. By precisely
introducing a sulfur atom into the molecular skeleton and
regulating the molecular aggregates with phosphates, we ach-
ieved high-resolution NIR-II FL/PA bimodal tumor angiography
and efficient synergy between type I PDT and PTT. At the
molecular design level, the core innovations of SOH lay in the
precise introduction of sulfur atoms and the optimization of the
conjugated system. First, the strong electron-donating ability of
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Scheme1l Schematic illustrations of (a) design of NIR-II thioxanthene dye SOH and (b) phosphate-driven charge transfer-coupled J-aggregates
(Jct-aggregates) for (c) high resolution tumor angiography and type | PDT and PTT against hypoxic tumors.
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sulfur atoms promoted the ICT effect, which redshifted the
absorption wavelength of SOH to 679-888 nm and extended the
emission wavelength to 919-983 nm. The molar extinction
coefficient of SOH reached 53570 M~ em™", significantly
enhancing the NIR-II light absorption efficiency. Second,
substituting the oxygen atom in the NIR-II xanthene dye OOH
with a sulfur atom, the heavy atom effect of sulfur and more
twisted molecular backbone significantly strengthened the SOC
effect (enhanced by 9.3-fold), increasing the ISC efficiency by
86.5-fold. Meanwhile, this reduced the lowest triplet excited
state (T,) energy level of the dye to 0.959 eV (lower than the
oxygen triplet-singlet transition energy of 0.98 eV), thus
completely inhibiting the generation of type II ROS and
enabling the exclusive production of type I ROS, which was
suitable for hypoxic tumor treatment. Third, the sulfur atom-
induced distortion of the molecular skeleton enhanced non-
radiative transition, resulting in a PCE of 42.3% for SOH,
which was much higher than that of the oxygen-substituted
control dye OOH (26.1%), realizing the synergistic enhance-
ment of type I PDT and PTT. At the aggregate regulation level,
SOH innovatively formed phosphate-driven CT-coupled J-
aggregates (P-SOH NPs) through electrostatic interactions
between the positively charged regions on the molecular surface
and HPO,>". This assembly further redshifted the absorption/
emission peaks to 1120/1134 nm, increased the fluorescence
intensity by 36.1-fold, improved the type I ROS generation effi-
ciency by 59.0-fold, and elevated the PCE to 51.1%. NIR-II
fluorescence angiography of P-SOH NPs achieved a signal-to-
background ratio (SBR) of 4.56, enabling clear identification
of tumor microvessels (resolution: 0.34 mm). NIR-II photo-
acoustic angiography exhibited a high SBR of 17.2, which could
accurately delineate the tumor vascular network (resolution:
0.11 mm). The synergistic effect of type I ROS and PTT led to
a tumor cell apoptosis rate exceeding 95%, and this high-
efficiency killing effect was maintained even in hypoxic envi-
ronments. This study provided a new paradigm for the design
and aggregate regulation of NIR-II type I dyes, realizing high-
resolution tumor angiography and efficient phototherapy of
hypoxic tumors.

Results and discussion
De novo design of NIR-II thioxanthene dye SOH

Polymethine dyes have the advantages of simple synthesis, high
molar extinction coefficients, tunable absorption/emission
wavelengths, and good biocompatibility, and are a kind of dye
molecular platform that can realize NIR-II excitation.**™**
Indocyanine green (ICG) is a typical polymethine dye, also
known as cyanine dye, that has been approved for clinical
use.***® However, ICG cannot achieve phototheranostics under
NIR-II excitation due to its intrinsic drawbacks, including
a short absorption and emission wavelength. In order to red-
shift the absorption/emission spectra of the polymethine
dyes, researchers modified the ICG molecule. ICG is composed
of indole heterocycles at both ends and a m-bridge conjugated
with carbon-carbon double bonds in the middle. When
a carbon-carbon double bond is added to the conjugated =
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bridge in the middle, the maximal absorption/emission wave-
length of the dye is red-shifted by about 100 nm. However, an
excessive increase in the number of carbon-carbon double
bonds leads to serious free rotation in the dye molecule and
poor chemical stability and photostability. Therefore, replacing
the two ends of the indole heterocycle with other types of groups
is an appropriate design strategy.”** Xanthene dyes generally
possess high fluorescence quantum yields due to the rigid
molecular structure that restricts free intramolecular rotation.
In previous work, we developed the NIR-I xanthene dye Me-hNR
with ultra-high fluorescence quantum yield up to 92%,* and
a series of NIR-II xanthene dyes (CL1-CL4,** CM1-CM2,** CN1-
CN3,°* LY,” and LD*) with maximal emission exceeding
1200 nm. Long-wavelength NIR-II xanthene dyes can be ob-
tained by replacing the indole heterocycles at both ends of ICG
with xanthene groups. However, the non-radiative decay rates of
the excited state of these long-wavelength dyes are fast, the
released heat dominates the energy dissipation, and reactive
oxygen species are not generated. In fact, these NIR-II xanthene
dyes possess three intramolecular carbon-carbon double
bonds. As a compromise strategy, we reduce the number of
carbon-carbon double bonds to one, and the obtained
xanthene dye can emit NIR-II fluorescence, generate reactive
oxygen species (type I and type II) and heat, and achieve an
effective balanced utilization of the excited state energy.

Sulfur atoms have a strong electron donating ability. Intro-
ducing a sulfur atom into the dye holds promise for enhancing
the molar extinction coefficient and promoting the intra-
molecular charge transfer, which leads to the reduction of the
energy gap and the red shift of absorption and emission wave-
lengths, and inhibits the radiative decay of excited molecules,
resulting in partial fluorescence quenching and enhanced ROS
generation and PCE. With these thoughts in mind, we de novo
design NIR-II thioxanthene dye SOH (Scheme 1) by a nucleo-
philic substitution reaction of m-hydroxy thiophenol with CL-1.
To demonstrate the superiority of introducing a sulfur atom,
we attempted to replace the sulfur atom in the dye with an
oxygen atom, but unfortunately the same synthetic step could
not be used to obtain the dye OOH (Scheme 1) due to the
insufficient nucleophilicity of resorcinol. Therefore, the
xanthene groups of the two parts were directly coupled through
a Knoevenagel condensation reaction to obtain the dye OOH.
The detailed synthesis routes of SOH and OOH are described in
Scheme S1. SOH and OOH have been fully characterized by 'H
NMR and '*C NMR and high-resolution mass spectrometry
(HRMS), as shown in Fig. S44-549.

Photophysical properties, reactive oxygen species generation,
and photothermal performance of dye SOH

We systematically investigated the photophysical properties,
ROS generation capabilities, and photothermal performance
of dyes OOH and SOH. The photophysical properties of the two
dyes showed significant solvent dependence (Fig. 1a-d, Tables
1 and 2, Fig. S1-S5). The maximum absorption wavelength
(Aaps) of OOH ranged from 654 to 857 nm, and its fluorescence
emission wavelength (A.,) was 855-935 nm. In contrast, both
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Aaps and Aen, of SOH were red-shifted compared to those of
OOH, spanning 679-888 nm and 919-983 nm, respectively,
which was favorable for biological tissue penetration. With the
increase in solvent polarity from low-polarity CHCI; to high-
polarity DMF and DMSO, the Stokes shift (A1) of both dyes
increased significantly. The AA of OOH increased from 15 nm
(in CHCl3) to 253 nm (in DMF), while that of SOH increased
from 53 nm (in CHCI;) to 281 nm (in DMF). This phenomenon
was attributed to the enhanced dipole moment difference
between the excited state and the ground state induced by
increased solvent polarity, which was consistent with the
twisted intramolecular charge transfer (TICT) mechanism.**
OOH exhibited overall superior fluorescence quantum yield
(®r) and brightness (¢ x @) compared to SOH. OOH achieved
the best performance in CHCl; with ¢ = 0.36% and
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brightness = 162 M~ ' em ™!, whereas the highest & of SOH
was only 0.09% (in THF) and the maximum brightness was
43 M~"' em ™' (in CHCI;).*® Notably, SOH showed a higher
molar extinction coefficient (¢) than OOH in low-polarity
solvents, with ¢ = 53570 M~ ecm ' in CHCIl;, indicating
stronger light absorption capacity of SOH.

Under 808 nm laser irradiation, the two dyes differed in the
type and yield of ROS generated, which was further confirmed
by electron paramagnetic resonance (EPR) spectroscopy. From
the degradation curve of DPBF (a 'O, probe) (Fig. 1e and $6),
SOSG (Fig. S7) and EPR measurements (Fig. 1i), OOH could
efficiently generate '0,, while SOH failed to produce '0,. Based
on the fluorescence enhancement curves of DHE (a O," probe)
(Fig. 1f and S8), HPF (a "OH probe) (Fig. 1g and S9), DCFH (a
total ROS probe) (Fig. 1h and S10), and EPR tests (Fig. 1j and k),
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Fig.1 (a) Absorption spectra of dye OOH in solvents of different polarities. (b) Fluorescence spectra of dye OOH in solvents of different polarities

(excitation wavelength: 808 nm). (c) Absorption spectra of dye SOH in

solvents of different polarities. (d) Fluorescence spectra of dye SOH in

solvents of different polarities (excitation wavelength: 808 nm). The following tests were all performed under 808 nm laser irradiation. Evaluation
of (e) 10,, (f) O»"7, (g) "OH, and (h) total ROS generation capabilities of dyes OOH and SOH, respectively. Detection of (i) 2O, (j) O,"~, and (k) *OH
generation capabilities of dyes OOH and SOH using an electron paramagnetic resonance (EPR) spectrometer, respectively. () Evaluation of the
photostability of dyes OOH and SOH with ICG as a control. (m) Photothermal effect of dye OOH. (n) Photothermal effect of dye SOH. (o)
Evaluation of the photothermal conversion efficiency of dye OOH. (p) Evaluation of the photothermal conversion efficiency of dye SOH.
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Table 1 Photophysical properties of dye OOH

View Article Online

Chemical Science

Solvents abs. (M) Aem: (nm) Stokes shift A (nm) eM tem ™) D (%) Brightness, ¢ x & (M~ ' cm™")
CHCl; 857 872 15 44900 0.36 162

DCM 844 867 23 26 440 0.24 63

MeCN 750 855 105 37 880 0.10 38

MeOH 857 891 34 39080 0.12 47

THF 654 882 228 8100 0.20 16

DMSO 692 935 243 14 940 0.05

DMF 677 930 253 13 080 0.04 5

“ Dye IR-26 (P = 0.05% in dichloroethane) was used as a reference.

Table 2 Photophysical properties of dye SOH

Solvents abs (M) Aem: (nm) Stokes shift A (nm) eM tem ™) D (%) Brightness, ¢ x & (M~ ' cm™")
CHCl; 886 939 53 53570 0.08 43

DCM 865 933 70 38400 0.04 15

MeCN 739 919 180 17170 0.04 7

MeOH 888 951 63 15730 0.06 9

THF 679 943 264 12 870 0.09 12

DMSO 734 973 239 9860 0.03 3

DMF 702 983 281 8280 0.02 2

“ Dye IR-26 (P = 0.05% in dichloroethane) was used as a reference.

SOH exhibited significantly higher production capacity of O," ™
(2.3-fold), "OH (2.0-fold), and total ROS (1.8-fold) compared to
OOH. Thus, SOH exhibited superior photoinduced electron
transfer efficiency, enabling efficient generation of type I ROS,
which provided a core foundation for type I PDT.

Photostability is a critical parameter for the practical appli-
cation of phototherapeutic agents. Compared with ICG (a clin-
ically used NIR dye), both OOH and SOH displayed more
excellent photostability (Fig. 11 and S11). This result was
attributed to the higher structural rigidity of the two dyes, which
could resist photoinduced oxidative degradation and structural
damage. Under 808 nm laser irradiation, the temperature of
OOH aqueous solution increased slowly (Fig. 1m), while the
temperature of SOH aqueous solution increased rapidly with
prolonged irradiation time (Fig. 1n). The PCE of OOH was
26.1% (Fig. 10), whereas that of SOH reached as high as 42.3%
(Fig. 1p). These findings indicated that the introduction of
a sulfur atom into NIR-II xanthene dyes could red-shift the
absorption/emission spectra, enhance the molar extinction
coefficient, reduce the fluorescence quantum yield and bright-
ness, eliminate the generation of oxygen-dependent type II ROS
(*0,), strengthen the production of oxygen-independent type I
ROS (O, and ‘OH), and improve the PCE. These properties
were conducive to combating hypoxic tumors through oxygen-
independent type I PDT and PTT.

The regulatory mechanism of sulfur atom incorporation on
the photophysical properties and photochemical reactions of
dye SOH

We further employed density functional theory (DFT) calcula-
tions to reveal the intrinsic mechanism underlying the

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

differences in photophysical properties, ROS generation, and
photothermal performance between OOH and SOH. As shown
in Fig. 2a, the highest occupied molecular orbital (HOMO)
energy level of OOH was —7.68 eV, the lowest unoccupied
molecular orbital (LUMO) energy level was —5.64 eV, and the
energy gap (Egap) Was 2.04 eV. In contrast, the HOMO and LUMO
energy levels of SOH were —7.63 eV and —5.66 eV, respectively,
with a narrowed Eg,, of 1.97 eV (Fig. 2b). According to the energy
gap law, E,,, was negatively correlated with the absorption/
emission wavelength. The narrower Eg,, of SOH directly led to
a significant red-shift of its absorption (679-888 nm) and
emission (919-983 nm) wavelengths compared to OOH (Aps:
654-857 nm; Aey: 855-935 nm) (Fig. la-d, Tables 1 and 2).
Fig. 2c shows that the dihedral angle between the two
symmetric xanthene moieties of OOH was 20.5°, with only slight
distortion of the conjugated skeleton (Fig. S11). In contrast, due
to the presence of a thioxanthene moiety on one side, the
dihedral angle between the xanthene/thioxanthene moieties of
SOH increased to 31.2°, resulting in a significantly more twisted
conjugated skeleton (Fig. 2d and S12). The sulfur atom had
a larger atomic radius and lower electronegativity than the
oxygen atom, which increased the distortion of the molecular
skeleton, intensified intramolecular rotation and vibration, and
facilitated the dissipation of excited-state energy through non-
radiative transitions.***” This competed with the fluorescence
emission, directly leading to a decrease in fluorescence
quantum yield (Tables 1 and 2). In addition, the energy gener-
ated by non-radiative transitions was not released in the form of
photons but converted into molecular thermal motion, thereby
improving the PCE (Fig. 1m-p and Table 3).
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Table 3 Calculations of the intersystem crossing rate and Gibbs free energy for the electron transfer process of OOH and SOH

Dye £(Sy, Ty) [em™] AEg;11 [eV] R%[x 10°] Eox” [V] AG [KJ mol "] PCE
OOH 0.131 0.952 0.291 0.918 —10.903 26.1%
SOH 1.215 0.949 25.163 0.937 —17.174 42.3%

“ Jasc * R = [£(S1, T1)/AEgrq ] b Eox was the oxidation potential of dyes versus NHE.

Combined with the excited state energy level diagrams
(Fig. 2e and f and S13), spin-orbit coupling constants (£(S1, Ty)),
and quantitative calculations in Tables 3 and S1-S4, the
differences in the type and efficiency of ROS generation between
OOH and SOH could be accurately explained from the
perspective of excited-state relaxation pathways. Intersystem
crossing (ISC) is a key process connecting the singlet and triplet
states, and its efficiency directly determines the competitive
relationship between fluorescence quenching, ROS generation,
and photothermal conversion. As shown in Fig. 2e-f and Table
3, the (S, Ty) value of SOH (1.215 cm™ ') was 9.3-fold that of
OOH (0.131 cm %), and the ISC rate-related parameter R (25.163
x 10°) was 86.5-fold that of OOH (0.291 x 10°). This difference
originated from the heavy atom effect of sulfur and more
twisted molecular backbone of SOH. Sulfur has a higher atomic

Chem. Sci.

number than oxygen, and the stronger spin-orbit coupling
effect significantly improved the ISC efficiency of SOH from the
lowest singlet state (S;) to the lowest triplet state (T,), resulting
in more excited-state electrons being distributed to the triplet
state instead of emitting fluorescence through radiative transi-
tions.** We characterized the triplet-state lifetimes of the two
dyes using a transient absorption spectrometer. The triplet-
state lifetime of OOH was 47 ns, while that of SOH was 68 ns
(Fig. S14). Benefiting from its longer triplet-state lifetime, SOH
exhibited higher efficiency in generating ROS. This also
explained the experimental phenomenon that the fluorescence
quantum yield of SOH (maximum 0.09%) was much lower than
that of OOH (maximum 0.36%) (Tables 1 and 2). The type of
ROS generation (type I/type II) was directly determined based on
the energy difference between the T; level and the triplet-to-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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singlet transition of oxygen molecules (0.98 eV). The T, level of
OOH was 1.005 eV (>0.98 eV), which could sensitize oxygen
molecules to 'O, through energy transfer. Meanwhile, some
triplet states of OOH could generate type I ROS through electron
transfer, which was consistent with the simultaneous detection
of '0,, 0,"7, and "OH from OOH under laser irradiation as
shown in Fig. 1e-k. Interestingly, the introduction of a sulfur
atom reduced the T, level of SOH to 0.959 eV (<0.98 eV), which
was insufficient to sensitize oxygen to '0,, thus preventing type
II PDT.*"** However, its high ISC efficiency led to the accumu-
lation of electrons in the T; state. Moreover, the Gibbs free
energy change (AG) for electron transfer of SOH (—17.174 kJ
mol ') was more negative than that of OOH (—10.903 kJ mol )
(Table 3), making the electron transfer reaction more sponta-
neous and thereby efficiently generating type I ROS (Fig. le-
k).**** In addition, the more twisted molecular backbone of
SOH conferred upon it a large SOC matrix element, which
promoted the SOCT-ISC process and thereby facilitated the
generation of type I ROS.>*3"3

The cyclic voltammetry (CV) and NADH degradation experi-
ments of OOH and SOH further revealed the differences in their
type I ROS generation efficiency. Combined with the CV curves
(Fig. 2g) and Table 3, the oxidation potential (Eox) of SOH was
0.937 V (vs. NHE), slightly higher than that of OOH (0.918 V),
indicating that SOH had stronger oxidizing ability. Thus, under
laser irradiation, the degradation rate of NADH by SOH was
significantly higher than that by OOH (Fig. 2h and S15a-c), and
the degradation of the absorption spectra of SOH was also
greater than that of OOH (Fig. 2i and S15a—c). The degradation
of the absorption spectra of the two dyes was not due to struc-
tural decomposition under light irradiation; in fact, both dyes
exhibited excellent photostability (Fig. 11). Instead, during the
conversion of NADH to NAD®, the triplet state of SOH ([SOH]*)
obtained electrons and was converted to SOH ", leading to the
destruction of the conjugated structure and a decrease in the
absorption spectra (Fig. 2j and S15d).***°* SOH'~ sensitized
oxygen to generate O," through electron transfer, and the O,
further generated ‘OH through the Haber Weiss reaction, while
oxygen was recycled (Fig. S16).">% Therefore, the generation of
type I ROS by SOH under laser irradiation was oxygen-
independent. This property, combined with the more negative
AG, further verified that the electron transfer-driven type I ROS
generation efficiency of SOH was superior to that of OOH.

Non-radiative transition of the excited-state was the core of
photothermal conversion. The high ISC efficiency of SOH
caused a large number of S;-states to transfer to the T; states.
Due to the low T; level and spontaneous electron transfer
reaction (AG < 0) of SOH, some T;-states generated type I ROS
through electron transfer, while the remaining T;-states
released heat through non-radiative transitions such as vibra-
tional relaxation. Meanwhile, the molecular conjugation
distortion induced by the introduction of sulfur atoms further
promoted non-radiative transitions (inhibiting fluorescence
emission), converting more light energy into heat. In contrast,
OOH had low ISC efficiency, and most of the S;-states emitted
fluorescence through radiative transitions, resulting in a low
proportion of non-radiative transitions and thus a low PCE
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(26.1%). The more efficient type I ROS generation and higher
PCE (42.3%) of SOH were beneficial for combating hypoxic
tumors through oxygen-independent type I PDT and PTT.

Aggregation behavior of dye SOH and the formation
mechanism of Jcr-aggregates induced by phosphates

Due to its excellent photophysical properties, reactive oxygen
species (ROS) generation capability, and photothermal effect,
SOH was employed for subsequent tumor diagnosis and
therapy. When attempting to investigate the pH stability of
SOH, the dye was dissolved in PBS with different pH values (2-
11) using THF as a co-solvent (volume ratio: 0.2%). Excitingly,
an unexpected aggregation peak at approximately 1100 nm
appeared when the pH ranged from 6 to 11 (Fig. 3a). We further
investigated the effect of THF/PBS volume ratio on the aggre-
gation behavior of SOH and found that as the volume ratio of
THF increased from 0.2% to 100%, the position of the aggre-
gation peak exhibited a regular shift, and the peak shape
gradually broadened from sharp (Fig. 3b). When the proportion
of THF exceeded 15%, the aggregation peak almost di-
sappeared. More interestingly, when SOH was added to THF/
H,0 mixed solvents with different volume ratios, no aggrega-
tion peak was observed within the THF volume ratio range of
0.2-100% (Fig. 3c). Similar conclusions were obtained when
DMSO was used as the co-solvent (Fig. S17). We further studied
the time dependence of the aggregation behavior of SOH. It was
found that SOH aggregated immediately upon being added to
PBS, and the aggregation peak reached a plateau within 10 min
(Fig. 3d and e). In contrast, when SOH was added to water, no
new aggregation peak was observed even after extending the
time to 30 min (Fig. 3f and g). Consistent results were also
achieved with DMSO as the co-solvent (Fig. S18). For compar-
ison, the aggregation behavior of OOH was also investigated. A
similar J-aggregate absorption peak at 982 nm was observed for
OOH in PBS with pH ranging from 5.5 to 11 (Fig. S19a). The
aggregation properties of OOH in PBS and water were further
explored. Within the DMSO volume ratio of 0.2% to 30%, OOH
exhibited stronger J-aggregate absorption peaks and faster
aggregation kinetics in PBS than in water (Fig. S19b, ¢ and S20).
In the DMSO volume ratio range of 0.2% to 1%, weak J-aggre-
gate absorption peaks were detected for OOH in water, which
was probably attributed to the higher electronegativity of O
compared with S. As shown in Fig. 3h, compared to the SOH
monomer (886 nm), a distinct red-shifted absorption peak at
1110 nm and a blue-shifted shoulder peak at 848 nm emerged
when SOH was dissolved in PBS, which represented the char-
acteristic absorption spectrum of CT-coupled j-aggregates.**>*
However, when SOH was dissolved in water, the absorption
peak was blue-shifted to 712 nm. Under excitation with
a 1064 nm laser, the fluorescence peak of SOH in PBS was
significantly red-shifted to 1132 nm with enhanced fluorescence
(22.6-fold), while almost no emitted fluorescence was detected
when SOH was in water (Fig. 3i). When SOH was placed in PBS
with different pH values, the NIR-II fluorescence intensity in the
pH range of 6-11 was higher than that in the range of 2-5.5, and
the highest NIR-II fluorescence intensity was achieved at pH 6-7
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(Fig. 3j and S21). The NIR-II fluore

scence intensity of SOH in

THF/PBS mixed solvents with different volume ratios was
significantly higher than that in THF/H,O mixed solvents, and

Chem. Sci.

the NIR-II fluorescence intensity gradually increased with the
decrease in THF proportion (Fig. 3k and S22). PBS is composed
of Na,HPO,, KH,PO,, KCl, and NaCl. We further investigated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the effects of different components in PBS on the aggregation
behavior of SOH. It was found that SOH could only undergo
such aggregation under the induction of Na,HPO,, resulting in
an absorption peak similar to that in PBS (Fig. 31), while other
components had no effect (Fig. S23). In addition, we verified
that this aggregation was not induced by H' in weakly acidic pH
solutions, and no aggregation peak appeared when SOH was
added to solutions with pH 6-7 adjusted with dilute hydro-
chloric acid (Fig. S24). We also confirmed that this aggregation
was irrelevant to Na‘, as K,HPO, and (NH,),HPO, were also
effective. Furthermore, hydrolysis of PO,*~ mainly produces
HPO,>", and PO,*>  was also effective (Fig. S25a). Some inor-
ganic salts (PO;>~, SO;>~, and CO,>") that could hydrolyze to
form ions with similar structures to that of HPO,>~ or HCO,;~
were also effective (Fig. S25a and b).

We further utilized molecular dynamics (MD) simulations
(Fig. S26) to reveal the core mechanism underlying the regula-
tion of SOH aggregation by HPO,>~ at the molecular level,
wherein HPO,>~ induced offset stacking of SOH molecules
through electrostatic interaction. The interaction energy
between SOH and HPO,>~ continuously decreased during the
simulation (Fig. 3m), with an average electrostatic interaction
energy of —33935.8 k] mol ' and an average van der Waals
interaction energy of —11267.8 k] mol~" (Fig. 3n). In contrast,
the interaction energy between SOH and H,O remained almost
unchanged during the simulation (Fig. 30), with an average
electrostatic interaction energy of —828.1 k] mol ™' and an
average van der Waals interaction energy of —1020.5 k] mol *,
which were significantly lower than those between SOH and
HPO,>". Therefore, there existed a stable and strong attractive
interaction (mainly electrostatic interaction) between SOH and
HPO,>". Combined with the electrostatic potential map of SOH
(Fig. S27), the positively charged regions (xanthene skeleton) on
the molecular surface formed a precise match with the nega-
tively charged sites of HPO,>~, thereby inducing offset stacking
of SOH molecules. Upon induction by HPO,*~, SOH molecules
displayed moderate slipped m-7 stacking and a reduced inter-
molecular distance of 3.0-3.4 A that enlarged intermolecular
orbital overlap and promoted intermolecular charge transfer,
and the slip angle was determined to be 62.5°, an angle larger
than 54.7° for conventional J-aggregates, which confirmed the
characteristic features of CT-coupled J-aggregates (Fig. 3q and
S$26¢).>* In contrast, under the induction of water, SOH
molecules were in a disordered dispersion state, with the
intermolecular distance greater than 5.0 A (Fig. 3s and S26f).
This difference originated from the inductive effect of HPO,>:
HPO,>~ broke the intermolecular hydrophobic repulsion
through electrostatic interaction with SOH, promoting offset
aggregation. Under the induction of HPO,>~, the average elec-
trostatic interaction energy of the xanthene skeletons between
SOH molecules was —10.9 kJ] mol™", and the average van der
Waals interaction energy of the cyclohexyl groups between SOH
molecules was 20.1 kJ mol ™" (Fig. 3r and S28a). In contrast,
under the induction of water, the average electrostatic interac-
tion energy of the xanthene skeletons between SOH molecules
decreased to —1.9 k] mol™ ", and the average van der Waals
interaction energy of the cyclohexyl groups between SOH
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molecules increased to 52.6 k] mol " (Fig. 3t and S28b). These
results demonstrated that under the induction of HPO,>~, the
average electrostatic interaction energy of the xanthene skele-
tons between SOH molecules was more negative (stronger
electrostatic attraction), and the average van der Waals inter-
action energy of the cyclohexyl groups between SOH molecules
was smaller. This demonstrated that HPO,> -driven electro-
static interactions among SOH molecules and HPO,”" led to the
formation of CT-coupled J-aggregates. Compared with mono-
mers, their absorption/emission spectra were significantly red-
shifted (Aaps = 1110 nM; Ay, = 1132 nm) with enhanced fluo-
rescence (22.6-fold) (Fig. 3h and i). In contrast, under the
induction of water, the average electrostatic interaction energy
of the xanthene skeletons between SOH molecules was almost
zero (the distance was too large for electrostatic attraction to
occur), and the average van der Waals interaction energy of the
cyclohexyl groups between SOH molecules was larger. This
indicated that SOH molecules tended to undergo vertical
disordered stacking, with an absorption spectrum (A;ps = 712
nm) comparable to that of monomers. Meanwhile, the absor-
bance at 1064 nm was almost zero, and almost no fluorescence
was emitted under irradiation with a laser of this wavelength
(Fig. 3h and i).

Photophysical properties, reactive oxygen species generation,
and photothermal performance of P-SOH NPs

Benefiting from the impressive photophysical properties of the
CT-coupled J-aggregates of SOH induced by HPO,>, we
encapsulated the Jor-aggregates using the amphiphilic polymer
F127, and the resulting nanoparticles were named P-SOH NPs.
Meanwhile, as a control, nanoparticles prepared in water were
denoted as W-SOH NPs. As shown in Fig. 4a, the absorption
spectrum of W-SOH NPs (absorption peak at 766 nm) was
comparable to that of SOH monomers, while P-SOH NPs di-
splayed a pronounced red-shifted absorption peak at 1120 nm
(redshifted by 354 nm) alongside a weakly blue-shifted shoulder
peak at 858 nm, which preserved the characteristic absorption
features of CT-coupled J-aggregates. Under excitation with
a 1064 nm laser, the NIR-II fluorescence peak of P-SOH NPs was
remarkably red-shifted to 1134 nm, whereas W-SOH NPs
exhibited almost no fluorescence emission (Fig. 4b), indicating
that the CT-coupled j-aggregates of P-SOH NPs was more
favorable for fluorescence emission (enhanced 36.1-fold).
Fig. 4c and S29 show that the hydrodynamic diameter obtained
from dynamic light scattering (DLS) of W-SOH NPs was 85 nm,
and that of P-SOH NPs was 75 nm, both falling within the 10-
200 nm range suitable for in vivo circulation. Combined with
the TEM images in the insets of Fig. 4c, the sizes of W-SOH NPs
and P-SOH NPs were 81 nm and 73 nm, respectively, which were
slightly smaller than their hydrodynamic diameters due to the
shrinkage of the hydration layer after drying. The zeta potential
of W-SOH NPs was 0.38 mV, and that of P-SOH NPs was 0.34 mV
(Fig. 4d).

Under 1064 nm laser irradiation, the two types of nano-
particles exhibited significant differences in the type and effi-
ciency of ROS generation. Notably, the ROS generation
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(a) Absorption spectra of W-SOH NPs and P-SOH NPs. (b) Fluorescence spectra of W-SOH NPs and P-SOH NPs under 1064 nm laser
excitation. (c) Hydrodynamic diameters of W-SOH NPs and P-SOH NPs;

insets show the corresponding TEM images. (d) Zeta potentials of W-
1064 nm laser irradiation. Evaluation of (e) 1O, (f) O," ™, (g) *OH, and (h)
ectively. (i) Photothermal effects of W-SOH NPs at different concen-

trations. (j) Photothermal effects of P-SOH NPs at different concentrations. (k) Comparison of photothermal effects between W-SOH NPs and P-
SOH NPs. (1) Photothermal stability of P-SOH NPs during five laser on—off cycles. (m) Evaluation of the photothermal conversion efficiency of P-
SOH NPs. (n) Photothermal effects of P-SOH NPs under laser irradiation at different powers. (o) Photothermal images of W-SOH NPs and P-SOH

NPs, and water as a control. (p) Temperature change trends at different

capacity of P-SOH NPs was further enhanced, inheriting the
advantage of SOH monomers in producing type I ROS. As
shown in Fig. 4e and S30, no obvious 0, generation signal was
detected for either nanoparticle using the SOSG probe, which
was consistent with the characteristic of SOH monomers being
unable to generate type II ROS. This confirmed that the
nanonization process did not alter their ROS generation type,
and type I ROS remained the dominant species. Tests with
O,"~ (Fig. 4f and S31) and 'OH (Fig. 4g and S32) probes
demonstrated that the fluorescence enhancement rates of P-
SOH NPs was 38.1-fold and 25.8-fold that of W-SOH NPs,
respectively. In the total ROS detection (Fig. 4h and S33), the
DCFH fluorescence intensity of P-SOH NPs reached 59.0-fold

Chem. Sci.

time points in (0).

that of W-SOH NPs after 10 min of irradiation. This difference
originated from the superior 1064 nm laser harvesting effi-
ciency of P-SOH NPs, which facilitated the transfer of excited-
state electrons to generate type I ROS more efficiently,
providing a core foundation for type I PDT of hypoxic tumors.
Moreover, the ROS generation efficiency of aggregated OOH in
PBS and water was comparatively analyzed. The results
revealed that OOH J-aggregates formed in PBS also exhibited
higher production efficiencies of 'O, (Fig. S34), O,"~ (Fig. S35),
"OH (Fig. S36), and total ROS (Fig. S37).

Subsequently, we further investigated the differences in
photothermal effects between W-SOH NPs and P-SOH NPs. As
shown in Fig. 4i, only a weak photothermal effect was observed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with increasing concentrations of W-SOH NPs. In contrast, P-
SOH NPs exhibited a more significant temperature increase
(Fig. 4j). At a concentration of 100 pug mL™", the equilibrium
temperature of P-SOH NPs reached 55 °C, an increase of 30 °C
compared to the initial temperature, while W-SOH NPs only
showed a 14.2 °C increase (Fig. 4k). Fig. 41 shows that during
five laser on-off cycles, the deviation in the equilibrium
temperatures of P-SOH NPs after each irradiation was less than
2 °C, and the photothermal curves almost overlapped
completely, demonstrating excellent photothermal cycling
stability. As presented in Fig. 4m, the PCE of P-SOH NPs reached
51.1%. This high PCE was attributed to the efficient light
absorption of P-SOH NPs, which converted more light energy
into heat through non-radiative transitions. Fig. 4n shows that
the photothermal effect of P-SOH NPs was significantly
enhanced with increasing laser power (0.3-1.0 W em™?). This
distinct power dependence enabled precise regulation of PTT,
allowing adaptation to tumors of different sizes and depths by
adjusting the laser power. Photothermal images (Fig. 40) and
temperature change curves (Fig. 4p) intuitively demonstrated
that at the same concentration and laser power, P-SOH NPs
exhibited the fastest temperature increase rate, reaching 56.2 °C
after 10 min of irradiation; in contrast, W-SOH NPs only
reached 39.1 °C, and that of the water control group only
increased to 32.3 °C. Thus, P-SOH NPs exhibited a more
prominent photothermal effect. Therefore, P-SOH NPs inte-
grated strong NIR-II absorption, efficient type I ROS generation,
a high PCE of 51.1%, and excellent photothermal stability. They
perfectly combined type I PDT and PTT, both of which are
oxygen-independent, making them suitable for the photo-
therapy of hypoxic tumors.

Verification of oxygen-independent phototoxicity of P-SOH
NPs at the cellular level

Cytotoxicity assays (under normoxic or hypoxic conditions)
confirmed the biocompatibility and phototoxicity of W-SOH
NPs and P-SOH NPs, with P-SOH NPs exhibiting superior
phototoxicity even in hypoxic environments. In the absence of
laser irradiation (Fig. 5a), both W-SOH NPs and P-SOH NPs
maintained a cell viability of nearly 100% within the concen-
tration range of 0.5-10 ug mL™ ", with no significant decrease as
the concentration increased, indicating that both nanoparticles
possessed excellent biocompatibility. After irradiation with
a 1064 nm laser (Fig. 5b), the phototoxicity of P-SOH NPs
showed a distinct concentration dependence and was not
affected by the oxygen environment. Under both normoxic and
hypoxic conditions, the cell viability decreased to less than 20%
at a concentration of 10 pg mL '. In contrast, W-SOH NPs
exhibited negligible phototoxicity, with a cell viability higher
than 90% at the same concentration. This difference directly
originated from the performance differentiation of the two
nanoparticles: P-SOH NPs featured a high PCE (51.1%) and
efficient generation of type I ROS, both of which were oxygen-
independent. However, W-SOH NPs had weak light absorp-
tion, low ROS generation efficiency, and poor PCE, resulting in
almost no phototoxicity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Intracellular ROS probe staining experiments directly veri-
fied the type and efficiency of ROS generation by P-SOH NPs at
the cellular level, clarifying the core mechanism of their oxygen-
independent therapy. As shown in Fig. 5e, no obvious fluores-
cence signal was detected in all groups using the SOSG probe
(*O,-specific), confirming that neither nanoparticle could
generate type II ROS in cells. In contrast, the P-SOH NPs + L
group (with laser irradiation) exhibited strong fluorescence
signals in DHE (O, -specific), HPF (‘OH-specific), and DCFH
(total ROS-specific) probe staining under both normoxic and
hypoxic conditions, and the fluorescence intensity under
hypoxia was not significantly different from that under nor-
moxia. Conversely, the W-SOH NPs + L group showed almost no
fluorescence signal in ROS probe staining. These results indi-
cated that P-SOH NPs could efficiently generate type I ROS in
cells without relying on oxygen, while W-SOH NPs had almost
no ability to generate ROS. Thus, P-SOH NPs were expected to
achieve efficient phototherapy of hypoxic tumors.

Flow cytometric apoptosis analysis and calcein-AM/PI stain-
ing confirmed the efficient phototherapeutic efficacy of P-SOH
NPs at the cellular level, which maintained the advantage of
synergistic therapy even in hypoxic environments. Flow cyto-
metric apoptosis analysis (Fig. 5¢ and g) showed that in the P-
SOH NPs + L group (with laser irradiation), the proportion of
late apoptotic cells exceeded 95% under both normoxic and
hypoxic conditions; in contrast, the W-SOH NPs + L group
showed almost no cell apoptosis. The proportion of apoptotic
cells in the PBS groups (with or without a laser) and non-laser
groups was less than 5%, excluding cell damage caused by the
laser itself or the nanoparticles. The calcein-AM/PI staining
images (Fig. 5d and f) were consistent with the flow cytometric
data. In the P-SOH NPs + L group (in both normoxic and hypoxic
environments), the proportion of red fluorescence (dead cells)
in the field of view was significantly higher than that in other
groups, with the proportion of live cells (green fluorescence)
less than 20%, while green fluorescence remained dominant in
the W-SOH NPs + L group. This intuitive result confirmed that
the phototherapeutic efficacy of P-SOH NPs led to strong
hypoxia resistance. Therefore, P-SOH NPs could efficiently
induce tumor cell apoptosis through the synergistic effect of
type I PDT and PTT, and this process was not inhibited by the
hypoxic tumor microenvironment.

High-resolution NIR-II fluorescence/photoacoustic tumor
angiography of P-SOH NPs

In vitro experiments clarified the NIR-II fluorescence imaging
properties of W-SOH NPs and P-SOH NPs. Benefiting from the
fluorescence red-shift and enhancement effects of CT-coupled J-
aggregates, P-SOH NPs exhibited significantly superior imaging
performance compared to W-SOH NPs. As shown in Fig. 6a,
under 1064 nm laser excitation, the NIR-II fluorescence imaging
signal of P-SOH NPs increased obviously with the increase in
concentration, while W-SOH NPs showed almost no significant
fluorescence imaging effect at the same concentration. The
quantitative intensities in Fig. 6b further confirmed that the
NIR-II fluorescence intensity of P-SOH NPs was significantly
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higher than that of W-SOH NPs. This difference originated from
the molecular packing modes of the two nanoparticles: P-SOH
NPs formed CT-coupled j-aggregates via offset stacking
induced by HPO,>~, which significantly improved the NIR-II

Chem. Sci.

in each group after various treatments.

fluorescence emission efficiency. In contrast, W-SOH NPs
were randomly dispersed in water, leading to severe fluores-
cence quenching. Fig. 6¢c shows that under the same 1064 nm
excitation and concentration, the imaging clarity and signal

© 2026 The Author(s). Published by the Royal Society of Chemistry
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intensity of P-SOH NPs (enhanced 23.6-fold) in the NIR-II
window (LP1150 filter) were far superior to those of W-SOH
NPs. After tail vein injection of W-SOH NPs, no obvious NIR-II
fluorescence signal was observed in the whole body of mice
(Fig. 6d). In contrast, tumor angiogenesis imaging was achiev-
able in mice injected with P-SOH NPs under different long-pass
filters (LP1100, LP1150, and LP1200) (Fig. 6e). The tumor
angiography analysis of P-SOH NPs (Fig. 6e) demonstrated that
they could clearly distinguish the microvessels of tumors.
Moreover, as the wavelength of the long-pass filter increased,
the tumor angiographic resolution improved, with the
minimum full width at half maximum (FWHM) of blood vessels
reaching 0.34 mm and the signal-to-background ratio (SBR) as
high as 4.56.

In addition, in vitro experiments confirmed that there was
a significant difference in the NIR-II photoacoustic imaging
performance between W-SOH NPs and P-SOH NPs. With
a significantly red-shifted NIR-II absorption peak, P-SOH NPs
exhibited a concentration-dependent photoacoustic signal
enhancement effect. As shown in Fig. 7a, under 1064 nm laser
excitation, the NIR-II photoacoustic imaging signal of P-SOH
NPs increased in an obvious gradient with the increase in
concentration, while W-SOH NPs showed weak photoacoustic
signals at the same concentration. The quantitative intensities

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

in Fig. 7b indicated that the photoacoustic intensity of P-SOH
NPs was significantly higher than that of W-SOH NPs. The
photoacoustic spectrum of P-SOH NPs (Fig. 7c) showed that the
peak of the photoacoustic signal was consistent with the
absorption peak position (1120 nm), further confirming the
formation of the aggregation peak. After tail vein injection of P-
SOH NPs, NIR-II photoacoustic imaging of mice could clearly
identify heterogeneity of tumor blood vessels (Fig. 7d). The
tumor angiography analysis of P-SOH NPs (Fig. 7d) revealed that
they could accurately distinguish the microvessels in the tumor
area, including capillary branches. The minimum detectable
FWHM of blood vessels was only 0.11 mm, and the maximum
SBR reached 17.2, indicating an excellent signal contrast
between blood vessels and surrounding tissues. Thus, P-SOH
NPs were capable of high-resolution tumor angiography.

Evaluation of phototoxicity and biosafety of P-SOH NPs at the
in vivo level

We further evaluated the phototoxicity and biosafety of P-SOH
NPs at the in vivo level. As shown in Fig. 8a and b, after tail
vein injection of P-SOH NPs, the photoacoustic signal at the
tumor site gradually increased over time, reached the peak at
6 h post-injection, and then slowly decreased. This indicated

Chem. Sci.
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that P-SOH NPs achieved targeted enrichment through the
enhanced permeability and retention (EPR) effect of tumors. In
contrast, the photoacoustic signal at the tumor site in the W-
SOH NP group (Fig. S38a and b) remained weak throughout
the observation period. Fig. S39a-e show that P-SOH NPs were
mainly distributed in the liver, spleen, and kidneys after injec-
tion, suggesting that they were metabolized primarily through
hepatobiliary and renal pathways. However, the signals of W-
SOH NPs in various organs were relatively weak.

U87-MG subcutaneous tumor-bearing mice were randomly
divided into 6 groups for different treatments. As presented in
Fig. 8c and d, 6 h after tail vein injection of P-SOH NPs, laser
irradiation was performed. The temperature at the tumor site in
the P-SOH NPs + L group rapidly increased to 56.3 °C within
10 min. In contrast, the tumor temperature in the W-SOH NPs
+ L group only increased to 45.4 °C, and there was no significant
temperature increase in the PBS + L group (43.3 °C). This result
directly verified the efficient photothermal conversion ability of
P-SOH NPs in vivo (PCE = 51.1%). As shown in Fig. 8e-g, 14 days
after treatment, the tumors in the P-SOH NPs + L group were
completely ablated, while the tumors in the W-SOH NPs + L
group were barely eliminated. Tumors in the PBS, PBS + L, W-

Chem. Sci.

SOH NP, and P-SOH NP groups (without laser irradiation) all
showed a rapid proliferation trend. The tumor section staining
images (Fig. 8i) revealed that the P-SOH NPs + L group showed
extensive tumor cell necrosis (cytoplasmic coagulation and
nuclear fragmentation) from the hematoxylin and eosin (H & E)
staining image, with a low positive rate of Ki-67 (a cell prolif-
eration marker) and a high positive rate of TUNEL (a cell
apoptosis marker). In contrast, tumor cells in other groups
maintained intact morphology, with a high positive rate of Ki-67
and a low positive rate of TUNEL. These results demonstrated
that the phototherapy mediated by P-SOH NPs led to effective
elimination of tumors.

During the treatment period, the body weight of mice in all
groups remained stable (Fig. 8h). H & E staining images of
major organs (Fig. S40) showed that the tissue structure of all
organs was intact, with no pathological changes such as
inflammatory infiltration or cell necrosis, indicating that P-SOH
NPs caused no obvious damage to normal tissues. The hemo-
lysis test (Fig. S41) showed that the hemolysis rates of P-SOH
NPs and W-SOH NPs were lower than 3.5% (below the clinical
safety threshold of 5%), confirming their good blood compati-
bility. Blood routine parameters (Fig. S42) and serum

© 2026 The Author(s). Published by the Royal Society of Chemistry
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biochemical indicators (Fig. S43) showed that after injection of
P-SOH NPs, the blood routine parameters and liver and kidney
function indicators of mice were all within the normal physio-
logical range, with no significant difference from the healthy
control group. This further confirmed that P-SOH NPs had no
adverse effects on the blood system, liver, or kidney function.

Conclusion

Through precise sulfur atom engineering and innovative
aggregate regulation strategies, we successfully developed
a novel NIR-II thioxanthene dye SOH and its CT-coupled J-
aggregates, which integrate bimodal NIR-II tumor angiography
and efficient phototherapy for hypoxic tumors. The introduc-
tion of sulfur atoms was the core innovation for optimizing the
photophysical and photochemical properties of the dye. Its
strong electron-donating ability promoted ICT, realizing
a redshift of absorption/emission spectra and enhancement of
the molar extinction coefficient. The heavy atom effect and
higher twisted conjugated skeleton strengthened SOC by 9.3-
fold, increasing the ISC efficiency by 86.5-fold and elevating PCE
to 42.3%. Meanwhile, it reduced the T; energy level to 0.959 eV,
fundamentally inhibiting the generation of 'O, and specifically
initiating the electron transfer pathway to generate O," and
"‘OH. Phosphate-driven aggregate engineering further amplified
the therapeutic potential: the specific electrostatic interactions
between HPO,>~ and the positively charged regions on the SOH
molecular surface induced the formation of CT-coupled J-
aggregates (P-SOH NPs), synergistically enhancing the NIR-II
fluorescence intensity (36.1-fold), type I ROS generation
capacity (59.0-fold), and PCE (51.1%), thus overcoming the
challenge that it is difficult for a single molecular design to
balance multiple performances. P-SOH NPs achieved bimodal
high-resolution NIR-II fluorescence/photoacoustic tumor angi-
ography and oxygen-independent synergistic therapy. NIR-II
fluorescence imaging could clearly identify tumor micro-
vessels (resolution: 0.34 mm; SBR = 4.56), and NIR-II photo-
acoustic imaging could accurately delineate the vascular
network (resolution: 0.11 mm; SBR = 17.2), providing double
guarantees for precise tumor localization. The synergistic effect
of type I PDT and PTT maintained a high tumor cell killing
efficiency even in hypoxic environments, achieving complete
ablation of tumors in tumor-bearing mice with excellent
biocompatibility and no obvious organ damage or
hematotoxicity.
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