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Hydroxyl-radical-specific cascade photogeneration for oxygen-
chain photocatalytic therapy

Qiang Liu,® Chenxu Yan,*? Xie Li,® Haiyang Huang,? Zheyu Fan,® Jizhan Zhang,® Weiwei Zhang,? Ping
Shi,? Yuzheng Zhao,® Zhigian Guo,*? and Wei-Hong Zhu

Hydroxyl radical (-OH), the most potent reactive oxygen species, plays a crucial role in photodynamic therapy (PDT).
However, conventional photosensitizers (PSs) produce -OH through the classical Haber-Weiss pathway suffer from
multistep/side reactions, short-lived intermediates, and O, dependence, underscoring the demand for direct and selective
-OH photogeneration in biological tissues. Here, we report a de novo LOM scaffold core allowing the evolution from H,0 into
-OH, through an unprecedented “H,0-0,--OH” oxygen-chain cascade photochemical pathway. The acceptor relocation in D-
ni-A featured PSs with long-range intramolecular charge transfer, can regulate individual oxidation/reduction potentials and
fully amplify the electron-hole separation, for the first time achieving -OH-specific photogeneration independent of ambient
0,. This generalizable molecular engineering method yields a palette of oxygen-chain PSs that spans visible and the second
near-infrared range. Our LQM-based oxygen-chain photocatalytic therapy successfully improves therapeutic efficiency in
living mice and addresses the long-standing hypoxic challenge of PDT. This study provides a full demonstration of our
strategy in rational design and stream-lined PSs discovery for -OH-specific generation to push the limits of phototherapy in

personalized treatment.

Introduction

Hydroxyl radical (-OH), the most powerful reactive oxygen species
(ROS), can instantaneously obliterate nearly all nearby biomolecules
within cancer cells and thereby exhibits exceptional cytotoxicity.l”
This unique property makes :‘OH as a potent species in clinical
photodynamic therapy (PDT).813 Conventional photosensitizers
(PSs), upon excitation by light, transfer energy*18 or electrons!®-22 to
oxygen (O3) to generate ROS. While some PSs can produce -OH from
0, as a substrate, this often occurs via the classical Haber-Weiss
reaction, containing disproportionation/one-electron transfer
reduction of superoxide anion (-O,, as an intermediate) and a
subsequent Fenton reaction step.23-2> Such a multistep process is
intrinsically inefficient because of competing side reactions,?6-28 the
transient nature of reactive intermediates,?°3! and its reliance on
ambient 0,.323¢ Water (H,0), abundant and ubiquitous in biological
tissues, is a desirable substrate for PSs. Therefore, there is an urgent
need to develop PSs capable of O,-independent in situ -OH-specific
photogeneration from the water naturally present in biological
tissues.
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A cascade pathway, sequential photocatalytic oxidation of H,O to
generate O, and then direct reduction for -OH, provides a
mechanistic blueprint for self-sustained -OH-specific generation.
Achieving this “one stone two birds” dual functionality requires two
essential prerequisites: long-range electron-hole separation37-3° for
ensuring  kinetic  feasibility, and individually  tailored
oxidation/reduction potentials for thermodynamic favorability.
Specifically, photogenerated holes must have an oxidation potential
>0.81V (vs. normal hydrogen electrode) to catalyze the oxidation of
H,O into O; (2H0 + 4h* > 0O, + 4H%).%%4 Furthermore,
photogenerated electrons with reduction potential should fall within
the range from -0.33 Vt0 0.31 V (refer to O, + e - -0, and O, + 3H*
+3e” > ‘OH + Hy0, respectively),*>** are required to specifically
reduce O; into ‘OH. In principle, these criteria delineate the
fundamental requirements for constructing a unique PS capable of
-OH-specific cascade photogeneration. However, translating these
requirements into a practical unimolecular system remains a
formidable challenge, and no such platform has been reported to
date.

Here, we present a “H,0-0,--OH” oxygen-chain photogeneration
strategy (Fig. 1a) that enables the evolution from H,0 into -OH via a
consecutive oxidation and electron transfer process. This cascade
strategy has for the first time achieved -OH-specific photocatalytic
therapy independent of ambient O,. We create a new donor-n-
acceptor (D-m-A) building block LQM through acceptor relocation,
accessible via a concise two-step synthesis from commercially
available starting materials. As demonstrated, we show that the
acceptor relocation within LQM derivatives can lead to an
unprecedented H,0-0,--OH photochemical pathway (Fig. 1b): (i)
Suitable oxidation potentials make it feasible to
photocatalytically split H,O to generate molecular O,, while finely
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Fig. 1 Hydroxyl-radical-specific cascade photogeneration via LQM-based photosensitizers. (a) Schematic illustration of previous work: O,-
mediated nonspecific photosensitization producing -OH via the classical Haber-Weiss reaction suffers from multistep/side reactions, short-
lived intermediates, and O, dependence. This work: Evolution from H,O into -OH through an unprecedented “H,0-O,--OH” oxygen-chain
cascade strategy that integrates oxygen self-supply with hydroxyl-radical-specific photogeneration. (b) De novo LOM photosensitizers that
orchestrate H,0-0,--OH oxygen-chain cascade photochemical reactions by dual regulation: (i) Suitable oxidation potentials make it feasible
to photocatalytic water splitting to generate O3, while finely tuned reduction potentials between 0,/-05" (-0.33 V) and O,,H*/-OH (0.31 V)
thermodynamically permit selective -OH production; (ii) Acceptor relocation with long-range intramolecular charge transfer promotes
efficient electron-hole separation (1.82 A), fulfilling the kinetic requirements for the cascade process. Note: The potential values in panel b
are determined versus the normal hydrogen electrode (NHE) at pH 7.
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regulated reduction potentials fall between the potential of 0,/-0y
(-0.33 V) and Oy, H*/-OH (0.31 V) thermodynamically permit selective
‘OH generation. (ii) The long-range intramolecular charge transfer
facilitates efficient electron-hole separation (1.82 A), fulfilling the
kinetic prerequisites. We expand this strategy to yield a palette of
long-wavelength PSs ranging from the visible to the second near-
infrared (NIR-Il) region. This -OH-specific approach solves well the
long-standing essential issues of PDT, that is, therapeutic efficiency
and hypoxic limitation. We thus establish oxygen self-supplying
photocatalytic therapy with multiplex in vivo imaging. This work
presents a pioneering molecular design paradigm for -OH-specific
photogeneration, providing a promising strategy to improve
treatment of hypoxic solid tumors.

Results and discussion
De novo design of LQM core via acceptor relocation

D-mt-A scaffolds, composed of electron-donating and electron-
accepting units connected via a m-conjugated bridge, inherently
promote intramolecular charge transfer (ICT)***’  upon
photoexcitation. This directional electron migration (from the donor
to the acceptor) effectively generates a charge-separated state,
thereby suppressing electron-hole recombination and facilitating
charge transport or energy utilization.*8->1

2| J. Name., 2012, 00, 1-3

Quinoline-malononitrile (QM) building block has emerged as a
versatile D-Tt-A core with several features, such as high fluorescence
brightness and marked photostability.5253 Through our established
synthesis protocols, QM (with 4-position dicyanomethylene-
substitution) can be prepared by reacting malononitrile and 1-ethyl-
2-methylquinolinium iodide via a Michael addition-elimination
reaction (Fig. 2a). In our recent explorations of dye synthesis,
commercially available 7-fluoro-2-methylquinoline served as the
starting material, with the fluorine atom at the 7-position enabling
nucleophilic substitution. This relocated the malononitrile moiety
from the 4-position to the 7-position of the quinoline unit, yielding a
new chromophore core, 2-(1-ethyl-2-methylquinolin-7(1H)-ylidene)
malononitrile, which we termed LQM (Fig. 2a). Compared with QM,
this structural alteration for LQM significantly red-shifted in both
absorption and fluorescence spectra: the maximum absorption
wavelength increased from 424 nm to 517 nm (Fig. 2c), producing a
visible color transition from yellow to red (Fig. 2b). Correspondingly,
the maximum fluorescence emission wavelength exhibited a
noticeable red-shift from 507 nm to 601 nm (Fig. 2d). As such, we
report an accessible two-step synthesis method for generating a red-
shifted quinoline-based chromophoric core (LQM) via relocating the
malononitrile moiety.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Red-shifted LQM building block. (a) Synthesis route of QM and
LQM. i) iodoethane, 1,2-dichlorobenzene, 140 °C, 8 h; ii)
malononitrile, sodium ethoxide, ethanol, 25 °C, 24 h. (b) Chemical
structures of QM and LQM, accompanied by photographs of QM and
LQM under daylight and ultraviolet light. (c) Normalized absorption
spectra of QM and LQM in ethanol. (d) Normalized fluorescence
spectra of QM (Aex = 424 nm) and LQM (Aex = 500 nm) in DMSO/H,0
mixture, viv = 1:9.

Wavelength (nm)

Constructing D-nt-A featured NIR-II fluorophore library

To achieve effective charge separation, we developed a series of D-
n-A fluorophores by introducing electron-donating substituents to
the LQM core via Knoevenagel condensation reaction. This reaction
utilized the reactive methyl group at the 2-position of the LQM core,
enabling robust synthesis of D-m-A fluorophores in excellent yields
(up to 71%) on a gram scale. These fluorophores, collectively
designated as LQM-Fluors, represent a highly tunable molecular
library (Fig. 3a and Fig. S1 in the Supplementary Information). For
instance, LQM-FN incorporates the para-dimethylaminophenyl
group as the electron donor, thiophene as the n-conjugated bridge,
and the LQM core as the electron acceptor (Fig. 3a). Within LQM-
Fluors, we have synthesized seven representative examples. These
highly tunable fluorophores inspired us to further study their spectral
diversity.

An obvious feature of LQM-Fluors is their bathochromic-shift
optical performance compared to QM-based analogs. Despite
sharing identical molecular weights, LQM-FN displayed a significant
red-shift in maximum absorption wavelength at 608 nm, a 139 nm
increase relative to QM-FN (469 nm, Fig. 3a,e). This pronounced shift

This journal is © The Royal Society of Chemistry 20xx
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is primarily ascribed to the relocation of the malongnijtrile graup
from the 4-position to the 7-position, transfoRinEtHERLEEATUEEBA
system from bifurcated to linear. Additionally, the maximum
absorption wavelengths of LOQM-Fluors were strongly correlated with
the electron-donating strength of their donor substituents (Fig. 3a).
For example, LQM-N (modified with para-dimethylaminophenyl)
exhibited a maximum absorption wavelength at 585 nm, while LOM-
FOO (bearing a strongly electron-donating moiety) showed a
markedly red-shifted peak at 624 nm. Fluorescence characterization
further revealed that LOQM-FOO emitted at 794 nm, achieving a
bathochromic-shift of 172 nm relative to the parent LOM (Fig. 3f).
Notably, benefiting from the broad spectral profiles of D-m-A
fluorophores,>*>’ LQM-Fluors showed emission extending into the
NIR-Il window (Fig. 3f and Fig. S2,53). Moreover, LQM-Fluors
exhibited significantly superior photostability compared with FDA-
approved agent indocyanine green (ICG, Fig. S4). These findings
highlight how the substituent position tuning of the acceptor unit
enhances ICT, offering great promise for bioimaging and
phototherapy.

It is well established that, due to the aggregation-caused
qguenching (ACQ) effect, most fluorophores suffer from severely
limited fluorescence intensity and ROS generation efficiency.>® To
assess the aggregation tolerance of LQM-Fluors, we investigated
their fluorescence emission properties in H,O/tetrahydrofuran (THF)
mixtures with varying volume fractions (Fig. 3g and Fig. S2). The
results demonstrated that LQM-Fluors exhibit typical aggregation-
induced emission (AIE) characteristics. For instance, both LQM-FN
and LQM-FOO showed continuous enhancement in fluorescence
intensity with increasing H,O fraction. Single-crystal X-ray diffraction
analysis revealed that LQM-Fluors adopt highly twisted
conformations, similar to the AlEgen QM-FN (Fig. 3b-d and Fig. S5).
In LOQM-FN, the dihedral angle between the quinoline and thiophene
planes is 43.72(13)°, and the angle between the thiophene and
phenyl planes is 10.58(14)°. For LQM-FOO, these angles are
18.07(10)° and 24.73(12)°, respectively. Such twisted geometries
effectively suppress intermolecular m-mt stacking interactions that
typically cause ACQ,>%2 thereby endowing LQM-Fluors with great
potential for high-performance fluorescence imaging and
phototherapeutic applications.

Hydroxyl radical-specific photogeneration distinct from the
classical Haber-Weiss reaction

To evaluate the ROS generation capability of LQM-Fluors, we
employed 2’,7’-dichlorodihydrofluorescein as the total ROS indicator
(DCFH, a fluorescence-enhancing type indicator). Upon light
irradiation, QM-FN induced negligible changes in the fluorescence
intensity of DCFH, indicating an absence of ROS generation. In
contrast, LQM-Fluors effectively oxidized DCFH, resulting in a
continuous increase in fluorescence intensity at 526 nm (Fig. 4a,b
and Fig. S6), thereby confirming its photoinduced ROS-generating
ability. To determine the specific ROS types produced, we utilized
9,10-anthracenediyl-bis(methylene)  dimalonic acid  (ABDA),
dihydroethidium (DHE), and hydroxyphenyl fluorescein (HPF) as
selective indicators for singlet oxygen (10,), superoxide anion (-Oy’),
and hydroxyl radicals (-OH), respectively. Chlorin e6 (Ce6) was used
as a reference, which is a commercial photosensitizer known to

J. Name., 2012, 00, 1-3 | 3
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FN, and LOQM-Fluors in ethanol. (b-d) Single-crystal X-ray structures of QM-FN (b), LQM-FN (c), and LQM-FOO (d). Note: solvent molecules
and H atoms are omitted for clarity. (e) Normalized absorption spectra of QM-FN and LQM-FN (10 uM) in ethanol. (f) Normalized fluorescence
spectra of LOM (Aex = 517 nm), LQM-FN (Aex = 602 nm), LQM-FTO (Aex = 608 nm), and LOM-FOO (Aex = 624 nm, 10 uM) in ethanol. (g) Variation
in normalized I/lo of LQM-FN (Aex = 594 nm, Aem = 813 nm), and LQM-FOO (Aex = 625 nm, Aem = 848 nm, 10 uM) in a HO-THF mixture with

varying H,O fractions (fw, v:v). lo is the emission intensity of different fluorophores in THF.
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Fig. 4 Selective generation of hydroxyl radicals by LQM PSs. (a, e, g) Fluorescence spectra or (c) absorption spectra of DCFH (a), ABDA (c),
DHE (e), and HPF (g) after irradiation (40 uM, 635 nm, 50 mW cm?, irradiation time of 1 min corresponding to energy dose of 3 J cm™) at
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irradiation (40 uM, 50 mW cm?, irradiation time of 1 min corresponding to energy dose of 3 J cm2), in the absence or presence of different
photosensitizers (10 uM). g is the emission intensity of different indicators (40 uM) before irradiation. Ao is the absorbance of ABDA (40 uM)
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generate lots of ‘Oy, a small amount of '0,, and few -OH.5364
Compared to Ce6, LOM-Fluors induced negligible spectrum changes
in ABDA and DHE assays under light exposure (Fig. 4c-f and Fig. S6),
indicating minimal generation of 0, and -O,". Furthermore, using
methylene blue as a reference photosensitizer further confirmed the
negligible generation of 10, by LQM-Fluors (Fig. S7). In contrast, a
substantial increase in HPF fluorescence was observed upon
irradiation (Fig. 4g,h and Fig. $6,58), demonstrating that -OH is the
predominant ROS generated by LQM-Fluors. Given their ability to
selectively generate -OH, LQM-Fluors were further designated as
LQM-based photosensitizers (LQM PSs), including LQM-FN, LQM-FT,
LQM-FTO, LQM-FOT, and LOM-FOO.

As established, the classical Haber-Weiss reaction involves redox
cycling between hydrogen peroxide and -O, then leading to the
generation of -OH through a non-selective process.55-6” Nevertheless,
as for LQM PSs, no generation of O, was detected during
photosensitization. This suggests that LQM PSs produce -OH through
a mechanism distinct from the Haber-Weiss reaction, but rather via
a selective photogeneration pathway.

Insight into H,0-O,--OH oxygen-chain cascade photochemical
mechanism

The unique ability of LQM PSs to selectively generate -OH prompted
further investigation of their underlying mechanism (Fig. 5a). With
this in mind, we then conducted electron spin resonance (ESR)
spectroscopy, employing 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a spin-trapping agent. Given that the generation of -OH typically
relies on the simultaneous presence of O, and H,0,*>%8 we carried
out ESR analysis under three distinct conditions: (i) in the presence
of both H,0 and Oy, (ii) in an anhydrous environment with O,, and
(iii) in an aqueous environment devoid of O,. In aqueous solution
under air, light-activated LQM PSs produced a characteristic 1:2:2:1
quartet ESR signal (Fig. 5b and Fig. S9), indicative of :OH/DMPO
adducts formation. In dichloromethane solution under air,
photoactivation yielded signals corresponding to carbon-centered-
radical/DMPO adducts and cyano radical/DMPO adducts (Fig. 5¢c and
Fig. 510). Notably, even in the absence of O, in aqueous solution,
LQM PSs still gave rise to -:OH/DMPO signals, accompanied by
spectral features indicative of a mixture of -OH, carbon-centered
radicals and cyano radicals (Fig. 5d). Taken together, the results of
conditions (i) and (ii) indicate that photoactivation of LQM PSs leads
to their transformation into radicals while generating -:OH. And the
ESR analysis in condition (iii) implies LQM PSs’ capability for
photocatalytic H,0 splitting to generate O.

lon chromatography showed that no CN- was detected in the
irradiated aqueous solution of LQM PSs (Fig. S11), indicating that
cyano radicals are not generated through covalent bond homolysis
and therefore do not transform into cyanide species in the absence
of spin-trapping agents such as DMPO. Combined with ESR
measurements, the signals corresponding to both cyano
radical/DMPO and carbon-centered-radical/DMPO adducts suggest
that the spin density of the LQM PSs radical is not confined to a single
atomic center but is likely delocalized over the mn-conjugated
framework (Fig. S12). Moreover, these ESR signals gradually
decreased and eventually disappeared with increasing O
concentration (Fig. S13). Under an O; atmosphere, no radical species

This journal is © The Royal Society of Chemistry 20xx
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derived from covalent bond homolysis (including hydrogenoand
fragment-derived radicals) were detected eké&ptFoP3ORqFIESAN
These results indicate that the LQM PSs radical should be a
delocalized radical species, functioning as a photocatalyst that
mediates electron transfer processes.

To thermodynamically validate the H,O oxidation (for O,
production) and O; reduction (for -OH generation) processes
observed in ESR, we investigated the redox properties of LQM PSs
based on energy band theory (Fig. 5e and Fig. S15). The oxidation
ability of photogenerated holes and the reduction ability of
photogenerated electrons depend on the valence band and
conduction band potentials of the photosensitizers, respectively.*®
Representative examples, LOQM-FN and LQM-FOO, exhibited valence
band potentials of 1.37 V and 1.47 V respectively, both substantially
exceeding the potential of H,0/0,, H* (0.81 V vs. normal hydrogen
electrode, NHE). This provides a strong thermodynamic driving force
for photocatalytic O, release. Additionally, their conduction band
potentials (LQM-FN: -0.10 V; LQM-FOO: 0.01 V) fall between the
potential of O,/-0; (-0.33 V vs. NHE) and O3, H*/-OH (0.31 V vs. NHE),
enabling electron transfer to O, for selective -OH generation. These
data provide thermodynamic evidence that corroborates the ROS
indicator assays and ESR results, supporting a H,0-O,--OH cascade
photochemical mechanism.

Interestingly, although QM-FN also fulfills the thermodynamic
prerequisites for the oxygen-chain process (Fig. 5e and Fig. 516), it
neither generated ROS nor displayed detectable ESR signal (Fig. 4 and
Fig. 5b-d). This highlights the critical role of malononitrile relocation,
which extends the conjugation length between the donor and
acceptor by four additional carbon atoms. We further performed
time-dependent density functional theory (TD-DFT) analysis to
elucidate the electron-hole distribution in the T; state (Fig. 5I-n and
Fig. S17). Compared to QM-FN, LQM-FN exhibited reduced overall
distribution scale of electrons and holes (3.56 A vs. 4.14 A), increased
hole delocalization index (7.44 vs. 6.41) and electronic delocalization
index (6.91 vs. 5.74), indicating higher localization of electron-hole
distribution. Additionally, LQM-FN showed a larger electron-hole
centroid distance (1.82 A vs. 0.59 &) and lower electron-hole overlap
(0.76 vs. 0.82), reflecting superior electron-hole separation
compared to QM-FN. The Chole-Cele function diagram visually
underscores the enhanced electron-hole separation in LQM-FN (Fig.
S18). These theoretical insights establish that malononitrile
relocation of LQM PSs facilitates long-range ICT to generate an
efficient electron-hole separation, promoting the kinetic progression
of the H,0-0,--OH cascade pathway.

To further validate the H,0-O,--OH cascade photochemical
mechanism, we conducted isotopic mass spectrometric analysis
using H,'80. First, the photocatalytic generation of O, from H,0 was
confirmed: Upon light irradiation of LQM PSs in H,O containing
H>'80, a signal at m/z = 36 corresponding to 20, was observed (Fig.
5f and Fig. S19). In contrast, this signal was absent in pure H,0 in the
presence of LOQM PSs (Fig. 5g and Fig. S19), in pure H>'20 in the
absence of LQM PSs (Fig. 5h), and in H,O containing H,'80 in the
presence of LOM PSs but in the absence of light irradiation (Fig. S20).
Second, in situ generated O; product could be further
photosensitively reduced to -OH: To confirm this, coumarin was
employed in a mixture of H,0 and H,'80, yielding a characteristic
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Fig. 5 H20-0,--OH oxygen-chain cascade photochemical mechanism of LQM PSs. (a) Schematic illustration of the oxygen-chain cascade
pathway. Upon photoexcitation, LQM PSs generate a charge-separated state ([~-LQM*]). The enhanced charge separation induced by
acceptor relocation from QM to LQM facilitates the following processes: i) Hole-mediated oxidation: the photogenerated holes with an
oxidation potential > 0.81V in LQM PSs oxidize H,0 to produce O; (or oxidize NADH into NAD*), while electrons derived from H,O (or NADH)
replenish the holes in LOQM PSs, thereby forming the LQM PSs radical. ii) Electron-mediated reduction: the photogenerated electrons with a
reduction potential between -0.33 and 0.31V in LQM PSs radical are transferred to O, to generate -OH, after which LQM PSs return to the
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ground state and continuously participate in the photocatalytic cycle under light irradiation. (b) Simulated ESR signals of -OH/RMPQ.addugts
and ESR signals of DMPO spin adducts confirming -OH generation by LQM PSs upon irradiation under air in aqueouSS6ILRiIERYE) Sinfliated
ESR signals of carbon-centered radicals/DMPO adducts, simulated ESR signals of cyano radical/DMPO adducts, and ESR signals of DMPO spin
adducts confirming carbon-centered radicals and cyano radicals generation by LQM PSs upon irradiation in dichloromethane solution under
air. Note: the black stars represent carbon-centered radicals, the brown stars represent cyano radicals. (d) ESR signals of DMPO spin adducts
confirming -OH, carbon-centered radicals and cyano radicals generation by LQM PSs upon irradiation under nitrogen atmosphere in aqueous
solution. Note: the blue stars represent -OH, the black stars represent carbon-centered radicals, the brown stars represent cyano radicals.
(e) Energy-level diagram of QM-FN and LQM PSs. (f) Mass spectra of the photocatalytically generated 180, products using LQM-FN as the
photosensitizer in H,0 containing H2'80 (v:v = 1:1). (g) Mass spectra confirming the absence of photocatalytically generated 20, products
using LOQM-FN as the photosensitizer in H,0 lacking H2*80 (v:v = 1:0). (h) Mass spectra confirming the absence of photocatalytically generated
180, products in the absence of LQM PSs in H,80. (i) Mass spectra of the products generated in the -18OH with coumarin reaction using LQM-
FN as the photosensitizer in H,0 containing Hy80 (v:v = 1:1). (j) Mass spectra confirming the absence of products from the -80H with
coumarin reaction using LQM-FN as the photosensitizer in H0 lacking H,*0 (v:v = 1:0). (k) Time-dependent changes in absorbance of NADH
(100 uM, monitored at 340 nm) under irradiation (50 mW cm?, irradiation time of 1 min corresponding to energy dose of 3 J cm™), in the
absence or presence of different photosensitizers (10 uM). Ay is the absorbance of NADH (100 uM) before irradiation. (I, m) The distributions
of hole (blue) and electron (red) in the T; state of QM-FN (I) and LQM-FN (m). (n) Descriptor obtained from electron-hole analysis. 'Distance
between the electron and hole, with an increase in distance correlating to a more distinct charge separation. 2A metric characterizing the
overlap between the electron and hole, where a higher value denotes a more substantial overlap, conversely, a lower value implies a more
pronounced charge separation. 3A measure of the overall distribution scale of the electron and hole, with a smaller value implying a more

focused distribution.

signal at m/z = 163.0268 corresponding to the coumarin--180H
adduct upon light irradiation in the presence of LOM PSs (Fig. 5i and
Fig. S19). This signal was absent when only pure H,O was used under
identical conditions (Fig. 5j and Fig. S19). These isotopic mass
spectrometry results strongly support the H,0-0,--OH oxygen-chain
cascade mechanism proposed by thermodynamic and ESR studies.
Furthermore, by monitoring the UV-vis absorption spectrum of
NADH, a progressive decrease in absorbance at 340 nm and a
corresponding increase at 260 nm were observed upon light
irradiation in the presence of LQM PSs (Fig. 5k and Fig. S21). This
suggests that LQM PSs can directly abstract hydrogen atoms from
biological substrates, thereby disrupting the redox homeostasis of
the microenvironment and enhancing photocatalytic therapy
efficacy.

Taken together, we propose a H,0-O,--OH oxygen-chain cascade
photogeneration strategy (Fig. 5a): Upon light irradiation, LQM PSs
are photoactivated to induce long-range ICT, in which the formation
of a charge-separated state can oxidize H,O to generate O,.
Subsequently, LQM PSs radical transfers electrons to O, to produce
-OH. This novel mechanism, fundamentally distinct from classical PDT
pathways, selectively generates the potent -OH species even under
O,-free conditions, potentially offering enhanced phototherapeutic
outcome in hypoxic tumors.

Oxygen-independent synergetic phototherapy in hypoxic cancer
cells

Upon light irradiation, a portion of the energy absorbed by
photosensitizers is dissipated as heat via nonradiative decay.%®70
Harnessing this thermal energy presents a promising approach to
enhance the therapeutic efficacy of phototherapy (Fig. 6). To this
end, we then evaluated the photothermal conversion capabilities of
QM-FN and LQM PSs (Fig. 6b). Under 635 nm light irradiation for 5
minutes, QM-FN induced only a negligible increase in temperature (2
°C, Fig. S22). In contrast, the LQM PSs exhibited pronounced
photothermal effects: LQM-FN reached 78.1 °C within 5 minutes, and

This journal is © The Royal Society of Chemistry 20xx

LQM- FOO rapidly increased to 99.9 °C within just 4 minutes. Further
temperature elevation for LQM-FOO was constrained by the boiling
point of H,0. These results highlight that the relocation of
malononitrile enables efficient photothermal conversion under red
light.

Next, we investigated the photothermal conversion performance
of LQM PSs as a function of both light power density and PSs’
concentration. A clear positive correlation was observed between
the photothermal effect and these two parameters (Fig. 6¢,d and Fig.
S23). For instance, at a fixed concentration of LQM-FOO (80 uM),
increasing the light power density (0.3, 0.5, 0.8, and 1.2 W cm?,
irradiation time of 1 min corresponding to energy dose of 18, 30, 48,
72 J cm??, respectively) led to temperature increases to 51.3, 67.3,
85.7, and 99.9 °C, respectively (Fig. 6¢). In addition, LQM PSs
exhibited excellent photothermal stability, maintaining consistent
performance over five successive “irradiation-cooling” cycles (Fig.
6e). This stability far exceeded that of the ICG, which exhibited only
a 5.4 °C temperature increase in the fifth cycle (Fig. 6e). These
findings underscore the outstanding photothermal conversion
capabilities of LQM PSs, highlighting their potential for high-
performance photothermal therapy.

We further evaluated the photothermal conversion efficiency
(PCE) of LQM PSs (Fig. 6f and Fig. S23). The calculated PCE values
were 37.90% for LQM-FN, 44.71% for LQM-FT, 49.01% for LQM-FTO,
52.60% for LQM-FOT, and as high as 70.10% for LQM-FOQO. This
enhanced photothermal conversion efficiency originates from the
molecular structure containing more rotational and vibrational
components, which enable more effective photothermal conversion
(Fig. 6a). Furthermore, LQM-FOO exhibited much higher
photoacoustic (PA) intensity than LQM-FN (Fig. 6g,h), which was in
strong agreement with their PCE. These results demonstrate LQM
PSs as versatile agents not only for high-performance photocatalytic
therapy and photothermal therapy, but also for multiplex imaging
involving fluorescence imaging, photothermal imaging, and PA
imaging.
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Fig. 6 Photothermal and photoacoustic performance of LQM PSs. (a) Single-crystal X-ray structures of LQM PSs. Note: solvent molecules
and H atoms are omitted for clarity. (b) Photothermal images of QM-FN and LQM PSs (80 uM) after irradiation (635 nm, 1.2 W cm?, irradiation
time of 1 min corresponding to energy dose of 72 J cm2) at different time points. (c) Photothermal conversion of LQM-FOO (80 uM) under
635 nm light irradiation with different power intensity (0.3-1.2 W cm?, irradiation time of 1 min corresponding to energy dose of 18, 30, 48,
72 ) cm?, respectively). (d) Photothermal conversion of LQM-FOO at different concentrations (0-80 uM) under 635 nm light irradiation (0.8
W cm?, irradiation time of 1 min corresponding to energy dose of 48 J cm-2). (e) Photothermal stability study of LQM-FOO and FDA-approved
ICG during five successive “irradiation-cooling” cycles. (f) Photothermal conversion efficiency determination of LQM-FOO. (g) Photoacoustic
images of LQM-FOO at different concentrations, Aex = 660 nm. (h) Linear relationship between the photoacoustic signal intensity at 660 nm
and the LQM-FOO or LQM-FN concentration. Note: The light power density was measured using a power meter at the position of the
centrifuge tubes, which were fixed at a distance of 15 cm from the light source.
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To impart dual-targeting capabilities of LQM PSs, active targeting
(folic acid, FA-mediated targeting) and passive targeting (enhanced
permeability and retention effect),’*73 LQM PSs were encapsulated
using FA-modified or unmodified amphiphilic polymers (DSPE-
PEG2000-FA and DSPE-PEG2000). Confocal laser scanning
microscopy (CLSM) and flow cytometry revealed negligible
differences in uptake between the two nanoparticles in normal cells
(human renal tubular epithelial cell line Hk2, Fig. $24,525). In
contrast, in the human ovarian cancer cell line SKOV3, the uptake
efficiency of LQM PSs encapsulated with DSPE-PEG2000-FA was
significantly higher than that of those encapsulated with DSPE-
PEG2000 (Fig. S24,525). These results indicate the key role of FA-
functionalized encapsulation in facilitating the selective

8| J. Name., 2012, 00, 1-3

accumulation of LQM PSs in tumor cells, offering a promising
approach for tumor-specific theranostic applications.

To evaluate the therapeutic efficacy of LQM PSs, we selected LQM-
FN and LQM-FOO (encapsulation with DSPE-PEG2000-FA) as
representative candidates due to their superior -OH generation and
photothermal capabilities, alongside QM-FN as a control. We
employed SoNar, a genetically encoded fluorescent sensor,’* to
assess the capacity of LQM PSs to catalyze the oxidation of NADH to
NAD* in living cells. SoNar fluorescence intensity ratio (/aos//ass)
decreases upon NADH oxidation, indicating redox perturbation. Light
irradiation of QM-FN-treated cells showed no appreciable change in
the /10s/lass ratio. In contrast, cells treated with LQM-FN or LQM-FOO
exhibited a rapid and sustained decrease in the lis/lsss ratio
following irradiation (Fig. 7a,b and Fig. S26). These results confirm

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Oxygen-independent cellular photocytotoxicity. (a) Detection of NAD*/NADH ratio using SoNar after incubation with LQM-FN (10 pM)
upon irradiation (635 nm, 50 mW cm, irradiation time of 1 min corresponding to energy dose of 3 J cm?) at different time points. Note: a
low l40s/lass ratio indicates a high NAD*/NADH ratio. (b) Normalized ratio of fluorescence intensities excited at 405 nm and 485 nm after
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incubation with QM-FN, LQM-FN, or LOQM-FOO (10 puM) after irradiation (635 nm, 50 mW cm, irradiation time of 1 min corgespondingto
energy dose of 3 ) cm™2) at different time points. Data are expressed as the mean * SD of three independent experift&nts.1 (€PN R YF
intracellular total ROS production (DCFH-DA as indicator, Aex = 488 nm, Aem = 525-580 nm) or -OH production (HPF as indicator, Aex = 450 nm,
Aem = 510-580 nm) after incubation with PBS, QM-FN@FA NPs, LOM-FN@FA NPs, and LOQOM-FOO@FA NPs (10 uM), with 660 nm light
irradiation (50 mW/cm? for 5 min, irradiation time of 1 min corresponding to energy dose of 3 J cm™), under different O, content
environments. (d) Calcein acetoxymethyl ester (Calcein AM)/propidium iodide (P1) staining of live (green channel, Aex = 488 nm, Aem = 500-
530 nm) and dead (red channel, Aex = 545 nm, Aem = 590-640 nm) cells after incubation with PBS, QM-FN@FA NPs, LOM-FN@FA NPs, and
LQM-FOO@FA NPs (10 uM), with or without 660 nm light irradiation (50 mW/cm? for 15 min, irradiation time of 1 min corresponding to
energy dose of 3J cm2), under different O, content environments. (e) Evaluation of cancer cell-killing efficiency by MTT assay after incubation
with different concentrations of QM-FN@FA NPs or LQM-FOO@FA NPs, with 660 nm light irradiation (50 mW/cm? for 15 min, irradiation
time of 1 min corresponding to energy dose of 3 J cm), under different O, content environments. Data are expressed as the mean * SD of
three independent experiments. (f) Apoptosis evaluation by flow cytometry after incubation with PBS, QM-FN@FA NPs, LQM-FN@FA NPs,
or LQM-FOO@FA NPs (1 uM), with 660 nm light irradiation (50 mW/cm? for 15 min, irradiation time of 1 min corresponding to energy dose
of 3J cm2), under 2% O, content environment. Note: The light power density was measured using a power meter at the position of the cell

Open Access Article. Published on 01 June 2026. Downloaded on 6/3/2026 5:38:04 AM.

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

(ec)

culture dishes, which were fixed at a distance of 5 cm from the light source.

the ability of LQM PSs to photocatalytically oxidize intracellular
NADH to NAD*, thereby perturbing the redox homeostasis within
cancer cells.

Then, we evaluated the intracellular ROS generation capabilities of
the LQM PSs using DCFH-DA as a total ROS indicator. As shown in Fig.
7c and Fig. S27,528, cells incubated with LQM-FN or LQM-FOO
exhibited a pronounced fluorescence increase upon irradiation,
indicative of efficient ROS-mediated oxidation of DCFH-DA to DCF.
Next, we employed HPF as a selective -OH indicator. Upon light
irradiation, significant fluorescence enhancement was observed in
the LOM-FN and LQM-FOO groups, confirming -OH production (Fig.
7c and Fig. $29,530). Importantly, comparable levels of ROS and -OH
generation were observed under both normoxic and hypoxic (2% O,
and <0.5% 03) conditions (Fig. 7c and Fig. S27-31). These results
highlight the O,-independent -OH-generating capability of LQM PSs,
demonstrating their therapeutic potential within the hypoxic tumor.

The cancer cell-killing performance of LQM PSs was subsequently
investigated. Calcein AM/PI dual staining was employed to
distinguish live and dead cells. In the absence of light irradiation,
negligible cell death was observed across all groups. Upon light
irradiation, both LQM-FN and LQM-FOO induced pronounced cell
death under both normoxic and hypoxic conditions (Fig. 7d).
Concentration-dependent cytotoxicity of LQM PSs was assessed
using the MTT assay (Fig. 7e and Fig. S32,533). While QM-FN
exhibited negligible phototoxicity, LQM PSs demonstrated minimal
dark toxicity but markedly enhanced cytotoxicity upon light
irradiation in a concentration-dependent manner. Specifically, under
normoxic conditions, light-irradiated cell viability was 13.4% and
13.0% for LQM-FN and LQM-FOO at 10 uM, with corresponding half
maximal inhibitory concentration (ICso) values of 1.06 pM and 1.18
UM, respectively, indicating exceptionally high phototoxic indexes
(>433) for both photosensitizers (Fig. S34,535). Notably, LOQM PSs
retained robust cancer cell killing efficacy even under hypoxic
conditions, where their 1Cso values were determined to be 1.61 uM
and 2.42 uM, respectively. Furthermore, both LQM-FN and LQM-
FOO significantly induced apoptosis under light irradiation, as
evidenced by the increased percentage of Annexin V/PIl double-
positive cells detected via flow cytometry under both normoxic and
hypoxic conditions (Fig. 7f and Fig. S36). These findings collectively
demonstrate that LQM PSs effectively induce tumor cell death via

10 | J. Name., 2012, 00, 1-3

-OH-specific phototherapy, highlighting their potential for
overcoming the challenges of solid tumors’ O,-deficient conditions.

In vivo multiplex imaging and phototherapy

Leveraging the multiplex imaging capabilities of LQM PSs, LOM-FN,
and LQM-FOO were intravenously administered into tumor-bearing
mice. Fluorescence imaging results demonstrated that LQM-FN@FA
NPs exhibited only limited tumor accumulation and underwent rapid
clearance from the body (Fig. 8a-c and Fig. S37,538). This behavior is
likely attributable to the tighter molecular stacking of LQM-FN, which
resulted in the formation of significantly larger nanoparticles with an
average size of approximately 405 nm (Fig. $39,540). In contrast,
LQM-FOO@FA NPs with an appropriate particle size (112 nm)
exhibited a gradually increasing fluorescence signal at the tumor site,
peaking at 18 hours and remaining clearly visible even 48 hours post-
injection (Fig. 8a,b and Fig. S37). Quantitative analysis of tumor-to-
muscle fluorescence intensity ratios showed that, LOM-FOO@FA NPs
achieved a peak ratio (3.4) at 18 hours and maintained it through 36
hours (Fig. 8c). Notably, LOM-FOO@NPs and LOQM-FOO@FA NPs
exhibited similar particle sizes (Fig. $39,540), yet LQM-FOO@FA NPs
demonstrated substantially enhanced tumor-targeting capability
compared with LOM-FOO@NPs (Fig. 8b,c and Fig. S41). This result
highlights the critical role of FA in enhancing tumor targeting. Ex vivo
fluorescence analysis of major organs at 12 hours post-injection
confirmed the in vivo imaging results (Fig. S38,541,542). Mice treated
with LOM-FOO@FA NPs yielded markedly enhanced fluorescence
signals in tumor tissue relative to muscle. These fluorescence
imaging results confirm that LQM-FOO@FA NPs could accumulate
and light-up tumor in living mice.

Next, we evaluated the in vivo photothermal and PA imaging
performance of the LQM PSs. Upon 5 minutes of 635 nm light
irradiation at the tumor site, QM-FN induced a negligible
temperature increase (AT = 1.8 °C, Fig. 8d,e). In contrast, both LQM-
FN and LQM-FOO exhibited sustained temperature elevations, with
AT of 16.6 °C and 33.3 °C, respectively (Fig. 8d,e and Fig. S43),
consistent with their PCE. Furthermore, LQM-FOO was intravenously
administered into tumor-bearing mice, and PA imaging results
showed a significant signal enhancement at the tumor site, with
sustained accumulation over a prolonged period (Fig. 8f,g). These in
vivo imaging results demonstrate that LQM PSs effectively integrate

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 Multiplex imaging in tumor-bearing mice. (a) /n vivo fluorescence imaging of SKOV3 xenograft tumor-bearing mice at different time
points following intravenous administration of LQM-FN@FA NPs or LOQM-FOO@FA NPs (0.5 mg mL™, 200 pL, Aex = 600 *+ 10 nm, Aem = 845 +
20 nm). (b) Tumor relative fluorescent intensity profiles following intravenous administration of LQM-FN@FA NPs, LQM-FOO@NPs, or LQM-
FOO@FA NPs. Data are expressed as the mean + SD of three independent mice. (c) Tumor-to-muscle fluorescent intensity ratios of LQM-
FN@FA NPs, LOQM-FOO@NPs, and LQM-FOO@FA NPs over 48 hours post-injection. Data are expressed as the mean + SD of three
independent mice. (d) In vivo photothermal imaging of SKOV3 xenograft tumor-bearing mice at different time points following administration
of QM-FN@FA NPs or LQM-FOO@FA NPs (under irradiation at 635 nm, 0.2 W cm?, irradiation time of 1 min corresponding to energy dose
of 12 J cm2). Note: The light power density was measured using a power meter at the position of the mice, which were fixed at a distance of
15 cm from the light source. (e) Temperature changes profiles following administration of QM-FN@FA NPs, LQM-FN@FA NPs, and LQM-
FOO@FA NPs. Data are expressed as the mean + SD of three independent mice. (f) In vivo photoacoustic imaging of SKOV3 xenograft tumor-
bearing mice at different time points following intravenous administration of LQM-FOO@FA NPs (Aex = 660 nm). (g) Tumor photoacoustic
intensity profiles extracted from the imaging results shown in panel f. Data are expressed as the mean + SD of three independent mice.
Statistical significance (P value) is calculated by two-sided t-test. ***P < 0.001.
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PSs. (b) Tumor volume of SKOV3 tumor-bearing mice after intravenous injection with PBS or LQM-FOO@FA NPs (0.5 mg mL?, 200 uL) along
without or with 635 nm light irradiation (0.2 W cm2, 20 min, irradiation time of 1 min corresponding to energy dose of 12 J cm2). Data are
expressed as the mean + SD of n = 5 mice. Note: The light power density was measured using a power meter at the position of the mice,
which were fixed at a distance of 15 cm from the light source. (c) Tumor photographs and (d) tumor weight of SKOV3 tumor-bearing mice
after different treatments. Data are expressed as the mean + SD of n = 5 mice. (e) Body weight of SKOV3 tumor-bearing mice during the
treatment period. Data are expressed as the mean + SD of n = 5 mice. (f) H&E staining of various organ sections from mice after different
treatments. Statistical significance (P value) is calculated by two-sided t-test. n.s.: not significant, ***P < 0.001.
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fluorescence, photothermal, and PA imaging modalities, offering a
robust platform for real-time diagnosis and treatment monitoring.

The tumor-targeting capability and potent cancer cell-killing
activity of LQM PSs motivated us to further assess their in vivo
antitumor efficacy in SKOV3 tumor-bearing mice. Mice were
randomly divided into three groups according to the treatment
workflow illustrated in Fig. 9a: (G1) PBS with light; (G2) LQM-FOO
without light; and (G3) LQM-FOO with light. When tumor volumes
reached approximately 100 mm?3 at day 7 post-inoculation, mice
received intravenous injections of either PBS or LOM-FOO@FA NPs
via the tail vein. At 48 h post-injection, tumors in G1 and G3 were
irradiated with a 635 nm light (0.2 W cm2, 20 min, irradiation time
of 1 min corresponding to energy dose of 12 J cm2). Under this
irradiation conditions, the photothermal effect was negligible (Fig.
S44), allowing us to specifically evaluate the therapeutic efficacy of
oxygen-chain photocatalytic therapy. Tumor progression in all
groups was subsequently monitored every two days.

Remarkably, tumor growth in G3 was significantly inhibited
relative to G1 and G2 (Fig. 9b-d). After 16 days of treatment, major
organs (heart, liver, spleen, lung, and kidney) were harvested for
hematoxylin and eosin (H&E) staining, which showed no discernible
pathological abnormalities (Fig. 9f). In addition, the body weight of
all mice steadily increased throughout the study (Fig. 9e), confirming
the favorable biosafety profile of LQM PSs in vivo. Importantly,
histological analysis of tumors from G3 revealed extensive cellular
destruction and significant suppression of tumor proliferation (Fig.
9f). Collectively, these findings provide compelling evidence for both
the biosafety of LQM PSs and therapeutic efficacy of the H,0-0,--OH
oxygen-chain cascade photogeneration strategy in tumor treatment.
Their ability to integrate multiplex imaging with O,-independent in
situ -OH-specific phototherapy establishes LQM PSs as promising
candidates for advanced theranostic applications.

Conclusions

This work presents a novel LQM scaffold core that allows O,-
independent in situ -OH-specific photogeneration from H,0 in
biological tissues. Chemistry innovation in LQM core—acceptor
relocation with long-range ICT, has successfully resolved the
long-standing PDT challenge of the therapeutic efficiency and
hypoxic limitation. This major breakthrough for photocatalytic
therapy is enabled by an unprecedented H,0-0,--OH oxygen-chain
cascade photochemical pathway, and realizes evolution from
H,O into -OH via a consecutive oxidation and electron transfer
process, which cannot be achieved by the classical Haber-Weiss
pathway.

With the single-crystal analysis, electron spin resonance
spectroscopy, electrochemical characterization, isotopic mass
spectrometry, and theoretical calculations, we demonstrated
that the acceptor relocation within LQM could orchestrate
oxygen-chain photochemical pathway both in thermodynamic
and kinetic perspectives: (i) The finely regulated
oxidation/reduction potentials of LQM PSs thermodynamically
favor the activation of the H,0-0,--OH oxygen-chain pathway,
theoretically allowing -OH-specific photogeneration
independent of ambient Ox. (ii) LQM PSs exhibit markedly long-

This journal is © The Royal Society of Chemistry 20xx
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range ICT, promoting more effective electron-holg separation
(1.82 A) and thereby accelerating the kiReti¢Qpr5igresSie 3098
have expanded this molecular engineering method to other D-
1t-A featured dyes that span the visible, NIR-I, and NIR-Il range
with oxygen-chain properties, demonstrating the
generalizability of our platform. Notably, LOM PSs exhibit
robust Oz-independent photocytotoxicity at the cellular level,
excellent tumor suppression efficacy and biosafety in vivo,
underscoring their translational potential. Beyond its practical
utility, this design paradigm opens new avenues beyond
traditional donor-acceptor strength modulation strategies of
organic fluorophores. Taken together, our study highlights how
innovative molecular design can overcome longstanding
limitations in phototherapy, laying the groundwork for
advanced therapeutic strategies that promise greater efficacy,
safety, and personalization in future clinical practice.
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