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Photodynamic therapy (PDT) has emerged as a critical modality in cancer treatment with the merits of non-
invasiveness, spatiotemporal control, and minimal drug resistance. However, the clinical application of PDT
is often hindered by inherent limitations, including side effects caused by the "always on” state of reactive
oxygen species (ROS) and low ROS generation efficiency in hypoxic tumors. To overcome these limitations,
we developed a tumor microenvironment (TME) “dual lock-and-key" triggered and endoplasmic reticulum
PDT and
photothermal therapy (PTT). This “smart” nanophotosensitizer remains in an “off” state during systemic

(ER) targeting nanophotosensitizer for fluorescence imaging-guided activatable Type-|

circulation, and is specifically activated only in the acidic and GSH-overexpressed TME ("on” state), where
its fluorescence, ROS generation, and photothermal conversion capabilities are restored, leading to
precise and enhanced phototherapies at tumor sites while minimizing side effects. Sulfur-substituted and
ER-targeting hemicyanine induces a large red-shift in absorption, simultaneously generating Type-I ROS
and producing a photothermal effect in the ER, thereby enhancing protein deactivation and ER stress.

Comprehensive in vitro and in vivo investigations demonstrated that the TME dual triggered activatable
Received 13th March 2025 hot it NIR | irradiati tectively kills t it d significantl
Accepted Oth June 2025 nanophotosensitizer, upon aser irradiation, effectively kills tumor cells, and significantly suppresses
tumor growth through fluorescence imaging-guided Type-I PDT and PTT. This work provides a pathway

DOI: 10.1039/d55c01987g for developing TME-triggered precise phototherapeutics with improved biosafety and potential for

rsc.li/chemical-science clinical translation.

PDT."”*®* These intelligent nanophotosensitizers remain in
a quenched “off” state in blood circulation and healthy tissues

Introduction

Photodynamic therapy (PDT) has emerged as a highly effective
anticancer strategy, utilizing photosensitizers (PSs) to generate
cytotoxic reactive oxygen species (ROS) to kill tumors upon light
irradiation."® Compared to conventional treatments like
surgery, chemotherapy, and radiotherapy, PDT exhibits distinct
advantages including spatiotemporal
control, and minimal drug resistance.”*® However, the “always
on” state of ROS results in systematic side effects such as skin
sensitization, swelling, and organ damage.'**® The develop-
ment of activatable nanophotosensitizers provides the oppor-
tunity to significantly reduce the systematic side effects of

non-invasiveness,
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and can only be activated upon encountering specific stimuli.*
The specific tumor microenvironment (TME), characterized by
dysregulated enzymes,* hypoxia,>* redox imbalances,” and
acidic pH,* plays an essential role in dynamically modulating
cancer progression and influencing the outcomes of cancer
treatment.>*** TME-triggered activatable nanophotosensitizers
represent one of the most promising strategies, providing
obvious advantages in boosting the therapeutic efficacy in
tumor sites while minimizing side effects.>**” Although exten-
sive efforts have been devoted to the construction of TME-
triggered nanophotosensitizers, most of them have focused on
single-pathological parameter activatable nano-
photosensitizers, which are insufficient to distinguish the
complex and dynamic TME, potentially resulting in nonspecific
activation and even “false positive” results.”® Thus, it is more
effective and practical to develop activatable
photosensitizers relying on cooperative activation by multi-
pathological parameters, which significantly reduces
interference signals from normal tissues. However, difficulties

nano-
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in molecular design and complex synthesis limit the develop-
ment of nanophotosensitizers that are collectively activatable by
multi-pathological-parameters.

The synthetic accessibility of hemicyanine dyes, coupled
with their distinctive donor-m-acceptor (D-7-A) architecture
and NIR absorption/emission characteristics, establishes an
ideal foundation for developing activatable
nanophotosensitizers.”>' A lot of hemicyanine dyes with
different functions have been explored, exhibiting promising
potential in tumor diagnosis and treatment.**~** These systems
offer distinct advantages over conventional cyanine-based dyes
(such as Cy7 and ICG), including reduced molecular dimen-
sions, enhanced structural stability, and improved biocompat-
ibility.*® The intramolecular charge transfer (ICT) process
between donor and acceptor moieties facilitates Type-I ROS
generation, NIR fluorescence modulation, and versatile func-
tionalization, enabling significant advancements in biomarker-
targeted hemicyanine-based activatable
nanophotosensitizers.*** However, the visible light absorption
of hemicyanine limits the tissue permeation of light, which
significantly decreases the phototherapeutic efficacy of hemi-
cyanine. Recent structural optimization strategies, particularly
oxygen-to-sulfur substitution, have demonstrated a significant
red-shift in absorption and enhanced photothermal conversion
efficiency, enabling near-infrared absorption induced deeper
tissue penetration, and synergistic PDT/PTT within a single
molecular framework.*>*° Thus, the construction of an activat-
able nanophotosensitizer based on sulfur-substituted hemi-
cyanine with an orthogonal and pathological parameter-
responsive vehicle provides a promising and versatile strategy
for precise and activatable combined photodynamic and pho-
tothermal therapies (Scheme 1).

Herein, we report a “dual lock-and-key” controlled and
endoplasmic reticulum (ER)-targeting nanophotosensitizer
(denoted as CySD@POD) for NIR fluorescence-guided activat-
able phototherapies. The “smart” nanophotosensitizer consists
of a pH-responsive polymeric vehicle (POD) and a sulfur-
substituted hemicyanine photosensitizer (CySD) with 2,4-dini-
trobenzenesulfonyl (DNBS) as a quenching unit and 4-methyl-
benzenesulfonamide as an ER-targeting unit. The “dual lock-
and-key” controlled and ER-targeting nanophotosensitizer
CySD@POD possesses the following advantages: (1) The pH and
over-expressed GSH in the TME act as two independent activa-
tion keys for the dual locked nanophotosensitizer, which turn
on fluorescence, as well as photodynamic and photothermal
therapeutic functions, leading to precise cancer treatment and
reduced side effects. (2) ER-targeting Type-I PDT of the nano-
photosensitizer not only overcomes the dependence of PDT on
oxygen levels, but also enhances the ER stress via ROS generated
during PDT, giving rise to enhanced PDT. (3) The sulfur-
substitution of hemicyanine results in a red-shift of the
maximum absorption to the NIR window and strong photo-
thermal capability, promoting tissue penetration and
enhancing phototherapeutic outcomes by combined NIR Type-I
PDT and PTT. The pH/GSH dual-triggered activation of fluo-
rescence, ROS, and heat generation of CySD@POD were
explored. Comprehensive in vitro and in vivo evaluations were
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Scheme 1 Schematic diagram of the synthesis and therapeutic
process of “dual lock-and-key" triggered and endoplasmic reticulum
targeting nanophotosensitizers with pH/GSH dual-triggered activation
of near infrared fluorescence, photothermal, and photodynamic
properties.

performed to verify ER-specific localization, phototoxicity, and
potent tumoricidal efficacy. The TME dual-activated Type-I
nanophotosensitizer provides a promising pathway for precise
cancer treatment.

Results and discussion
Synthesis and GSH-activated properties of CySD

The phototherapeutic agent CySD consists of three parts,
incorporating hemicyanine as the fluorophore core, a 4-meth-
ylbenzenesulfonyl group for ER targeting, and DNBS as the
quenching and GSH-activated moiety. The synthetic processes
are provided in Scheme S1 (ESIt). CyS, which was first synthe-
sized by the coupling of hemicyanine and ER-targeting moie-
ties, exhibits strong NIR absorption and fluorescence. When
CyS was linked with the quenching unit DNBS, the resulting
CySD shows blue shifted absorption and limited fluorescence
(Fig. 1A and B). The chemical structures of CySD, intermediate
compounds, the oxygen-substituted hemicyanine Cy-O-OH and
the sulfur-substituted hemicyanine Cy-S—-OH were confirmed by
detailed comprehensive characterization, including 'H NMR,
3C NMR, and high-resolution mass spectrometry (Scheme S2
and Fig. S1-S13+). The optical properties of Cy-O-OH and Cy-
S-OH were analysed and compared. The -corresponding

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) The normalized UV-vis absorption spectra and (B) the

fluorescence spectra of CyS and CySD. (Ae,: 720 nm). (C) The UV-vis
absorption spectra and (D) the fluorescence spectra changes of CySD
(20 uM) in response to different concentrations of GSH. (E) Variation of
absorbance at 725 nm and (F) fluorescence intensity at 780 nm of
CySD (20 uM) with response time to GSH (20 uM). (G) The selectivity
experiments of CySD (5 uM) toward biothiols and various amino acids
(100 uM). (H) *H NMR spectrum of CySD in response to GSH.

chemical structures of Cy-O-OH and Cy-S—-OH are provided in
Fig. S14A.f Moreover, the comparison of optical properties
between Cy-S-OH and Cy-O-OH is presented in Fig. S14B-P.} It
is obvious that Cy-S-OH possesses red-shifted absorption and
fluorescence wavelengths, and greater ROS generation capa-
bility than Cy-O-OH. Moreover, density functional theory (DFT)
was used to study the optical behavior of Cy-S-OH. It was
revealed that the sulfur-substituted hemicyanine exhibits
a lower HOMO-LUMO energy gap and a lower singlet-triplet
energy gap than its oxygen-substituted counterpart (Fig. S157),
indicating a higher ISC rate and better ROS generation in PDT
compared to Cy-O-OH. The results were consistent with
previous publications,*** in which Cy-S-OH exhibited a lower
fluorescence quantum yield, and higher singlet oxygen
quantum yield and photothermal conversion efficiency than
Cy-O-OH.

GSH, a key intracellular reducing agent, is significantly over-
expressed in the TME, with concentrations often exceeding 4
times than those in normal cells.**** The GSH-activated behavior
of CySD was evaluated. A concentration-dependent conversion
from CySD to CyS was observed from UV-vis absorption spectra,
where the absorbance at 600 nm decreased while the absorbance
at 725 nm increased progressively with GSH concentration
(Fig. 1C and S167). Corresponding fluorescence spectra demon-
strated a gradual enhancement in emission intensity of CySD
with increasing GSH levels, confirming the sensitive activation of
CySD and its potential as a TME-activated PS (Fig. 1D and S177).
Meanwhile, CySD presents a rapid temporal response to GSH,
confirmed by the rapidly increased absorption at 725 nm and
fluorescence emission at 780 nm, reaching saturation within 30
minutes, suggesting that CySD can be efficiently activated by GSH
(Fig. 1E, F, S18 and S197). Selectivity studies showed that GSH and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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similar thiols such as cysteine (Cys) and homocysteine (Hcy)
induced increased fluorescence (Fig. 1G). In contrast, other
amino acids, such as Asp, Asn, and Arg, failed to induce fluo-
rescence activation. Given the elevated levels of biothiols, partic-
ularly GSH, in tumor cells, these results suggest significantly
higher selectivity of CySD in cancer cells than normal cells. The
reaction mechanism between CySD and GSH was further eluci-
dated from the "H NMR spectrum (Fig. 1H). Upon GSH addition,
CySD undergoes nucleophilic substitution with the sulfhydryl
group, leading to the release of the DNBS moiety. This is evi-
denced by significant upfield shifts in the proton signals of CySD
and DNBS. The strong electron-withdrawing group DNBS initially
inhibits the ICT process of CySD. Upon DNBS cleavage, the charge
transfer within the fluorophore molecule is restored, resulting in
fluorescence recovery. This mechanism underscores the design
rationale for the activatable behavior of CySD in the TME.

The photodynamic and photothermal properties of CySD
could be effectively triggered by GSH nucleophilic substitution
and subsequent DNBS cleavage. There are generally two types of
PDT: Type-I PDT produces hydroxyl radicals or superoxide
anion radicals through electron transfer or hydrogen
abstraction-based photoreactions once the photosensitizer
absorbs photons, and Type-II PDT generates singlet oxygen via
an energy transfer mechanism. Thus, Type-I PDT is less
dependent on the availability of O,, which is promising in
hypoxic tumor treatment.* 3,3',5,5'-Tetramethylbenzidine
(TMB) and dihydroethidium (DHE) were used as specific probes
to detect the generated -OH and O, -, respectively.*® Upon GSH
addition, the absorbance at 650 nm for TMB solution contain-
ing CySD under 750 nm light irradiation increased 11-fold,
demonstrating substantial -OH production by the GSH-
activated Type I photodynamic reaction of CySD under laser
irradiation (Fig. 2A and S207). Similarly, the fluorescence of
DHE significantly enhanced in the presence of GSH, confirming
robust O, " generation by GSH-activated photodynamic prop-
erties of CySD (Fig. 2B and S21%).
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Fig.2 (A) Absorbance variation of TMB at 650 nm with PBS, CySD and

CySD + GSH under light irradiation at predetermined time points. (B)
Fluorescence intensity changes of DHE at 610 nm with PBS, CySD and
CySD + GSH under light irradiation at predetermined time points.
Laser: 750 nm, 0.1 W cm~2. (C) Photothermal heating curves of PBS,
CySD and CySD + GSH under light irradiation. Photothermal heating
curves of CySD + GSH (D) at different laser powers and (E) concen-
trations. (F) The heating and cooling curves of CySD + GSH. Laser:
750 nm, 0.5 W cm™2.
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The photothermal properties of CySD were evaluated before
and after GSH activation. The photothermal performance of
CySD was markedly reduced because of the introduction of
DNBS, with the solution temperature increasing by only 16 °C
(from 23 to 39 °C) under light irradiation. In contrast, GSH-
activated CySD solution exhibited a dramatic temperature rise
of 34 °C (from 23 to 57 °C), achieving photothermal perfor-
mance comparable to that of CyS (Fig. 2C). Further character-
ization revealed that the GSH-triggered photothermal
performance of CySD was concentration- and laser power-
dependent, with the GSH-activated system demonstrating
a calculated photothermal conversion efficiency of 37.7%
(Fig. 2D-F). Moreover, the photostability of CySD in GSH solu-
tion was assessed through a heating-cooling process. After
three heating—cooling circles, the increased temperature still
remained above 50 °C (Fig. S227t), indicating the good photo-
stability of CySD in a GSH-rich environment. These results
collectively demonstrate that CySD functions as a GSH-triggered
phototherapeutic agent with both Type I photodynamic and
photothermal capabilities, making it a promising candidate for
precise cancer therapy in the GSH-overexpressed TME.

Preparation and acid-responsive
properties of CySD@POD

Although CySD exhibits excellent GSH-activated photodynamic
and photothermal properties, its clinical application is
hindered by its poor tumor targeting, low aqueous solubility,
and short circulation time. To address these challenges, an
acid-responsive amphiphilic block copolymer, POD, was
prepared via RAFT polymerization and utilized as a TME-
responsive vehicle. The synthesis and characterization of POD
are presented in Scheme S3 and Fig. S23 and S247, respectively.
Subsequently CySD@POD nanoparticles were obtained through
nanoprecipitation of CySD and POD. The resulting nano-
particles feature a core-shell structure, with hydrophilic
POEGMA chains forming the outer shell and hydrophobic DPA
blocks encapsulating CySD in the core. Under acidic conditions
(pH < 7), the protonation of tertiary amine groups in POD
triggers a hydrophilic transition, leading to nanoparticle
dissociation (Fig. 3A). UV-vis absorption spectra of CySD@POD
exhibited the characteristic absorption peak of CySD at 600 nm,
indicating the successful loading of CySD (Fig. 3B). Dynamic
light scattering (DLS) analysis revealed a hydrodynamic diam-
eter of 150 nm, while the transmission electron microscopy
(TEM) image demonstrated a uniform spherical morphology
(Fig. 3C). Stability studies in PBS (pH = 7.4) showed no signif-
icant changes in hydrodynamic diameter or polydispersity
index (PDI) over one week, confirming excellent colloidal
stability (Fig. S257).

The pH-triggered dissociation behavior of CySD@POD
nanoparticles was investigated. The DLS curve of CySD@POD
nanoparticles at pH 5.5 showed a bigger hydrodynamic size and
a bimodal size distribution; the TEM image also revealed an
irregular morphology (Fig. 3D). The standard curve of CySD was
established based on the absorbance at 600 nm (Fig. S267). The
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Fig. 3 (A) Schematic illustration of the pH-responsive release of
CySD@POD assemblies. (B) UV-vis absorption curves of CySD and
CySD@POD. Hydrodynamic size distributions and the inset shows the
TEM image of CySD@POD in PBS solution at (C) pH =7.4 and (D) pH =
5.5. (E) CySD release profiles of CySD@POD at different pH values. (F)
UV-vis absorption spectra and (G) fluorescence spectra of CySD@POD
before and after response to GSH. (H) Absorbance variation of DPBF at
425 nm with PBS, CySD@POD and CySD@POD + GSH under light
irradiation at predetermined time points. Laser: 750 nm, 0.1 W cm™2. (1)
Photothermal heating curves of PBS, CySD@POD and CySD@POD +
GSH in PBS. (J) Photothermal images of CySD@POD before and after

response to GSH under light irradiation. (K) Three cycles of heating—

cooling processes of CySD@POD + GSH. Laser: 750 nm, 0.5 W cm™2.

loading efficiency of CySD in CySD@POD was calculated to be
ca.71% (Fig. 3E). Furthermore, the absorption of CySD@POD
decreased with prolonged acid exposure time, potentially due to
the precipitation of released CySD in PBS (Fig. S27t). These
results collectively demonstrate the acid-triggered disassembly
of CySD@POD nanoparticles, highlighting their potential for
acidic TME-triggered drug delivery.

pH and GSH dual-triggered activation of photodynamic and
photothermal properties of CySD@POD

The pH and GSH dual-triggered activation of the optical prop-
erties of CySD@POD nanoparticles was subsequently investi-
gated. As anticipated, the maximum absorption peak of
CySD@POD solution exhibited a characteristic red shift from
600 nm to 725 nm following exposure to both weak acidity and
GSH (Fig. 3F). Concurrently, the dual pH/GSH activation
induced a remarkable 5-fold increase in fluorescence intensity,
transitioning from a nearly non-fluorescent state to strong
emission (Fig. 3G). The fluorescence quantum yields (QYs) of
CyS, CySD, and CySD@POD were determined to be 0.11%,
0.005%, and 0.004%, respectively. These results validate that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the double locked CySD@POD nanoparticles need both weak
acidity and GSH as two keys for the activation of optical prop-
erties, highlighting their potential for safe and precise cancer
treatment in the specific acidic and GSH-overexpressed TME.

1,3-Diphenylisobenzofuran (DPBF) was employed as a ROS
detection probe.*” The absorbance of DPBF at 425 nm decreased
more rapidly in the presence of pH/GSH dual-activated
CySD@POD, demonstrating enhanced ROS production
capacity upon activation (Fig. 3H and S28t). Photothermal
performance evaluation revealed a substantial temperature
increase of 25.5 °C for pH/GSH-activated CySD@POD,
compared to only 10.8 °C for CySD@POD alone (Fig. 3I). These
findings were corroborated by infrared thermal imaging, which
visually demonstrated the enhanced photothermal effect of pH/
GSH-activated CySD@POD under laser irradiation (Fig. 3] and
S2971). In addition, no decrease in the maximum temperature of
the mixed solution of CySD@POD nanoparticles and GSH was
observed after three heating-cooling cycles (Fig. 3K), indicating
the excellent photostability of CySD@POD nanoparticles even at
high GSH levels. The combined Type-I PDT and PTT of activated
CySD@POD can exhibit outstanding tumor killing effects, since
ROS produced in PDT could deactivate the heat shock proteins
(HSP) generated during PTT, and the heating and Type I PDT
reactions overcome the oxygen-dependence of traditional
PDT.*** The observed “off-on” fluorescence transition, coupled
with pH/GSH-activated photodynamic and photothermal capa-
bilities, positions CySD@POD as a promising theranostic plat-
form for imaging-guided phototherapies.

ER localization and ROS production of CySD@POD in vitro

Building on the demonstrated pH and GSH dual-triggered
activation properties of CySD@POD, in vitro studies was next
investigated. Cellular uptake of CySD@POD was evaluated by
confocal laser scanning microscopy (CLSM) to compare inter-
nalization between tumor cells (B16-F10 mouse melanoma) and
normal cells (L929 mouse fibroblasts). As shown in Fig. 4A, B16-
F10 cells demonstrated time-dependent fluorescence enhance-
ment, while L929 cells exhibited negligible red fluorescence
after 12 h of incubation, confirming enhanced tumor cellular
uptake and TME-triggered activation of CySD@POD (Fig. S307).
The ER-targeting capability of CySD@POD, mediated thourgh 4-
toluenesulfonyl group interactions with sulfonylurea receptors
on the ER membrane, was confirmed via colocalization with ER
Tracker Green (a commercially available ER-specific fluorescent
probe). CLSM imaging of B16-F10 cells incubated with
CySD@POD for 24 h revealed strong colocalization (Pearson's
coefficient = 0.96) between the green ER marker and red
CySD@POD fluorescence (Fig. 4B and S317). The fluorescence
intensity profile further confirmed precise ER localization, with
overlapping red and green fluorescence patterns (Fig. 4C).*
This targeted delivery is particularly significant given the critical
role of the ER in maintaining cellular homeostasis and cell
death.

Intracellular ROS generation was evaluated using 2/,7'-
dichlorodihydrofluorescein diacetate (DCFH-DA) as a fluores-
cent probe in B16-F10 tumor cells.’® Bright green fluorescence

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1929 and B16-F10 cells at different time points. (B) Confocal fluores-
cence images of B16-F10 cells co-stained with CySD@POD (5 puM, Aex
=561 nm and A¢y = 600 + 26 nm) and commercial dyes ER Tracker
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analysis of selected regions in confocal fluorescence images. (D)
Detection of intracellular ROS in B16-F10 cells using DCFH-DA (Aex =
488 nm and Aem = 525 £+ 25 nm). (E) Quantification of green fluo-
rescence intensity from DCFH-DA stained fluorescence images. (F)
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in the CySD@POD + L group contrasted sharply with the control
groups, demonstrating efficient ROS production by activated
CySD@POD in tumor cells (Fig. 4D and E). Furthermore,
intracellular O, - generation was evaluated using DHE as the
probe. Upon light irradiation, bright red fluorescence was
observed in the cells treated with CySD@POD nanoparticles
(Fig. 4F), and comparison of relative fluorescence intensity
illustrated that CySD@POD possessed excellent Type-I photo-
dynamic activity in tumor cells upon light irradiation (Fig. 4G).
The accumulation of excessive ROS within the ER induces ER
stress, which at severe levels triggers apoptotic pathways; thus
the dual-locked TME-triggered phototherapeutic system
CySD@POD provides a mechanism for specific tumor cell
destruction while minimizing off-target effects.

In vitro cytotoxicity of CySD@POD

Encouraged by the excellent intracellular ROS generation capa-
bility and ER localization of CySD@POD, the in vitro cytotoxicity
of CySD@POD was evaluated using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay.> As shown in
Fig. 5A, CySD@POD demonstrated excellent cytocompatibility
with normal cells (L929), maintaining over 82% cell viability
across the tested concentration range. In contrast, CySD@POD
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exhibited concentration-dependent phototoxicity under 750 nm
light irradiation against tumor cells (B16-F10), with cell viability
decreasing to 30% at 10 uM (Fig. 5B). The enhanced cytotoxicity
under NIR light irradiation can be attributed to the acidic and
elevated GSH levels in the TME, which act as the “dual lock-and-
key”, triggering the activation of CySD@POD, and leading to
cellular photodamage. In addition, it has been reported that the
combination of ER targeting and high levels of ROS in PDT could
induce serious oxidative damage to the ER of tumor cells, leading
to ER stress, cell apoptosis and pyroptosis.*** Thus, the control
sample, CySH@POD nanoparticles, was prepared through the co-
assembly of sulfur-substituted hemicyanine Cy-S-OH and POD,
possessing no endoplasmic reticulum targeting ability. And the
cytotoxicity of CySH@POD and CySD@POD nanoparticles against
B16-F10 tumor cells were evaluated under identical conditions.
Compared with cells treated with the ER-targeting CySD@POD
nanoparticles, those treated with CySH@POD exhibited signifi-
cantly higher cell viability upon light irradiation, indicating that
the incorporation of endoplasmic reticulum-targeting function-
ality significantly enhances the tumor cell-killing efficacy of the
nanophotosensitizer. Notably, CySD@POD nanoparticles exhibi-
ted outstanding tumor cell-killing capability even under hypoxic
conditions, owing to the combined benefits of ER targeting,
activated Type-I photodynamic and photothermal effects
(Fig. 5C).

To visualize the therapeutic effects, live-dead cell staining
was performed using calcein AM (green channel, staining live
cells) and propidium iodide (PI, red channel, staining dead
cells). CLSM images revealed that B16-F10 cells treated with
CySD@POD in the dark exhibited predominantly green
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Fig.5 (A) The cell viability of POD, CySD@POD, and CySD@POD + Lin

L929 cells under normoxic conditions. (B) The cell viability of POD,
CySD@POD, CySH@POD + L, and CySD@POD + L in B16-F10 cells
under normoxic conditions. (C) The cell viability of POD, CySD@POD,
CySH@POD + L, and CySD@POD + L in B16-F10 cells under hypoxic
conditions. (D) Calcein AM (green) and Pl (red) co-staining fluores-
cence imaging of B16-F10 and L929 cells after different treatments.
Scale bar: 100 pm. Laser: 750 nm, 0.5 W cm™2, 5 min. *p < 0.05, **¥p <
0.001, and ****p < 0.0001.
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fluorescence, confirming the minimal cytotoxicity of
CySD@POD without light irradiation (Fig. 5D). The PBS + L
group serving as the control confirmed the safety of the irradi-
ation parameters. Under 750 nm light irradiation, B16-F10 cells
treated with CySD@POD showed intense red fluorescence,
indicating widespread cell death, while L929 cells remained
viable under the same conditions. These results demonstrate
the exceptional phototherapeutic selectivity of CySD@POD,
with strong tumor-killing efficiency under NIR irradiation and
minimal off-target effects, highlighting its potential for acti-
vatable and precise cancer phototherapies.

In vivo phototherapy evaluation

The in vivo therapeutic efficacy of CySD@POD was evaluated. A
xenograft tumor model was established by subcutaneously
injecting B16-F10 cells into BALB/c mice. The mice were
randomly divided into four treatment groups: (1) PBS injection
alone (PBS), (2) PBS injection with laser irradiation (PBS + L), (3)
CySD@POD injection alone (CySD@POD), and (4) CySD@POD
injection with laser irradiation (CySD@POD + L). The treatment
processes and timeline are illustrated in Fig. 6A. The bio-
distribution and tumor accumulation of CySD@POD were
preferentially assessed and monitored using an in vivo imaging
system. As shown in Fig. 6B, fluorescence at the tumor site
increased progressively over time, indicating that CySD@POD
nanoparticles effectively accumulated at the tumor site via the
EPR effect, disassembled and released the phototherapeutic
agent CyS. The fluorescence intensity profiles of CySD@POD in
the tumor sites at different time points were plotted, as shown
in Fig. $32.1 The maximum fluorescence intensity was observed
at 24 h post-injection, establishing this time point as the
optimal window for laser irradiation.

To further quantify the biodistribution, tumors and major
organs were harvested 24 h post-injection of CySD@POD and
and subjected to ex vivo fluorescence imaging (Fig. S33t). The
tumor exhibited the highest fluorescence intensity, followed by
the liver and spleen, confirming efficient tumor accumulation
and subsequent clearance through hepatic and splenic path-
ways. These results underscore the tumor-specific accumulation
and favorable pharmacokinetics of CySD@POD, supporting its
potential for precise phototherapies with enhanced biosafety.

The therapeutic efficacy of CySD@POD was evaluated by
monitoring tumor volumes over a 14-day treatment period. As
shown in Fig. 6C, rapid tumor growth was observed in the PBS,
PBS + L, and CySD@POD groups, with tumor volumes
increasing 5-fold approximately by day 14, confirming that
neither laser irradiation alone nor CySD@POD without light
irradiation could inhibit tumor progression. In contrast, the
CySD@POD + L group exhibited significant tumor suppression
under laser irradiation, demonstrating the outstanding photo-
therapeutic efficacy of CySD@POD with both TME-activation
and light irradiation. On day 14, tumors were excised and
weighed, with the CySD@POD + L group showing the smallest
tumor mass, further validating its potent antitumor effects
(Fig. 6D). Notably, no significant body weight loss was observed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Schematic diagram showing the process of in vivo tumor
studies in mice. (B) In vivo fluorescence imaging of mice after
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across all treatment groups, underscoring the excellent
biosafety profile of CySD@POD (Fig. 6E).

Histopathological analysis of tumor tissues provided addi-
tional support for assessing the therapeutic efficacy of
CySD@POD. Hematoxylin and eosin (H&E) staining revealed
extensive tumor cell destruction in the CySD@POD + L group
compared to the control groups (Fig. 6F). Inmunohistochem-
ical staining for Ki67 (a proliferation marker) and TUNEL (an
apoptosis indicator) confirmed that CySD@POD-mediated
phototherapy significantly suppressed tumor cell proliferation
while promoting apoptosis.

In addition, the in vivo metabolism of the nano-
photosensitizer was assessed. Considering there's no GSH
overexpression in blood and major organs, CyS@POD nano-
particles (6.0 mg kg™') were used for tail veil injection and
analysis instead of CySD@POD nanoparticles.

The fluorescence changes of CyS@POD in blood over time
after tail veil injection were plotted, as shown in Fig. S34.7 The
results revealed that the drug concentration reached the
maximum after 1 h of administration in mice. With the passage
of time, the blood concentration gradually decreased and the
drug was completely eliminated after 24 h of administration,
indicating that CyS@POD can be stably metabolized in the
blood. In addition, the fluorescence of CyS@POD was mainly
distributed in the liver, and decreased substantially in main

© 2025 The Author(s). Published by the Royal Society of Chemistry
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organs after 48 h (Fig. S35f), demonstrating that the
nanophotosensitizer was efficiently metabolized through the
organs with low long-term toxicity. To further assess systemic
safety, H&E staining of major organs (heart, lungs, spleen,
kidneys, and liver) was performed, showing no evidence of
significant tissue damage or pathological abnormalities in any
treatment group (Fig. S36f). These findings collectively
demonstrate that the combined PDT and PTT effects of
CySD@POD in the TME integrate exceptional biocompatibility
with potent tumor-killing capabilities, highlighting its strong
potential for clinical application in cancer treatment.

Conclusions

In summary, a TME “dual-lock and key” triggered nano-
photosensitizer, CySD@POD, was developed for activatable
combined photodynamic and photothermal therapies. Upon
exposure to acidic GSH solution, the fluorescence, ROS gener-
ation, and photothermal capabilities of CySD@POD were
simultaneously activated, as confirmed by strong NIR fluores-
cence, enhanced -OH and O, - generation, and high photo-
thermal conversion efficiency. CySD@POD exhibited effective
ER-targeting with ER colocalization with the commercial ER
Tracker Green reaching as high as 96%. In vitro studies revealed
that CySD@POD nanoparticles exhibit high phototoxicity to
tumor cells, with almost negligible toxicity to normal cells.
Additionally, in vivo studies demonstrated that CySD@POD
nanoparticles could accumulate at tumor sites and, upon acti-
vation by the weakly acidic and GSH-overexpressed TME, induce
enhanced photodynamic and photothermal effects, thereby
inhibiting tumor growth. It presents a promising approach for
the development of activatable multifunctional photo-
therapeutic platforms.
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