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Conventional photodynamic therapy (PDT) is less effective in solid tumors owing to Type-II PDT mechanism’s
reliance on oxygen (O3), which is scarce in hypoxic environments. Most hydrophobic photosensitizers have poor
water solubility, complicating their formulation and delivery. To address these challenges, Ce6@Co nano-
particles (a hypoxia-adaptive nanoplatform) were developed via coordinating Co?" ions with chlorin e6 (Ce6),
exhibiting uniform size (~230 nm), enhanced dispersibility, and colloidal stability. These nanoparticles generate
dual-mode reactive oxygen species (ROS): Type-Il 'O, via PDT under 670 nm irradiation and oxygen-
independent hydroxyl radical (-OH) via Co?*-mediated Fenton-like reactions. In vitro, Ce6@Co nanoparticles
demonstrated superior cellular uptake and robust ROS amplification, and reduced squamous cell carcinoma
(SCC7) cell viability to 34.4 % under normoxia and 20.48 % under hypoxia via synergistic photodynamic and
chemodynamic (PDT-CDT) effects, causing considerable apoptosis. In vivo, intratumoral administration of
Ce6@Co nanoparticles via laser irradiation completely suppressed tumors in SCC7 tumor-bearing mice. This
effect was attributed to favorable intratumoral distribution, enhanced retention, and synergistic PDT-CDT. No
systemic toxicity was observed, as indicated by stable body weight, normal serum biomarkers, and unchanged
organ histology. The Co?"-coordinated photosensitizer system uses hypoxia-elevated HyOy to sustain CDT,
effectively overcoming conventional PDT’s oxygen dependence and offering a safe and effective dual-modal
therapeutic strategy for hypoxic solid tumors.

1. Introduction

Photodynamic therapy (PDT) uses photosensitizers (PSs) to generate
cytotoxic singlet oxygen (*O,) via a Type-Il mechanism, selectively
targeting malignant tumor cells under light activation in oxygenated
environments (Alsaab et al., 2020; Huis In't Veld et al., 2023; Lan et al.,
2019). Although effective in normoxic conditions, this oxygen-
dependent process faces critical limitations in hypoxic tumor microen-
vironments (TME) owing to restricted l02 production, and diminishes
therapeutic efficacy (An et al., 2022; Gunaydin et al., 2021; Lan et al.,
2019). PDT also consumes molecular oxygen (O3) during irradiation,
exacerbating hypoxia and triggering adverse outcomes such as tumor
angiogenesis and metastasis (Chai et al., 2023; Wei et al., 2021). This
oxygen depletion occurs when photochemical Oy consumption exceeds
the rate of diffusion from vasculature, particularly in poorly perfused
solid tumors (An et al., 2022).

Various PSs, including porphyrins, chlorins, phthalocyanines, syn-
thetic dyes, metal complexes, and natural products, are used in
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biomedical applications, particularly PDT in cancer and infectious dis-
eases (Abrahamse and Hamblin, 2016; Correia et al., 2021; Escudero
et al., 2021; Wen et al., 2024). Among them, chlorin e6 (Ce6), a second-
generation PS, has attracted attention for PDT use in cancer and other
biomedical applications (Hak et al., 2023; Kim and Chang, 2023). Ce6
has a high 10, quantum yield, strong near-infrared absorption for deeper
tissue penetration, and a favorable safety profile (Hak et al., 2023; Kim
and Chang, 2023; Yu et al., 2025). It also shows efficacy beyond
oncology, including anti-inflammatory therapy and fluorescence-guided
procedures (Liao et al., 2023; Yu et al., 2025). However, the biomedical
application of Ce6 is hindered by its intrinsic hydrophobicity, compli-
cating formulation and leading to poor biodistribution (Hak et al., 2023;
Kim and Chang, 2023).

Alternative strategies have been developed to address the oxygen
dependency of PDT in hypoxic TME. These approaches include the use of
cyclic nanoreactors that initiate ROS cascade reactions, as well as
oxygen-generating nanosystems designed to locally increase O, con-
centrations or inhibit hypoxia-inducible signaling pathways, thereby
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Scheme 1. A schematic depicting a hypoxia-adaptive nanoplatform based on Co®"-coordinated Ce6 (Ce6@Co) nanoparticles for dual-modal photodynamic and
chemodynamic cancer therapy. (a) The hypoxia-adaptive Co®*-coordinated Ce6 (Ce6@Co) nanoparticles are constructed by coordinating Co®" ions with Ce6 via
metal ion coordination and additional n-n stacking interactions. (b) Following intratumoral injection in SCC7 tumor-bearing mice, Ce6@Co nanoparticles distribute
throughout the tumor tissue, generating 10, via Type-II PDT under 670 nm laser irradiation and simultaneously producing cytotoxic -OH via Co?*-mediated Fenton-
like reactions, even in the hypoxic TME. This amplified dual-ROS generation induces significant apoptosis and results in effective tumor regression.

improving PDT efficacy under hypoxia. While most of these methods
focus on restoring or supplementing oxygen levels, our approach em-
ploys a therapeutic strategy that functions independently of oxygen
availability, offering a more robust and reliable solution for treating
hypoxic tumors (Liu et al., 2019; Liu et al.,, 2021). Chemodynamic
therapy (CDT) is a reactive oxygen species (ROS)-dependent anticancer
approach leveraging transition metal ions (e.g., Fe2t, Co?*, Mn?*, and
cu?") to catalyze Fenton-type reactions within the TME, converting
endogenous hydrogen peroxide (H20-) into highly cytotoxic hydroxyl
radicals (-OH) without oxygen dependency (Jia et al., 2022; Zhang et al.,
2016). Unlike oxygen-reliant PDT, CDT exploits tumor-overexpressed
Hy0, (50-100 pM) to maintain -OH production under hypoxia,
causing selective oxidative damage in cancer cells while minimizing off-
target effects due to low levels of HyO5 in healthy tissues (Cheng et al.,
2019; Yi et al., 2024). Concurrently, metal ion coordination addresses
Ce6’s intrinsic hydrophobicity: its porphyrin-derived structure con-
taining a conjugated macrocycle and three carboxylic acid groups en-
ables stable chelation with transition metal ions such as Fe3+, Cu2+, and
Zn?t (Balem et al., 2009; Leshem et al.,, 2019; Pei et al., 2023),
enhancing aqueous solubility and colloidal stability. Structural analyses
confirm that transition metal ions such as Fe?*, Mn®*, Pd?*, and Co®*
can be coordinately embedded within the macrocyclic ring of chlorin
and porphyrin PSs, enhancing photostability via heavy-atom effects and
optimizing photoactivity through symmetry-mediated electronic reor-
ganization (Lee et al., 2023; Song et al., 2011).

Based on these CDT principles via Fenton or Fenton-like reactions,
and metal ion coordination chemistry, we hypothesize that a hypoxia-
adaptive nanoplatform based on metal ion-coordinated Ce6 nano-
particles overcomes the conventional PDT’s critical limitations in solid
tumors such as oxygen dependency and PS intrinsic hydrophobicity.
Among transition metal ions, Co?* exhibits high catalytic activity for
converting HyO» to -OH via Fenton-like reactions (Liu et al., 2017b; Park
etal., 2023; Zhang et al., 2019), and can effectively coordinate with Ce6
(Lee et al., 2023; Song et al., 2011). This study developed a hypoxia-
adaptive nanoplatform composed of Co?*-coordinated Ce6 (Ce6@Co)

nanoparticles by coordinating Co?" jon with Ce6 using metal-
coordination and 7m-n stacking (Scheme 1a). Importantly, Ce6@Co
nanoparticles integrate dual therapeutic modalities: they generate 10,
via Type-II PDT under 670 nm laser irradiation and simultaneously
produce cytotoxic -OH through Co?"-mediated Fenton-like reactions,
thereby enabling robust ROS amplification even in hypoxic TME
(Scheme 1b). Ce6@Co nanoparticles’ rational design thus represents a
novel and effective strategy for overcoming PDT’s oxygen-dependent
limitations and offers a promising and safe dual-modal therapeutic
platform for hypoxic solid tumors.

2. Materials and methods
2.1. Materials

Ce6 was procured from Frontier Scientific, Inc. (Logan, UT, USA).
Cobalt(Il) chloride (CoClz), Tween 20, potassium bromide (KBr), 2/,7'-
dichlorofluorescein diacetate (DCFDA), deuterated chloroform (CDCls),
deuterated dimethyl sulfoxide (DMSO-ds), hydrogen peroxide solution
(H202, 30 % w/w), terephthalic acid (TA), and cobalt standard solution
for inductively coupled plasma (ICP) spectrometric analysis were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). Analytical-grade
dimethyl sulfoxide (DMSO, 99.5 %) was purchased from SAMCHUN
Pure Chemicals (Pyeongtaek, Korea). Dialysis membranes with a mo-
lecular weight cut-off (MWCO) of 1 kDa were acquired from Spectrum
Laboratories (Rancho Dominguez, CA, USA). Phosphate-buffered saline
(PBS) was sourced from Lonza (Walkersville, MD, USA). Roswell Park
Memorial Institute 1640 medium (RPMI 1640), fetal bovine serum
(FBS), and Dulbecco’s phosphate-buffered saline (DPBS) were pur-
chased from Welgene Inc. (Pyeongtaek, Korea). The Cell Counting Kit-8
(CCK-8) was obtained from Dojindo Molecular Technologies (Kuma-
moto, Japan), and the CF®488 A Annexin V/propidium iodide (PI)
apoptosis detection kit was sourced from Biotium Inc. (Fremont, CA,
USA). Singlet Oxygen Sensor Green (SOSG) was acquired from Thermo
Fisher Scientific (Waltham, MA, USA).
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2.2. Synthesis and characterization of Ce6@Co nanoparticles

Ce6 (30 mg, 0.05 mmol) and CoCl;, (65 mg, 0.5 mmol) were solu-
bilized in DMSO (10 mL), and this mixture underwent magnetic stirring
for 24 h to facilitate Co?"-Ce6 coordination. The reaction solution was
then dialyzed (MWCO: 1 kDa) against deionized water (DW) for 72 h.
This purification step removed unreacted Co?" ions and residual DMSO,
inducing nanoparticle self-assembly through metal-ligand coordination
and n-n stacking. The purified Ce6@Co nanoparticle dispersion was
stored at 4 °C. Free Ce6 was prepared under identical synthesis condi-
tions via the same coordination-driven protocol, without CoClz, as a
control to elucidate the role of cobalt coordination in nanoparticle self-
assembly. Prior to experimental use, the nanoparticle stock solution was
sonicated via probe ultrasonication (Ultrasonic Processor KFS-150 N,
Korea Process Technology Co., Ltd., Seoul, Korea) at 12 W for 5 min to
ensure monodispersion and colloidal stability.

The photosensitizer content of Ce6@Co nanoparticles was quantified
by analyzing Ce6 concentrations derived from a calibration curve [Y =
54.725x + 0.0143 (R? = 0.9995)] using UV/Vis spectrophotometry (A
= 670 nm). Co?" ion content within the nanoparticles was quantified by
inductively coupled plasma optical emission spectrometry (ICP-OES;
Optima 5300 DV, PerkinElmer, USA) following concentrated nitric acid
(HNOs) and hydrogen peroxide (H20:) treatment.

To confirm the successful synthesis of Ce6@Co nanoparticles,
structural analysis was performed using 'H NMR spectroscopy (VNS
600 MHz, Varian, Palo Alto, CA, USA) at a concentration of 5 mg/mL in
CDCls. For comparison, the free Ce6 control sample was analyzed in
DMSO-ds. Fourier transform infrared spectroscopy (FT-IR; Shimadzu
84008, Kyoto, Japan) identified cobalt-coordination shifts in functional
groups. The hydrodynamic mean size, Z-average size, and polydispersity
index (PDI) of the free Ce6 control sample and Ce6@Co nanoparticles
were determined via dynamic light scattering (DLS, SZ-100, Horiba,
Kyoto, Japan). Zeta potential analysis of free Ce6 sample and Ce6@Co
nanoparticles was conducted using a Zetasizer (Malvern Panalytical
Ltd., Malvern, UK).

Aqueous dispersibility of Ce6@Co nanoparticles and free Ce6 was
compared via photographs taken before and after probe sonication (12
W, 5 min) to assess colloidal stability using an Ultrasonic Processor.
Additionally, to evaluate colloidal stability under storage conditions,
free Ce6 and Ce6@Co nanoparticles were diluted 20-fold in DW, PBS
(pH 7.4), and DMEM containing 10 % FBS (10 % FBS). Samples were
stored at 4 °C, and their hydrodynamic Z-average sizes were monitored
using dynamic light scattering (SZ-100) at intervals of 0, 1, 5, 7, 10, 14,
21, and 28 d. Morphological analysis was performed via field-emission
transmission electron microscopy (FE-TEM, JEM-F200, JEOL, Tokyo,
Japan). Co®" ion presence within nanoparticles was confirmed via
energy-dispersive X-ray spectroscopy (EDS) elemental mapping. To
confirm nanosized assembly, free Ce6 in DMSO and Ce6@Co nano-
particles in both water and DMSO were analyzed to compare absorbance
profiles using UV/Vis spectrophotometry (NEO-S490P, Neogen Inc.,
Daejeon, Korea).

2.3. 10, and -OH generation ability of Ce6@Co nanoparticles

10, generation via Ce6@Co nanoparticles following laser irradiation
was assessed by monitoring SOSG fluorescence intensity. Three sample
groups were prepared: (1) free Ce6 (5 pM) in pH 7.4 PBS with 1 % Tween
20, (2) Ce6@Co nanoparticles (equivalent Ce6 concentration: 5 pM) in
pH 7.4 PBS with 1 % Tween 20, and (3) Ce6@Co nanoparticles
(equivalent Ce6 concentration: 5 pM) in pH 7.4 PBS without Tween 20.
The fluorescence emission spectra of the three samples were measured
using a fluorescence spectrometer (FS-2, Scinco, Seoul, Korea). For
determining 1o, generation, SOSG (1 pM; excitation/emission: 504/
525 nm) was added to each sample. Fluorescence intensity was
measured using a fluorescence spectrometer (FS-2, Scinco, Seoul, Korea)
following irradiation using a 670 nm laser at 50 mW/cm? for time
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intervals ranging from 0 to 120 s.

-OH generation via Ce6@Co nanoparticles was evaluated using TA as
a fluorescence probe. Five experimental groups were prepared as fol-
lows: (1) 2 mM TA alone, (2) free Ce6 (20 pM) with 2 mM TA, (3) free
Ce6 (20 pM) with 2 mM TA and 500 pM H30,, (4) Ce6@Co nanoparticles
(equivalent Ce6 concentration: 20 pM) with 2 mM TA, and (5) Ce6@Co
nanoparticles (equivalent Ce6 concentration: 20 pM) with 2 mM TA and
500 pM H30-. Each solution was incubated at 25 °C for 7 d. The fluo-
rescence spectra of TA were recorded using a fluorescence spectrometer
with an excitation wavelength of 310 nm and emission measured in the
range of 400-540 nm.

2.4. Invitro cellular uptake, intracellular ROS levels in normoxia and
hypoxia, and dark toxicity

Squamous cell carcinoma (SCC7) cells were obtained from American
Type Culture Collection (Rockville, MD, USA), while human dermal
fibroblast (HDF) cells were sourced from Lonza (Basel, Switzerland).
SCC7 cells were cultured in RPMI 1640, while HDF cells were main-
tained in DMEM. Both media were supplemented with 10 % FBS and 1 %
penicillin-streptomycin. All cells were incubated at 37 °C in a humidi-
fied 5 % CO4 atmosphere.

To assess the intracellular uptake of free Ce6 and Ce6@Co nano-
particles, SCC7 cells (1 x 10* cells/well) were seeded in 4-well cell
culture plates and incubated for 24 h. Subsequently, the cells were
exposed to either free Ce6 or Ce6@Co nanoparticles at various Ce6
concentrations (0, 2.5, 5, and 10 pM) for an additional 24 h. Thereafter,
the cells were carefully washed three times with DPBS and fixed with
3.7 % (v/v) formaldehyde at 25 °C for 30 min. Cell nuclei were coun-
terstained with 4',6'-diamidino-2-phenylindole hydrochloride (DAPI;
SouthernBiotech, AL, USA). Intracellular localization and free Ce6 and
Ce6@Co nanoparticle uptake were visualized using a custom-built
confocal laser scanning fluorescence microscope (CLSM). Cellular fluo-
rescence was quantified by measuring the corrected total cell fluores-
cence (CTCF) of Ce6 in selected cells from CLSM images. ImageJ
software (Ver 1.53a, NIH, MD, USA) was used for analysis based on
Formula (1) (Lim et al., 2025; Nguyen et al., 2024).

CTCF = Integrated density—(Area of selected cell
x Mean fluorescence signal of background readings)

€8]

To compare intracellular HoO5 levels in SCC7 cells cultured under
normoxic and hypoxic conditions, SCC7 cells (1 x 10* cells/well) were
seeded into 4-well culture plates and incubated for 24 h under either
normoxic conditions (a humidified 5 % CO; incubator) or hypoxic
conditions (a Nj-gas-purged, custom-made hypoxic chamber), as pre-
viously described (Min et al., 2021). Following incubation, the cells
were treated with 2',7-dichlorofluorescein diacetate (DCFDA, 10 pM) at
37 °C for 30 min to allow for intracellular H,O5 detection. Then, the cells
were carefully washed with DPBS, fixed with 3.7 % (v/v) formaldehyde
for 30 min at 25 °C, and cell nuclei were counterstained with DAPI
(SouthernBiotech). Intracellular HyO9 levels were visualized using
CLSM, and fluorescence intensities were quantitatively analyzed using
ImageJ software to compare the oxidative status of cells under normoxic
versus hypoxic conditions.

For the evaluation of dark toxicity, SCC7 and HDF cells (5 x 10°
cells/well) were seeded into black 96-well culture plates and incubated
for 24 h. Subsequently, the cells were treated with either free Ce6 or
Ce6@Co nanoparticles at various Ce6 concentrations (0, 2.5, 5, 10, and
20 pM) for an additional 24 h. After treatment, the cells were carefully
washed three times with DPBS. Cell viability was assessed using the
CCK-8 (Dojindo Laboratories) assay according to the manufacturer’s
protocols. The absorbance was measured at 450 nm using a microplate
reader (Multiskan Go, Thermo Fisher Scientific). Cell viability was
calculated as the percentage ratio of absorbance in treated groups
relative to the untreated control group, reflecting the proportion of
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viable cells under non-irradiated dark conditions.

2.5. Invitro therapeutic effects of Ce6@Co nanoparticles under normoxic
and hypoxic conditions

SCC7 cells (5 x 103 cells/well) seeded in black 96-well culture plates
were prepared under either normoxic or hypoxic conditions as described
in the “In vitro intracellular H,0; levels of SCC7 cells under normoxia and
hypoxia” section. The cells were subsequently treated with free Ce6 and
Ce6@Co nanoparticles at final Ce6 concentrations of 0 or 5 uM for 24 h.
After treatment, cells were thoroughly washed with DPBS. Thereafter,
cells were subjected to irradiation using a 670 nm laser at 50 mW/cm?
for 30 s or maintained in the absence of light as non-irradiated controls,
and subsequently incubated for an additional 24 h. After incubation, the
cells were washed again with DPBS and incubated at 37 °C with CCK-8
reagent for 4 h to evaluate cell viability. The absorbance was measured
at 450 nm using a microplate reader (Multiskan Go), and cell viability
was determined by comparing the absorbance of treated groups to that
of untreated control groups.

To comparatively assess intracellular ROS levels in SCC7 cells treated
with Ce6@Co nanoparticles under normoxic conditions or hypoxic
conditions post-laser irradiation, SCC7 cells (3 x 10* cells/well) were
seeded in 4-well culture plates, and further incubated at 37 °C for 24 h
under either normoxic conditions (humidified 5 % CO- incubator) or
hypoxic conditions (Nz-purged chamber). After incubation, the cells
were treated with Ce6@Co nanoparticles at an equivalent Ce6 concen-
tration of 5 pM for 24 h. Following treatment, the cells were washed
three times with DPBS. Subsequently, they were either exposed to a 670
nm laser (50 mW/cm?) for 30 s or maintained as non-irradiated controls,
followed by a 24 h incubation. The cells were subsequently washed with
DPBS and incubated with 10 pM of DCFDA for 30 min to detect intra-
cellular ROS. After staining, the cells were fixed with 3.7 % (v/v)
formaldehyde at 25 °C for 30 min and nuclei were counterstained with
DAPI. Intracellular HyO; levels were visualized using CLSM. The CTCF
of oxidized DCF (a ROS-specific product) was quantified from CLSM
images using ImageJ software.

Annexin V and PI staining assessed early and late apoptosis in SCC7
cells treated with free Ce6 or Ce6@Co nanoparticles under normoxic
and hypoxic conditions following laser irradiation. SCC7 cells (5 x 10°
cells/well) were seeded in 8-well culture plates and incubated at 37 °C
for 24 h under either normoxic conditions (humidified 5 % CO: incu-
bator) or hypoxic conditions (N2-purged chamber). Subsequently, the
cells were treated with free Ce6 or Ce6@Co nanoparticles at final Ce6
concentrations of 0 or 5 pM for 24 h. After treatment, the culture me-
dium was aspirated, and the cells were washed three times with DPBS.
Thereafter, the cells were either exposed to a 670 nm laser (50 mW// em?)
for 30 s or maintained as non-irradiated controls. Following an addi-
tional 24 h incubation, the cells were washed with DPBS and stained
with CF® 488 A Annexin V and PI at 25 °C for 30 min, according to the
manufacturer’s protocol. After staining, the cells were washed again
with DPBS and fixed with 3.7 % (v/v) formaldehyde at 25 °C for 30 min,
and nuclei were counterstained with DAPI. Early and late apoptosis were
visualized using CLSM. The CTCF of Annexin V and PI was quantified
from CLSM images using ImageJ software.

2.6. In vivo antitumor effects of Ce6@Co nanoparticles

All in vivo animal studies were approved by the Institutional Animal
Care and Use Committee of Chung-Ang University (202401030072). All
procedures were conducted in accordance with the National Research
Council’s Guide for the Care and Use of Laboratory Animals. To establish
a subcutaneous tumor model, SCC7 cells (1 x 10° cells/mouse) were
injected into the flank of 7-week-old female C3H mice (Doo Yeol
Biotech, Seoul, Korea). In vivo experiments were initiated when tumor
volumes reached 100-150 mm?3, as calculated using the formula: tumor
volume = 0.5 x length x width?.
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When tumors reached the predefined volume of 100-150 mm?, SCC7
tumor-bearing mice were randomly assigned into four groups: PBS
control (n = 5), free Ce6 with laser irradiation (n = 5), Ce6@Co nano-
particles without laser irradiation (n = 5), and Ce6@Co nanoparticles
with laser irradiation (n = 5). Each group was administered an intra-
tumoral injection of either PBS, free Ce6 (1 mg/kg), or Ce6@Co nano-
particles (an equivalent Ce6 dose of 1 mg/kg). In the two groups
designated for PDT, tumors were irradiated with a 670 nm laser at 100
mW/cm? for 20 min. Based on previous studies demonstrating that
intratumorally administered PSs or fluorescent-labeled nanoparticles
exhibit strong and persistent tumor fluorescence at 6 h post-injection
(Badiee et al., 2022; Ma et al., 2021a), laser irradiation was performed
6 h post-Ce6 or Ce6@Co nanoparticle injection. Tumor volumes were
recorded daily using digital calipers. On day 10 post-treatment, tumors
were excised, weighed, and subsequently fixed in 10 % buffered
formalin (Formalin solution, neutral buffered, 10 %, Sigma-Aldrich, St.
Louis, MO, USA) or embedded in paraffin wax. Additionally, intra-
tumoral distribution and retention of free Ce6 and Ce6@Co nano-
particles were assessed following intratumoral administration, as
detailed in the Supplementary Information. Tissue slices (n = 3 per
group) were stained with hematoxylin and eosin (H&E) to assess his-
topathological changes. These stained tissues were observed under an
automated slide scanner (MoticEasyScan Pro 6, Motic Asis Corp., Kow-
loon, Hong Kong). For apoptosis detection, paraffin-embedded tissue
sections were subjected to the terminal deoxynucleotidyl transferase-
mediated nick end labeling (TUNEL) assay (Promega Corp., WI, USA),
according to manufacturer’s instructions. Tumor nuclei were counter-
stained with DAPI. Apoptotic cell death in tissue sections was visualized
and quantified using a custom-built CLSM.

2.7. In vivo biosafety assay

Mice body weight in all experimental groups was measured daily
throughout the study to assess in vivo biosafety. On day 10 post-
treatment, blood samples were collected from the inferior vena cava
of mice anesthetized with isoflurane (1 %, w/v, JW-Pharma, Korea) in 2
L/min oxygen. Mice were subsequently euthanized, and major organs
(liver, lung, spleen, kidneys, and heart) were harvested for histopatho-
logical evaluation. Serum was separated by centrifuging the collected
blood at 1500 g for 15 min at 4 °C without adding an anticoagulant.

Serum biochemical analysis assessed organ function. Renal function
was evaluated by measuring blood urea nitrogen (BUN) and creatinine
(CREA) levels, whereas hepatic function was assessed by determining
aspartate aminotransferase (AST), alanine transaminase (ALT), and
alkaline phosphatase (ALP) levels. All biochemical parameters were
quantified using an automated clinical analyzer (Hitachi 7180 Clinical
Analyzer, Hitachi, Yokohama, Japan). For histological analysis, har-
vested organs were sectioned into 3-pm-thick slices, stained with H&E,
and examined using the automated slide scanner.

2.8. Statistical analyses

Data are represented as the mean =+ standard deviation. Comparisons
between two independent groups were performed using the independent
samples t-test. For analyses involving more than two groups, one-way
analysis of variance was conducted. All statistical analyses were per-
formed using SigmaPlot software (version 15; Chicago, IL, USA). Sta-
tistical significance was defined as p < 0.05, 0.01, or 0.005.

3. Results and discussion
3.1. Synthesis and characterization of Ce6@Co nanoparticles
Ceb6 is a porphyrin derivative with a conjugated macrocycle and

three carboxylic acid groups that enable coordination with transition
metal ions (Balem et al., 2009; Lee et al., 2023; Leshem et al., 2019; Pei
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Fig. 1. Ce6@Co nanoparticle characterization. (a) 1H NMR and (b) Free Ce6 and Ce6@Co nanoparticle FT-IR spectra. (c) Particle size distributions of free Ce6 and
Ce6@Co nanoparticles. Inset: Photos of free Ce6 and Ce6@Co nanoparticle solutions in DW before and after sonication. (d) TEM image, elemental mapping of C, O,
N, and Co, and EDS spectrum of Ce6@Co nanoparticles. (e) UV/Vis spectra of Ce6 in DMSO and Ce6@Co nanoparticles in DMSO or DW.

et al., 2023; Song et al., 2011). This metal ion coordination helps
construct nanostructures that enhance Ce6’s aqueous solubility and
colloidal stability by mitigating hydrophobic aggregation. Concurrently,
among transition metal ions, Co?* exhibits high catalytic activity in
Fenton-like reactions, efficiently decomposing H,02 to -OH for CDT (Liu
et al., 2017b; Park et al., 2023; Song et al., 2024; Zhang et al., 2019).
Based on these principles, we synthesized Co®'-coordinated Ce6
(Ce6@Co) nanoparticles to combine Ce6’s photodynamic activity (PDT)
with Co?**-driven -OH generation (CDT). This dual-modal therapeutic
approach addresses hydrophobic aggregation while enhancing thera-
peutic efficacy via cytotoxic ROS production.

The Ce6 and Co?' concentrations in Ce6@Co nanoparticles were
determined using UV/Vis spectroscopy and ICP analysis. Based on the
Ce6 standard curve (Fig. S1), UV/Vis spectroscopy indicated a Ce6
concentration of 0.87 mg/mL (1461.3 pM) in the nanoparticle solution.
ICP analysis confirmed a Co?* concentration of 0.0031 mg/mL (56 pM).
To confirm Ce6@Co nanoparticle synthesis, 'H NMR and FT-IR analyses

were performed. The 'H NMR spectra (Fig. 1a) revealed that Ce6@Co
retained the characteristic peaks of free Ce6 in the 0 to 10 ppm range.
However, free Ce6 exhibited two sharp inner N—H proton peaks at
—1.65 and — 1.9 ppm (arising from the porphyrin macrocycle) and a
broad carboxyl (-COOH) proton peak at 12.3 ppm (173-C position).
These peaks disappeared in the Ce6@Co group, likely owing to Co*"
coordination with the macrocycle’s nitrogen atoms and Ce6’s carboxyl
groups (Gjuroski et al., 2021; Hasobe et al., 2010; Isakau et al., 2007;
Pandit et al., 2024). Ce6@Co FT-IR spectra revealed further structural
evidence for Co®>" coordination (Fig. 1b). Although the 1000 to 1750
em™! range retained free Ce6’s characteristic stretching modes (e.g.,
C=0Oat ~1708 cm ™}, C=Cat 1560 cm™!, and C—N at 1480 cm™!), new
vibration bands emerged at 468 cm ™! and 424 cm ™}, assigned to Co—N
stretching modes from Co?* binding to pyrrolic nitrogen atoms within
Ce6’s porphyrin macrocycle. A distinct peak at 557 cm™! corresponded
to Co—O stretching, indicative of carboxylate coordination to Co?*
(Chaudhary and Mishra, 2017; Rubab et al., 2022). Attenuation of the
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Fig. 2. Dual-ROS generation properties of Ce6@Co nanoparticles for singlet oxygen (10) generation under laser irradiation (670 nm, 50 mW/cm?) and hydroxyl
radical (-OH) production via Co“—catalyzed Fenton-like reactions. (a) 102 generation via free Ce6 (PBS with 1 % Tween 20), Ce6@Co (PBS with 1 % Tween 20), and
Ce6@Co (PBS without surfactant). SOSG is highly selective for singlet oxygen forming an endoperoxide anthracene upon reaction, which is no longer an efficient
intramolecular electron donor, leading to fluorescence emission at 525 nm. (b) -OH production was assessed under various conditions: TA only, Ce6 + TA, Ce6 + TA
+ 500 pM H20,, Ce6@Co + TA, and Ce6@Co + TA + 500 pM H,0,. TA acts as a -OH fluorescence probe, forming fluorescent 2-hydroxy terephthalic acid (TAOH)

upon reaction with -OH, which emits at 425 nm.

broad band at 3300-3500 cm ™! (attributed to -NH and -COOH groups
in free Ce6) in Ce6@Co suggests deprotonation of the macrocycle’s
inner N—H and carboxyl moieties upon Co*" chelation (Gjuroski et al.,
2021; Hasobe et al., 2010).

The particle size distribution, colloidal and storage stability, and zeta
potential of Ce6 and Ce6@Co nanoparticles were evaluated using DLS
and photographic analysis. Free Ce6 nanoparticles, prepared without
Co?*, exhibited a hydrodynamic mean size of 317.8 + 101.6 nm, Z-
average size of 608.8 nm, and PDI of 0.341, indicating a broad size
distribution. In contrast, Ce6@Co nanoparticles displayed a smaller
hydrodynamic mean size of 227.3 + 51.5 nm, Z-average size of 230.4
nm, and lower PDI of 0.207, reflecting a narrower and more uniform size
distribution. As shown in the inset of Fig. 1c, free Ce6 nanoparticles
aggregated and precipitated even after sonication, while Ce6@Co
nanoparticles remained well-dispersed in DW for 24 h post-sonication.
Consistently, Z-average sizes of free Ce6 nanoparticles greatly
increased and fluctuated during long-term storage in DW, pH 7.4 PBS,
and 10 % FBS at 4 °C (Fig. S2a), whereas Ce6@Co nanoparticle sizes
remained stable under the same conditions (Fig. S2b). The zeta potential
of Ce6@Co nanoparticles was —42.7 mV, slightly less negative than the
—46.5 mV for free Ce6 nanoparticles (Fig. S3), likely owing to Co?*
coordination with Ce6, reducing surface charge. These findings sug-
gested that incorporating Co®" during nanoparticle synthesis enhances
colloidal stability and yields more homogenous particle sizes.

Forming Ce6@Co nanoparticles by incorporating Co** with Ce6
during synthesis was confirmed by TEM and UV/Vis spectroscopy. TEM
showed near-spherical Ce6@Co nanoparticles sizes ranging from 200 to
250 nm (Fig. 1d), consistent with DLS measurements. Elemental map-
ping via EDS demonstrated carbon, oxygen, nitrogen, and cobalt within
the nanoparticles (Fig. 1d), verifying successful coordination of Co*"
with Ce6. In the UV/Vis spectra, both free Ce6 and Ce6@Co nano-
particles in DMSO exhibited a strong Soret band at 405 nm and Q-bands
ranging from 480 to 700 nm, characteristic of Ce6’s optical properties
(Fig. 1e). However, when Ce6@Co nanoparticles were dispersed in DW,

these peaks became broader and less intense, attributed to light trans-
mittance interference in aqueous environments (Ahn et al., 2020).
Notably, compared to Ce6 in DMSO, Ce6@Co nanoparticles in DW
showed a broadened Soret band and a red-shifted Q-band, with four
distinct Q-band peaks indicating coordination interactions between
Co%" ions and Ce6’s carboxyl groups (Pei et al., 2023). Upon solubilizing
Ce6@Co nanoparticles in DMSO, disrupting nanoparticle structure, the
Soret band narrowed and part of the Q-band shifted back to blue, sug-
gesting the J-aggregate formation of Ce6 molecules within nanoparticles
(Qu et al., 2023). This J-type aggregation is likely due to spatial in-
teractions of transition dipole moments and 7n-n stacking among Ce6
molecules during nanoparticle synthesis (Ocakoglu et al., 2014; Pei
et al., 2023), a phenomenon also observed in other photosensitizer-
based nanomaterials (Demberelnyamba et al., 2008; Zou et al., 2020).

3.2. Cytotoxic dual-ROS generating ability of Ce6@Co nanoparticles

In this study, Ce6@Co nanoparticles were synthesized to integrate
Ce6’s PDT capability with Co?*-mediated -OH generation (CDT) for
enhanced therapeutic efficacy. 10, generation was measured using the
SOSG assay to evaluate phototherapeutic potential of Ce6@Co nano-
particles (Fig. 2a). Free Ce6 nanoparticles exhibited fluorescence
dequenching when solubilized in pH 7.4 PBS containing 1 % Tween 20
(a surfactant that mimics the cytosolic environment by disrupting the
dense nanoparticle structure) (Fig. S4) (Park et al., 2020). Subsequent
laser irradiation increased time-dependent O, generation. In contrast,
Ce6@Co nanoparticles in pH 7.4 PBS without surfactant exhibited
negligible fluorescence emission (a quenched state, Fig. S4), and thus
they showed only a slow increase in !0, production, indicating low-
phototoxic state. However, when Ce6@Co nanoparticles were
dequenched in pH 7.4 PBS with surfactant (Fig. $4), 10, generation
rapidly increased match free Ce6 levels, demonstrating the phototoxic
activity of Ce6@Co is restored in a cytosol-mimicking environment.
These results indicate that Ce6@Co nanoparticles remain
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photodynamically inactive in their aggregated, quenched state, and To assess the chemodynamic potential of Ce6@Co nanoparticles,
regain strong phototherapeutic activity upon dequenching (Park et al., Co?*-mediated -OH production was further evaluated using TA as a
2020; Song et al., 2021), indicating their phototherapeutic potential. fluorescence probe, forming fluorescent 2-hydroxy terephthalic acid
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(TAOH) upon reaction with -OH (Liu et al., 2017a). TA alone, or in
combination with Ce6 or Ce6@Co (without Hy05), and TA with Ce6
under Hy05, showed no fluorescence at 425 nm (Fig. 2b). In contrast, TA
with Ce6@Co under H,0; exhibited a significant and time-dependent
increase in fluorescence intensity at 425 nm (Fig. 2b and Fig. S5),
indicating efficient Co?*-mediated -OH generation via Fenton-like re-
actions. These findings confirmed that Ce6@Co nanoparticles possess
both activatable photodynamic and chemodynamic therapeutic poten-
tial for synergistic cancer therapy.

3.3. Invitro cellular uptake, intracellular ROS levels in normoxia and
hypoxia, and dark toxicity

The intracellular uptake of Ce6@Co nanoparticles was assessed using
CLSM, and fluorescence intensities were quantified (Fig. 3a). We
selected 24 h as the optimal timepoint for cellular uptake analysis
because both free Ce6 and Ce6@Co nanoparticles exhibited maximal
fluorescence intensity at this interval, as demonstrated in Fig. S6.
Cellular uptake of Ce6@Co nanoparticles was significantly higher
compared to that of free Ce6 at all tested concentrations in SCC7 cells.
Nanoparticle size critically influences cellular uptake and intracellular
distribution (Augustine et al., 2020). DLS measurements (Fig. 1c)
confirmed the smaller and more uniform size of Ce6@Co nanoparticles
enhances cellular internalization efficiency via endocytosis or passive
diffusion, compared to free Ce6. Their superior aqueous dispersibility
attributed to stable colloidal formulation also contributed to improved
uptake (Jeong et al., 2011; Jo et al., 2023).

Intracellular ROS levels were assessed in SCC7 cells under normoxic
and hypoxic conditions using the DCFDA. Under normoxia, DCFDA is

hydrolyzed by cellular esterases into non-fluorescent 2/,7-dichlor-
odihydrofluorescein (DCFH). In hypoxic conditions, elevated ROS
(including H,02) oxidizes DCFH into strongly fluorescent 2',7"-dichlor-
ofluorescein (DCF), enabling ROS detection (Kim et al., 2010). CLSM
images revealed a moderate increase in fluorescence intensity in nor-
moxic SCC7 cells treated with DCFDA compared to untreated controls
(Fig. 3b). Under hypoxia, fluorescence intensity increased 1.56-fold,
consistent with a previous study demonstrating that hypoxia amplifies
H505 generation (Kim et al., 2023).

The in vitro dark toxicity of free Ce6 and Ce6@Co nanoparticles was
evaluated using a CCK-8 assay (Fig. 3c). Free Ce6 treatment showed a >
95 % cell viability at all tested concentrations (2.5-20 pM), indicating no
significant cellular toxicity. In contrast, Ce6@Co nanoparticles exhibi-
ted concentration-dependent cytotoxicity, with a notable reduction in
cell viability observed at concentrations >10 pM. This cytotoxic effect is
attributed to -OH production via Co?*-mediated Fenton-like reactions, a
mechanism consistent with a previous study demonstrating metal ion-
driven ROS generation in tumor microenvironments (Tian et al.,
2022), triggered via endogenous Hy0; levels in normoxic tumor cells
(Fig. 3b). However, they exhibited no significant cytotoxicity in normal
HDF cells (Fig. S7), which contain significantly lower endogenous HyO4
levels than cancer cells. This selective safety originates from HOs-
dependent Co?*-mediated Fenton-like reactions required for cytotoxic
-OH generation. As revealed by TA assays (Figs. 2b and S5), insufficient
H20; in normal cells prevents catalytic -OH production. These findings
confirm that Ce6@Co nanoparticles remain biologically safe in healthy
cells. Collectively, these results established 5 pM Ce6 as the threshold
concentration under dark conditions, as no cytotoxicity was observed at
this level. Consequently, subsequent experiments used 5 pM Ce6 to
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Fig. 6. In vivo therapeutic effects of Ce6@Co nanoparticles on SCC7-tumor-bearing mice. (a) Tumor volumes of SCC7-tumor-bearing mice after PBS (control), free
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from each treatment group at the end of the experiment. Scale bar: 1 cm. *p < 0.05, **p < 0.01, ***p < 0.005. (d) Representative images of tumor tissue H&E and
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this figure legend, the reader is referred to the web version of this article.)

assess antitumor efficacy while minimizing nonspecific toxicity.

3.4. In vitro anticancer effects of Ce6@Co nanoparticles

The in vitro therapeutic efficacy of Ce6@Co nanoparticles was
investigated in SCC7 cells under normoxic and hypoxic conditions.
Untreated control groups and cells treated with free Ce6 without laser
irradiation exhibited negligible cytotoxicity under both conditions
(Fig. 4a and b). Under normoxia, laser irradiation (670 nm) of free Ce6
reduced cell viability to 67.3 %, demonstrating PDT efficacy mediated
via !0, generation. In contrast, under hypoxia, free Ce6 with laser
irradiation resulted in a 77.4 % viability, reflecting diminished PDT
efficiency owing to oxygen scarcity limiting 10, production (Cen et al.,
2023). In comparison, Ce6@Co nanoparticles under identical conditions
(670 nm laser irradiation under normoxia) lowered viability to 34.4 %,
demonstrating enhanced therapeutic efficacy due to improved cellular
uptake (attributed to their stable colloidal formulation, Fig. 3a) and dual
ROS production (10 from photodynamic activation and -OH via Co%*-
mediated Fenton-like reactions, Fig. 4c). Under hypoxia, Ce6@Co
nanoparticles without laser irradiation induced 66.7 % cytotoxicity
(33.3 % viability), via Co?"-catalyzed hypoxia-elevated H,0, decom-
position into -OH, bypassing oxygen dependency. This aligns with a
previous study reporting hypoxia-induced HoO2 accumulation in tu-
mors, potentiating metal ion-driven ROS generation (Tian et al., 2022).
Combining Ce6@Co nanoparticles with laser irradiation under hypoxia
further reduced viability to 20.48 %, highlighting synergistic ROS

amplification (105 + -OH, Fig. 4c). This combined efficacy surpassed
normoxic PDT outcomes (34.4 % viability), highlighting CDT’s potential
to compensate for PDT’s oxygen dependency in hypoxic tumor
microenvironments.

To further evaluate the in vitro combined therapeutic effects of
Ce6@Co nanoparticles, apoptotic cell death in SCC7 cells was assessed
via Annexin V-PI staining and CLSM under normoxic and hypoxic con-
ditions (Fig. 5). Under both conditions, untreated controls and free Ce6-
treated cells without irradiation exhibited negligible Annexin V/PI
fluorescence (Figs. 5a-c), confirming minimal baseline apoptosis. Laser
irradiation (670 nm) of free Ce6 under normoxia and hypoxia induced
moderate apoptosis signals, reflecting oxygen-dependent photodynamic
activity mediated by 10, generation. In contrast, Ce6@Co nanoparticles
under normoxia with irradiation produced significantly stronger
Annexin V/PI fluorescence, attributed to enhanced cellular uptake and
dual ROS production mediated by photodynamic (*O;) and chemo-
dynamic (-OH) activation. Under hypoxia, Ce6@Co nanoparticles
without irradiation induced moderate apoptosis, driven by hypoxia-
elevated HyO9 levels fueling Co’*-mediated -OH generation via
Fenton-like reactions. The strongest apoptotic response was observed
when Ce6@Co nanoparticles were combined with laser irradiation
under hypoxia (Figs. 5a-c), highlighting the synergistic ROS amplifica-
tion via integrated PDT and CDT. These results demonstrated that
Ce6@Co nanoparticles effectively overcome hypoxia-associated limita-
tions in conventional PDT by leveraging dual oxygen-dependent (PDT)
and oxygen-independent (CDT) mechanisms.
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Fig. 7. In vivo biosafety study. (a) Body weight changes of SCC7 tumor-bearing mice in each group after PBS (control), free Ce6 (1 mg/kg) + laser irradiation,
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3.5. Invivo therapeutic effects of Ce6@Co nanoparticles on SCC7 tumor-
bearing mice

The in vivo therapeutic efficacy of Ce6@Co nanoparticles was
evaluated using the SCC7 solid tumor model, where mice bearing tumors
of 100-150 mm® were administered intratumoral PBS, free Ce6 (1 mg/
kg), or Ce6@Co nanoparticles (1 mg Ce6/kg) injections. Intratumoral
delivery was strategically used to maximize Ce6 retention at the tumor
site, minimize phototoxicity to surrounding healthy tissues, and over-
come the rapid systemic clearance typically associated with intravenous
administration (Jeong et al., 2011; Ma et al., 2021b). Tumor volumes
were monitored daily for 10 d (Fig. 6a), and tumor weight was measured
at the endpoint (Fig. 6b) to assess therapeutic outcomes. The control
group exhibited rapid tumor progression, whereas Ce6@Co nano-
particles without irradiation demonstrated enhanced antitumor efficacy
attributed to their superior aqueous dispersibility and optimized nano-
particle size, facilitating more uniform intratumoral distribution and
greater retention (Fig. S8), thereby achieving effective CDT. Although

10

free Ce6 exhibited less homogenous tumor distribution than Ce6@Co
nanoparticles (Fig. S8), it could achieve increased antitumor effects
under laser irradiation owing to its photodynamic activity. Notably, the
Ce6@Co nanoparticles combined with laser irradiation group showed
the most significant tumor growth inhibition, with complete suppression
observed and the smallest tumor volumes and weight (Fig. 6a—c). These
results confirmed the robust antitumor effects of Ce6@Co nanoparticles,
particularly when combined with laser irradiation, via synergistic PDT
and CDT activation, supported by their favorable intratumoral distri-
bution and retention.

The in vivo antitumor effects of Ce6@Co nanoparticles combined
with laser irradiation were further evaluated on day 10 using H&E and
TUNEL staining of tumor (Fig. 6d). H&E staining of the control group
revealed normal tumor morphology with abundant viable cells and no
signs of necrosis or apoptosis. Tumors treated with Ce6@Co nano-
particles alone had predominantly viable cells; however, they exhibited
weak apoptotic signals, likely from chemodynamic activity within the
tumor microenvironment. In contrast, both free Ce6 plus laser
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irradiation and Ce6@Co nanoparticles plus laser irradiation groups
showed visible scab formation and increased apoptosis, confirmed by
H&E and TUNEL staining. Notably, the Ce6@Co nanoparticles plus laser
irradiation group demonstrated more pronounced tumor tissue damage,
including nuclear condensation, cytoplasmic shrinkage, and loss of
structural integrity than the free Ce6 plus laser irradiation group. TUNEL
analysis revealed a significantly larger area of TUNEL-positive staining
in the Ce6@Co nanoparticles plus laser irradiation group, indicating
substantial DNA fragmentation and apoptosis. The widespread distri-
bution of TUNEL-positive fluorescence throughout the tumor sections in
this group is attributed to the favorable intratumoral distribution and
retention of Ce6@Co nanoparticles, enhancing antitumor efficacy via
synergistic PDT and CDT activation.

3.6. In vivo biosafety assay

The in vivo biosafety of nanomaterials is crucial for their biomedical
application, as their unique physicochemical properties influence
toxicity, biodistribution, and tissue compatibility (Awashra and Mly-
narz, 2023). To evaluate the biosafety, SCC7 tumor-bearing mice were
assigned to control, free Ce6 with irradiation, Ce6@Co nanoparticles
alone, and Ce6@Co nanoparticles with irradiation groups. Systemic
toxicity was assessed by monitoring body weight, an established crite-
rion that considers a > 20 % reduction in body weight as a sign of in vivo
toxicity (Van Berlo et al., 2022). As shown in Fig. 7a, no significant
changes in body weight of mice were observed among the groups,
indicating no acute toxicity. Serum biochemical analyses, including
measurements of BUN, CREA, ALT, AST, and ALP, revealed no sub-
stantial differences between groups (Fig. 7b and c), suggesting preserved
hepatic and renal function. Furthermore, histological examination of
major organs (e.g., liver, lung, spleen, kidney, and heart) via H&E
staining showed no pathological abnormalities in any group (Fig. 7d).
Collectively, these results demonstrated that both free Ce6 and Ce6@Co
nanoparticles, even when combined with laser irradiation, exhibit high
biocompatibility and do not induce significant systemic toxicity
following intratumoral administration, supporting their potential for
safe in vivo application.

While Ce6@Co nanoparticles have demonstrated excellent thera-
peutic efficacy and biosafety in preclinical models, several important
challenges must be addressed to enable successful clinical translation.
First, the coordination-driven synthesis process requires further opti-
mization to ensure scalable and reproducible production with consistent
physicochemical properties. Comprehensive long-term biocompatibility
and chronic toxicity studies are also essential, particularly due to the
involvement of transition metal ions, to evaluate potential accumulation
and organ-specific effects. Additionally, detailed investigations into
pharmacokinetics, biodegradation, and clearance pathways are neces-
sary to satisfy regulatory requirements. The development of GMP-
compliant manufacturing protocols and robust quality control systems
will be critical to ensure product safety and uniformity. Addressing these
key considerations will further strengthen the translational potential of
this dual-modal nanoplatform for clinical cancer therapy.

4. Conclusion

This study demonstrates that Ce6@Co nanoparticles, synthesized by
coordinating Co®* with Ce6, effectively integrate PDT and CDT to ach-
ieve potent antitumor effects in solid tumors. The nanoparticles self-
assembled uniformly with an average diameter of approximately 230
nm and improved aqueous dispersibility and colloidal stability
compared to free Ce6. This dual-modality approach leverages the pho-
tosensitizing properties of Ce6 to generate 10 under laser irradiation,
whereas coordinated Co®" ions catalyze Fenton-like reactions to pro-
duce cytotoxic -OH in the hypoxic tumor microenvironment. Such syn-
ergistic action enhances ROS production, leading to robust tumor cell
apoptosis and marked tumor growth inhibition. In vitro studies revealed
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that Ce6@Co nanoparticles displayed enhanced cellular uptake and
induced significant apoptosis via amplified ROS generation, even under
hypoxia conditions with laser irradiation. In vivo, intratumoral injection
of Ce6@Co nanoparticles with laser irradiation achieved complete
tumor suppression, attributed to favorable tumor retention and syner-
gistic effects of PDT and CDT. Notably, no systemic toxicity was
observed, as indicated by stable body weight, normal serum biochemical
parameters, and unchanged major organs histology. Integrating PDT
with metal ion-mediated CDT addresses the oxygen-dependent limita-
tions of traditional photodynamic monotherapy. Overall, Ce6@Co
nanoparticles represent a promising hypoxia-adaptive nanoplatform,
integrating oxygen-independent CDT with activatable PDT for the safe
and effective treatment of solid tumors, particularly hypoxic solid
tumors.
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