
Acta Pharmaceutica Sinica B 2024;14(7):3251e3265
Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/ loca te /apsb
www.sc iencedi rec t .com
ORIGINAL ARTICLE
Sequential dual-locking strategy using
photoactivated Pt(IV)-based metallo-nano
prodrug for enhanced chemotherapy and
photodynamic efficacy by triggering ferroptosis
and macrophage polarization
Jun Lia, Qiang Zhanga, Hao Yanga, Wenli Lua, Yulong Fub,
Yingcai Xionga, Xuan Wanga, Tianming Lua, Yanlin Xina,
Zejuan Xiea, Weichao Chenc,*, Guoqiang Wangb,*, Yuanyuan Guoa,*,
Ruogu Qia,*
aSchool of Medicine, Nanjing University of Chinese Medicine, Nanjing 210023, China
bKey Laboratory of Mesoscopic Chemistry of Ministry of Education, Institute of Theoretical and Computational
Chemistry, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China
cLaboratory for Manufacturing Low Carbon and Functionalized Textiles, College of Textiles & Clothing, Qingdao
University, Qingdao 266071, China
Received 13 November 2023; received in revised form 11 January 2024; accepted 8 February 2024
KEY WORDS

Dual-locking;

Pt(IV) reduction;

Chemotherapy;

Photodynamic therapy;

Ferroptosis;

Macrophage polarization;

Medicinal inorganic
*C

E-

rqi@n

Peer

https:

2211-

Acad
chemistry;
orresponding authors.

mail addresses: chenwc@qdu.edu.c

jucm.edu.cn (Ruogu Qi).

review under the responsibility of C

//doi.org/10.1016/j.apsb.2024.02.024

3835 ª 2024 The Authors. Publishe

emy of Medical Sciences. This is an
Abstract Selective activation of Pt(IV) prodrugs within tumors has emerged as a promising strategy in

tumor treatment. Although progress has been made with photo- and ultrasound-activated Pt(IV) prodrugs,

concerns remain over the non-specific activation of photosensitizers (PS) and the potential for phototox-

icity and chemical toxicity. In this study, a sequential dual-locked Pt(IV) nano-prodrug that can be acti-

vated by both the acidic tumor microenvironment and light was developed. The Pt(IV) prodrug was

prepared by conjugating PS-locked Pt(IV) to a polymeric core, which was then chelated with metallo iron

to lock its photoactivity and form a metallo-nano prodrug. Under acidic tumor microenvironment condi-

tions, the metallo-nano prodrug undergoes dissociation of iron, triggering a reduction process in oxalipla-

tin under light irradiation, resulting in the activation of both chemotherapy and photodynamic therapy
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 (PDT). Additionally, the prodrug could induce metallo-triggered ferroptosis and polarization of tumor-

associated macrophages (TAM), thereby enhancing tumor inhibition. The dual-lock strategy employed

in a nanoparticle delivery system represents an expansion in the application of platinum-based anticancer

drugs, making it a promising new direction in cancer treatment.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Platinum(II)-based drugs are widely used for treating cancer, but
their application is limited by toxicity and resistance1,2. One
strategy to overcome the limitations of platinum(II) compounds
like oxaliplatin is to convert them into platinum(IV) prodrugs,
which are generally less toxic and have potential advantages in
cancer treatment3-6. Thus, the key challenge with Pt(IV) prodrugs
is their conversion into the active platinum(II) form within cancer
cells. This conversion is essential for the drug to exert its anti-
cancer effects. The intracellular reduction of Pt(IV) prodrugs into
the active platinum(II) agent relies on the presence of reducing
agents like glutathione (GSH), metallothionein, or ascorbic acid
within cancer cells7,8. However, the presence and concentration of
these reducing agents can vary among different tumor sites,
leading to variability in the efficiency of the Pt(IV) reduction
process9,10.

To overcome this limit, structural modifications of platinum(II)
agents are made to the functional platinum(IV) prodrug, with the
specific aim of rapid reduction of Pt(IV)11-13. The most promising
approach revolves around harnessing the electron transfer prop-
erties of sensitizer ligands containing Pt(IV) prodrugs that respond
to either light or intense ultrasound, which allows activation upon
exposure to either light or high-intensity ultrasound (US)14-17. The
photoelectrons of the ligands were received by the Pt(IV) prodrugs
and then reduced to Pt(II) complexes18. Meanwhile, the combi-
nation of light or ultrasound for photodynamic therapy (PDT) or
sonodynamic therapy (SDT) has emerged as a promising cancer
treatment method17,19-23. While the controlled reduction of the
Pt(IV) prodrugs and PDT or SDT controlled by exogenous acti-
vators with the advantage of high spatial and temporal, there are
still hidden drawbacks: 1) non-specific accumulation and activa-
tion of photosensitizer or sonosensitizers united Pt(IV) owing to
shortage of targeting-tumor and low light-stimulation were still
existed phototoxicity or chemotherapy toxicity in normal tis-
sues24. 2) in-activation of photosensitizer or sonosensitizers
together with Pt(IV) prodrug induced by endogenous GSH in
complex tumor microenvironment, which weakens the effect of
PDT or SDT or reduction of the Pt(IV) prodrugs25. For these
reasons, Pt(IV) prodrug that can specifically accumulate in the
target area and be controllably activated conveniently is highly
demanded.

Ferroptosis is a type of programmed cell death induced by the
iron-dependent accumulation of lipid peroxides, which improves
anticancer efficacy of PDT and chemotherapy through multiple
pathways by increasing oxygen and reactive oxygen species
(ROS) or reducing GSH levels26,27. Moreover, the potential of
ferroptosis synergized with PDT to augment macrophage polari-
zation holds particular significance within the context of cancer
immunotherapy28. Harnessing this interplay presents a compelling
avenue for cancer therapeutic strategies by improving the PDT and
chemotherapy.

Herein, a dual-lock strategy is proposed to activate Pt(IV)
prodrug sequentially and precisely deliver platinum drugs into
tumors, enabling safe and effective cancer therapy (Scheme 1A
and B). The strategy involves administering a cationic polymeric
core comprised of polyaspartamide (P1) and methoxy poly-
ethylene glycol (mPEG) with a photosensitizer (Ce6) tandem
Pt(IV) conjugation prodrug (NP). Subsequently, Fe3þ ions coor-
dinate with the carboxyl groups of Ce6 in NP, and the phenolic
hydroxyl group of gallic acid (GA) coordinates with Fe-based NP-
Fe to form mixed coordination centers of Fe3þ (NP-G-Fe).
Additionally, PEG-modified chondroitin sulfate (PEG-CS) was
coated to NP-G-Fe to enhance tumor targeting and biocompati-
bility, resulting in the metallo-nano prodrug (NPS-G-Fe). In this
strategy, Fe serves to quench the fluorescence and inactivate the
photoactivity of Ce6 molecules, acting as the first lock (metallo
lock), while Ce6 acts to prevent premature reduction of Pt(IV)
without light irradiation, serving as the second lock (light lock).
The dual-locked strategy is designed to prevent both the photo-
bleaching of Ce6 and the premature reduction of Ce6ePt(IV),
thus mitigating the risk of unexpected toxicity (Scheme 1A). Upon
accumulation in the tumor site, the coordinated GA and Fe3þ are
dissociated from Ce6ePt(IV) by the acidic conditions of the
tumor microenvironment and intracellular lysosome (first unlock).
This step allows for the activation of Ce6ePt(IV) upon red light
irradiation, initiating photodynamic therapy and chemotherapy by
generating reactive oxidized species (ROS) and transferring pho-
toelectrons from ligands to reduce Pt(IV) into Pt(II) complexes,
respectively (second unlock). Additionally, the released GA ex-
pedites the reduction of Fe3þ into Fe2þ and the depletion of
intracellular GSH thereby increasing the treating efficacy by
triggering the ferroptosis process and macrophage polarization in
cancer cells (Scheme 1B). This approach resulting in increased
selectivity and specificity provides a promising strategy for pre-
cise cancer therapy.

2. Material and methods

2.1. Materials

Chlorin e6 (Ce6), Iron chloride hexahydrate (FeCl3$6H2O), gallic
acid (GA), 1,10-phenanthroline monohydrochloride monohydrate,
chondroitin 4-sulfate sodium salt (CS), methoxy polyethylene
glycol (mPEG-5000), thiazolyl blue tetrazolium bromide (MTT),
L-aspartic acid benzyl ester (Asp(Bzl)), mPEG5k-NH2 and o-
(benzotriazol-1-yl)-N,N,N0,N0-tetramethyluronium tetrafluoroborate
(TBTU) were purchased from Macklin, Shanghai, China.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Schematic illustration of preparation, unlocking process, and biological mechanism of NPS-G-Fe. (A) Preparation and unlocking

process of NPS-G-Fe. NP acting second lock was further coordinated with Fe3þ coordinated with GA to form a dual lock (NPS-G-Fe). Sequential

unlocking NPS-G-Fe was performed by acid condition and red light. (B) NPS-G-Fe was selectively accumulated in the tumor and ingested tumor

cells. After being taken up into cells, NPS-G-Fe was dissociated by acid condition to unlock the first lock and subsequently unlock the second lock

by red light, initiated PDT, chemotherapy, and ferroptosis to induce apoptosis of tumor cells and cause macrophage polarization.
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Oxaliplatin was purchased from Shandong Bayan Pharmaceutical
Co., Ltd., Shandong, China. Succinic anhydride, N-(3-
dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDC), 4-dimethylaminopyridine (DMAP), hydrogen peroxide
(H2O2), and N-hydroxysuccinimide (NHS) were purchased from
Aladdin, Shanghai, China. DNA purification Kit, DAPI dihydro-
chloride, Calcein/PI Live/Dead Viability/Cytotoxicity assay Kit,
Active oxygen species (ROS) assay Kit (DCFH-DA), TUNEL
apoptosis assay Kit, Glutathione (GSH) assay Kit, and Lipo-
polysaccharide (LPS) were purchased from Beyotime, Shanghai,
China. Interleukin-4 (IL-4) was purchased from Genescript
Biotechnology Co., Ltd., Nanjing, China. Creatinine (CR) assay
kit, Alanine aminotransferase (ALT) assay Kit, and Total Bilirubin
(T-BIL) Kit were purchased from Nanjing Jiancheng Bioengi-
neering Institute, Nanjing, China. Ferrous Iron Colorimetric
(Fe2þ) assay Kit was purchased from Elabscience Biotechnology
Co., Ltd., Wuhan, China. Antibodies for GPX4, FITC-goat anti-
mouse IgG, HRP-goat anti-mouse IgG, and TRITC-goat anti-
mouse IgG were purchased from AB Clonal, Wuhan, China.
Annexin V-FITC/PI apoptosis detection Kit was purchased from
Vazyme, Nanjing, China. Antibody for CD206 was purchased
from Santa Cruz, TX, USA. Antibody for INOS was purchased
from Abcam, Cambridge, UK. Antibody for APC anti-mouse
CD206, KIRAVIA Blue 520 anti-mouse F4/80, PE anti-mouse
CD86, and Brilliant Violet 421 anti-mouse CD11b were
purchased from Biolegend, CA, USA. Primers for Inos (F: TTT
GCTCATGACATCGACCAGAA; R: CGTTTCGGGATCTGAAT
GTGATG) and Arg1 (F: GTAGACCCTGGGGAACACTAT; R:
ATCACCTTGCCAATCCCCAG) were purchased from Tsingke
Biotechnology Co., Ltd., Nanjing, China.

2.2. General measurements

1H and 13C NMR spectra were performed by 600 MHz NMR
spectrometer (Bruker, MA, USA). The molecular weight for
synthesized small molecules was measured by high-resolution
mass spectrometry (HR-MS) (Agilent 6546 TOF LC‒MS spec-
trometer, CA, USA). High-performance liquid phase spectroscopy
analysis was detected by Thermo Ultimate 3000 High-
Performance Liquid Chromatography (HPLC, MA, USA).
Coupled Plasma Mass Spectrometer (Agilent Technologies 7700,
CA, USA) was used for quantitative analysis of the total platinum
and iron contents from different samples, cells, and organs. Ul-
traviolet absorbance spectrum and fluorescence excitation spec-
trum were measured by a multifunctional microplate reader
(EnVision, PerkinElmer, MA, USA). The size and zeta potential
for nanoparticles were detected by Malvern Zetasizer (Nano ZS,
Malvern, U.K). The size and morphology of nanoparticles were
measured by Transmission Electron Microscopy (TEM, EI-
TALOS-F200X, 200 kv, Thermo, MA, USA). Molecular valence
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for Pt was analyzed by X-ray Photoelectron Spectroscopy (XPS)
(Thermofisher Escalab 250xi, MA, USA). The light activation for
NPS both in vitro and in vivo was performed by 660 nm laser light
(MDL-MD-660-1W, Changchun, China). Flow cytometric anal-
ysis for cells and animals was performed by multicolor analytical
flow cytometry (Beckman, Gallios, CA, USA). MTT and Kit
detection (GSH, Fe2þ, ALT, CR, T-BIL) analysis were performed
using the multifunctional microplate reader (EnVision,
PerkinElmer). Fluorescence imaging for cells and tissue slices was
visualized by Thunder widefield high-resolution imaging system
(Leica, Thunder, Witzler, Germany). In vivo imaging of small
animals was performed by the small animal in vivo imaging sys-
tem (IVIS Lumina XRMS, PerkinElmer, MA, USA). Gene
expression levels for Inos and Arg1 were detected by reverse
transcription-polymerase chain reaction (RT-PCR) (Bio-RAD,
CA, USA). Protein expression of GPX4 was detected by a Gel
imaging system (Bio-RAD).

2.3. Characterization of nano prodrug

The size and zeta potential of NPS-G-Fe were analyzed through
Malvern Zetasizer with 660 nm, HeeNe laser, 90 of measurement
angle. Size, morphology, and element composition of NPS-G-Fe
were detected by TEM or TEM mapping.

2.4. UVeVis and fluorescence spectrum of nano prodrug

The NPS-G-Fe for UV absorption and fluorescence excitation
spectra under different conditions were measured by a multi-
functional microplate reader. Briefly, NPS-G-Fe was treated with
different acid conditions (pH 6.5, 5.5, and 4.5) or different times
of light activation (5, 10, 30 min) (a 660 nm laser, 0.8 W/cm2) or
different acid conditions added light activation to analyze the
spectra.

2.5. Analysis content of Fe2þ in nano prodrug

The content of Fe2þ in NPS-G-Fe under acid conditions (pH 4.5,
5.5, and 6.5) was detected by 1,10-phenanthroline. Simply, the
1,10-phenanthroline was added into the various NPS-G-Fe solu-
tions (pH 4.5, 5.5, and 6.5) and the change of colors of the solution
was observed.

2.6. Cell lines and culture conditions

Mice colorectal cancer cells (CT26), mice breast cancer cells
(4T1), human colorectal cancer cells (HCT116), and mice
monocyte/macrophage cells (raw.264) were cultured with DMEM
containing 10% FBS (v/v) and 1% penicillin and streptomycin
(100 mg/mL) at 37 �C and 5% CO2.

2.7. Cells vitality analysis

Cell vitality analysis was performed using an MTT experiment.
CT26, 4T1, and HCT116 cells were seeded in 96 well plates
(5 � 103 per well) and cultured for 12 h. Then the cells were
treated with various Pt-containing compounds for 4 h. Then, the
cells were irradiated with a 660 nm laser (0.8 W/cm2, 5 min).
After 48 h of light activation, the MTT solution (0.5 mg/mL) was
added into the wells to incubate 4 h. Then, the absorbance of the
plates was measured by a multifunctional microplate reader at
570 nm (peak absorbance) and 650 nm (background absorbance).

2.8. Therapeutic evaluation on CT26 multicellular cancer
spheroids (MCSs)

The 3% agarose gel (w/v) was added to the 24-well plates. CT26
cells were added to the 24-well plates (1 � 103 per well) and
cultured for 48 h. Then the CT26 MSCs were treated with various
Pt-containing compounds for 6 h. Then, the cells were irradiated
with a 660 nm laser (0.8 W/cm2, 5 min). The changes in CT26
MCSs were observed by optical microscopy on Days 1, 2, 3, 4, 5,
6, and 7.

2.9. Apoptosis detection of CT26 cells using Calcein-AM/PI
staining and FLM

The cover slices were placed into the 24-well plates. CT26 cells
were seeded in the 24 -well plates and incubated overnight (2� 104

per well). Then the cells were incubated with various Pt-containing
compounds for 4 h and irradiated with a 660 nm laser (0.8 W/cm2,
5 min). After 24 h of light activation, the cells in the wells were
treated with the AM/PI staining solution for 30 min. After that, the
staining solution in the well plates was discarded and then the cells
were washed with PBS. The fluorescence imaging of the cells was
observed by thunder widefield high-resolution imaging system
(Calcein-AM, lex Z 488 nm; PI, lex Z 530 nm).

2.10. Detection of cellular uptake and ROS generation for
platinum in CT26 cells

The CT26 cells were seeded into 6-well plates (5 � 105 per well)
overnight. Then, CT26 cells were treated with various Pt-
containing compounds for 4 h. Then, the culture medium in the
well plates was discarded and then the cells in the well plates were
washed with PBS. The content of protein for part cells in the wells
was detected by Nanodrop (Thermo Scientific, MA, USA). Sub-
sequently, the cells were dissolved by aqua regia until digestion to
quantify the content of Pt by ICP-MS.

The cover slices were placed into the 24-well plates. Mean-
while, the CT26 cells were seeded in 24-well plates and cultured
overnight (2 � 104 per well). Then, the cells were treated with
various Pt-containing compounds for 4 h. After that, the CT26
cells in plates were irradiated with 660 nm laser (0.8 W/cm2,
5 min). Simultaneously, The DCFH-DA probe was added to the
well plates to incubate for 30 min in the incubator. After 30 min,
the DCFH-DA staining solution in the wells plates was removed
and then the cells were washed with PBS. After that, the cells
were fixed with 4% paraformaldehyde for 10 min and then washed
by PBS. Subsequently, DAPI was added into the well-plated to
stain cell nucleus for 5 min and then cells were washed by PBS.
Finally, fluorescence imaging was collected by a Thunder imaging
system (DAPI, lex Z 405 nm; DCFH-DA, lex Z 488 nm; Ce6,
lex Z 530 nm).

2.11. Analysis of GSH and Fe2þ content in CT26 cells

The CT26 cells were seeded in 6 well plates (5 � 105 per well).
After 12 h, the CT26 cells in wells were incubated with various Pt-
containing compounds for 4 h. After incubation for 4 h, the cells
were irradiated with a 660 nm laser (0.8 W/cm2, 5 min). After
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24 h, the culture medium in the well plates was removed and then
the cells were washed by PBS. Finally, the intracellular content of
GSH and Fe2þ was analyzed by a kit of GSH and Fe2þ.

2.12. Light-activated platinum and DNA binding

The CT26 cells were seeded in 6 well plates (5 � 105 per well) to
culture 12 h. After that, the CT26 cells in wells were treated with
various Pt-containing compounds and for incubated 4 h. Then, the
cells in well plates were irradiated with a 660 nm laser (0.8 W/cm2,
5min). After 12 h of treatment, the culturemedium in thewell plates
was removed and then the cells werewashed by PBS. Subsequently,
theDNAof the cells was extracted by aDNAextract kit. The content
of DNAwas analyzed byNanodrop (Thermo Scientific). Finally, the
DNAwas dissolved by aqua regia to detect the content of Pt using
ICP-MS.

2.13. Detection of protein expression of GPX4 by Western blot

The CT26 cells were seeded in 6-well plates (5 � 105 per well) for
12 h. After that, the CT26 cells were incubated with various Pt-
containing compounds to incubate 4 h. After 4 h of incubation,
the cells in the well plates were irradiated with 660 nm laser
(0.8 W/cm2, 5 min). After 24 h of light activation, the culture
medium in the well plates was removed and the then cells were
washed by PBS. Subsequently, the cells were collected and
incubated with RIPA lysate buffer for 40 min on ice to obtain
protein. After that, the content of the protein was measured by
Nanodrop. Then, the protein was isolated by sodium lauryl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
migrated to a polyvinylidene fluoride membrane (PVDF). Sub-
sequently, the protein in PVDF membranes was incubated with
primary GPX4 antibody at 4 �C for 12 h, and then further incu-
bated with HRP conjugated secondary antibody for 2 h at room
temperature. Finally, the signal of fluorescence on the membranes
was detected by ECL luminescent solution and visualized by Bio-
Rad gel imaging system.

2.14. Macrophage polarization effect

Firstly, the CT26 cells were seeded in 6-well plates (5 � 105 per
well) to culture 12 h. Then, CT26 cells were treated with various
Pt-containing compounds for 4 h. After that, the cells in the well
plates were irradiated with 660 nm laser (0.8 W/cm2, 5 min) for
24 h. Meanwhile, raw. 264 cells were seeded in 6-well plates
(5 � 105 per well) overnight. Then, IL-4 (50 ng/mL) was added to
the well plates of macrophages for 24 h to establish the M2
macrophage model. Subsequently, supernatant medium extracted
from CT26 cells after treatment with various formulations and
light activation or dark was added into the well plates with M0 or
M2 macrophages to stimulate 24 h. Then, the cells were collected
and the gene expression of Arg1 and Inos was performed by real-
time reverse transcription-polymerase chain reactions (RT-PCR).

2.15. Animal welfare and protocols

Male BALB/c mice were purchased from Qing Long Shan Animal
Breeding Farm and fed in an SPF environment. All experimental
procedures were executed according to the protocols
(202302A047) approved by the Nanjing University of Chinese
Medicine Animal Care and Use Committee.

2.16. Establishment of CT26 colorectal cancer model

CT26 cells (1 � 106) were resuspended in 100 mL of PBS were
injected into the armpit of BALB/c mice. After Day 7, the tumor
volumes reached 100 mm3, which acted as the CT26 colorectal
cancer model.

2.17. Biodistribution imaging of CT26 colorectal cancer model

Biodistribution for nano prodrug was evaluated by the CT26
colorectal cancer model when the tumor volume of the mice
reached 400 mm3. The mice were injected with a single dose of
FNPS-G-Fe (Pt 3 mg/kg) via tail veins. At various times (4, 12,
24, and 48 h), the mice were separately imaged in vivo using the
small animal in vivo imaging system (IVIS Lumina XRMS,
PerkinElmer). After 48 h, the mice were sacrificed to collect the
heart, liver, spleen, lungs, kidneys, and tumors, which were used
for biodistribution imaging. Meanwhile, the content of Pt and Fe
within the heart, liver, spleen, lungs, kidneys, and tumors were
analyzed by ICP-MS after being digested by aqua regia.

2.18. Anticancer evaluation in CT26 colorectal cancer model

When the tumor volume reached 100mm3, the micewere randomly
divided into eight groups (nZ 12). The drugs were injected into the
mice once every 3 days via tail veins. All groups were: 1) The
control group (200 mL of PBS), 2) OXA (oxaliplatin, 3 mg Pt/kg),
and 3) various Pt-containing nanoparticles (3mg Pt/kg). After 4 h of
administration, the tumor of themicewas irradiated by 660 nm laser
light (0.8W/cm2, 5 min). The body weight and tumor volume of the
mice were recorded every day and calculated using Eq. (1):

Tumor volume Z 1/2 � LW2 (1)

where L refers to the long diameter of the tumor. W means the
short diameter of the tumor. After 13 days of administration, all
group mice (n Z 6) were sacrificed. Other mice for each group
(n Z 6) were further used to evaluate the lifetime.

2.19. M1 and M2 macrophage content of the CT26 tumor by
flow cytometry

The tumor of the mice was dissociated into cells by grinding.
Then, the cells were incubated with antibodies for APC anti-
mouse CD206, KIRAVIA Blue 520 anti-mouse F4/80, PE anti-
mouse CD86, and Brilliant Violet 421 anti-mouse CD11b for 2 h
at room temperature. Subsequently, flow cytometry was used to
detect the content of M1 and M2 macrophages in the tumor by
analyzing the fluorescence signal.

2.20. Immunofluorescent staining of GPX4, M1, and M2
markers and HE staining and TUNEL staining

The slices of the tumor, heart, liver, spleen, lungs, and kidney of
the mice were stained by HE staining. Moreover, the slices of
tumor of the mice were stained by TUNEL staining. Subsequently,
the image of HE and TUNEL staining were observed by
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microscope and THI (TUNEL, lex Z 488 nm). The expression of
the GPX4, M1, and M2 markers in tumors was performed by
immunofluorescent staining. The slices of tumor were separately
incubated with GPX4 antibody, INOS antibody, F4/80 antibody,
and CD206 antibody for 12 h. After that, the slices were further
incubated with various second antibody for 1 h and DAPI for
5 min, then the immunofluorescent images were performed by
THI (FITC, lex Z 488 nm; TRITC, lex Z 530 nm; DAPI,
lex Z 405 nm).

2.21. Statistical analysis

Measurement data were presented as means � standard deviation
(SD). The Student’s t-test was used to analyze the experimental
results through Graph Pad Prism 7.0 software. P < 0.05 was
identified as statistically significant. *P < 0.05; **P < 0.01;
***P < 0.001.

3. Results and discussion

3.1. Preparation and characterization of nano prodrug

The Ce6ePt(IV) was prepared by improving the method reported
in the literature29, and characterized using analytical, NMR, ESI-
HRMS, and reversed-phase HPLC (RP-HPLC) (Supporting
Information Figs. S1‒S4). The obtained Ce6ePt(IV) was conju-
gated to P1-mPEG (NP) (Supporting Information Fig. S5). Sub-
sequently, the coordination of Fe3þ and gallic acid (GA) with NP
led to the formation of NP-G-Fe nanoparticles, with the weight
ratios of Fe/Ce6ePt and Fe/GA being 1:1 and 1:2, respectively
(Supporting Information Fig. S6). Based on the dynamic light
scattering, the hydrodynamic diameter for NP and NP-G-Fe was
198 and 200 nm, respectively (Supporting Information Fig. S7A
and S7B). The zeta potential of the NP-G-Fe remains positive,
ranging between 30 and 40 mV due to the remaining cationic
residues from polyaspartamine (Fig. S7C). To neutralize the
positive surface charge, the nano prodrug was complexed with
anionic mPEG-CS to form NPS-G-Fe30. By adjusting the initial
weight ratio of mPEG-CS to NP-G-Fe, the optimized formulation
of NPS-G-Fe suspensions was achieved at a weight ratio of 6 with
neutral charged (Fig. S7C), accompanied by a decrease in the
nanoparticle diameter to 184 nm and a low polydispersity index
(PDI) of 0.11 (Fig. 1A). Following analysis of the Ce6ePt/Fe3þ/
GA content, the content of the Ce6ePt/Fe3þ/GA (with the weight
ratios of 0.9/0.9/1.1) was finally determined in NPS-G-Fe.
Moreover, analysis of stability for NPS-G-Fe nanoparticle using
dynamic light scattering showed that NPS-G-Fe nanoparticles
possess favorable stability in PBS and DMEM-added FBS from
Days 1e7 (Supporting Information Fig. S8). The diameter of
NPS-G-Fe was further validated by transmission electron
microscopy (TEM) analysis with an approximate particle size
of 190 nm (Fig. 1B). Moreover, NPS-G-Fe samples were
subjected to elemental mapping using TEM coupled with energy-
dispersive X-ray spectroscopy to visualize the composition
of the elements, demonstrating a uniform distribution of Pt,
Fe, S, N, O, and C elements within the NPS-G-Fe particles
(Fig. 1C).

To investigate the efficacy of dual-lock strategy within NPS-G-
Fe, the presence of Ce6ePt(IV), Fe3þ, and GAwithin the NPS-G-
Fe particle was measured by UVeVis absorption peaks (Fig. 1D).
Upon 30 min of radiation exposure, slight changes were observed
in the absorption peaks of 400 nm and 660 nm in NPS-G-Fe
compare to obvious alterations in the 296 nm peak and minor
changes in the 400 and 660 nm peaks were shown in NPS-G-Fe
treated with acid conditions without radiation, confirming disso-
ciation of metallo-locking. Notably, the decreasing absorption
intensities in NPS-G-Fe in an acidic environment were observed
after light exposure. This reduction can be attributed to the
photodynamic capability of Ce6 being restored following the
unlocking of metallo dissociation. Moreover, the fluorescence
spectra of NPS-G-Fe showed that the fluorescence of Ce6 in the
NPS-G-Fe was diminished due to the quenching effect induced by
Fe locking and significantly restored after treating with acid,
leading to the dissociation of Fe and unlocking of the framework
of nanoparticles (Fig. 1E). Interestingly, the restored fluorescence
intensity at 408 nm and 650 nm of the NPS-G-Fe were reduced
upon radiation exposure, implying that the formation of the
Ce6ePt(IV) frameworks within the NPS-G-Fe induces photody-
namic blenching after iron unlocking. Compared to NPS-G-Fe, a
significant fluorescence intensity for the Ce6 of 408 nm and
650 nm was observed in NPS (Supporting Information Fig. S9).
Furthermore, the infrared spectra of NPS-G-Fe revealed the
presence of two prominent carboxylate bands (COO�, 1670 and
1430 cm�1) corresponding to the linker of the Ce6ePt(IV)
framework that was coordinated with Fe3þ (Fig. 1F). This sug-
gests that the NPS-G-Fe particle featured coordination of
Ce6ePt(IV) with Fe3þ. The OH stretching vibration band of the
GA-based NPS-G-Fe particle was observed to shift from
3275 cm�1 to 3515 cm�1, indicating the coordinating of Fe3þ to
the NPS-G-Fe through intermolecular hydrogen bonding with GA.
Additionally, the carboxylic stretching band (CZO, 1715 cm�1)
of Ce6ePt(IV) within the NPS-G-Fe was detected exclusively in
samples treated with acidic conditions but not in those treated with
radiation exposure, suggesting that the pH-depended dissociation
of the Fe3þ within the NPS-G-Fe. Besides, the XPS analysis of
NPS-G-Fe revealed the presence of two binding energy peaks at
79.5 eV and 76.2 eV, which were indicative of the presence of
Pt(IV) (Fig. 1G). Following 20 min of radiation exposure, a slight
reduction of the binding energy peaks at 79.5 eV was observed in
the NPS-G-Fe. In contrast, the complete elimination of the bind-
ing energy peaks at 79.5 eV and the emergence of new binding
energy peaks at 72.2 eV were observed in the NPS-G-Fe particle
upon exposure at pH 5.5 and subsequent 10 min of radiation.
Importantly, density functional theory (DFT) calculations of the
FeePt bimetallic complex showed that the fluorescence quenching
of the photosensitizer upon complexation with Fe is likely a result
of electron transfer from the photosensitizer to the iron ion center.
Simultaneously, this circumstance also inhibits light-driven elec-
tron transfer from the photosensitizer to the Pt(IV) center
(Supporting Information Fig. S10). This suggests that the photo-
reduction of Pt(IV) to Pt(II) within the NPS-G-Fe occurred pref-
erentially, leading to the formation of Pt(II)-based species with a
lower binding energy. Subsequently, the release of Pt and Fe
content within the NPS-G-Fe was investigated using inductively
coupled plasma mass spectrometry (ICP-MS). As shown in
Fig. 1H, the ICP-MS analysis of the NPS-G-Fe particle following
20 min of radiation exposure revealed a Pt content of 30% of
releasing. In contrast, a significant release of Pt content (80%) was
observed in the NPS-G-Fe particle treatment with acid (pH 5.5)
and subsequent 10 min of radiation, indicating that faster release
of Pt from the NPS-G-Fe under acidic conditions with radiation
treatment. Moreover, similar release rates of Fe within the NPS-G-
Fe were also observed in treating with acid conditions. After



Figure 1 Characterization and photophysical properties of NPS-G-Fe. (A) Dynamic light scattering spectrum. (B) Transmission electron

microscopy image (scale bar Z 200 nm). (C) Elemental mapping of transmission electron microscopy image using coupling to energy-dispersive

X-ray spectroscopy (scale bar Z 200 nm). (D) UVeVis spectroscopy of NPS-G-Fe in various conditions. (E) Fluorescence spectroscopy of NPS-

G-Fe in various conditions. (F) Infrared spectroscopy of Ce6ePt (IV), GA, NPS-G-Fe under radiation for 10 min (with a 660 nm laser, 0.8 W/cm2,

5 min) or acid condition. (G) X-ray photoelectron spectrum of NPS-G-Fe in the dark, radiation for 20 min, or acid condition with radiation for

10 min. (H) Release of Pt for NPS-G-Fe in the dark, radiation for 20 min, acid condition, or acid condition with radiation for 10 min. (I) Release of

Fe for NPS-G-Fe in the dark, radiation for 20 min, or acid condition. (J) O-Phenanthroline chromogenic of Fe2þ or Fe3 in NPS-G-Fe in the dark

and various acid conditions.
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20 min of radiation with the NPS-G-Fe, the release of Fe content
(10%) was detected by ICP-MS. In contrast, a significant release
of Fe content (80%) was observed in the NPS-G-Fe particle
treatment with acid (PH 5.5), indicating that faster release of Fe
from the NPS-G-Fe under acidic conditions (Fig. 1I). Addition-
ally, O-phenanthroline was utilized to identify the presence of
Fe3þ or Fe2þ within the NPS-G-Fe particle, and the resulting color
change was observed to assess the impact of the reduction of Fe3þ

to Fe2þ by GA. As illustrated in Fig. 1J, a strong conversion of
Fe3þ to Fe2þ was observed under acid-dependent conditions for
the NPS-G-Fe, indicating that GA selectively triggers the reduc-
tion of Fe3þ to Fe2þ within the NPS-G-Fe particle under acidic
conditions. Taking together, these results align with previous
research demonstrating the dual-lock ability of NPS-G-Fe to
selectively activate photoactivated Pt(IV) prodrugs in specific
environmental conditions.
3.2. Cytotoxicity induced by nano prodrug

The in vitro biological effects of various Pt-containing compounds
were assessed on various cell lines. Firstly, we evaluate the
combination index (CI) value of chemotherapy and photodynamic
therapy. The Ce6ePt(IV) constituted by Ce6 and oxaliplatin (ratio
of 1:1) was used to evaluate combination index (CI) values. The
result of Table S1 showed that a synergism effect (CI < 1) was
observed in Ce6ePt(IV) from ED50 to ED95, which indicated
that the combination of Ce6 and oxaliplatin (Ce6ePt(IV)) was a
synergism effect (Supporting Information Table S1). As shown in
Fig. 2A‒C, the formulations with light irradiation exhibited
greater toxicity compared to those without irradiation. Following
48 h incubation after radiation, functionalized NPS-G-Fe
demonstrated remarkable cytotoxicity upon irradiation with the
IC50 values of 0.2, 0.6, and 0.27 mmol/L for CT26, 4T1, and
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HCT116 cells, respectively, which is much lower than the IC50

presented by the NPS in same cell lines with radiation. Mean-
while, NPS also exhibited enhanced antitumor cytotoxicity
compared to Ce6ePt(IV) under the radiation, as indicated by the
IC50 values of 0.53 mmol/L vs. 1.06 mmol/L, 0.84 mmol/L vs.
2.05 mmol/L, and 0.52 mmol/L vs. 1.42 mmol/L for CT26, 4T1, and
HCT116 cells, respectively. Furthermore, the therapeutic effects
of various Pt-containing compounds were evaluated in the 3D
multicellular cancer spheroids (MCSs) using optical microscopy.
The result of volume change of 3D MCSs on Days 1, 2, 3, 4, 5, 6,
and 7 showed that the NPS-G-Fe upon irradiation presented the
greater inhibiting grow effect of the 3D MCSs, compared to NPS
upon irradiation or Ce6ePt(IV) upon irradiation or oxaliplatin
(Supporting Information Fig. S11). These findings suggest that the
dual-lock metallo-nano prodrug significantly enhances antitumor
cytotoxicity, especially under radiation conditions. Moreover, the
toxicity of various Pt-containing compounds was assessed on
HUVECs and raw cells. Following 48 h incubating after radiation
or without irradiation, various Pt-containing compounds demon-
strated low toxicity in HUVECs and raw cells, compared to the
cancer cells (Supporting Information Fig. S12). The enhanced
antitumor effect of nano prodrug was further evaluated through
flow cytometry. In comparison with oxaliplatin, apoptotic effects
were increased by 4.6-, 5.7-, and 6.8-fold (Fig. 2D and E) for
Ce6ePt(IV), NPS, and NPS-G-Fe after irradiation, respectively.
Moreover, the therapeutic effects on CT26 cells were evaluated
using live/dead staining and Thunder high-resolution imaging
system (THINDER). The decreasing green fluorescence (Calcein
AM) and increasing red fluorescence (PI) of cells treated by NPS-
G-Fe demonstrated that metallo-nano prodrug exhibited minimal
live cells compared to Ce6ePt(IV) and NPS in the same condition
(Fig. 2F). These findings provide further evidence of the signifi-
cant therapeutic effects of dual-locked NPS-G-Fe, highlighting its
potential as a promising therapeutic strategy.

3.3. Biological mechanisms of nano prodrug in vitro

The cellular endocytosis of photosensitizer and generation of
reactive oxygen species (ROS) is a crucial process in effective
photodynamic therapy31. To investigate the underlying biological
mechanisms, cellular uptake and ROS production of Ce6ePt(IV),
NPS, and NPS-G-Fe were observed using the THI and flow
cytometry. As shown in Fig. 3AeE, upon treatment with or
without irradiation for 4 h, both NPS and NPS-G-Fe significantly
increased the uptake of Ce6 and ROS content in comparison to
Ce6ePt(IV), suggesting that the nanoparticles promoted the up-
take of Ce6 and ROS generation. Notably, the treatment of NPS-
G-Fe upon irradiation or without irradiation was found to result in
a higher uptake of Ce6 and ROS content than the treatment of NPS
upon irradiation or without irradiation. Moreover, the cellular
uptake analysis revealed noticeable differences in the uptake of
NPS and NPS-G-Fe compared to NP and NP-G-Fe, indicating that
CS within NPS-G-Fe contributes to an improved tumor-targeting
effect. Subsequently, the cellular uptake of Pt in CT26 cells
exposed to various formulations was analyzed using ICP-MS. As
shown in Fig. 3F, after 4 h treatment, the cellular content of Pt for
Ce6ePt(IV), NPS, and NPS-G-Fe was 1.5, 3.2, and 4.2 times
higher than that observed with oxaliplatin, respectively. The
findings were consistent with those from the cellular uptake
analysis of Ce6 fluorescence, revealing that NPS-G-Fe resulted in
a higher cellular uptake compared to NPS. Platinum drugs enter
tumor cells and form cross-linked products with DNA, leading to
distortion of the DNA double helix, inhibition of replication, and
ultimately inducing DNA double-strand breaks and cell
apoptosis32. To measure the efficacy of Pt-DNA crosslinking in
the NPS-G-Fe, the cellular DNA-Pt adducts of CT26 cells exposed
to oxaliplatin, NPS, and NPS-G-Fe were analyzed. As shown in
Fig. 3G, a higher amount of Pt-DNA adducts was measured
following irradiation for 4 h in the treatment of NPS and NPS-G-
Fe, with NPS-G-Fe exhibiting the highest capacity for DNA-Pt
adducts. Interestingly, compared to oxaliplatin, a significant in-
crease in Pt-DNA adducts was observed in the treatment of NPS
upon irradiation (10.4-fold increase), and an even higher increase
was noted in the treatment of NPS-G-Fe upon irradiation (13-fold
increase) (Fig. 3G). These results indicated that the functionalized
NPS-G-Fe particle promoted the cellular uptake of nanoparticles,
had the potential for ROS generation and inhibited cell division by
forming harmful Pt-DNA adducts, which was further enhanced
upon exposure to irradiation and contributed to its enhanced
cytotoxicity.

The reduction of intracellular GSH levels enhances the anti-
cancer efficacy of platinum-based chemotherapy33. Thus, the
intracellular GSH of CT26 cells treated with different Pt-
compounds was measured. The results showed that the content of
GSH was reduced by 1.1 times (NPS) and 1.3 times (NPS-G-Fe) in
the absence of irradiation and was further decreased by 1.9 times
(NPS) and 2.7 times (NPS-G-Fe) upon irradiation (Fig. 3H). In
addition to intracellular GSH levels, dissociation of Fe2þ from
NP-G-Fe is also featured for ferroptosis and improves anticancer
efficacy PDT28. Analysis of cellular Fe2þ content revealed a
considerable amount of Fe2þ generated in NPS-G-Fe, which was
approximately 2.6-fold higher than that observed in the treatment of
NPS without irradiation, due to GA within NPS-G-Fe initiated
conversion of Fe3þ into Fe2þ in CT26 tumor cells (Fig. 3I). Addi-
tionally, a significant increase in Fe2þ content was observed in the
treatment of NPS-G-Fe upon irradiation, where the level of Fe2þ

was elevated by 2.8-fold compared to the treatment of NPS with
irradiation (Fig. 3I). Triggering ferroptosis effect improves anti-
cancer efficacy PDT by increasing ROS levels and decreasing
intracellular GSH content28. Therefore, the improvement in the
biological effects of cellular ROS and Pt-DNA crosslinking in the
treatment of NPS-G-Fe with irradiation, compared to NPS upon
irradiation, may be attributed to the ferroptosis of cancer cells. To
confirm this hypothesis, a Western blot analysis of GPX4 protein in
CT26 cells was performed. GPX4 protein acts as a crucial regulator
of ferroptosis34. As shown in Fig. 3J and K, NPS-G-Fe with irra-
diation led to a tremendous decrease in the expression level of
GPX4, indicating that the GPX4-mediated ferroptosis pathway
could be triggered by photoactivated NPS-G-Fe (Fig. 3J and K).
Thus, the treatment of dual-locked metallo-nano prodrug with
irradiation increased intracellular ROS and Fe2þ levels, and
reduced the GSH content in CT26 cells, which was found to induce
ferroptosis, and boosted the efficacy of photodynamic therapy and
photoactivated chemotherapy.

3.4. Macrophage polarization induced by nano prodrug in vitro

PDT synergized with ferroptosis has been shown to activate and
enlarge the polarization of tumor-associated macrophages, to
inhibit tumor growth28,35. To investigate macrophage polarization
induced by metallo-nano prodrugs, raw macrophages (M0
macrophage) separately exposed to a supernatants medium
extracted from CT26 cells after treatment with various formula-
tions, and the gene expression relating to macrophage polarization



Figure 2 Cytotoxic effect in CT26, 4T1, and HCT116 cells and apoptosis effect in CT26 cells. (A) Cell viability of CT26 cells with various Pt-

containing compounds and exposure to irradiation (660 nm, 0.8 W/cm2, 5 min) or dark. (B) Cell viability of 4T1 cells with various Pt-containing

compounds and exposure to irradiation 5 min or dark. (C) Cell viability of HCT116 cells with various Pt-containing compounds and exposure to

irradiation 5 min or dark. (D) Flow cytometry for CT26 cells apoptosis treating with various Pt-containing compounds exposure to irradiation

5 min or dark. (E) Quantitative analysis of the CT26 cells apoptosis ratio. (F) Live/dead staining of CT26 cells treated with various Pt-containing

compounds exposure to irradiation 5 min or dark, green (Calcein AM, live cells), red (PI, dead cells). Scale bar Z 400 mm. Data are presented as

mean � SD (n Z 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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such as Inos (M1) and Arg1 (M2) were analyzed using PCR
(Fig. 4A). The results showed that Inos was significantly increased
by 23.2- and 35.7-fold in response to the supernatant medium
from NPS and NPS-G-Fe with irradiation, while Arg1 was reduced
by 2.5-and 9.5-fold in response to the supernatant medium from
NPS and NPS-G-Fe with irradiation, compared to PBS control
(Fig. 4B and C). M2 macrophages induced by IL-4 (50 ng/mL)
also was used as control to evaluate polarization effect induced by
NPS and NPS-G-Fe (Fig. 4D). The PCR analysis of gene
expression related to polarization showed that the expression of
Inos was upregulated by 1.9- and 3.3-fold in response to NPS and
NPS-G-Fe with irradiation, compared to M2 macrophages
(Fig. 4E). Conversely, the expression Arg1 was downregulated by
1.8- and 2.1-fold in response to NPS and NPS-G-Fe with
irradiation, compared to M2 macrophages (Fig. 4F). To further
validate the effect of macrophage polarization induced by NPS
and NPS-G-Fe, immunofluorescent staining, quantitative cytom-
etry, and the content of TNF-a in M2 macrophages were used to
further to verify. The results for immunofluorescent staining
showed that the higher M1 polarization NPS-G-Fe with irradiation
was found than that observed with NPS with irradiation by a
decrease in the expression of CD206 and an increase in the
expression of INOS in the M2 macrophages exposed to superna-
tant media from CT26 cells (Fig. 4H). Moreover, the result for
quantitative cytometry showed that a 1.6-fold decrease in the
content of M2 macrophages and a 7.6-fold increase in the content
of M1 macrophages were observed in response to NPS-G-Fe
combined with irradiation, compared to M2 macrophages



Figure 3 CT26 cellular uptake, ROS generation, Pt-DNA crosslinking, and ferroptosis effect. (A) Uptake and ROS fluorescence images of

CT26 cells with various Pt-containing compounds exposure to irradiation (660 nm, 0.8 W/cm2, 5 min) or dark, red (Ce6), green (DCFH-DA,

ROS), blue (DAPI). Scale bar Z 100 mm. (B) Image of Ce6 fluorescence intensity in CT26 cells with various Pt-containing compounds after 4 h

using flow cytometry. (C) Image of DCF fluorescence intensity in CT26 cells with various Pt-containing compounds exposed to irradiation for

5 min or dark using flow cytometry. (D) Relative B, quantitative analysis content of Ce6 fluorescence intensity in CT26 cells. (E) Relative

C, quantitative analysis content of DCF fluorescence intensity in CT26 cells. (F) Pt content of CT26 cells with various Pt-containing compounds

for 4 h. (G) Relative content of Pt-DNA of CT26 cells with various Pt-containing compounds for 4 h and exposure to irradiation 5 min or dark. (H)

Relative content of GSH of CT26 cells with various Pt-containing compounds for 4 h and exposure to irradiation 5 min or dark. (I) Relative

content of Fe2þ of CT26 cells with various Pt-containing compounds for 4 h and exposure to irradiation 5 min or dark. (J) Western blot image of

GPX4 of CT26 cells with various Pt-containing compounds exposure to irradiation 5 min or dark. (K) Relative J, quantitative analysis of GPX4

protein expression (fold of normal) in CT26 cells. Data are presented as mean � SD (n Z 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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(Fig. 4GeI, and J). As shown in Fig. 4K, the cell supernatant
content of TNF-a was evaluated at a 3.98-fold increase in
response to NPS-G-Fe combined with irradiation, compared to M2
macrophages. These findings provide further evidence that NPS-
G-Fe with irradiation promotes macrophage polarization towards
an M1 phenotype and suppresses the polarization towards an M2
phenotype.

3.5. Biodistribution and anti-tumor efficacy of nano prodrug

Subsequently, tumor-targeting and tumor-inhibiting effects of
various formulations were performed in the CT26 colorectal
cancer model (Fig. 5A). To explore the biodistribution in the CT26
colorectal cancer model, the NPS-G-Fe was labeled with the flu-
orophore IR780 to achieve the fluorescent nanoparticle (FNPS-G-
Fe). The result for hydrodynamic diameter showed the hydrody-
namic diameter of FNPS-G-Fe was 178 nm, compared with NPS-
G-Fe (184 nm) (Supporting Information Fig. S13). Thus, based on
the change in hydrodynamic diameter IR780 labeling does not
affect the nanoparticles. The biodistribution of nano-prodrug was
performed, where the fluorescent was observed to accumulate in
the tumor site, which was almost similar for the liver both in vivo
and ex vivo after administration FNPS-G-Fe via tail veins (Fig. 5B
and C). The results of biodistribution demonstrated an enhanced
targeting effect in tumors when treated with FNPS-G-Fe in
comparison to FNP-G-Fe (Fig. 5B). Pharmacokinetic experiment
was further used to evaluate the features in blood circulation for
NPS-G-Fe. Following a single intravenous (i.v.) injection, func-
tionalized NPS-G-Fe demonstrated remarkable circulation half-
life in blood vessels with the 81.8 h, compared to Ce6ePt(IV)
with 0.93 h and NP-G-Fe with 0.64 h (Supporting Information
Fig. S14). This provides additional evidence that CS within
NPS-G-Fe contributes to an improved time in blood circulation
and tumor-targeting effect. Simultaneously, Pt and Fe content



Figure 4 Macrophage polarization effect. (A) Diagram for M0 macrophage polarization effect for various apoptosis supernatants of culture

medium for CT26 cells. (B) Relative gene expression of Inos of M0 macrophages treated with various apoptosis supernatants of culture medium

for CT26 cells for 24 h. (C) Relative gene expression of Arg1 of M0 macrophages treated with various apoptosis supernatants of culture medium

for CT26 cells for 24 h. (D) Diagram for M2 macrophage polarization effect for various apoptosis supernatants of culture medium for CT26 cells.

(E) Relative gene expression of Inos of raw macrophage (M2) treated with various apoptosis supernatants of culture medium for CT26 cells for

24 h. (F) Relative gene expression of Arg1 of raw macrophages (M2) treated with various apoptosis supernatants of culture medium for CT26 cells

for 24 h. (G) Image of flow cytometry of the M1 and M2 macrophages of raw cells using flow cytometry. (H) Immunofluorescent staining of

CD206 and INOS for raw macrophages (M2) treated with various apoptosis supernatants of culture medium for CT26 cells for 24 h, red (CD206),

green (INOS), blue (DAPI). Scale bar Z 25 mm. (I) Relative G, quantitative content of M2 rations of the raw cells. (J) Relative G, quantitative

content of M1 rations of the raw cells. (K) Quantitative analysis of TNF-a content in raw cell supernatant using ELISA. Data are presented as

mean � SD (n Z 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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accumulating in organs and tumors were analyzed. The results
demonstrated the amount of Pt and Fe in the tumor was 1.5-fold or
1.2-fold higher in comparison to that of the liver, while less
content of Pt and Fe was detected in the other organs (Fig. 5DeE).
Tumor inhibition of various formulations was further evaluated in
CT26 colorectal cancer models. As shown in Fig. 5F, NPS-G-Fe in
irradiation exhibited the highest tumor suppression and eradicated
tumor volume compared to NPS and Ce6ePt(IV) with irradiation
(Supporting Information Fig. S15). While treating with oxalipla-
tin, Ce6ePt(IV), and NPS without irradiation was a slight
reduction in the tumor volume (Fig. 5F and Fig. S15). Consistent
with the effect of inhibiting tumor growth, the weight of tumor
Figure 5 Biodistribution, tumor growth inhibition, and survival for tre

evaluation of the therapeutic effect of CT26 colorectal cancer model. (B) B

tumor, and major organ (after sacrifice) of the CT26 colorectal cancer m

fluorescence of the FNPS-G-Fe for tumor, and major organ (after sacr

mean � SD (n Z 3). (D) Pt content of tumor and major organ of the CT2

mean � SD (n Z 3). (E) Fe content of tumor and major organ of the CT2

mean � SD (n Z 3). (F) Growing curves of tumors of CT26 colorectal

(660 nm, 0.8 W/cm2, 5 min) or dark. Data are presented as mean � SD (n

treated by various formulations exposure to irradiation 5 min or dark. Data

colorectal cancer mode after treatment for day 30. Data are presented as m

model after sacrifice. Data are presented as mean � SD (n Z 6). (J)

bar Z 400 mm *P < 0.05; **P < 0.01; ***P < 0.001.
also was reduced to varying degrees after treatment of the various
formulations (Fig. 5I). Furthermore, the recording of body weight
of tumor-bearing mice showed that no body weight loss and
behavioral abnormalities were observed during the treatment
(Fig. 5G). The survival rate of tumor-bearing mice with irradiation
or without irradiation was evaluated. A relatively extended sur-
vival rate for the animals treated with Ce6ePt(IV) and NPS (with
irradiation or without irradiation) and NPS-G-Fe (without irradi-
ation) was observed compared with oxaliplatin. Notably, contin-
uous observation of post-treatment outcomes revealed that 83% of
the animals treated with NPS-G-Fe combined with irradiation
were still alive after Day 30, whereas all animals treated with
atment of the CT26-tumor mice. (A) Diagram for establishment and

iodistribution of FNPS-G-Fe (above) and FNP-G-Fe (below) for body,

odel using IVIS. (C) Related to B, quantitative analysis of the IR780

ifice) of the CT26 colorectal cancer model. Data are presented as

6 colorectal cancer model detected by ICP-MS. Data are presented as

6 colorectal cancer model detected by ICP-MS. Data are presented as

cancer model treated by various formulations exposure to irradiation

Z 6). (G) Body weight curves of the CT26 colorectal cancer model

are presented as mean � SD (n Z 6). (H) Survival curve of the CT26

ean � SD (n Z 6). (I) Tumor weight of the CT26 colorectal cancer

HE or TUNEL staining of the tumor tissues after sacrifice. Scale
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other formulations had died due to recurrent tumor growth
(Fig. 5H). Subsequently, a comprehensive analysis of the tumors
and tissues of the treated animals was conducted using hema-
toxylin and eosin (HE) staining and TUNEL fluorescence staining.
The results revealed remarkable nuclear fragmentation and
nucleolytic activity (HE staining) as well as apoptosis (TUNEL
staining) in the subjects treated with NPS-G-Fe in combination
with irradiation, which was notably absent in the subjects treated
Figure 6 Evaluation of ferroptosis and macrophage polarization of the

staining of GPX4 of the tumor of the CT26-tumor mice after sacrificed,

analysis of LPO content of the tumor of the CT26-tumor mice. (C) Quanti

(D) Quantitative analysis of Fe2þ content of the tumor of the CT26-tumor

the tumor of the CT26-tumor mice using flow cytometry. (F) Relative E, qu

E, quantitative content of M2 rations of the CT26-tumor mice. (H) Immun

CT26-tumor mice, green (F4/80), red (CD206), red (INOS), blue (DAPI)

*P < 0.05; **P < 0.01; ***P < 0.001.
with other formulations (Fig. 5J). Additionally, HE staining for
key organs and hematological assessments conducted on the dosed
animals confirmed the non-toxicity of the various formulations
administered (Supporting Information Figs. S16 and S17).
These results corroborate the notion that the dual-lock metal-
lo-nano-prodrug possesses exceptional tumor-targeting capabil-
ities, a favorable safety profile, and substantial therapeutic
potential.
tumor for treatment of the CT26-tumor mice. (A) Immunofluorescent

green (GPX4), blue (DAPI), scale bar Z 100 mm. (B) Quantitative

tative analysis of GSH content of the tumor of the CT26-tumor mice.

mice. (E) Image of flow cytometry of the M1 and M2 macrophages of

antitative content of M1 rations of the CT26-tumor mice. (G) Relative

ofluorescent staining of F4/80 and CD206 or F4/80 and INOS of the

, scale bar Z 200 mm. Data are presented as mean � SD (n Z 3).
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3.6. Macrophage polarization and ferroptosis initiated by nano
prodrug in vivo

To elucidate the mechanism behind the highly efficient tumor
inhibition exhibited by the dual-lock metallo-nano prodrugs,
further investigation was conducted on the impact of ferroptosis
and macrophage polarization on the tumor in the CT26 colorectal
cancer model after treatment with various Pt-containing com-
pounds. As shown in Fig. 6A, the expression of GPX4 in tumors
was found to be significantly reduced in response to treatment
with NPS-G-Fe combined with irradiation compared to those
treated with other Pt-containing compounds, as determined using
immunofluorescent staining. Furthermore, the content of Fe2þ,
GSH, LPO, and MDA in the tumor was also further analyzed to
support the ferroptosis induced by NPS-G-Fe. As shown in
Fig. 6BeD, and Supporting Information Fig. S18, elevating the
content of Fe2þ, MDA, and LPO and decreasing GSH in tumor
tissues were observed in NPS-G-Fe combined with irradiation
compared to those treated with other Pt-containing compounds. To
investigate the changes in M1 and M2 macrophages in tumors,
flow cytometry, and immunofluorescent staining techniques were
utilized. As compared to treatment with oxaliplatin, a 3.3-fold
decrease in the content of M2 macrophages and a 10.5-fold in-
crease in the content of M1 macrophages were observed in
response to NPS-G-Fe combined with irradiation (Fig. 6EeG).
The results obtained from flow cytometry were corroborated by
immunofluorescent staining, which demonstrated that the fluo-
rescence of CD206 was significantly reduced and that of INOS
was sharply increased in response to NPS-G-Fe combined with
irradiation (Fig. 6H). Overall, these results suggest that the com-
bination of NPS-G-Fe and irradiation may enhance the anti-tumor
efficacy by inducing ferroptosis and polarizing macrophages to-
wards an M1 phenotype. Overall, both the in vitro and in vivo
results suggest that the dual-lock strategy for constructing Pt(IV)-
based formulations could serve as a promising approach for future
cancer therapy due to the favorable features of these formulations,
such as cooperative activation and high-specificity therapy, to
overcome the limitations associated with PDT and chemotherapy.

4. Conclusions

In summary, the sequential dual-lock strategy employed in the
development of Pt(IV) nano prodrugs enables their activation by
both the acidic tumor microenvironment and red light, thereby
enhancing the efficacy of photodynamic and chemotherapy in-
terventions in cancer treatment. This approach involves the
preparation of photoactivated Pt(IV) containing nano prodrug
(NP), followed by the coordination of Fe3þ and GA with the Ce6
in NP to “lock” its photoactivity, and subsequent coating with
PEG-CS to produce dual-locked metallo-nano-prodrug. The first
lock of NPS-G-Fe is initially triggered by the acidic tumor envi-
ronment, causing the dissociation of Fe3þ and GA from NPS-G-
Fe, resulting in the restoration of Ce6 photoactivity. The second
lock is unlocked by a red light, activating photodynamic therapy
and reducing the Pt(IV) to Pt(II) drugs for chemotherapy. Utili-
zation of this strategy resulted in a significant improvement in the
therapeutic effectiveness of NPS-G-Fe, which was primarily
attributed to its high intracellular uptake, along with the dissoci-
ated GA-induced conversion of Fe3þ to Fe2þ and depletion of
intracellular GSH, leading to ferroptosis induction. The radiation-
enhanced potency of NPS-G-Fe treatment had a multiplicative
effect on treatment efficacy. Moreover, the significant impact of
NPS-G-Fe following radiation on tumor-associated macrophage
polarization was confirmed, further enhancing the overall thera-
peutic outcome. Taken together, the implementation of a
sequential dual-locking strategy in the development of photo-
activated Pt(IV)-based metallo-nano prodrugs offers a versatile
platform for the codelivery of therapeutic agents, exhibiting sig-
nificant potential for synergistic tumor therapy while minimizing
adverse side effects.
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