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a b s t r a c t

The antioxidant and immune-suppressive microenvironment of tumors has severely limited the effi-

cacy of photodynamic therapy (PDT). To overcome these limitations, we proposed a novel nanoparticle

(PEG-PFc/Hyp) that combined hypericin (Hyp) and ferrocene for synergistic anti-tumor therapy within

a single system. Briefly, the optimum PEG114-PLL10 was reacted with ferrocene by the carboxylic acid

N-succinimidyl ester(ferrocene-NHS), and the subsequent Hyp encapsulated in the above fabricated am-

phiphilic polymer. When under light irradiation, Hyp generated abundant reactive oxygen species (ROS)

that synergized with •OH produced by ferrocene, leading to disrupted redox balance, amplified lethal

lipid peroxidation (LPO) and inducing significant ferroptosis. Furthermore, the ferrocene could greatly

alleviate hypoxia via O2 production, thereby cascaded enhancing the ROS production efficiency of PDT.

As a result, the cascade augmented ROS level, alongside the glutathione (GSH) depletion in tumor cells,

caused effective immunogenic cell death (ICD) and potent anti-tumor response. It turned out that the

PDT-ferroptosis-ICD strategy enabled significant oxidative damage and tumor cell immunogenicity, offer-

ing great potential in cancer immunotherapy.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The treatment of solid tumors has encountered significant chal-

lenges due to the unfavorable tumor microenvironment, character-

ized by imbalanced oxidation–reduction properties and immune-

suppressive mechanisms [1,2]. Traditional anti-tumor modalities

primarily focused on tumor-cell killing via “physiological” apopto-

sis, which failed to alter the immune-suppressive tumor microen-

vironment. Recently, researchers have identified an apoptotic cell

death subroutine that offers positive immune stimulatory effects,

leading to the development of immunogenic cell death (ICD) [3–

5]. The ICD pathway can induce cell death that is associated with

immunogenicity and the release of damage-associated molecular

patterns (DAMPs), such as surface-exposed calreticulin (ecto-CRT)

and high mobility group box 1 (HMGB1), primarily released by dy-
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ing tumor cells, which can send "eat me" signals and stimulate the

antigen presentation function of dendritic cells [6,7]. Additionally,

various treatments, including chemo-drugs, radiotherapy, and pho-

todynamic therapy (PDT), have been shown to effectively induce

practical ICD effects [8–10].

PDT is widely utilized in tumor treatment through the reac-

tion of photosensitizers (PS) that accumulate in tumor areas when

exposed to specific light irradiation, resulting in tumor cell death

due to the generation of abundant reactive oxygen species (ROS)

[11,12]. This approach offers significant advantages for non-invasive

and on-demand drug release. Previous research has demonstrated

that light-activated hypericin (Hyp) can produce high levels of

ROS and calreticulin (CRT) exposure, which leads to strong ICD-

associated immunotherapy effect in vitro [13,14]. However, the

therapeutic impact of Hyp-based PDT is limited by the tumor’s in-

herent redox homeostasis mechanisms and hypoxic microenviron-

ment, which contribute to severe therapy resistance and cancer cell

metastasis. Therefore, to enhance the therapeutic efficacy of PDT
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and its induced ICD effect, it is essential to regulate redox home-

ostasis in situ and increase the sensitivity of cancer cells to oxida-

tive stress.

Ferroptosis is an iron-dependent programmed cell death caused

by the inhibition of cellular antioxidative system, especially glu-

tathione (GSH) and glutathione peroxidase 4 (GPX4), as well as

the accumulation of lethal lipid peroxidation (LPO) [15–17]. Iron

plays an essential role in ferroptosis therapy due to the production

of toxic hydroxyl radicals (•OH) through Fenton reaction. Cancer

cells generally exhibit high rates of metabolism and proliferation,

leading to a greater demand for iron compared to normal cells,

making them more susceptible to ferroptosis. It has been reported

that the rate-limiting step of the Fenton reaction could be accel-

erated by light radiation [18,19]. Thus, we believe that combin-

ing PDT with ferroptosis could synergistically regulate tumor redox

homeostasis, increasing the sensitivity of cancer cells to ROS and

enhancing the ICD effects in tumors. As a typical Fenton reagent,

ferrocene can donate electrons from its ferrocenyl group to H2O2

through its two parallel cyclopentadiene rings. This reaction gen-

erates highly toxic •OH in the tumor microenvironment, making

ferrocene a promising candidate for effective cancer treatment in

conjunction with PDT. Additionally, the ongoing generation of oxy-

gen from Fenton reactions induced by Fe3+ transformed from fer-

rocene can alleviate the hypoxic conditions to cascade improve the

effectiveness of PDT [20–23]. Based on above, developing a versa-

tile and simple nanosystem combining ferrocenyl-induced ferrop-

tosis and Hyp-induced PDT to improve anti-tumor efficacy by en-

hancing immune-stimulating ICD is of great significance.

Herein, we developed a complex nanoparticle (PEG-PFc/Hyp)

with Hyp loaded in an amphiphilic copolymer micelle contain-

ing ferrocene moiety, possessing great kinetic stability, biocom-

patibility, and redox capability, for enhanced anti-tumor therapy

(Scheme 1). Once PEG-PFc/Hyp is taken up by tumor cells, the

Hyp-based PDT induced a substantial amount of ROS when ex-

posed to light. Meanwhile, ferrocene serves as a source of Fe2+,
which triggers tremendous increment of LPO via the Fenton re-

action (H+ + Fe2+ +H2O2 → Fe3+ +H2O+ •OH) by utilizing the ex-

cess cellular ROS, resulting in severe redox imbalance and cellular

ferroptosis. Moreover, the transformed Fe3+ can be converted back

to Fe2+ by H2O2, releasing O2 (2Fe3+ +H2O2 →2Fe2+ +2H+ +O2),

which in turn further enhances the ability of PDT to generate more

ROS. Furthermore, the cascade production of toxic ROS blocks the

transport of GSH and inhibits the activity of GPX4, which breaks

the balance of the antioxidant system in tumor cells, increasing the

significant damage to tumor cells, leading to significant ICD initia-

tion and DAMPs release. Consequently, the generation of ROS and

peroxidation aid PEG-PFc/Hyp to achieve great anti-tumor efficacy

in vivo through integrating ferrocene-based ferroptosis and Hyp-

Scheme 1. Schematic illustration of the synthesis and anti-tumor therapeutic pro-

cess of PEG-PFc/Hyp.

based PDT as well as the destruction of metastatic tumors, thus

providing new therapeutic options for tumors that are resistant to

PDT.

The glycol-b-poly-l-lysine (mPEG-nPLL) was synthesized by

ring-opening polymerization of l-lysine N-carboxyanhydride with

mPEG-NH2 as the initiator (Fig. S1 in Supporting information) [24].

PEG-PFc was synthesized by the reaction between PEG114-PLL10
and ferrocene carboxylic acid N-succinimidyl ester(ferrocene-NHS).

Hyp was further encapsulated in the above fabricated amphiphilic

polymer to form PEG-PFc/Hyp (Scheme 1). The nanoparticles with

optimal particle size can be obtained by adjusting the content

of PEG and PLL to 100 and 40. It can be seen from Table S1

(Supporting information) that the high proportion of PEG leads

to the failure of the formation of nanoparticles, while the high

proportion of PLL leads to an increase of particle size. Of note,

the sizes of the PEG-PFc/Hyp could be easily tailored by tuning

the mass ratio of the PEG-PLL, Hyp, and ferrocene (Fc) (Table S2

in Supporting information). For example, the average diameters of

PEG-PFc/Hyp increased from 90nm to 750nm with the alteration

in the mass ratio. Considering particle size to vessel wall pore size

ratio and acceptably low clearance and extravasation in normal

tissues, there is an optimal nanoparticle size range (50–200nm)

that provides efficient transvascular transport in many tumors

[25]. Therefore, nanoparticles with a particle size greater than

200nm were excluded. Given the loading rate of Hyp and Fc,

PEG-PFc/Hyp made from PEG-PLL, Hyp, and Fc at a mass ratio of

10:1:8, whose average hydrodynamic diameter was 122nm, was

selected for further evaluation in this study. Fig. 1a showed the
1H nuclear magnetic resonance (NMR) spectrum of PEG-PFc/Hyp.

For PEG-PFc/Hyp, the peaks of hydrogen groups in ferrocene

appeared at 3.5 and 4.5 ppm, and the mPEG next to methylene

appears between 2.48ppm and 2.87ppm, which indicated the

ferrocene ether reacted with the PEG114-PLL10 amino groups. The

transmission electron microscopy (TEM) image indicated that

the PEG-PFc/Hyp nanoparticle has a relatively uniform spherical

morphology with a diameter of 100nm (Fig. 1b). The visible

absorption at 595nm suggested that Hyp was successfully loaded

into the nanoparticle (Fig. 1c). Dynamic laser scattering (DLS)

measurement exhibited that the average diameter of PEG-PFc/Hyp

was about 122nm (Fig. 1d). Moreover, elemental mapping images

further demonstrated the existence of C, O, and Fe elements

in PEG-PFc/Hyp (Fig. S2a in Supporting information). The size

stability of PEG-PFc/Hyp (Hyp equivalent 0.5mg/mL) dispersed

in different media (saline, phosphate buffered saline (PBS), H2O

Fig. 1. (a) The 1H NMR spectra of PEG-PFc. (b) TEM image of PEG-PFc/Hyp. Scale

bar: 200nm. The ultraviolet (UV) absorption spectra (c) and hydrodynamic size (d)

of PEG-PFc/Hyp and PEG-PFc.
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and serum) was also tested on days 1, 2, 3, 5 and 7. As shown in

Fig. S2b (Supporting information), there was no significant change

in particle size with the extension of time, indicating the good

colloidal stability of PEG-PFc/Hyp.

The 4T1 cells were co-cultured with free Hyp and PEG-PFc/Hyp

(Hyp, 0.5 μg/mL) for 0.25, 0.5, 1, 2 and 4h. Fig. S3a (Support-

ing information) showed that PEG-PFc/Hyp could be phagocy-

tosed by 4T1 cells, and the phagocytic proportion increased with

the extension of co-incubation time with PEG-PFc/Hyp, reaching

90.6% at 2h and 99.8% at 4h. Thus 2h was selected as the

optimal time point for PEG-PFc/Hyp endocytosis. As shown in

Fig. S3b (Supporting information), PEG-PFc/Hyp and Hyp were re-

spectively incubated with 4T1 cells for 2 h. The intracellular flu-

orescence of PEG-PFc/Hyp group was more obvious than that of

free Hyp group and PBS group. This may be because modifi-

cation of PEG/PLL significantly increased the biocompatibility of

nanoparticles and promoted PEG-PFc/Hyp transfer to 4T1 cells

[26]. The ROS, LPO, malondialdehyde (MDA), and GSH of 4T1 cells

treated by free Hyp, PEG-PFc, and PEG-PFc/Hyp with or without

laser irradiation (595nm, 2.5W/cm2, 5min) were investigated in

vitro. The 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA), C11

boron-dipyrromethene (BODIPY) 581/591 and MDA staining assay

were used to detect cellular ROS, LPO, and MDA contents, re-

spectively. As shown in Figs. 2a–c, confocal laser scanning mi-

croscopy (CLSM) and flow cytometry (FCM) were applied to ana-

lyze the intracellular ROS and LPO generation after different treat-

ments. The control groups (PBS) showed that only a small amount

of ROS was produced. In contrast, cells treated with PEG-PFc/Hyp

with light exhibited significantly stronger fluorescence than other

groups, suggesting the increased ROS and LPO levels caused by the

Fenton reaction and ferroptosis. The fluorescence intensity of ROS,

LPO levels and MDA contents was statistically analyzed (Fig. S4 in

Supporting information), and it was found that ROS LPO levels and

MDA contents produced by the PEG-PFc/Hyp with light group were

greater than that by PEG-PFc/Hyp and free Hyp with light group

(the differences were statistically significant, P<0.001). Compared

with the ROS detection of PEG-PFc/Hyp and PEG-PFc/Hyp with

Fig. 2. The ROS and LPO generation by PEG-PFc/Hyp nanoplatform. CLSM images

(a) and FCM analysis (b, c) of ROS and LPO generation in 4T1 cells treated by PBS,

PEG-PFc, PEG-PFc/Hyp, free Hyp with 595nm laser, and PEG-PFc/Hyp with laser. (d)

GSH content of 4T1 cells after various treatments. Scale bar: 100μm. Data presented

as means ± SD, one-way ANOVA. ∗∗P<0.01, ∗∗∗P<0.001.

light, it can be inferred that Hyp, as a selective anti-tumor PS,

could enhance ROS production and consolidate the PDT efficiency

of anti-tumor therapy. An excellent redox-reversible characteristic

of the ferrocene molecule also made it a potential heterogeneous

Fenton-like catalyst [27]. ROS production can significantly deplete

GSH in tumor cells. As shown in Fig. 2d, with the increase of ROS

in 4T1 cells, the production of GSH in 4T1 cells by PEG-PFc/Hyp

with laser was significantly reduced than that by other groups.

The electron donor–acceptor ability of ferrocene moiety endows it

with good redox characteristics and high catalytic capacity as an

excellent Fenton catalyst [28,29]. The 4T1 cells showed a round

shape due to the toxicity of PEG-PFc/Hyp with laser due to fer-

roptosis (Fig. 2a). The combination of ferroptosis and Hyp-induced

PDT generated oxidative ROS and caused impaired cell structure

and integrity [30]. These results suggested that under the effect

of Hyp-based PDT, PEG-PFc/Hyp promoted ROS and LPO generation

and enhanced the impact of the Fenton reaction and ferroptosis.

The anti-tumor properties of PEG-PFc/Hyp were initially per-

formed at a cellular level. As shown in Fig. S5a (Supporting in-

formation), even when incubated with 100μmol/L of PEG-PFc/Hyp,

the viability of NIH/3T3 cells remained above 80%, indicating

negligible toxicity and good biocompatibility. To verify the anti-

tumor efficiency of Fenton reaction and ferroptosis induced by

PEG-PFc/Hyp with 595nm laser, the cell counting kit-8 (CCK-8) as-

say was analyzed with 4T1, B10F10, and CT26 cells. As shown in

Fig. 3a, the cytotoxicity of free Hyp with laser, PEG-PFc, and PEG-

PFc/Hyp was limited at low concentrations (<0.1 μmol/L). As the

concentration increased, the cytotoxicity of nanoparticles began

to enhance. PEG-PFc/Hyp displayed dose-dependent cytotoxicity to

tumor cells. At the same concentration, the cytotoxicity of PEG-

PFc/Hyp to three types of tumor cells was remarkably enhanced

under the illumination condition. It was calculated that the PEG-

PFc/Hyp with 595nm laser required for 4T1, CT26, and B16F10 cells

growth inhibition of 50% (IC50) were 3.708, 1.577, 1.154μmol/L, re-

spectively.

We next characterized the cell apoptosis through FCM

staining by Annexin V-fluorescein isothiocyanate (FITC)/7-

aminoactinomycin D (AAD) apoptosis kit more quantitatively.

The apoptosis rates of cell groups treated with PBS, PEG-PFc,

PEG-PFc/Hyp, free Hyp with laser and PEG-PFc/Hyp with laser

were about 2.15%, 2.34%, 2.91%, 8.77%, and 49.8%, respectively

(Fig. 3b). The quantitative data displayed in Fig. S5b (Supporting

Fig. 3. Cell viability assays. (a) CCK-8 assays of 4T1, B16F10, and CT26 cells after

different treatments. (b) Annexin V-FITC)/AAD analysis of 4T1 cell apoptosis after

various treatments (n=3). The schematic illustration (c) and CLSM images (d) of

Annexin V-FITC (green, live cells) and propidium iodide (red, dead cells) co-stained

cells after incubation with PEG-PFc/Hyp and laser irradiation. Laser-exposed areas

were indicated. Scale bar: 100μm. Data presented as means ± SD, one-way ANOVA.
∗∗∗P<0.001.
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information) further confirmed that a distinct apoptosis rate was

observed in PEG-PFc/Hyp with laser group higher than in other

groups. In contrast, limited levels of late apoptosis of 4T1 cells

were visualized in PEG-PFc/Hyp without laser, indicating that

PEG-PFc/Hyp with laser greatly influenced cell activity. 4T1 cells

were treated as shown in Fig. 3c, and the CLSM further verified the

inhibition effect on tumor cells. 4T1 cells were exposed to partial

595nm laser irradiation after being treated with PEG-PFc/Hyp, the

irradiated area was predominantly filled with apoptotic cells, a

result of singlet oxygen exposure (Fig. S6 in Supporting informa-

tion), which were presented in red. In contrast, the non-irradiated

area was dominated by living cells, as evidenced by green. The

distinction between a light area and a non-light area could be

observed in the CLSM images (Fig. 3d).

According to the mechanism of PDT-ferroptosis-ICD induced by

PEG-PFc/Hyp with laser, the downregulation of GPX4 and accumu-

lation of LPO were critical elements in the ferroptosis process. Be-

sides, Hyp-PDT could trigger ICD, which released DAMPs, such as

CRT and HMGB1. The expression of related markers in 4T1 cells

was directly observed by immunofluorescence staining after differ-

ent treatments. As shown in Fig. 4a, the fluorescence intensity of

GPX4 on cells decreased obviously after PEG-PFc/Hyp with laser

treatment, which could be ascribed to the oxidation from GSH to

glutathione disulfide (GSSG), leading to depression of GPX4.

Meanwhile, the expression of HMGB1 and CRT in 4T1 cells sig-

nificantly increased after treating PEG-PFc/Hyp with laser. Specifi-

cally, it could be observed that the expression of ecto-CRT on the

cell membrane increased, illustrating the effective induction of ICD

(Fig. S7 in Supporting information). Fig. 4b showed the quantita-

tive analysis of fluorescence intensity of GPX4, HMGB1, and ecto-

CRT on 4T1 cells after various treatments, respectively. Besides, as

shown in Fig. 4c and Fig. S8 (Supporting information), the PEG-

Fig. 4. ICD induced by PEG-PFc/Hyp in vitro. (a) The CLSM images of GPX4, HMGB1,

and ecto-CRT expression on 4T1 cells after different treatments. (b) The fluores-

cence intensity of (a) qualified by Image J software. (c) The immunofluorescence

images of 4T1 cells after incubation with PEG-PFc/Hyp exposed to partial laser irra-

diation. (d) Western blot images of the expression of GPX4, HMGB1, Ecto-CRT, and

total CRT in 4T1 cells after various treatments. Scale bar: 100μm. Data presented as

means ± SD, one-way ANOVA. ∗∗P<0.01, ∗∗∗P<0.001.

PFc/Hyp group with partial laser irradiation exhibited different ex-

pressions of GPX4, HMGB1, and CRT in regions with and without

PDT. The Western blot results also showed that after being treated

with PEG-PFc/Hyp and partial laser irradiation, the cellular GPX4

content decreased, HMGB1 and ecto-CRT range increased (Fig. 4d

and Fig. S9 in Supporting information). At the same time, total CRT

expression was unchanged, consistent with immunofluorescence

results. The alterations of ICD-related markers confirmed that the

PEG-PFc/Hyp could induce ecto-CRT expression by the Hyp-based

PDT, promote the release of HMGB1 and enhance the treatment of

PDT-ferroptosis-ICD.

The pharmacokinetics of PEG-PFc/Hyp was conducted via

analyzing the changeable Fe content in blood after injecting

PEG-PFc/Hyp (Hyp equivalent 0.5mg/mL) intravenously. All ani-

mal studies followed standard Guidelines from the Experimental

Animals Institute of Zhejiang University and were approved by

the Institutional Ethical Committee of Animal Experimentation

of Zhejiang University in China. The obtained blood circulation

curve in Fig. S10 (Supporting information) was analyzed by a two-

compartment model, and the first (t1/2(α)) and second (t1/2(β))

phases of circulation half-lives were calculated to be 0.5 and 4.6 h,

respectively, which made PEG-PFc/Hyp possibly accumulate in tu-

mors. The anti-tumor effect of PEG-PFc/Hyp was further analyzed

on the orthotopic 4T1 models, as shown in Fig. 5a. Tumor-bearing

mice were randomly divided into five groups (n=5): PBS, PEG-PFc,

free Hyp, PEG-PFc/Hyp with or without laser irradiation (Hyp

equivalent 0.5mg/mL). After five rounds of treatments, the tu-

mor size and mouse weight were measured every other day. As

depicted in Figs. 5b and c, the tumor volume of all groups kept

increasing except the PEG-PFc/Hyp with laser. The control group

(PBS) had almost no anti-tumor effect. In contrast, the PEG-PFc

group only partially inhibited tumor growth. This may be due

to the Fenton reaction triggered by Fe2+ among ferrocene and

H2O2, leading to ferroptosis in the tumor site. In comparison,

Fig. 5. PDT-ferroptosis-ICD anti-tumor efficacy mediated by PEG-PFc/Hyp. (a) The

experimental illustration of treatment, histological analysis, immunohistochemistry,

and immunofluorescence study of mice bearing 4T1 breast tumor. Tumor weight

(b), volume profiles (c), tumor and body weight (d) in mice after different treat-

ments (n=5). (e) The immunofluorescence staining of GPX4, HMGB1 and ecto-CRT

of tumors. Scale bar: 100μm. (f) HE staining and Ki67 immunohistochemical stain-

ing of 4T1 tumors with various treatments. Scale bar: 200μm. Data presented as

means ± SD, one-way ANOVA. ∗∗∗P<0.001.
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PEG-PFc/Hyp with laser group showed the most excellent tumor

ablation effect, and the tumor volume was significantly reduced

within 15 days. The tumor inhibition rate of the PEG-PFc/Hyp

with laser group was calculated as 98.4%, which showed sta-

tistically significantly higher than PEG-PFc (13.0 %), PEG-PFc/Hyp

only (37.5%), and free Hyp with laser group (59.4%). Additionally,

mice had no significant weight loss during anti-tumor therapy,

indicating low systemic toxicity of PEG-PFc/Hyp (Fig. 5d). The

hematoxylin-eosin (HE) staining analysis showed no inflammatory

or obvious tissue damage in major organs, including the heart,

liver, spleen, lung, kidney, and intestine (Fig. S11 in Supporting

information). The above results demonstrated the outstanding

biocompatibility and low therapeutic toxicity of PEG-PFc/Hyp.

After the above treatments, tumors were collected for further

study. The synergistic effect of ferroptosis and Hyp-based PDT

would become a potent ICD-inducing strategy in the tumor mi-

croenvironment. Therefore, the ROS detection and immunofluores-

cence analysis of GPX4, ecto-CRT, and HMGB1 were detected to

verify ferroptosis and ICD. As shown in Fig. 5e, the highest amount

of ROS was produced as GPX4 consumed inside the tumors of the

PEG-PFc/Hyp with light group, followed by Hyp with PDT, PEG-

PFc/Hyp, PEG-PFc and PBS groups. The significant anti-tumor effi-

cacy could be attributed to the depletion of GPX4 by PEG-PFc/Hyp

after Hyp-PDT treatment. The ICD stimulated by PEG-PFc or PEG-

PFc/Hyp without laser was stronger than PBS but lower than PEG-

PFc/Hyp combined with PDT, confirmed by the highest level of

ecto-CRT exposure and HMGB1 release. Furthermore, the immuno-

genic cytokines in both blood and tumors were tested to validate

the induction of ICD. As shown in Fig. S12 (Supporting informa-

tion), the pro-inflammatory cytokines interferon-gamma (IFN-γ ),

interleukin-6 (IL-6) increased, and anti-inflammatory IL-10, trans-

forming growth factor beta (TGF-β) decreased in blood and tumors

after PEG-PFc/Hyp with PDT treatment, suggesting a robust im-

mune response. HE staining and Ki67 immunohistochemistry im-

ages showed that the tumor cells in PEG-PFc/Hyp with laser group

were seriously necrotic, and the cell proliferation slowed down

(Fig. 5f).

To assess the immune anti-tumor benefits of PEG-PFc/Hyp, we

conducted further investigations into its therapeutic effects using a

lung metastasis mouse model. We developed an orthotopic breast

cancer model with 4T1 cells and subsequently treated the mice

with either PBS or PEG-PFc/Hyp followed by 595nm laser irradi-

ation (Fig. S13 in Supporting information). After surgically remov-

ing the treated tumors, we established a lung metastasis model

to evaluate the immune memory effect of PEG-PFc/Hyp. The HE

staining images of the lung tissues revealed that the mice treated

with PEG-PFc/Hyp and PDT exhibited a significant reduction in

tumor formation in the lungs compared to those treated with

PBS, which demonstrated the notable preventive effects of PEG-

PFc/Hyp against lung metastases and highlighted a robust immune

response.

In summary, we constructed a nanoplatform PEG-PFc/Hyp using

the PDT-ferroptosis-ICD strategy to achieve efficient tumor treat-

ment. The Fe in ferrocene can react with tumoral H2O2 produced

by Hyp-induced PDT, triggering the Fenton reaction and gener-

ating ROS and LPO that induce tumor cell ferroptosis. Notably,

GPX4 depletion and O2 supplied by Hyp-based PDT can increase

excessive oxidative stress levels to promote ICD. This nanoplat-

form nearly eradicated subcutaneous tumors and exhibited potent

anti-tumor activity against tumor metastases in vivo. The novel

PDT-ferroptosis-ICD strategy inspired us to further study the rela-

tionship between ferroptosis, PDT, and tumor immune system re-

sponses, which has great potential for applying synergistic immune

anti-tumor therapies.
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