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a b s t r a c t

Insufficient endogenous H2O2 for generation of hydroxyl radicals (•OH) has strikingly compromised anti-

tumor benefits of ferroptosis. Herein, we develop a H2O2 self-supplying nanoparticle based on a pH-

responsive lipopeptide C18-pHis10. Inspired by the coordinate pattern of hemoglobin binding heme, Fe2+

and tetrakis(4-carboxyphenyl)porphyrin (TCPP) were delicately encapsulated by formation of coordination

compounds with His. Ascorbgyl palmitate (AscP) was also incorporated into the nanoparticles for gener-

ation of H2O2 by reduction 1O2 produced from TCPP, meanwhile prevented Fe2+ from being oxidized.

The protonation of pHis in acidic endo-lysosome induced the breakage of Fe2+/His/TCPP coordinate in-

teractions, leading to accelerated release of payloads and the following escape to cytoplasm. Upon laser

irradiation, TCPP produces excessive 1O2 followed by conversion to H2O2 in the presence of AscP, which

is further catalyzed to lethal •OH by Fe2+ via Fenton reaction. The self-supplying H2O2 was found to re-

sult significantly higher accumulation of lipid peroxides and more effective tumor inhibition. Overall, this

work sheds new a light on H2O2 self-supplying strategy to enhance ferroptosis by taking advantage of
1O2 generated by photodynamic therapy (PDT).

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ferroptosis is a newly-defined non-apoptotic regulated cell

death, offering a promising therapeutic alternative to the existing

cancer therapies due to the circumvention of chemotherapy resis-

tance and activation of anti-tumor immune response [1-8]. Ferrop-

tosis is primarily induced by the hydroxyl radical (•OH) that gen-

erated from Fenton reaction (Fe2+ +H2O2 → Fe3+ + (OH)− + •OH)

[9-12]. As one of the most potent reactive oxygen species (ROS),
•OH directly oxidize polyunsaturated fatty acids (PUFAs)-rich phos-

pholipids and produce highly lethal lipid peroxides (LPOs) [13-16],

inducing the disruption of cell membrane and the subsequent

ferroptosis [2,17-18]. Although ferroptosis has been extensively

explored, it is still facing the challenge of low efficiency of •OH

generation via Fenton reaction in cancer tissues.

The efficiency of Fenton reaction has been restricted by sev-

eral factors such as H2O2 concentration [19-21], metal catalyst

[22,23], pH and external energy field [24,25]. Among these, low

H2O2 level within tumor microenvironment is one of the key

limiting factors that needs to be properly addressed [26,27]. One

approach has been reported to augment H2O2 level was delivery

exogenous H2O2 generators, such as H2O2 prototype drug [28],

glucose oxidase (GOx) [29-31], and inorganic peroxides (calcium

∗ Corresponding author.

E-mail address: qiaomingxi@163.com (M.-X. Qiao).

peroxide, copper peroxide nanodots, etc.) [32], but low stability of

these reagents in aqueous solution restricts their efficiency. The

other approach is to in situ amplify endogenous H2O2 generation

pathway, such as nicotinamide adenine dinucleotide phosphate

(NADPH)/superoxide dismutase (SOD) [33-35], peroxidase [36,37],

glutathione peroxidases (GPx) [38], and catalase [39,40]. However,

due to the complex and rigorous of intracellular regulatory mech-

anisms, the efficacy of this approach remained to be improved.

Beside the above-mentioned approaches, a more reliable way

to generate H2O2 is from singlet oxygen (1O2), which is usu-

ally produced by photodynamic therapy (PDT) arising from en-

ergy transfer from the excited photosensitizer to oxygen molecule

upon laser irradiation [33,41-45]. Because of the empty �2p
∗ or-

bital, 1O2 possesses strongly electrophilic ability that could readily

react with the electron-rich compounds through electrophilic addi-

tion or electron transfer [46]. But due to the high energy barrier, a

catalyst or activator is required to facilitate the above reaction pro-

cesses. For example, the thiazole-based conjugated polymers were

utilized to photo-catalyze H2O2 production from 1O2 via a [4+2]

cycloaddition mechanism [47]. Moreover, two electron transfer re-

action in the presence of reducing agents was found to convert
1O2 to H2O2 [46,48]. Therefore, the conversion of H2O2 from 1O2

is assumed to be a more reliable strategy to enhance ferroptosis by

PDT. Despite the intensive researches about using PDT for boosting

https://doi.org/10.1016/j.cclet.2024.110097
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Scheme 1. Schematic illustration of AscP/Fe2+/TCPP@CNP nanoparticle to boost

the ferroptosis via H2O2 self-supplying. Top panel: Self-assembly mode of

AscP/Fe2+/TCPP@CNP by mimicking hemoglobin coordinate pattern. Bottom panel:

The in vivo anti-tumor mechanism of AscP/Fe2+/TCPP@CNP. After accumulated in

tumor tissue via enhanced permeability and retention effect and subsequent inter-

nalized by tumor cells, TCPP produced excessive 1O2 upon laser irradiation followed

by conversion to H2O2 in the presence of AscP, and was further catalyzed to lethal
•OH by Fe2+ via Fenton reaction. The produced Fe3+ also contributed to ferroptosis

by consuming GSH and regenerating Fe2+ . The ferroptotic tumor cells could activate

anti-tumor immune response to further enhance the therapeutic effect.

ferroptosis, few studies have focused on the conversion of 1O2 to

H2O2 [48-50]. Therefore, the study would draw researchers’ atten-

tion to a new perspective of using PDT to enhance ferroptosis.

Herein, a proof-of-concept study was conducted by devel-

oping a pH-responsive amphiphilic lipopeptide C18-pHis10 for

co-delivery of ferrous ion (Fe2+), photosensitizer tetrakis(4-

carboxyphenyl)porphyrin (TCPP) and ascorbgyl palmitate (AscP)

(Scheme 1). As TCPP possesses the basic porphyrin nucleus struc-

ture, Fe2+ and TCPP were encapsulated into the lipopeptide as-

semblies by coordination interaction with His, which mimicked

the coordinate pattern of hemoglobin binding heme. AscP was

further encapsulated in the hydrophobic domain of the lipopep-

tide assemblies. As a reducing agent, AscP played double roles in

the nanoparticle. One is to prevent Fe2+ from being oxidized and

therefore maintain the stability of the nanoparticle. The other more

important one is to reduce 1O2 to generate H2O2 for further cat-

alyzed to lethal •OH. The functionalized lipopeptide was expected

to respond to the acidic endo-lysosome environment causing the

breakage of Fe2+/His/TCPP coordinate interaction, thereby resulted

the disruption of the nanoparticle and the fast release of payloads.

Upon laser irradiation, TCPP produced the excessive 1O2 followed

by conversion to H2O2 in the presence of AscP, which was further

catalyzed to lethal •OH by Fe2+ via Fenton reaction. The byproduct

of Fenton reaction of Fe3+ also contributed to ferroptosis by con-

suming intracellular glutathione (GSH) which compromised lipid

peroxides scavenging system and regenerated the catalyst of Fe2+

for Fenton reaction.

The pH-responsive amphiphilic lipopeptide C18-pHis10 was syn-

thesized by using stearic acid, pHis10(Trt) as starting materials. The

detailed synthesis procedure, characterization results were pro-

vided in Figs. S1 and S2 (Supporting information). The synthesized

lipopeptide exhibited significantly buffering capacity in pH range

from 7.4 to 5.5 (Fig. S3 in Supporting information), and increased

critical micelle concentration value as pH decrease (Fig. S4 in Sup-

porting information) due to the protonation of imidazole groups

of pHis10 in acidic environment. This indicated superior ability of

lipopeptide in effectively triggered release and endo-lysosome es-

cape of the payloads [51,52].

Inspired by the coordinate pattern of hemoglobin, the func-

tionalized lipopeptide was developed to incorporate Fe2+ and

photosensitizer TCPP with porphyrin structure to construct the

coordination-assembled nanoparticle (Fe2+/TCPP@CNP). The H2O2

converser of AscP was further co-encapsulated in the hy-

drophobic domain of the nanoparticle (AscP/Fe2+/TCPP@CNP). The

AscP/Fe2+/TCPP@CNP showed as a reddish-brown colloidal solu-

tion, while exhibited distinct red-fluorescence under laser irra-

diation (Fig. S5 in Supporting information). Transmission elec-

tron microscopy (TEM) images indicated the formation of spher-

ical nanoparticle with the size around 120nm (Fig. 1a). Dynamic

light scattering (DLS) analysis (Fig. 1a) revealed an average par-

ticle size of 118.35±3.57nm and a narrow polydispersity in-

dex (PDI) of 0.163±0.08. The zeta-potential of AscP@CNP was

−2.58±0.36mV, and that for AscP/Fe2+/TCPP@CNP was decreased

to −19.28±0.96mV due to the incorporation of negatively charged

TCPP.

Iron is known to coordinate both with histidine residues and

with the interior pyrrole nitrogen of porphyrin to form iron

porphyrins, which are common existent in natural biomolecules

and play indispensable roles in sustaining physiological func-

tion [53]. The change of zeta-potential from −2.58±0.36mV to

−19.28±0.96mV indicated the coordinative encapsulation of TCPP

indirectly. To in-depth study the coordinative interactions between

TCPP/Fe2+/His, the coordination structure was first simulated by

density functional theory (DFT, M06–2X) calculations. The results

showed that all the bond lengths were around 2.1 Å (Fig. 1b),

indicating the potential of Fe2+ in coordination with the imida-

zole groups from pHis10 peptide and the center porphyrin ring

from TCPP. The coordination between Fe2+ and His was inves-

tigated by Fourier transform infrared (FT-IR), where the charac-

teristic bands of -NH and ring from imidazole group in Fe2+-
lipopeptide complexes were all significantly shifted from 3165.1

and 1534.8 cm−1 to 3155.5 and 1523.7 cm−1, respectively, com-

pared to free lipopeptide (Fig. 1c, Table S1 in Supporting informa-

tion), suggesting that the Fe2+ coordinated to the imidazole groups

from pHis10. The coordinative interactions within TCPP/Fe2+/His
was in situ verified by both ultraviolet–visible (UV–vis) absorp-

tion spectra and fluorescence spectra. UV–vis absorption spectra

of free TCPP showed one intense Soret band (414nm) and four

Q-bands (500–700nm). In contrast, the Soret band redshifted to

415nm and Q band number was reduced from four to two in

AscP/Fe2+/TCPP@CNP (Fig. 1d). Additionally, the maximum emis-

sion wavelength of AscP/Fe2+/TCPP@CNP redshifted by 4nm com-

pared to free TCPP (Fig. 1e). Taken together, these findings con-

firmed the multi-component coordinative interactions of TCPP and

His in concert with Fe2+ within the nanoparticle.

The encapsulation efficiency (EE) of the three payloads in

lipopeptide nanoparticle were all higher than 93%, demonstrated

the superior performance of the lipopeptide in co-encapsulation

of multiple components with diverse physio-chemical properties

(Table S2 in Supporting information). In vitro release profile was

investigated in phosphate buffer saline (PBS) solutions (0.01mol/L)

at different pH values (Fig. 1f). The nanoparticle exhibited neg-

ligible leakage (<15%) after 24h incubation at pH 7.4 but an

accelerated release profiles at acidic condition. Specifically, the

cumulative release amount of AscP, Fe2+ and TCPP increased
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Fig. 1. Characterizations for AscP/Fe2+/TCPP@CNP. (a) TEM image and particle size analyzed by DLS of AscP/Fe2+/TCPP@CNP (scale bar: 200nm). (b) Coordination conforma-

tions of TCPP/Fe2+/His and the bonds lengths. (c) FT-IR spectra of lipopeptide and corresponding complex with Fe2+ . UV–vis absorption spectra (d) and fluorescence spectra

(e) of free TCPP and AscP/Fe2+/TCPP@CNP, respectively. (f) In vitro release profiles of AscP, Fe2+ and TCPP from nanoparticle at different pH values (7.4, 6.5 and 5.5), respec-

tively (n=3). (g) The •OH generation ability of different nanoparticles (n=3). (h) The influence of AscP concentration on the production of •OH from the AscP/Fe2+/TCPP@CNP

(n=3). The relative Fe2+ content in the platform after 10-fold dilution by PBS (pH 7.4, 0.01mol/L) containing 10% FBS (i) and storage for 14 days at 4 °C (j). Data are presented

as mean ± standard deviation (SD). ∗∗∗P<0.001.

from 14.82% ± 1.14% to 86.21% ± 3.06%, from 13.87% ± 1.15%

to 85.12% ± 3.59% and from 14.42% ± 1.33% to 88.74% ± 3.35%,

respectively, as pH decrease from pH 7.4 to 5.5. The efficient and

synchronous release of the payloads from nanoparticle could be

primarily attributed to the protonation of imidazole residues in

histidine, leading to the breaking of multi-component coordinative

interactions in acidic environment.

The extracellular •OH production of the AscP/Fe2+/TCPP@CNP

was performed using HKOH-1 as sensor [54]. As illus-

trated in Fig. 1g, the fluorescence intensity induced by
•OH in Fe2+/TCPP@CNP(-)+H2O2 remarkably higher than

Fe2+/TCPP@CNP(-) and control group, indicating the Fenton

reaction catalysis ability of the nanoparticle. The negligible •OH

signal in Fe2+/TCPP@CNP(+) group indicated that 1O2 could not be

spontaneously converted to H2O2. Moreover, fluorescence intensity

from AscP/Fe2+/TCPP@CNP(+) was distinctly higher than that from

Fe2+/TCPP@CNP(+), indicating that 1O2 excited by TCPP could be

converted to H2O2 in the presence of AscP for •OH generation.

The influence of AscP content on the •OH generation was further

investigated. As shown in Fig. 1h, as AscP concentration increased,

the production of •OH gradually increased, with maximum flu-

orescence intensity appeared at the concentration of 20μg/mL.

Further increase of AscP led to a quick decrease in the production

of •OH, which was probably attributed to the consumption of

the generated H2O2 or •OH by the excessive amount of AscP.

Collectively, these results showed that the reducing agent of

AscP could catalyze the conversion of H2O2 from 1O2 excited by

PDT.

AscP was also found to play a role in prevention Fe2+ from be-

ing oxidized to Fe3+. As shown in Figs. 1i and j, the nanoparticle

with AscP exhibited constant Fe2+ level after storage for 14 days at

4 °C or 10-fold dilution by PBS (pH 7.4, 0.01mol/L) containing 10%

fetal bovine serum (FBS) in contrast to that without AscP exhibit-

ing a significant decrease in Fe2+ level (P<0.001). It is well known

that Fenton reaction is in fact initiated by Fe2+ rather than the ox-

idized Fe3+, therefore the satisfactory stability of the nanoparticle

benefit from the AscP endowed the nanoparticle with the potential

to boost the Fenton reaction and subsequent ferroptosis induction.

Both confocal laser scanning microscopy (CLSM) (Fig. 2a) and

flow cytometry (FCM) (Fig. 2b) results showed that the nanopar-

ticle was efficiently internalized by 4T1 breast cancer cells within

4h. In addition, AscP/Fe2+/TCPP@CNP displayed a much broader

distribution of TCPP red fluorescence and much less orange signal

resulting from the overlap of TCPP and LysoTracker Green, indi-

cating the effectively endo-lysosome escape of TCPP (Fig. 2c). The

“proton sponge” effect from pHis10 was verified with the help of

bafilomycin A1 (proton pump inhibitor). As CLSM image shown

(Fig. 2d), bafilomycin A1 treatment significantly decreased the

3
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Fig. 2. Intracellular trafficking and in vitro efficacy of AscP/Fe2+/TCPP@CNP. Internalization behavior of AscP/Fe2+/TCPP@CNP against 4T1 breast cancer cells detected by CLSM

(scale bar: 10 μm) (a) and FCM (b), respectively. (c) Colocalization analysis of TCPP and lysosome investigated by CLSM (scale bar: 10 μm). (d) Cell viability of 4T1 breast cancer

cells after treated by different nanoparticles for 48h (n=5). (e) Cell viability of different nanoparticles in presence of ferroptosis inhibitor of Fer-1 or apoptosis inhibitor of

Apo (n=5). (f) The proportion of ferroptosis and apoptosis induce by different nanoparticles. (g) The mitochondria morphology (scale bar: 500nm) captured by TEM, the 1O2

and •OH level (scale bar: 10 μm) in 4T1 breast cancer cells detected by CLSM after different nanoparticles treatment. (h) LPOs accumulation in 4T1 breast cancer cells after

treated by different nanoparticles measured by FCM. Intracellular H2O2 (i) and GSH (j) level of 4T1 breast cancer cells after treated by different nanoparticles (n=5). The

Fe2+ (k) and Fe3+ (l) content in 4T1 breast cancer cells after treated by Fe2+/TCPP@CNP(-) with/without GSH depleting agent DEM pretreatment (n=5). Data are presented

as mean ± SD. n.s., no significance. ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001.

distribution of red signal in the cytoplasm, demonstrating that

“proton sponge” effect contributed to the endo-lysosomal escape

of TCPP.

The in vitro cytotoxicity of AscP/Fe2+/TCPP@CNP against 4T1

was shown in Fig. 2d, the blank nanoparticle (CNP) and laser ir-

radiation alone (control (+)) exhibited negligible toxicity, indicat-

ing the excellent biocompatibility of the nanoparticle. AscP@CNP

treatment caused a slight but not significant increase in cell via-

bility compared to control. AscP/Fe2+/TCPP@CNP(+) treatment re-

sulted in the strongest inhibition on the cell viability, which was

significantly (P<0.001) higher than Fe2+/TCPP@CNP(+), indicating

the positive role of AscP in boosting the anti-tumor efficacy.

The cytotoxicity mechanism of AscP/Fe2+/TCPP@CNP was

further studied. As the result shown (Fig. 2e), the cytotox-

icity of Fe2+/TCPP@CNP(-) was completely counteracted by

ferroptosis inhibitor (Fer-1), but was not affected by apoptosis

inhibitor (Apo). In contrast, both Fer-1 and Apo pretreatment

remarkably alleviated the cytotoxicity of Fe2+/TCPP@CNP(+) and

AscP/Fe2+/TCPP@CNP(+), respectively, indicating a hybrid cell

death involving both ferroptosis and apoptosis. However, it was

worth noting that AscP/Fe2+/TCPP@CNP(+) induced higher pro-

portion of ferroptosis and lower proportion of apoptosis than

Fe2+/TCPP@CNP(+) (Fig. 2f). Meanwhile, AscP/Fe2+/TCPP@CNP(+)

treatment resulted in significant mitochondria morphology

changes (membrane density increase, volume decrease, crest

disappearance and outer membrane rupture) (Fig. 2g) and higher

accumulation of lipid peroxides (LPOs) (Fig. 3h) than that of

Fe2+/TCPP@CNP(+). These results confirmed that AscP enhanced

4
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Fig. 3. The evaluation of the in vitro ICD effect induced by AscP/Fe2+/TCPP@CNP. (a)

CRT exposure and HMGB1 release after treated by different nanoparticles observed

by CLSM (scale bar: 10 μm). (b) Quantitate analysis of HMGB1 release, CRT-positive

cells and ATP secretion after treated by different nanoparticles (n=5). Data are pre-

sented as mean ± SD. ∗∗∗P<0.001.

the anti-tumor efficacy of AscP/Fe2+/TCPP@CNP(+) via transform-

ing the cell death pathway induced by TCPP from apoptosis to the

more lethal ferroptosis.

The intracellular •OH levels after treated by the nanoparticles

were detected with HKOH-1r as the specific probe. As shown

in Fig. 2g, Fe2+/TCPP@CNP(-) treatment resulted comparable

increase in intracellular •OH signal with Fe2+/TCPP@CNP(+),

which was caused by the Fenton reaction catalyzed by

Fe2+. AscP/Fe2+/TCPP@CNP(+) treatment significant aug-

mented •OH fluorescence intensity in the cells comparing

with Fe2+/TCPP@CNP(+), demonstrating a prooxidant-like ef-

fect of AscP for generation of •OH when it combined with TCPP.

Fe2+/TCPP@CNP(+) treated cells exhibited comparable intracellular

H2O2 level with Fe2+/TCPP@CNP(-), proving that the 1O2 excited

by PDT could not be spontaneously converted to H2O2 (Fig. 2i).

AscP/Fe2+/TCPP@CNP(+) treatment resulted 1.31-fold increase of

intracellular H2O2 comparing with Fe2+/TCPP@CNP(+) (P<0.001)

even though AscP@CNP caused a slight decrease of intracellular

H2O2 level. Meanwhile, the 1O2 fluorescence intensity in the

cells treated by AscP/Fe2+/TCPP@CNP(+) was significantly lower

than that treated by Fe2+/TCPP@CNP(+) (Fig. 2g). These results

provided the evidence that AscP could convert 1O2 to H2O2 so as

to providing the substrate for Fenton reaction, thereby enhanced

the production of •OH and boosted the ferroptosis induction.

To validate the effect of AscP/Fe2+/TCPP@CNP on GSH consump-

tion, the intracellular GSH content was detected after treatment.

As shown in Fig. 2j, Fe2+/TCPP@CNP(-) resulted significant GSH de-

crease compared to the untreated cells (P<0.001). The addition of

GSH-depleting agent diethyl maleate (DEM) dramatically (P<0.05)

declined the intracellular Fe2+ level (Fig. 2k), meanwhile, the Fe3+

level in the cells was significantly (P<0.05) increased (Fig. 2l).

Taken together, the by-product Fe3+ of the Fenton reaction could

destroy the antioxidant defense system in the tumor cell via con-

suming GSH and produce a Fe2+ regeneration cycle, contributing

to the enhanced ferroptosis.

The immunological cell death (ICD) effect of the nanoparti-

cle was further evaluated by monitoring the typical biomarkers

of calreticulin (CRT), high mobility group protein B1 (HMGB1)

and adenosine triphosphate (ATP). As the confocal images shown

(Fig. 3a), AscP/Fe2+/TCPP@CNP(+) treatment induced most dis-

tinctive CRT exposure and translocations of HMGB1, followed by

Fe2+/TCPP@CNP(+), Fe2+/TCPP@CNP(-) and AscP@CNP. Quantita-

tive analysis results (Fig. 3b) showed that the percentage of CRT-

positive cells, the extracellular release of HMGB1 and the ATP

secretion in AscP/Fe2+/TCPP@CNP(+) treated 4T1 breast cancer

cells was improved by 2.72-, 4.34- and 4.23-fold versus that of

Fe2+/TCPP@CNP(+), respectively. Collectively, these data confirmed

the efficacy of scP/Fe2+/TCPP@CNP in inducing ICD of the cancer

cells, which was ascribing to the enhanced ferroptosis arising from

the conversion of H2O2 from 1O2.

The efficient and specific distribution of AscP/Fe2+/TCPP@CNP

to tumor tissue was evaluated in 4T1 tumor-bearing mice model.

As the in vivo images shown (Fig. 4a), comparing with free TCPP,

the red fluorescence signal from nanoparticle was obviously de-

tected at the tumor site and exhibited a typical time-dependent

accumulation profile with the maximum fluorescence intensity at

24h post-injection (i.v.). Meanwhile, the quantitative analysis re-

sult based on the ex vivo images (Fig. 4b, Fig. S6 in Supporting

information) showed that the fluorescence intensity of TCPP in tu-

mor tissues was enhanced 4.22-fold by AscP/Fe2+/TCPP@CNP treat-

ment versus that of free TCPP, demonstrating the superior tumor

targeting ability of the nanoparticle.

The in vivo antitumor efficacy of AscP/Fe2+/TCPP@CNP results

(Figs. 4c–e) shown AscP@CNP exhibited negligible tumor inhibition

effect compared with the control group. AscP/Fe2+/TCPP@CNP(+)

showed the strongest suppression effect with the tumor inhi-

bition rate (TIR) of 75.42% ± 10.49%, which was significantly

higher than Fe2+/TCPP@CNP(+) (53.63% ± 9.55%, P<0.01) and

Fe2+/TCPP@CNP(-) (28.11% ± 6.75%, P<0.001). In addition, hema-

toxylin and eosin (H&E) and Ki67 staining sections of tumor tis-

sues after AscP/Fe2+/TCPP@CNP(+) treatment revealed the most

extensive cells damage and proliferation negative signal (Fig. 4f).

These results were consistent with the in vitro cytotoxicity data

(Fig. 2d), both confirmed the enhancement of anti-tumor efficacy

of the nanoparticle.

Ferroptosis hallmarks of malonaldehyde (MDA) and H2O2

level within tumor tissue were further investigated, respec-

tively. As shown in Figs. 4g and h, AscP/Fe2+/TCPP@CNP(+)

treatment resulted in the highest intra-tumoral MDA and H2O2

level, which was enhanced by 1.43-fold and 1.48-fold versus

that of Fe2+/TCPP@CNP(+). Notably, Fe2+/TCPP@CNP(-) and

Fe2+/TCPP@CNP(+) treatment produced similar MDA and H2O2

level compared to the control (P<0.001), ascribing to the Fe2+

catalyzed Fenton reaction. These results proved the H2O2 self-

supplying capacity of the nanoparticle by taking advantage of the

conversion of H2O2 from 1O2 generated by PDT, thereby boosting

ferroptosis.

The in vivo ICD induction and anti-tumor immune re-

sponse activation effect of AscP/Fe2+/TCPP@CNP was further in-

vestigated. Immunostaining images of tumor tissues (Fig. 4i)

showed that AscP/Fe2+/TCPP@CNP(+) treatment caused the high-

est CRT exposure and lowest HMGB1 restriction in nuclei, fol-

lowed by Fe2+/TCPP@CNP(+) and Fe2+/TCPP@CNP(-). Meanwhile,

AscP/Fe2+/TCPP@CNP(+) produced the highest level of matured

DC in tumor infiltrating lymph nodes (TILNs) (Fig. 4j, Fig S7

in Supporting information), much more CD8+ T cells infiltration

inside tumor tissue (Fig. 4i), significantly enhanced interferon-

γ (IFN-γ ) secretion (Fig. 4k) comparing with Fe2+/TCPP@CNP(+)

and Fe2+/TCPP@CNP(-). Collectively, these data confirmed that

AscP/Fe2+/TCPP@CNP could effectively induce ICD effect in vivo due

to the enhanced ferroptosis.

The biosafety assay of AscP/Fe2+/TCPP@CNP was measured in

healthy mice. The histological examination results indicated there

was no histological change in heart, liver, spleen, lung and kidney

after nanoparticle treatment (Fig. S8a in Supporting information).

The hepatorenal function evaluation and blood routine examina-

tion results shown that all the parameters were barely impacted

by AscP/Fe2+/TCPP@CNP (Figs. S8b and c in Supporting informa-
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Fig. 4. Evaluation of tumor targeting ability and in vivo therapeutic efficacy for AscP/Fe2+/TCPP@CNP. (a) In vivo images of 4T1 tumor-bearing BALB/c mice at 2, 6, 12 and

24h post-injection (i.v.) of free TCPP and AscP/Fe2+/TCPP@CNP, respectively. (b) Quantitative analysis result based on the ex vivo images of the major organs and tumor tissue

at the timepoint of 12h (n=5). (c) 4T1 tumor growth curve during treated by different nanoparticles. (d) Digital photos of excised 4T1 tumor tissues after treatments (scale

bar: 1 cm). (e) Tumor inhibition rates of 4T1 tumor-bearing mice after different treatments (n=5). (f) The H&E and Ki67 stain for the tumor tissues at the end of experiment

(scale bar: 50 μm). Intra-tumoral level of MDA (g) and H2O2 (h) at the end of treatment (n=5). (i) CRT, HMGB1 and CD8+ T cells staining within the tumor tissues (scale bar:

50 μm). (j) Quantitative analysis of maturated DCs in TILNs by FCM (n=5). (k) IFN-γ level within tumor tissues analyzed by enzyme linked immunosorbent assay (ELISA)

(n=5). Data are presented as mean ± SD. ∗∗P<0.01, ∗∗∗P<0.001.

tion) In addition, there was no significant body weight loss of

the tumor-bearing mice during the therapeutic efficacy evaluation

(Fig. S9 in Supporting information). Taken together, these data

indicated the good biocompatibility of AscP/Fe2+/TCPP@CNP.

In summary, we successfully developed a novel H2O2 self-

supplying coordination-assembled nanoparticle based on the pH-

responsive lipopeptide C18-pHis10 to co-encapsulate AscP, Fe2+,
and TCPP. In which, Fe2+ and TCPP were encapsulated into the

lipopeptide assemblies by coordinate interaction with His, which

mimicked the coordinate pattern of hemoglobin binding heme.

The functionalized lipopeptide could respond to the acidic endo-

lysosome environment, causing the breakage of Fe2+/His/TCPP co-

ordinate interaction and subsequent fast release of payloads. In

vitro and in vivo results demonstrated that TCPP produced exces-

sive 1O2 upon laser irradiation, the generated 1O2 could be re-

duced to H2O2 by AscP for further catalyzed to more lethal •OH

by Fe2+ via Fenton reaction, leading to enhanced ferroptosis. Col-

lectively, this study proposed a novel H2O2 self-supplying approach

by taking advantage of the conversion of H2O2 from 1O2 generated

by PDT to boost ferroptosis.
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