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a b s t r a c t

Chemodynamic therapy (CDT), using Fenton agents to generate highly cytotoxic •OH from H2O2 has been

demonstrated as a powerful anticancer method. However, the insufficient endogenous H2O2 in tumor

cells greatly limited its therapeutic effect. Herein, we prepared a pH-responsive β-lapachone-loaded iron-

polyphenol nanocomplex (LIPN) through a one-pot method. β-Lapachone in LIPN selectively enhanced

H2O2 concentration in tumor cells, and ferrous ions cascadely generated abundant cytotoxic •OH. There-

fore, LIPN with cascade amplification of reactive oxygen species (ROS) showed high chemodynamic cy-

totoxicity in tumor cells, efficiently improving the expression of damage-associated molecular patterns

(DAMPs), and exerting strong immunogenic cell death (ICD). As a result, LIPN exhibited efficient tumor

inhibition ability in 4T1 subcutaneous tumor model in vivo with great biocompatibility. Additionally, the

infiltration of cytotoxic CD8+ T lymphocytes and inhibition of regulatory CD4+ FoxP3+ T lymphocytes

in tumors demonstrated the activation of immunosuppressive tumor microenvironment by LIPN-induced

ICD. Therefore, this work provided a new approach to enhance ICD of chemodynamic therapy through

selective cascade amplification of ROS in cancer cells.

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

Medica, Chinese Academy of Medical Sciences.

Despite chemotherapy has been widely applied in tumor ther-

apy [1,2], the adverse side effects and unsatisfactory therapeutic

outcomes caused by poor tumor selectivity and immunosuppres-

sive tumor microenvironment limit its further development [3-5].

Immunogenic cell death (ICD), which greatly augments tumor im-

munogenicity via the release of various damage-associated molec-

ular patterns (DAMPs), provides a promising strategy to increase

the antitumor immune effect and patient response rates [6-8].

Many chemo-drugs like doxorubicin (DOX) [9], oxaliplatin [10], and

shikonin [11] have been proved to induce ICD successfully by ele-

vating cellular reactive oxygen species (ROS) in tumors [12], im-

proving the tumor immunosuppressive microenvironment. How-

ever, the ROS generation is still not enough to elicit strong ICD for

efficient immunotherapeutic effect.

Chemodynamic therapy (CDT), a new tumor treatment strategy

using Fenton or Fenton-like agents to exert toxic hydroxyl radi-
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cal (•OH) to kill tumor cells, has been recently proposed [13-20].

Several metal ions including copper, iron, and manganese ions,

could act as Fenton agents to transform endogenous H2O2 to a

stronger oxidizing •OH to induce lethal oxidative damage in the

tumor [21-24]. For instance, an intelligent nanoreactor that was

capable of triggering Fenton reaction with Cu2+ was prepared for

enhancing the ICD effect and regulating the tumor immune mi-

croenvironment, leading to synergistic chemotherapy or photody-

namic therapy (PDT)/immunotherapy [22,25,26]. Mao et al. fabri-

cated a nanomedicine through complexation of various polyphenol

segments with Fe3+ to improve the anticancer capability of Pt(IV)

complexes by elevating •OH [27]. However, the insufficient endoge-

nous H2O2 and limited •OH levels in tumor cells greatly compro-

mised treatment outcome. Thus, selectively amplifying intracellular

oxidative stress in tumor to further enhance ICD is highly desired.

β-Lapachone (β-LP) has been proved to generate extensive

H2O2 under the catalysis of nicotinamide adenine dinucleotide

(phosphate) (NAD(P)H): quinone oxidoreductase-1 (NQO1) enzyme

overexpressed in tumor cells [28]. In this aspect, our previous re-

search about cascade amplification release micelles showed the
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Scheme 1. Schematic illustration of a β-lapachone-loaded iron-polyphenol

nanocomplex (LIPN) with cascade amplification of oxidative stress and immuno-

genic cell death to enhance synergistic chemodynamic and immune cancer therapy.

abundant ROS produced by β-LP could specifically activate the pro-

drug of DOX in the tumor [29]. Similarly, β-LP was co-delivered

with paclitaxel, nitrogen mustard, and camptothecin-based pro-

drugs to achieve synergistic chemotherapy [30-32]. Therefore, β-LP

can be used to selectively amplify H2O2 in tumor, which cascadely

enhances Fenton reaction in tumor cells to generate toxic •OH. As

a result, an exaggerated oxidative damage to tumor cells with en-

hancing ICD effect can be achieved to improve chemotherapy effi-

cacy.

Herein, we constructed a pH-responsive nanocomplex LIPN (β-

lapachone-loaded iron-polyphenol nanocomplex) through the co-

ordination of Fe3+, tannic acid (TA), and hyaluronic acid modi-

fied with dopamine (HA-DA), and the simultaneous encapsulation

of β-LP, which achieving cascade amplification of ROS and effi-

cient anticancer efficacy through inducing the immunogenic cell

death (Scheme 1). The formed LIPN could accumulate in the tu-

mor through the enhanced permeability and retention (EPR) effect

[3], and disassociate to release β-LP, Fe3+, and TA in the acidic tu-

mor microenvironment. The released β-LP selectively increased the

H2O2 level under the efficient catalysis of NQO1 enzyme overex-

pressed in tumor cells. Meanwhile, the coexistence of excessive TA

enables gradual conversion of both the disintegrated Fe3+ toward

Fe2+ [33] and enhanced H2O2 would react with generated Fe2+ to

amplify the generation of •OH, further increasing intracellular ROS

production and achieving cascade self-amplification to enhance the

ability of ICD. Importantly, the cascade amplification of ROS will

not happen in normal tissues, because they do not overexpress

NQO1, which can avoid the side effect from the treatment. There-

fore, this work demonstrated a novel strategy to improve the ICD

of chemodynamic therapy through selectively cascade amplifica-

tion of ROS in cancer cells.

To develop an efficient cascade ROS-generating nanoparticle

with immunogenic cell death for cancer therapy, LIPN was fab-

ricated by utilizing the strong coordination effect between Fe3+

and polyphenols under the protection of HA-DA, whose degree of

dopamine substitution was determined by 1H NMR to be 38% (Fig.

S1a in Supporting information). Transmission electron microscopy

(TEM) showed that LIPN was spherical nanoparticle. Dynamic light

scattering (DLS) indicated that LIPN has a volume-averaged hydro-

dynamic diameter of 70nm and zeta potential of −22.7mV (Figs.

1a and b, Fig. S1b in Supporting information). After extracting β-LP

with acetonitrile, the nanoparticles became hollow nanocapsules

with ca. 20nm shells (Fig. 1c), which indicated the efficient en-

Fig. 1. (a) TEM image and (b) size of LIPN measured by DLS. (c) TEM image of LIPN

after etching with acetonitrile. (d) β-LP release profiles of LIPN under different pH

conditions. (e) CLSM image of 4T1 cells incubated with Cy5-labeled LIPN for 1h. (f)

Flow cytometry results of the time-dependent uptake of Cy5-labeled LIPN by 4T1

cells. Data are presented as mean ± standard deviation (SD) (n=3).

capsulation of β-LP. The encapsulation content and efficiency of β-

LP tested by high-performance liquid chromatography (HPLC) were

21.0% and 34.2%, respectively. The mass ratio of Fe in the nanopar-

ticles characterized by inductively coupled plasma mass spectrom-

etry (ICP-MS) was determined to be 1.6% which was similar to the

energy dispersive spectrometer (EDS) result (1.3%, Fig. S2 in Sup-

porting information). Additionally, as shown in Fig. S3 (Supporting

information), the iron that existed in LIPN was found to be fer-

ric ions from the examination of X-ray photoelectron spectroscopy

(XPS) showing typical binding energy peaks of 716 eV and 725 eV,

which were represented for Fe 2p3/2 and Fe 2p1/2, respectively [34].

Moreover, LIPN exhibited promising stability in water, phosphate

buffered saline (PBS), saline, and 10% serum during 7 days (Fig.

S4 in Supporting information). These results indicated that β-LP

formed a nanocrystal core by solvent exchange with the adhesion

of polyphenol-Fe3+ complex successfully. The pH-responsive re-

lease profiles of β-LP from LIPN were measured at pH 7.4, 6.5, 5.0,

and 4.0, respectively. As shown in Fig. 1d, more rapid release pro-

files for β-LP were observed at pH 5.0 and 4.0, with about 60% β-

LP released under pH 4.0 in 4h, while β-LP showed a slow-release

profile at pH 7.4. This phenomenon could be explained by a pH-

dependent coordinated structural dissociation of TA-Fe nanocom-

plex [35].

TA could act as a reductant in the iron cycling to supply Fe2+

as a Fenton agent continuously [36]. As a reduction-oxidation (RE-

DOX) indicator, o-phenanthroline is often used to detect the ex-

istence of Fe2+ through the formation of an orange complex. Fig.

S5 (Supporting information) showed that the appearance of orange

solution (Fe2+ indicator) validated the deduction process of TA and

Fe3+. Specifically, the image showed that pH 4.0 was more suit-

able for TA to reduce Fe3+ compared to pH 7.4. The HA-DA was

also tested and showed negligible reducing ability. The resultant
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solution of Fe2+ could react with H2O2 to induce Fenton reaction

and change to colorless at pH 4.0, which proved the consump-

tion of Fe2+. On the contrary, when the colorless solution con-

taining Fe2+ and H2O2 was further added by TA, it turned orange

again, demonstrating the continuous supply of Fe2+ by TA. More-

over, the resultant Fe2+ could react with H2O2 to conduct Fenton

reaction. Thus, two commonly used free radical indicators, methy-

lene blue (MB) and 3,3′,5,5′-tetramethylbenzidine (TMB), were ap-

plied to detect •OH generated from LIPN [37]. Considering that
•OH could induce color fading of MB and rendering of TMB when

LIPN existed in an acidic solution containing H2O2 which mimicked

the tumor microenvironment, the quenching degree of MB signif-

icantly increased and the chromogenic degree of TMB rapidly en-

hanced (Fig. S6 in Supporting information). Specifically, the absorp-

tion peak at 644nm of MB decreased and that at 652nm of TMB

increased dramatically under the conditions of pH 4.0 containing

H2O2 (Fig. S7 in Supporting information), which demonstrated that

LIPN could be dissociated in acidic environments and act as an ef-

ficient chemodynamic agent to produce •OH in cancer cells. Ad-

ditionally, we detected the peroxidase (POD)-like specific activity

of LIPN. As shown in Fig. S8 (Supporting information), the Km of

LIPN was determined to be 2.7mmol/L. Compared with the kinetic

parameters of other nanozymes (Table S1 in Supporting informa-

tion), LIPN showed lower Km, indicating its great POD-like catalytic

performance. Meanwhile, we also detected the specific activity of

LIPN, which was calculated to be 1252.7U/g.

As shown in Figs. 1e and f, LIPN could be uptaken by 4T1 cells

and the internalization increased with the prolonged incubation

time characterized by confocal laser scanning microscopy (CLSM)

and flow cytometry. To elucidate the amplified oxidative damage

by Fenton reaction to tumor cells, 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA) and hydroxyphenyl fluorescein (HPF) were

used to characterize the ROS and •OH changes in 4T1 cells after

LIPN treatment, respectively. As expected, LIPN-treated 4T1 cells

exhibited the strongest ROS and •OH fluorescence compared with

that incubated with β-LP and β-LP diminished nanoparticles (IPN)

(Fig. 2a, Fig. S9 in Supporting information). Due to the enhance-

ment of cellular •OH, LIPN showed greater cytotoxicity than β-LP

in 4T1 tumor cells with the half maximal inhibitory concentration

(IC50) declined from 0.4 μg/mL to 0.2 μg/mL. Meanwhile, the IC50 of

LIPN in 293T normal cells was calculated to be 3.1 μg/mL (Figs. 2b

and c). The much higher cytotoxicity against 4T1 tumor cells than

that against 293T normal cells was because of the overexpressed

NQO1 in cancer cells which triggered cascade amplification of the

cellular ROS [28]. The results indicated LIPN could act as an effi-

cient chemodynamic agent against tumors with minimal side ef-

fect to normal tissue.

Furthermore, typical ICD signals including calreticulin (CRT),

high mobility group box 1 (HMGB1), and ATP, caused by LIPN were

tested. These DAMPs were proved to facilitate the recruitment,

antigen processing, and presentation, which induced significant cy-

totoxic T cell infiltration [38-40]. As shown in Figs. 2d and e, the

LIPN group led to the highest level of CRT translocation, HMGB1

release and ATP secretion, which were about 3.1, 1.3 and 2.8 folds

higher than that of the PBS group (Fig. S10 in Supporting infor-

mation), respectively. The above results were similar to previous

findings that LIPN could specifically amplify the cytotoxic effect on

tumor cells.

The in vivo tumor inhibition of LIPN was characterized by 4T1

subcutaneous tumor model. All animal experiments were carried

out under the protocols approved by the Institutional Animal Care

and Use Committee (IACUC) of Zhejiang University (approval No.

20379) in accordance with the institutional guidelines. The tumor-

bearing mice were treated by (1) LIPN, (2) β-LP solubilized with

hydroxypropyl cyclodextrin (SLP), (3) IPN, and (4) PBS, respec-

tively. The rapid growth of tumors in the mice treated with SLP

Fig. 2. (a) CSLM images for the cellular ROS and •OH of 4T1 cells incubated with

PBS, IPN, β-LP, and LIPN, respectively. [β-LP]=0.5 μg/mL. Relative viabilities of (b)

4T1 cells and (c) 293T cells after LIPN and other treatments with equal β-LP con-

centration for 48h. CLSM images of (d) CRT and (e) HMGB1 of 4T1 cells with differ-

ent treatments. Scale bar: 50 μm. Data are presented as mean ± standard deviation

(SD) (n=3).

or IPN implied that the generation of H2O2 or •OH solely by β-

LP or iron-polyphenol nanocomplex had limited tumor therapeu-

tic efficiency. However, the group treated with LIPN exhibited the

strongest tumor suppression effect with a tumor growth inhibitory

rate of 76.5%, which could be ascribed to the cascade ROS ampli-

fication and subsequently chemodynamic damage in tumor cells

(Figs. 3a–c). Fig. 3d showed steady body weight in PBS, IPN and

LIPN groups rather than SLP group during treatment, however, the

SLP group recovered its body weight after drug withdrawal, sug-

gesting LIPN greatly reduced the systemic toxicity of β-LP. After 5

rounds of treatments, hematoxylin and eosin (H&E) staining and

routine blood test and blood chemistry analysis were conducted

to investigate the biosafety and antitumor activity of LIPN (Figs.

S11 and S12 in Supporting information). No obvious physiologi-

cal damages were found in major organs (liver, heart, lung, spleen,

and kidney) of the LIPN group, demonstrating LIPN’s great biocom-

patibility. Additionally, the H&E staining of tumor sections showed

that LIPN caused severe damage with cell fragmentation in tumor

tissue, and those of the other groups almost had no change. The

blood circulation time of β-LP in LIPN was determined with t1/2(α)

of 0.03h, and t1/2(β) of 5.03h, respectively (Fig. S13a in Support-

ing information). LIPN nanocomplex contained Fe3+, which could

be used as a magnetic resonance contrast agent for tumor imag-

ing, and the results also showed the effective accumulation in the

tumor after 24h treatment (9.9 μg/g, Figs. S13b and S14 in Support-

ing information) with good tumor targeting ability. The in vivo ICD

effect like the expression of CRT and HMGB1 induced by LIPN in
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Fig. 3. (a) Tumor photo, (b) tumor progression profiles, (c) tumor weight, and (d)

body weight of mice bearing 4T1 subcutaneous tumors with different treatments

(n=5). [β-LP]=5mg/kg, i.v. with 5 times. (e) Immunofluorescence observation of

CRT, HMGB1 in tumor tissues. Scale bar: 200μm. Data are presented as mean ± SD

(n=3). ∗∗∗P<0.001. IRT: tumor growth inhibitory rate.

the tumor were also tested by immunofluorescent staining. Com-

pared with the control groups, the LIPN group had significant in-

creased CRT and HMGB1 levels, indicated the chemodynamic ther-

apy with LIPN could efficiently induce ICD (Fig. 3e).

The infiltration of cytotoxic T lymphocytes (CTLs) in tumor-

draining lymph nodes (TDLNs) and tumors tissues were character-

ized by proportions of CD8+ cytotoxic T cells and CD4+ FoxP3+

regulatory T cells (Fig. 4). The LIPN group exhibited the highest

increase of CD8+ T cells and decrease of CD4+ FoxP3+ T cells in

TDLNs and tumor tissues (Figs. 4a–d). Specifically, the percentages

of CD8+ T cells in TLDNs and tumor tissues treated by LIPN (44.5%,

23.6%) were higher than that of the PBS group (38.7%, 9.4%). Simi-

larly, the percentage of CD4+ Foxp3+ T cells in TDLNs and tumors

treated by LIPN decreased from 15.9% and 4.6% to 21.8% and 3.7%,

respectively, demonstrating an alleviate immune suppression in tu-

mors. The immune-fluorescent staining analysis of tumor sections

also demonstrated the highest CD8+ T cells recruitment by LIPN

treatment (Fig. 4e). Furthermore, the secretion level of interferon

(IFN)-γ and tumor necrosis factor (TNF)-α in the serum of the

LIPN group were significantly higher than that of the PBS group

(Fig. S15 in Supporting information). All these results suggested the

enhanced ICD could increase the infiltration of cytotoxic T lympho-

cytes with decreasing the ratio of regulatory T cells in tumor, and

enhance the secretion proinflammatory cytokines, which led to ef-

ficient chemodynamic antitumor efficacy of LIPN.

In summary, a pH-responsive LIPN was facilely prepared, which

could disassociate in the tumors to release β-LP, Fe3+, and TA.

The β-LP selectively elevated H2O2 in cancer cells and TA re-

duced Fe3+ to Fe2+, collectively enhancing the chemodynamic tox-

icity through Fenton reaction between H2O2 and Fe2+. LIPN effi-

ciently induced strong ICD reflected by increased translocation of

CRT, release of HMGB1 and secretion of ATP. Additionally, LIPN ex-

Fig. 4. Flow cytometry analysis of the percentage of CD3+ CD8+ T cells in (a) TDLNs

and (c) tumor tissues, as well as CD3+ CD4+ Foxp3+ T cells in (b) TDLNs and (d)

tumor tissues. (e) Immunofluorescent staining images of CD3+ and CD8+ T cells in

tumor sections after different treatments. Scale bar: 200μm. Data are presented as

mean ± SD (n=3). ∗P<0.05, ∗∗P<0.01.

hibited excellent tumor-targeting capability with the highest ac-

cumulation in the tumor. Therefore, LIPN showed efficient anti-

tumor activity with a tumor growth inhibitory rate of 76.5% in 4T1

subcutaneous tumor model. The immune analysis suggested that

the treatment with LIPN increased the infiltration of CD8+ cyto-

toxic T lymphocytes and decreased the proportion of CD4+ FoxP3+

regulatory T lymphocytes in tumor tissues, implying the poten-

tial synergism of chemodynamic and immune therapy from LIPN.

This work demonstrated a method to enhance ICD of chemody-

namic therapy through selective cascade amplification of ROS in

cancer cells.
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