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KEY WORDS Abstract  Ferroptosis is a recently discovered pathway for regulated cell death pathway. However, its
efficacy is affected by limited iron content and intracellular ion homeostasis. Here, we designed a metal-

BEETSIE organic framework (MOF)-based nanoplatform that incorporates calcium peroxide (CaO,) and oridonin
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Imrifl?r:zgloeia;y' (ORI). This platform can improve the tumor microenvironment and disrupt intracellular iron homeostasis,
Self—amplifying’ thereby enhancing ferroptosis therapy. Fused cell membranes (FM) were used to modify nanoparticles

ferroptosis; (ORI@Ca0,@Fe-TCPP, NPs) to produce FM@ORI@CaO,@Fe-TCPP (FM@NPs). The encapsulated
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ORI inhibited the HSPB1/PCBP1/IREB2 and FSP1/COQ10 pathways simultaneously, working in tandem
with Fe®>" to induce ferroptosis. Photodynamic therapy (PDT) guided by porphyrin (TCPP) significantly
enhanced ferroptosis through excessive accumulation of reactive oxygen species (ROS). This self-
amplifying strategy promoted robust ferroptosis, which could work synergistically with FM-mediated
immunotherapy. In vivo experiments showed that FM@NPs inhibited 91.57% of melanoma cells within
six days, a rate 5.6 times higher than chemotherapy alone. FM@NPs were biodegraded and directly
eliminated in the urine or faeces without substantial toxicity. Thus, this study demonstrated that
combining immunotherapy with efficient ferroptosis induction through nanotechnology is a feasible
and promising strategy for melanoma treatment.
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1. Introduction

The global incidence of melanoma, one of the most malignant
tumors, is on the rise'2. Currently, the treatment modalities for
melanoma encompass surgical resection, radiotherapy, and
chemotherapy”~>. However, these treatments are associated with
significant drawbacks, such as significant side effects,
development of drug resistance, and high treatment costs’.
Therefore, the treatment of melanoma remains a formidable
challenge, and the use of multifunctional targeting agents could
potentially enhance therapeutic outcomes. Ferroptosis is an iron-
dependent form of cell death characterized by the accumulation
of reactive oxygen species (ROS) and lipid peroxides (LPO)’. Key
mechanisms in ferroptosis include glutathione (GSH) depletion,
glutathione peroxidase 4 (GPX4) inactivation, and Fe?* accu-
mulation® °. However, insufficient intracellular iron content and
homeostasis limit the clinical application of ferroptosis.

Oridonin (ORI), a naturally occurring terpenoid compound,
has been extensively researched as a novel anti-tumor drug'’.
Although ORI has not yet been approved for clinical anti-tumor
therapy, numerous studies have explored its anti-tumor applica-
tion. ORI has demonstrated improved anti-tumor efficacy and
chemotherapy resistance in combination with paclitaxel, doxoru-
bicin, and 5-fluorouracil while exhibiting low toxicity''™'°.
Several reliable mechanisms have been proposed to explain the
anticancer effects of ORI'”. One of the most widely accepted
mechanisms is that ORI induces ferroptosis in tumor cells by
reducing the activity of GPX4 and consuming intracellular
GSH'®"?°. Nevertheless, it is usually difficult to obtain
satisfactory therapeutic effects with monotherapy owing to the
heterogeneity and complexity of tumors”'. Monotherapy is usually
associated with poor prognosis of tumors, with metastasis and
recurrence being common. Moreover, non-specific tissue
distribution of drugs often leads to low drug concentrations at
tumor sites and significant toxicity in normal tissues”>. One
effective approach is to integrate multiple treatment methods into
a single platform™.

Nanomedicines are attractive paradigms for drug delivery that
can efficiently overcome various biological barriers and
substantially improve drug delivery efficiency, tumor-targeting
ability, and imaging sensitivity’*. Metal-organic frameworks
(MOFs) are self-assembled inorganic-organic hybrid materials
composed of metal link centres and polydentate bridging ligands.
These frameworks are attractive multimodal therapeutic
platforms. In particular, Fe-porphyrin MOF, which are inorganic-
organic hybrid nanoparticles formed by the self-assembly of Fe-
ions and the photosensitizer porphyrin, have been widely
studied owing to their therapeutic effect”"’. Among them, Fe-
TCPP (FT), a typical MOF, contains tetrakis (4-carboxyphenyl)
porphyrin (TCPP), a photosensitizer that induces photodynamic
therapy (PDT), and Fe**, which initiates chemodynamic therapy
(CDT) and is non-toxic. The delivery of ORI via FT for anti-tumor
therapy can further aggravate intracellular iron overload and
reduce GSH content, presenting an attractive treatment strategy
for ferroptosis. More importantly, PDT may act synergistically

with CDT to boost treatment efficacy and prevent multidrug
resistance”,

To date, key strategies for augmenting PDT and CDT have
involved increasing intracellular O, content and H,O, levels while
depleting GSH. These steps overcome the limitations of
endogenous H,O, deficiency and low O, content in tumor cells. In
this study, a biocompatible nanoparticle calcium peroxide (CaO,)
has been proposed for hybrid growth with an iron porphyrin MOF.
Ca0, is considered to have high biological safety because of its
ability to continuously release O, and H,0,”’. Given that CaO,
simultaneously produces both O, and H,O,, it has obvious
efficacy as an enhancer of PDT and CDT during the treatment of
hypoxic solid tumors. Simultaneously, CaO, causes calcium
overload by releasing Ca®" into cells’®. Calcium overload has
been linked to tumor death, and cancer cells exhibit greater
sensitivity to increased Ca®" concentration compared to normal
cells’’. Hence, CaO, provides Ca®>" in an ion-interference
therapeutic strategy while improving the tumor microenviron-
ment by boosting the levels of O, and H,0,. This represents an
excellent integration of PDT, CDT, and ion interference therapy.

More importantly, the prognosis of conventional tumor treat-
ments is poor due to metastasis and recurrence’”. Immunotherapy
has shown unique advantages in persistently suppressing tumors,
and its combination with other treatment modalities may expand the
efficacy of tumor treatment™. The immunogenic cell death (ICD) of
tumor cells induced by phototherapy and bioactive nanoparticles
triggers a series of cellular responses by releasing tumor-associated
antigens and damage-associated molecular patterns, which
ultimately activate innate and adaptive immune responses>*. How-
ever, the identified tumor antigens are insufficient to support optimal
immunotherapy. The fusion of tumor cells with dendritic cells (DCs)
enables the expression of intact tumor antigens on hybrid cell
membrane™. These hybrid cells also induce immune responses by
expressing co-stimulatory molecules derived from DCs*. To date,
various immunotherapeutic nano adjuvants have been developed
using immune cells and their derived components as tumor-targeted
delivery carriers’ . Altogether, the construction of a multifunc-
tional nano platform that can not only deliver a high dose of iron but
also consume GSH to achieve efficient ferroptosis induction and
deliver ORI via FT is warranted.

In this study, we designed a ferroptosis-inducing nano
platform using iron-based MOF that combines iron supply and GSH
consumption. CaO, was coated with a nanoscale MOF (Fe-TCPP,
FT) layer using a seed growth strategy to prevent early leakage of
Ca0, into the blood circulation. In addition, inadequate iron supply
inside solid tumors impedes the application of ORI as an anticancer
drug. The current methods involve loading ORI onto Fe-containing
nanocarriers for Fe-mediated cancer therapy. Thus, the core-shell
Ca0O,@FT was constructed as a carrier of ORI, and the hybrid
cell membrane was modified on the surface to achieve targeted
immunotherapy. When the FM@NPs reached the tumor site, the
external FT layer dissolved in the weakly acidic microenvironment
at the tumor site, where Fe>™ was further reduced to Fe’* by the
high concentration of GSH, resulting in the collapse of the frame
structure. The breakdown of the FT led to the exposure of CaO,, the
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release of ORI, and the activation of the photosensitizer TCPP,
which enabled synergistic Fe*"-mediated chemokinetic therapy
(CDT), ORI-mediated ferroptosis, Ca>"-mediated oncosis therapy,
and TCPP-mediated PDT (Scheme 1). The FM@NPs can cooperate
with multiple therapeutic effects such as CDT, PDT,
immunotherapy, and ferroptosis therapy and possess superior
therapeutic efficiency in vitro and in vivo. Eventually, the FM@NPs
would be excreted through the kidneys in the form of urine without
causing actual toxicity.

2. Materials and methods

2.1.

Materials

FeCl;-6H,0, CaCl,, oridonin, and TCPP were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
Gibco high-rich glucose 1640 was purchased from Thermo Fisher
Scientific Co., Ltd. (Waltham, MA, USA). Fetal bovine serum
(FBS) and a 1% penicillin-streptomycin mixture were acquired
from Biodi Biotechnology Co., Ltd. (Beijing, China).
Furthermore, 2',7’-dichlorofluorescin  diacetate (DCFH-DA),
Annexin V-FITC/Pl apoptosis assays kit, Calcien AM, and
propidium iodide (PI) were purchased from Beyotime Institute of
Biotechnology (Nanjing, China). Cell counting kit-8 (CCK-8) was
obtained from Biorigin Inc. (Beijing, China). A reactive oxygen

species assay kit was purchased from LABLEAD Inc. (Beijing,
China).
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2.2.  Synthesis of ORI@CaO,@FT (NPs)

The ORI@CaO,@FT (NPs) were synthesized using a self-
templating method. In this process, 3 mL of the TCPP
ethanol solution (1 mg/mL), 6 mL of the ORI ethanol solution
(15 mg/mL), and 6 mL of the CaO, ethanol dispersion (3 mg/mL)
were mixed and stirred vigorously for 5 min. Then, 3 mL of
FeCl;-6H,0 (5 mg/mL) ethanol solution was added. After stirring
for 30 min at room temperature, the product was washed with
ethanol and purified via centrifugation at 10,000 rpm for 5 min
(Baiyang Medical Equipment Co., Ltd., Beijing, China). The
resulting ORI@CaO, @FT was redispersed in ethanol prior to use.

2.3.  Preparation of FM@NPs

The NPs solution was ultrasonically mixed with the FM solution,
and the mixture was centrifuged to obtain FM@NPs.

2.4. Invivo anticancer therapy

Animal experiments were conducted according to the guidelines
approved by the Institutional Animal Care and Use Committee of
the Beijing University of Chinese Medicine (BUCM-1-
2021112001-0003). The B16-F10 tumor-bearing C57BL/6J mice
were randomly divided into 17 groups, which were given different
preparations, each at a dose of 15 mg/kg. Body weight and tumor

size (tumor volume W?xL/2) were measured daily and
recorded.
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Scheme 1
antitumor strategy.

Schematic illustration of an iron-based metal-organic framework nanoplatform for enhanced ferroptosis therapy as a comprehensive
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More detailed experimental details are included in the
Supporting Information.

3. Result and discussion

3.1.  Synthesis and characterization of FM@ORI@ CaO,@ Fe-
TCPP (FM@NPs)

The fabrication of nanoscale FM @NPs is depicted in Scheme 1. First,
the fused cell membrane (FM) was obtained as per previous reports*’.
To verity the successful fusion of the two cell lines, B16-F10 nuclei
(B16-F10is acell line exhibiting a morphology of spindle-shaped and
epithelial-like cells isolated from the skin tissue of a mouse with
melanoma) were labelled with blue fluorescence Hoechst 33—342,
while the cell membranes of DCs were stained with green
fluorescence using 3,3"-octacosylate perchlorate (DIO). Confocal
laser scanning microscopy (CLSM) revealed that the fused cells
contained both blue nuclei and green membranes (Supporting
Information Fig. S1), thereby confirming the successful fusion of
DCs and B16-F10 cells. Next, a self-templating method was
employed to synthesize ORI@CaO,@Fe-TCPP (NPs)*'. In this
method, CaO, was incorporated into FT via nucleation to obtain
Ca0O, @FT. Tumor-targeting nanoscale FM@NPs were prepared by
cloaking the NPs with FM under ultrasound in an ice bath®>. B16-F10
cell-membrane-coated CM@NPs and DC-cell membrane-coated
DM@NPs were prepared similarly. Different drug delivery
systems (DDSs) were examined using scanning electron microscopy
(SEM, Supporting Information Fig. S2) and transmission electron
microscopy (TEM, Fig. 1A). As shown by TEM-EDS (Fig. 1B), the
FM @NPs were well-dispersed core-shell nanospheres. After coating
the cell membrane, the size of the FM@NPs was increased slightly
(Fig. 1C), and the zeta potential changed from positive to negative
(Fig. 1D). Changes in the size of the DDSs were examined in water
and in a medium containing 10% serum, and it was discovered that the
different DDSs had good stability for seven days (Supporting
Information Fig. S3). This is useful for improving the safety of
DDSs in the blood circulation. There were no significant differences
in ultraviolet-visible spectroscopy (Fig. 1E) or fluorescence spectra
(Fig. 1F) of the DDSs before and after cell membrane coating,
indicating that the effect of the cell membrane coating on the NPs was
negligible.

3.2.  Cascade reactions investigation

As shown in Fig. 1G, the formation of hydroxyl radicals (-OH)
was measured at a wavelength of 652 nm using the TMB
method®”. GSH induced the reduction of Fe*™ to Fe’' in the
subsequent Fenton-like reactions. However, the absorbance values
of TMB were different. CaO,@FT (CaO,@FT) and the NPs
showed the highest absorbance, followed by FM@NPs, whereas
FT and ORI@FT (ORI@FT) showed the weakest absorbance.
These results indicate that the presence of CaO, is beneficial for
iron cycling and enhancement of the Fenton-like reaction. The
efficiency of singlet oxygen generation by the different DDSs was
evaluated using a DPBF probe (Fig. 1H). The results showed that
different DDSs promoted the photodegradation of DPBF. In
addition, the efficiency of the NPs in enhancing the generation of
singlet oxygen ('0,) was slightly improved in the presence of
Ca0,. The 'O, generation efficiencies of CaO,@FT, NPs,
DM@NPs, CM@NPs and FM@NPs were 53.19%, 54.55%,
57.28%, 49.10%, and 55.92%, respectively. These values were

slightly higher than those for FT and ORI@FT (40.92% and
32.73%, respectively). Considering that high intracellular GSH
concentrations in tumor cells tend to eliminate reactive oxygen
species (ROS), the GSH-scavenging capacities of different DDSs
were investigated. The GSH depletion potentials of FT and
ORI@FT were relatively poor (Fig. 11), indicating that CaO, also
improved the GSH scavenging potential. Therefore, the FM@NPs
contributed to GSH depletion and enhanced the efficacy of PDT
and CDT. The potential of the different DDSs to improve the
hypoxic environment was investigated in terms of O, generation.
A portable dissolved O, meter was used to determine changes in
O, content in anaerobic water exposed to different DDSs. As
shown in Fig. S4, FT and ORI@FT did not exhibit changes in
oxygen content over time. However, the oxygen content of the
anaerobic water treated with DDSs containing CaO, increased
from O to 2 mg/L within 12 h.

3.3.  Drug-loading and pH-responsive release of drug

Calcium, iron, and ORI loading were determined using high-
performance liquid chromatography (HPLC) and inductively
coupled plasma mass spectrometry (ICP-MS). The drug-loading
capacity (DLC) of ORI, calcium, and iron in FM@NPs were
6.31 £+ 0.82%, 3.98 £ 0.15%, and 13.47 £ 0.19%, respectively
(Supporting Information Table S1). Owing to the difference in the
pH of the tumor microenvironment and physiological conditions,
pH-responsive drug release properties were determined. As shown
in Fig. 1J-L, after 12 h, at pH 5.5, almost 100% of ORI, calcium,
and iron were released from FM @NPs. Furthermore, after 12 h, at
pH 6.8, 48.57%, 23.96%, and 32.10% of ORI, calcium, and iron,
respectively, were released from FM@NPs. Whereas at pH 7.4,
after 12 h, only 10.64%, 4.86%, and 19.14% of ORI, calcium, and
iron were released, respectively. These results demonstrated that
FM@NPs can be used as efficient pH-responsive DDSs with
controlled drug release (approximately 95% release) in the
presence of GSH. This was because the low pH protonated
the —COOH groups of TCPP, accelerating the stepwise
dissolution of the CaO, inner core*’. This system resulted in an
effective combination of CMT, CDT, and PDT through a
mechanism in which endogenous GSH reduced Fe** to Fe*™ and
activated the Fenton reaction, whereas CaO, provided an O,-rich
environment, further promoting the efficacy of CDT and PDT.

3.4. Homologous targeting and subcellular localization

Studies have shown that coating the tumor and cell membranes of
DCs results in the homologous targeting and immune escape of
DDSs***. Given that FM contains the membrane proteins of
B16-F10 cells, FM@NPs hold promise for effectively targeting
B16-F10 cells. The targeting potential of the membrane-coated
and non-membrane-coated DDSs in BI16-F10 cells was
evaluated using CLSM. As presented in Supporting Information
Fig. S5, stronger fluorescence was observed in the B16-
F10 cells treated with membrane-coated DDSs than in the cells
treated with non-membrane-coated DDSs. The uptake of different
DDSs by different cell lines, i.e., HepG2 cells and normal human
dermal fibroblasts (NHDF), was observed using CLSM
(Supporting Information Figs. S6 and S7). After incubation for
8 h, HepG2 and NHDF cells showed uptake of FT, ORI@FT,
Ca0,@FT, and NPs, potentially owing to the positive charge of
them. However, after incubation with CM@NPs, DM@NPs, and
FM@NPs for 8 h, no cell lines showed obvious red fluorescence,
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Figure1 (A) TEM image of (a) CaO,; (b) FT; (c) ORI@FT; (d) CaO,@FT; (e) NPs; (f) DM@NPs; (g) CM@NPs; (h) FM@NPs; (B) TEM and
EDX mapping images of FM@NPs; (C) Mean hydrodynamic diameter of FT, ORI@FT, CaO, @FT, NPs, DM@NPs, CM@NPs, and FM@NPs in
water; (D) Zeta potential of FT, ORI@FT, CaO,@FT, NPs, DM@NPs, CM@NPs, and FM@NPs; (E) UV -Vis spectra of DM, CM, FM, TCPP,
FT, ORI@FT, CaO,@FT, NPs, DM@NPs, CM@NPs, and FM@NPs; (F) Fluorescence emission spectra of TCPP, FT, ORI@FT, CaO,@FT, NPs,
DM@NPs, CM@NPs, and FM@NPs; (G) UV-Vis spectra of -OH produced by FT, ORI@FT, CaO,@FT, NPs, DM@NPs, CM@NPs, and
FM@NPs; (H) Photodegradation rates of DPBF in DMF induced by FT, ORI@FT, CaO,@FT, NPs, DM@NPs, CM@NPs, and FM@NPs (A is
the initial absorbance of the phthalocyanine probe); (I) UV absorption curves of DTNB complexes with remaining GSH after FT, ORI@FT,
Ca0,@FT, NPs, DM@NPs, CM@NPs, and FM@NPs reacted with 5 mmol/L GSH; (J) HPLC diagram of ORI release; (K) ICP-MS diagram of
Iron release; (L) ICP-MS diagram of Ca®" release. Error bars represented SD values (n = 3). * Indicates statistically significant differences
(*P < 0.05, =P < 0.001).

indicating that HepG2 and NHDF showed little uptake of
CM@NPs, DM@NPs, and FM@NPs. The analysis suggested that
the three DDSs were all negatively charged and had different
sources than receptor cells. This validated the data showing that
the homologous binding properties of cancer cell membranes
endowed DDSs with the capacity to target cancer cells. Owing to
their positive surface charge, non-membrane-coated DDSs also

showed some cellular affinity*®. In addition, the iron and calcium
contents in B16-F10 cells treated with different DDSs may be
used as parameters to determine the uptake efficiency (Fig. 2A,
Supporting Information Figs. S8 and S9). Intracellular iron and
calcium content increased after treatment with membrane-coated
DDSs. As shown in Supporting Information Figs. S10 and S11,
CLSM was used to determine the subcellular localization of the
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(A) Intracellular iron content in B16-F10 cells incubated with different nanoformulations; (B) Cell proliferation of BMDCs treated

with different nanoparticles for 48 h; (C) Relative viabilities of B16-F10 cells post various treatments as indicated for 24 h; (D) Analysis of ROS
generation using the oxidant sensitive fluorescent probe DCFH-DA; (E) Cell cycle distribution of B16-F10 cells treated with different DDSs for
24 h; (F) Intracellular GSH content in B16-F10 cells after incubation with different NPs + laser irradiation; (G) CLSM images of intracellular
ROS detected by DCFH-DA probe. Scale bar = 30 um; (H) Apoptosis detection of B16-F10 cells; (I) The LIVE/DEAD staining images of B16-
F10 cells after different treatments. Scale bar = 100 pum; (J) The expression of CD80 and CD86 in DCs quantified by flow cytometry after
different treatments. + represents irradiation using a 660 nm laser with a power intensity of 75 mW/cm? for 4 min. Error bars represented SD
values (n = 3). * Indicates statistically significant differences (*P < 0.05, ***P < 0.001).

different nanoformulations. Red fluorescence of FT was observed
in the lysosomes and mitochondria. These results indicate that the
synthesized DDSs were widely distributed in the cytoplasm and
exerted anti-tumor effects.

3.5.  Cytotoxicity and anti-tumor mechanisms study

The viability of B16-F10 cells was determined using a cell
counting kit-8 (CCK-8) assay to evaluate the cytotoxicity of the
different DDSs"’. B16-F10 cells treated with different FT
concentrations showed >90% viability (Supporting Information
Fig. S12), thereby indicating good biocompatibility of FT. At
the same time, the safety of different DDSs for DCs was also
evaluated. The proliferation experiment results showed that both
NPs and membrane-modified NPs induced the proliferation of
DCs, indicating that the DDSs were safe and enhanced immunity
(Fig. 2B). However, CaO, is not safe and significantly inhibits DC
proliferation. The optimal laser parameters for cell experiments

were determined to be the intensity of 75 mW/cm?® and a duration
of 4 min (Supporting Information Fig. S13). The cytotoxicity of
each DDS (dark or light) was determined in vitro. Fig. 2C and
Fig. S12 show that all the drugs resulted in a dose-dependent
decrease in cell viability. Compared with the control group, the
cell viability of each group treated with ORI, FT, or FT + laser
decreased, but the killing effect on the cells was still insufficient.
The cytotoxicity in the NPs+laser group was significantly
increased by the combined action of CMT, CDT, and PDT. The
CM@NPs+laser group exhibited the highest cytotoxicity. The
introduction of CaO, produced H,O, and O, and enhanced the
efficacy of CDT-PDT, resulting in significant cell inhibitory
efficiency. The CMT-CDT-PDT combination therapy was more
advantageous than CMT or CDT alone. AnnexinV—FITC and live/
dead cell staining were used to further determine the cell viability
in each group, and living and dead cells were distinguished using
green and red fluorescence, respectively (Fig. 2H and I, and
Supporting Information Figs. S14 and S15). However, the effect of
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laser irradiation on the cell viability was not significant. The NPs
and membrane-coated NPs group showed obvious cytotoxicity,
which was further enhanced after exposure to light, consistent
with the results of the CCK-8 assay. These findings further
validate the advantages of the synergistic CMT-CDT-PDT ion
interference technique. Furthermore, changes in the cell cycle of
B16-F10 cells treated with different drugs for 24 h were analyzed
using flow cytometry (BD FACSCanto II, USA, Fig. 2E). It was
found that the NPs promoted S-phase arrest. At the same time, the
mitochondrial membrane potential (MMP) was determined using
flow cytometry. The MMP decreased after the introduction of ORI
and CaO, (Supporting Information Fig. S16). In addition, laser
radiation caused a greater decrease in the MMP.

Based on the anticancer mechanism of Ca®', it may be
speculated that the increased lethality of the CM@NPs + laser
group was related to the additional Ca®" provided by the
degradation of CaO,”’. Increased cytosolic Ca*" concentration
results in improved oncosis efficiency. B16-F10 cells were imaged
under biological transmission electron microscopy (Bio-TEM) to
confirm cell morphology. As shown in Supporting Information
Figs. S17 and S18, the cells in the control and laser-treated
groups remained viable, with no significant morphological
changes. The membranes of ORI-treated cells were budding,
indicating apoptosis. Cells treated with NPs became swollen and
enlarged due to the introduction of Ca*". More importantly, the
cells did not have an intact shape after exposure to light, and the
plasma membranes were broken, indicating necrotic apoptosis.
These results confirm the hypothesis that the integration of CMT,
PDT, CDT, and ion interference techniques into a biological
platform may result in improved anti-tumor effects. In addition,
the lipid ROS levels were determined using C11-BODIPY581/591
to investigate whether each preparation induced ferroptosis
(Supporting Information Figs. S19 and S20). Stimulation with
different preparations increased lipid ROS content in B16-
F10 cells, confirming that ferroptosis was induced by ORI and
iron.

To further identify the cause of drug-induced cell death, several
inhibitors of different cell death pathways were used'’. First, the
safety of E 64 (a proteinase inhibitor), Necrostatin 1 (a necrosis
inhibitor), Z-VAD-FMK (a pan-cysteine protease inhibitor) and
Ferrostatin 1 (a ferroptosis inhibitor) in cells was determined
(Supporting Information Fig. S21). The combination of different
inhibitors and therapeutic agents revealed that ferroptosis and
apoptosis were the main mechanisms underlying ORI-induced cell
death (Supporting Information Fig. S22). However, cell death
induced by NPs and FM@NPs was not reversed by any cell death
inhibitor, indicating that the anti-tumor effects of the different
DDSs were mediated through multiple modes of cell death
(Supporting Information Figs. S22 and S23). This is also
beneficial for the effective killing of tumor cells and the
dismantling of the self-protection mechanism of tumors. These
findings fully demonstrate the advantages of the CMT-CDT-PDT-
ion interference technology integration platform as an anti-tumor
strategy.

First, the potential of different agents to ameliorate hypoxia
was investigated by measuring the intracellular oxygen content
using the intracellular oxygen indicator [Ru(DPP);]Cl,, the
fluorescence of which is quenched in reaction with oxygen
molecules. Compared to the FT+ laser group, B16-F10 cells
treated with NPs and FM@NPs showed varying degrees of
attenuation of red fluorescence (Supporting Information Figs. S24
and S25), thereby confirming that the CaO,-induced catalytic

reaction produced significant oxygen in the cells and successfully
improved the intracellular anoxic environment. After confirming
the improvement in intracellular hypoxia, the efficacies of PDT
and CDT were evaluated. To this end, 2’,7'-dichlorofluorescin
diacetate (DCFH-DA) was used to determine the production of
reactive oxygen species (ROS) in B16-F10 cells treated with
different DDSs. Compared to the PBS group, the intracellular
fluorescence intensity of B16-F10 cells treated with each DDS
was enhanced to a certain extent (Fig. 2D and G, and Supporting
Information Fig. S26). A distinct green fluorescence indicated the
production of -OH through the Fenton reaction as a result of the
reduction of Fe’'. As shown in Fig. 2D, the levels of ROS
produced by the NPs increased significantly with the introduction
of ORI and CaO,. This may be due to H,O,-enhanced CDT
generation via CaO, decomposition and ORI-induced GSH
depletion. In addition, the fluorescence intensity of each group
after illumination was significantly enhanced compared with that
of the unilluminated group, indicating that a large amount of O,
was produced in the cells after illumination. Therefore, it can be
stated that FM@NPs are expected to exhibit a good tumor-killing
effect under irradiation. The efficacy of CDT depends on the
ability of FM@NPs to produce -OH. Therefore, the potential of
different formulations to induce -OH production in B16-F10 cells
was evaluated using CLSM. As shown in Supporting Information
Figs. S27 and S28, cells treated with different DDSs showed
significant red fluorescence when compared with control cells,
indicating that the FM@NPs effectively produced -OH. In addi-
tion, the introduction of CaO, improved the efficiency of the
Fenton reaction and boosted the production of -OH. To confirm
this hypothesis, the amount of intracellular GSH produced after
different DDS treatments was determined. As shown in Fig. 2F
and Supporting Information Fig. S29, the intracellular GSH levels
in cells treated with ORI and FM @NPs were significantly reduced
when compared with the control cells.

3.6.  In vitro immune response

As FM expresses all antigens in B16-F10 cells, it can be
reasonably speculated that FM@NPs may induce an immune
response’’. Therefore, the immune-stimulatory activity of
different DDSs on bone marrow dendritic cells (BMDCs) was
investigated. The expression levels of specific co-stimulatory
molecules (CD80 and CD86) on the membranes of BMDCs
were determined using flow cytometrically (Fig. 2J). The per-
centage of mature BMDCs co-cultured with FM@NPs was
significantly higher than that in other groups (Fig. 2J). In addition,
the maturation of DC induced by CM @NPs was stronger than that
induced by DM@NPs. Moreover, compared to the controls, NPs
induced an immune response, which may be related to inflam-
mation induced by oncosis and ferroptosis.

PDT can induce powerful ICD effects through the release of
damage-associated molecular patterns (DAMPs), thus activating
anti-tumor immunity, such as cell surface exposure to calreticulin
(CRT), extracellular release of adenosine triphosphate (ATP), and
high-mobility group box 1 (HMGB1)*®. Therefore, we evaluated
the effects of different treatments on B16-F10 cells by measuring
CRT exposure, HMGBI levels, and ATP efflux. CRT expression in
B16-F10 cells was detected using immunofluorescence staining.
The CLSM image shows (Fig. 3A and Supporting Information
Fig. S30) that the green fluorescence on the surface of B16-
F10 cells indicates effective exposure to CRT. No obvious



4080 Mengru Cai et al.
A Control Laser FM@NPs NPs+ CM@NPs+DM@NPs+ FM@NPs+
>
i)
S
[
>
@]
B NPs+ CM@NPs+DM@NPs+ FM@NPs+
—
m
V)
=
I
>
K
P
()
>
o
£
i
&
S EEE e L SHEEEELss SPFiffes s SFEF e
o ° 0@-\(;0“@ i@@;&;@é o ° o\\;@"\" g‘@o@@@’& o ° oe%p’&" c\“@ Q\‘&@@ e oe-‘to*\‘ c,t"%@%@g
Figure 3  (A) CRT immunofluorescence staining, the cell nuclei were stained by DAPI; (B) HMGB1 immunofluorescence staining, the cell

nuclei were stained by DAPI; (C) the quantitative fluorescence analysis of CRT in B16-F10 cells after various treatments with or without laser
irradiation; (D) the quantitative fluorescence analysis of HMGB1 in B16-F10 cells after various treatments with or without light irradiation. (E)
Quantitative Elisa analysis of the released HMGBI1 and (F) ATP release from B16-F10 cells under various treatments with or without light
irradiation. + represents irradiation using a 660 nm laser with a power intensity of 75 mW/cm? for 4 min. Error bars represented SD values
(n = 3). * Indicates statistically significant differences (*P < 0.05, ***P < 0.001).

surface-exposed CRT was observed in B16-F10 cells treated with
NPs+, CM@NPs+, DM@NPs+, and FM@NPs-+. The absence
of light treatment after administration resulted in a weak CRT
surface exposure. Notably, FM@NPs+ induced the highest CRT
content on the surface of B16-F10 cells. This is due to enhanced
cellular internalization based on cell membrane-mediated
homologous targeting. Next, CRT immunofluorescence was
quantitatively analyzed (Fig. 3C). Compared to FM@NPs,
FM@NPs+ increased the green fluorescence intensity of cells,
which strongly confirmed its effectiveness in inducing ICD.
Intracellular immunofluorescence and extracellular excretion of
HMGBI1 were detected by CLSM and enzyme-linked immuno-
sorbent assay (ELISA). The CLSM images showed that HBGM1
was mainly expressed in the cells treated with DDS without laser
irradiation (Fig. 3B- and D, and Supporting Information
Fig. S31). The release of HMGBI1 into the extracellular culture
medium induced by FM@NPs+ was the most significant
compared to the other groups (Fig. 3E). The extracellular release
of ATP, shown in Fig. 3F, is consistent with the results of HMGBI1
export. ATP ELISA results showed that FM@NPs+ has the
potential to induce ATP secretion owing to the enhancement of the
ICD effect by PDT through the reprogrammed metabolism of
tumor cells. In summary, FM@NPs showed good PDT-mediated
ICD performance under laser irradiation, demonstrating the
advantages of tumor metabolic reprogramming combined with
PDT.

3.7.  Invivo imaging

Fluorescence imaging was performed in tumor-bearing mice using
CY5.5, an imaging agent, at 4, 8, and 12 h after injection of
DM@NPs, CM@NPs, and FM@NPs*. As shown in Fig. 4A,
tumor-bearing mice injected with CM@NPs showed the strongest
fluorescence at the tumor site, especially 12 h after injection,
indicating that coating with cancer cell membranes enhanced
effective retention at the tumor site. In addition, the FM @NPs
showed superior tumor-targeting capacity, which may be due to
the partial retention of CM by the FM@NPs. Twelve hours after
the injection of different DDSs, fluorescence imaging of the main
organs showed that fluorescence in the tumors of the membrane-
coated DDS group was stronger than that in the other organs.
This indicated that the membrane-coated NPs showed good
tumor-targeting potential (Fig. 4B and C). NPs without a cell
membrane coating also show tumor-targeting potential, which
may be related to the enhanced permeability and retention effects
(EPR effect) of the NPs*.

3.8.  Invivo biosafety evaluation

Haemolysis tests showed that different preparations had different
effects on red blood cells (Supporting Information Fig. S32). The
highest haemoglobin release was observed in a concentration-
dependent manner in the FT group. There was almost no
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injection. Error bars represented SD values (n = 3).

haemolytic effect in the mice administered the other preparations,
indicating that all preparations, except FT, had good biological
safety. Subsequently, BI16-F10 tumor-bearing mice were
established. The body weights of mice were recorded daily during
the treatment period. Mice in the treated groups showed a slight
increase in mean body weight (Fig. 5B and C), but their weights
were comparable to the mean weight of mice in the control group,
indicating that each preparation had good biosafety. Six days after
treatment, the major organs of the mice were excised and
subjected to histological analysis using haematoxylin and eosin
(H&E) staining. No obvious physiological abnormalities were
observed in the major organs of mice in each group (Supporting
Information Figs. S33-S37). To further confirm the in vivo

safety of each preparation in mice, haematological parameters and
biochemical indices were determined. The values of these pa-
rameters in each group were similar to those in the control group
(Supporting Information Tables S2 and S3), indicating that all
preparations had good biocompatibility.

3.9.  In vivo anti-tumor efficacy

To study the anti-tumor effects of different preparations, a B16-F10
tumor-bearing mouse model was established and injected with
normal saline, FT, ORI@FT, CaO,@FT, NPs, CM®@NPs,
DM@NPs, or FM@NPs. Laser radiation and non-radiation groups
were then established, and the therapeutic effect was determined.
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Figure 5

(A) Images of the tumor after 6 days of treatment; (B) Changes in body weight of tumor-bearing mice during drug administration; (C)

Changes in body weight of tumor-bearing mice during drug administration; (D) Tumor weight after 6 days of treatment with different prepa-
rations; (E) Tumor weight after 6 days of treatment with different preparations + laser; (F) Relative tumor volume changes during treatment; (G)
Relative tumor volume changes during treatment + laser. + represents irradiation using a 660 nm laser with a power intensity of 75 mW/cm? for
4 min. Error bars represented SD values (n = 6). * Indicates statistically significant differences (*P < 0.05, ***P < 0.001).

After 6 days of treatment, the tumors were excised and photo-
graphed. As shown in Fig. 5A, the FM@NPs + laser group exhibited
better tumor growth inhibition than the other groups. This may be
related to the synergistic effect induced by FM@NPs, especially the
strong immune response, which makes FM@NPs more effective
than CM@NPs. The tumor growth-inhibitory effects of the treat-
ments were in the following order: FM@NPs > CM@NPs >
DM@NPs > NPs > CaO,@FT > ORI@FT > FT > ORI. The anti-
tumor effect of the laser group was significantly better than that of
the non-laser irradiation group. The trends observed in the visual
analyses were also consistent with the results of the weight and
volume analyses of the tumors (Fig. 5D-G). A terminal dinucleotide
transferase-mediated incision end labelling (TUNEL) assay and
H&E staining were performed after 6 days of treatment, and the
results are shown in Supporting Information Fig. S38-S40. The
results from H&E staining showed that laser irradiation produced a
more significant tumor-killing effect than non-laser irradiation, and
the FM@NPs+laser group produced the most obvious anti-tumor

effect, which was consistent with the treatment results. The
TUNEL assay showed that the FM@NPs+laser group exhibited the
most intense tumor cell apoptosis.

The results of RT-qPCR and Western blot analysis proved that
the anti-tumor activity of different DDSs was closely related to
ferroptosis and the induction of abnormal iron transport and lipid
metabolism in tumor tissue. The expression levels of iron
transport-related markers (i.e., Hspbl, Tfrl, Pcbpl, Ireb2), the
expression levels of lipid metabolism-related markers (i.e., Fspl,
Coql0, Lpcat3), and the expression levels of ferroptosis-related
markers (i.e., Gpx4, Slc7all, Acsl4) were assayed. Hspbl
expression plays a key role in the ferrostatin pathway. The dele-
tion of Hspbl enhanced erastin-induced ferroptosis, whereas
overexpression of Hspbl inhibited erastin-induced ferroptosis”'
In addition, Tfri, Pcbpl, leb2, Fspl, Coql0, Lpcat3, Gpx4,
Slc7all, and Acsl4 are involved in regulating the ferrostatin
process’2 37 mRNA and protein expression levels in the treatment
groups were significantly different from those in the control group.
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After treatment with various drugs, compared with the control
group, the expression of Tfrl and Steap3 in tumor tissues was
significantly increased, and the expressions of Hspbl, Pcbpl, and
Ireb2 was significantly decreased; this trend was more significant
in the CM@NPs and FM@NPs groups (Supporting Information
Fig. S41A). Further comparison of the regulatory effects of
various drugs on lipid metabolism-related mRNA showed that all
drugs could induce changes in the expression of lipid metabolism-
related mRNA in the tumor tissues of tumor-bearing mice. As
shown in Fig. S41B, after treatment with different drugs, the
expression of Fspl and Cogql0 in tumor tissues was significantly
decreased, while the expression of Lpcat3 was significantly
increased compared to that in the control group; this trend was
more significant in the CM@NPs and FM@NPs groups. In
addition, after treatment with different DDSs, the expression of
Gpx4 and Slc7all in tumor tissues was significantly decreased,
whereas the expression of Acsl4 significantly increased compared
to the control group (Supporting Information Fig. S42). The ef-
fects of different drugs on iron transport and lipid metabolism-

A

related protein expression in the tumor tissues of tumor-bearing
mice were investigated by western blotting (Fig. 6A and B). The
protein expression results were consistent with those of the
mRNA, which indicated that DDS played an anti-tumor role by
inducing ferroptosis. The combination of ORI and Fe-based MOF
amplified ferroptosis induced by ORI and FT. The relative content
of Fe?" in the serum was further detected, as shown in Supporting
Information Fig. S43. Compared to the control group, the relative
concentration of Fe?™ in the serum of all groups was significantly
increased. There was no significant difference in the relative
serum concentrations of Fe>" between the FT and control groups;
furthermore, the relative serum concentration of Fe*™ in the
CM@NPs and FM@NPs groups showed the most obvious in-
crease, indicating that the CM@NP, DM@NP, and FM@NP
groups had good targeting. The incorporation of ORI allowed
the iron ions to enter the cells, but they could not be expelled in
time, thereby inducing ferroptosis.

The number of tumor-infiltrating CD37CD8'T cells was
measured (Supporting Information Figs. S44 and S45). Following
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Figure 6

Effects of different drugs on the expression of (A) iron transport and (B) ferroptosis related protein (HSPB1, TFR1, STEAP3, PCBPI,

IREB2, FSP1, COQ10, LPCAT3) in B16-F10 melanoma. (a) Control; (b) ORI; (c) FT; (d) ORI@FT; (e) CaO,@FT; (f) NPs; (g) CM@NPs; (h)
DM@NPs; (i) FM@NPs (n = 3). * Indicates statistically significant differences (*P < 0.05, ***P < 0.001).
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the administration of FM@NPs and laser irradiation, the tumors
showed high CD3*% and CD8" expression levels, indicating a
strong immune response. In contrast, the CM@NPs and DM @NPs
groups exhibited mild immune responses. Even in the absence of
laser irradiation, the FM@NPs significantly enhanced the accu-
mulation of CD3"CD8™T cells. It is postulated that CD86 may
potentially be a marker of DCs’ maturation and that it may pro-
vide a signal for the activation of T cells, while IFN-y and TNF-«
may activate the immune system and mediate the activity of im-
mune cells. Therefore, immunofluorescence assay for CD86, IFN-
v, and TNF-«a was used to study the maturation of DCs and the
secretion of immune factors after the different treatments. As
shown in Supporting Information Figs. S46-S48, the CD86
expression level was highest in mice in the FM@NPs group.
Significant DC maturation was induced by FM@NPs even in the
absence of laser irradiation, suggesting that FM@NPs induced
strong anti-tumor immunity. In addition, due to the secretion of
IFN-v, caspase-3 was activated, leading to the initiation of the
apoptotic and anti-tumor effects. Therefore, the present study also
determined the expression of Caspase-3 in tumors (Supporting
Information Fig. S49). The expression level of Caspase-3 had
the same trend as those of IFN-y and other immune factors. In
addition, PDT-induced immunotherapy can be further enhanced
by the inter-tumor ICD effects. Therefore, the in vivo ICD effects
were estimated by measuring intertumor CRT exposure using
immunofluorescence  staining. As shown in Supporting
Information Figs. S50 and S51, FM@NPs+ induced the highest
CRT exposure and the lowest HMGB1 exposure in vivo, indicating

its superior performance in inducing ICD. The major cytokines
that reflect the activation of the immune system are IFN-v, IL-18,
IL-4, IL-6, IL-12 (P70), and TFN-«. These cytokines regulate
antigen presentation and control antiproliferative and anti-
angiogenic effects. To verify whether the different preparations
induced systemic immunity in vivo, serum cytokine levels were
determined. As shown in Supporting Information Fig. S52, the
expression levels of all cytokines increased to varying degrees,
indicating activation of systemic immunity in mice.

3.10.
calcium

Biodistribution and clearance of FM@NPs: iron and

The biological distribution of iron and calcium was measured
before, after 6 days, and after 30 days of administration to
determine whether there was an accumulation of metal elements
in vivo. After 6 days of intravenous injection, all tissues showed a
certain degree of increased iron and calcium content (Fig. 7A-F).
In particular, the content of calcium and iron in the tumor tissue
significantly increased, indicating the precise targeting of
FM@NPs. Iron and calcium levels in the liver and kidney
increased significantly after 6 days of administration, mainly
because they are metabolic and excretory organs. The liver and
spleen, being part of the reticuloendothelial system (RES) tissues
responsible for blood purification and iron homeostasis, showed a
significant increase in iron concentrations 6 days after injection.
This can be explained by the well-known process of “opsoniza-
tion” of foreign particles, in which immune serum proteins called
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Calcium and iron levels in (A) tumor; (B) liver; (C) kedneys; (D) heart; (E) spleen; (F) lung; (G) calcium excreted in urine and feces,

and (H) iron excreted in urine and feces (n = 6). * Indicates statistically significant differences (*P < 0.05, ***P < 0.001).
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opsonins are adsorbed onto the surface of the particles, enabling
macrophages to engulf them’®. Notably, the iron and calcium
levels, although somewhat elevated, remained below the safe
doses reported in the literature. After 30 days of administration,
the iron and calcium contents returned to normal values compared
to those in the control group, which confirmed that the FM@NPs
were excreted normally in vivo. Therefore, we measured iron and
calcium levels in the urine and stool within two weeks and one
month after administration. As depicted in Fig. 7G and H, most of
the iron and calcium were excreted through the urine, indicating
that the clearance of iron and calcium is related to the kidneys.
This result further confirmed that FM@NPs were degraded and
discharged from the body within a month without causing an
accumulation of metals in the body.

4. Conclusions

In this study, a tumor-targeting nanobiotic platform was con-
structed to enhance anti-tumor efficacy through synergy between
photodynamic therapy, chemodynamic therapy, immunotherapy,
and ferroptosis. When the tumor cells internalized the platform,
the external FT layer of the nano platform was degraded by the
high concentration of GSH in a slightly acidic environment,
thereby releasing Fe*™ and TCPP, resulting in the collapse of the
frame structure. Under the condition of high levels of O, and
H,0, produced by CaO,, the highly toxic O, and -OH were
produced via laser irradiation and Fenton reaction. In addition, the
released ORI and Fe*" cooperated to overload the intracellular
iron and cause abnormal lipid metabolism, thereby inducing fer-
roptosis in tumor cells. The excellent homologous targeting ability
of FM facilitated the aggregation of nanobiological platforms at
tumor sites. Moreover, FM induced immunotherapeutic effect
owing to the abundance of tumor antigens and immune co-
stimulatory molecules. Therefore, the designed nanobiological
platform with multiple therapeutic effects is a promising strategy
for achieving effective tumor suppression while preventing tumor
metastasis in melanoma.
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