
Bioactive Materials 19 (2023) 1–11

Available online 30 December 2021
2452-199X/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Defect self-assembly of metal-organic framework triggers ferroptosis to 
overcome resistance 

Haibao Peng a,b,c, Xingcai Zhang e, Peng Yang f, Jiaxu Zhao a, Wei Zhang a, Nianping Feng c,***, 
Wuli Yang b,**, Jing Tang d,* 

a Institute for Translational Brain Research, Fudan University, Shanghai, 200032, China 
b State Key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular Science, Fudan University, Shanghai, 200438, China 
c Department of Pharmaceutical Sciences, Shanghai University of Traditional Chinese Medicine, Shanghai, 201203, China 
d Department of Materials Science and Engineering, Stanford University, Stanford, CA, 94305, United States 
e School of Engineering, Massachusetts Institute of Technology, Cambridge, MA, 02139, United States 
f Engineering Research Center of Molecular- and Neuro-imaging of Ministry of Education, School of Life Science and Technology, Xidian University, 710126, China   

A R T I C L E  I N F O   

Keywords: 
Metal-organic framework 
Defect nanostructures 
Ferroptosis 
Membrane-camouflaged 
Multi-drug-delivery 

A B S T R A C T   

The emergence of multidrug treatment resistance presents a hurdle for the successful chemotherapy of tumours. 
Ferroptosis, resulting from the iron-dependent accumulation of lipid peroxides, has the potential to reverse 
multidrug resistance. However, simultaneous delivery of the iron sources, ferroptosis inducers, drugs, and 
enhanced circulation carriers within matrices remains a significant challenge. Herein, we designed and fabri-
cated a defect self-assembly of metal-organic framework (MOF)-red blood cell (RBC) membrane-camouflaged 
multi-drug-delivery nanoplatform for combined ferroptosis-apoptosis treatment of multidrug-resistant cancer. 
Ferroptosis and chemotherapeutic drugs are embedded in the centre of the iron (III)-based MOF at defect sites by 
coordination with metal clusters during a one-pot solvothermal synthesis process. The RBC membrane could 
camouflage the nanoplatform for longer circulation. Our results demonstrate that this defect self-assembly- 
enabled MOF-membrane-camouflaged nanoplatform could deplete the glutathione, amplify the reactive oxida-
tive species oxidative stress, and enable remarkable anticancer properties. Our work provides an alternative 
strategy for overcoming multidrug resistance, which could regulate the fluidity and permeability of the cell 
membrane by ferroptosis to downregulate of P-glycoprotein protein expression by ferroptosis. This defect self- 
assembly-enabled MOF-membrane-camouflaged multi-drug-delivery nanoplatform has great therapeutic 
potential.   

1. Introduction 

Cancer is the most malignant disease and the second leading cause of 
mortality worldwide [1]. There is a strong need to explore 
high-efficiency therapeutic approaches against solid malignancy [2]. As 
our understanding of nanomedicine deepens, this therapeutic strategy 
exhibits an excellent performance in efficiently delivering therapeutic 
payloads to the tumour target [3]. Unfortunately, multidrug resistance 
(MDR) significantly disturbs heavily hampers the therapeutic efficiency, 
and leads to a failure [4]. MDR can result from the overexpression of the 

ATP-binding cassette transporters, e.g., genetic mutations and P-glyco-
protein (P-gp) [5]. Extensive studies of anticancer agents have estab-
lished paradigms for understanding drug resistance mechanisms. For 
example, the development of pump inhibitors and cytotoxic agents 
against drug resistance, targeting the downregulation of MDR genes, 
evades or exploits efflux by ATP-binding cassette transporters [6]. 
Recently, several strategies for overcoming MDR have been developed, 
including the modulation of reactive oxidative species (ROS) stress [7]. 
The oxidative stress caused by ROS in the tumour microenvironment 
(TME) is the essential mechanism of their anticancer activity [8]. In 
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previously reported studies, oxidative stress occurs when overwhelming 
ROS fails the cellular antioxidant defense system by increasing the ROS 
level or decreasing the cellular antioxidant capacity [9]. 

Ferroptosis is an iron-dependent and nonapoptotic form of the cell 
death process that is ROS-dependent via the Fenton reaction to propa-
gate phospholipid peroxidation of plasma membranes [10,11]. Ferrop-
tosis is triggered upon dysregulation of lipid peroxidation [12]. 
Glutathione peroxidase 4 (GPX4) and glutathione (GSH) are the key 
regulators for protecting cells from lipid peroxidation and inhibiting 
ferroptosis [13]. Inhibition of GPX4 activity can lead to the accumula-
tion of lipid peroxides [14]. Compared to normal cells, cancer cells 
exhibit a modified intracellular redox state featuring high levels of an-
tioxidants, such as GSH (4~10-fold) [15]. Intracellular ferric iron can 
downregulate of GSH, while ferrous ions would react with hydrogen 
peroxide (H2O2) through the Fenton reaction, which elevates hydroxyl 
radical concentrations and promotes ferroptosis therapy [16]. Conse-
quently, increasing the iron pool and depleting GSH have become a 
promising strategy to initiate ferroptotic cell death. Pseudolaric acid B 
(PAB) is a natural diterpenoid derived from Cortex Pseudolaricis, that 
exhibits various bioactivities such as antiangiogenic activity, anti-
microbial/antivirus activity and antitumour activity [17,18]. Addi-
tionally, PAB was also found to inhibit cancer cell metastasis, 
circumvent cancer cell multidrug-resistance, and enhance cancer cell 
sensitivity to radiotherapy [19]. Moreover, PAB depleted intracellular 
GSH via p53-mediated xCT pathway, and then triggers ferroptosis in 
glioma cells [20]. However, the underlying molecular mechanism and 
delivery systems that allow it to overcome the MDR remain largely 
unexplored, which limits its applications in clinical trials. Therefore, 
more emphasis should be put on developing strategies for iron sources 
and ferroptosis drugs within matrices to deplete GSH and to amplify the 
ROS oxidative stress to kill therapy-resistant cancers [21]. 

The iron-based materials of the Institute Lavoisier (MIL) family are a 
subclass of metal-organic frameworks (MOFs) [22]. MOFs enjoy huge 
prospects in various applications, such as gas storage, sensing, catalysis 
and drug delivery [23]. The loading capacity of MOF was limited by the 
hydrophobic and hydrophilic properties of drugs, the drug molecular 
weight and drug leakage [24]. Recently, engineered defects in MOFs 
have been widely investigated for nanoscale drug delivery [25]. 

Thus, a strategy is needed to mitigate drawbacks by formation of a 
defect loading structure with multi-functional performance. The “per-
fect” MOFs with deliberate and elegant ligand design have been 
attracting surging recognition in drug delivery. Nevertheless, defect 
engineering has arisen as an exciting approach to further tune sorption, 
catalysis and physical characteristics [26]. Defect engineering in MOFs 
is a compelling concept for tailoring material properties, and enables the 
incorporation of multiple drugs by defect-loading [27]. Although con-
ventional practice is commonly used to prepare drugs containing 
metal-binding units and MOFs for biomedical applications, drug as 
modulator of MOFs is rarely investigated in recent studies. Currently, 
simultaneous distribution of multidrug molecules in MOF structures is 
left as one of the greatest challenges which inspires us to generate a 
programmable platform as a tandem catalyst for biomedical applica-
tions [28–31]. 

Herein, we developed a MOF-membrane-camouflaged multi-drug- 
delivery strategy to target oxidative stress and trigger ferroptosis by 
simultaneously delivering a ferroptosis drug, depleting GSH, and 
elevating ROS levels. Iron-based MOFs can be developed for cancer 
therapy based on ferroptosis via the release of their own iron in lyso-
somes after endocytosis, employing the Fenton reaction to trigger ROS 
and onset induce lipid peroxidation. The RBC membrane could cam-
ouflage the nanoplatform for longer circulation [32]. Our drug delivery 
nanoplatform applied the defect structure of MOFs to encapsulate 
multiple drugs to trigger ferroptosis and overcome MDR, which suggests 
that defect-loading could be an attractive strategy for multidrug de-
livery. The defect structure allows several types of drugs entrapped 
within MOFs composed of ferric ions linked by the 1, 

4-benzenedicarboxylate linker ligand and further decorated with an 
erythrocyte membrane. Consequently, an adoptive defect self-assembly 
(DSA)-enabled nanoplatform has been designed to address resistance in 
malignant tumours (Fig. 1). 

2. Materials and methods 

2.1. Materials 

Ferric chloride hexahydrate and 1,4-benzenedicarboxylic acid were 
purchased from Aladdin Co. Ltd. Pseudolaric acid B (PAB), doxorubicin 
hydrochloride (DOX) and ferrostatin-1 (Fer-1) were purchased from 
Aladdin Co. Ltd. The H2O2 assay kit, Z-VAD-FMK and GSH/GSSG kit 
were purchased from Beyotime Biotechnology Co. Ltd. The C11-BODIPY 
lipid peroxidation sensor was purchased from Life Science (Invi-
trogenTM, Pittsburg, USA). 2′,7′- DCFH-DA was purchased from Keygen 
Biotech Co. Ltd. (Nanjing, China). Necrostastin-1 and deferoxamine 
(DFO) mesylate were purchased from Target Molecule Corp. Ferrostatin- 
1 (Fer-1) was purchased from Aladdin Co. Ltd. Dimethyl sulfoxide 
(DMSO), 3-methyladenine (3-MA), thrombin and dihydroethidium 
(DHE) were purchased from Sigma. Foetal bovine serum (FBS) was 
purchased from Life Science (GibcoTM, Pittsburgh, USA). GPX4, NOX4 
and P-gp antibodies were purchased from Abcam. 

2.2. Synthesis of PAB@MIL-53 (PMNP) nanoparticles 

280.2 mg FeCl3⋅6H2O and a certain amount (5/10/20 mg) of PAB 
were dissolved in ethanol for 10 min. Subsequently, add 172.5 mg 
H2BDC dropwise into the solution within 10 min. Afterwards, stirred the 
mixture for 3 h and then centrifuged after 15 min. The obtained pre-
cipitate was washed with ethanol and water three times. Lastly, the 
brown products were washed with ethanol and centrifuged at 11,000 
rpm (10 min). 

2.3. In vitro cytotoxicity assay 

MCF-7 and MCF-7/ADR cells were seeded onto a 96-well microplate 
at the density of 8 × 103 cells per well. After overnight culturing, both 
cells were treated with MNP, DOX, PAB, PMNP, PMNP-DOX@RBC 
nanoparticles for 24 h at various concentrations. Cell Counting Kit-8 
(CCK-8) kit was added into each well for additional 1 h of incubation. 
After that, the absorbance at 450 nm was recorded by an Epoch2 
microplate spectrophotometer (BioTek, USA) to calculate the cell 
viability. Experiments were performed in triplicate. 

2.4. Assessment of ferroptosis 

The cell cytotoxicity analysis was used to evaluate modality of 
PMNP-DOX@RBC-induced cell death [33]. Apoptosis, necroptosis and 
autophagy were identified via inhibitor Z-VAD-FMK (10 μM), 
necrostatin-1 (10 μM) and 3-MA (10 μM). Similarly, ferroptosis were 
studied via inhibitor ferrostatin-1 (Fer-1) (10 μM), or iron chelator 
deferoxamine (DFO) (100 μM). Briefly, MCF-7/ADR cells were seeded 
onto a 96-well microplate at the density of 8 × 103 cells per well. After 
overnight culturing, the cells were treated with PMNP-DOX@RBC 
nanoparticles (100 μg/mL) with various inhibitors for 24 h. CCK-8 kit 
was added into each well for additional 1 h of incubation. Afterwards, 
cell viability was calculated with the records of the absorbance at 450 
nm. 

2.5. Evaluation of the intracellular lipoperoxide accumulation 

MCF-7 and MCF-7/ADR cells were seeded onto six-well plates. After 
overnight culturing, both were treated with various nanoparticles (MNP, 
PMNP, PMNP-DOX and PMNP-DOX@RBC) at the concentration of 100 
μg/mL. For another 24 h incubation, wash the cells twice with PBS and 
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stained with the C11-BODIPY 581/591 probe (10 μM) at 37 ◦C for 20 
min in a tissue culture incubator. Afterwards, resuspended the cells by 
500 μL fresh PBS for three times, and analyzed cells with a flow 
cytometry. 

2.6. Establishment of tumour models and tumour therapy 

All animal experiments were performed in compliance with the 
“Guide for the Care and Use of Laboratory Animals” of the Institute of 
Laboratory Animal Resources and approved by the ethics committee of 
Fudan University. MCF-7/ADR cells were established by injecting 100 
μL of PBS containing 1 × 107 cells into the subcutaneous tissue of the 
BALB/c female nude mice (4–6 weeks old). Various samples were then 
administered when the tumour size reached 80 mm3. Briefly, MCF-7/ 
ADR tumour-bearing mice were randomly divided into seven groups 
(each with five mice) and administrated by intravenous injection of PBS, 
MNP, PAB, DOX, PMNP, PMNP-DOX and PMNP-DOX@RBC with a 5 
mg/kg equivalent DOX concentration. The injection was repeated by the 
injection schedule. 

2.7. Safe evaluation 

In the end of the efficacy study, all mice received euthanasia. Tu-
mours and major organs were harvested and weighed for all groups. 
Beyond that, the harvested organs were made into H&E-stained tissue 
slices to monitor cytotoxicity. H&E-stained tissue sections were later 
observed under microscopes. 

3. Results and discussion 

3.1. Construction of defect structure of materials of institut Lavoisier-53 
(MIL-53) 

MIL-53(Fe) was synthesized according to the previously reported 
literature, with slight modification [34]. To regulate the size and 
morphology of MIL-53 (denoted as MNP), we varied the mass ratio of 
Fe3+ to H2BDC from 0.5:1 to 4:1 (Table S1). When the ratio of Fe3+ to 
H2BDC changed from 0.5:1 to 2:1, the average hydrodynamic diameter 
of MNP decrease from 215.1 to 891.5 nm, accompanied by a poly-
dispersion index decrease from 0.442 to 0.126. As demonstrated by 
transmission electron microscopy (TEM) images (Fig. S1), the particles 
(MNP-III) are revealed the formation relatively uniform in size and 
shape at an Fe3+:H2BDC ratio of 2:1. The synthesis scheme of 
DSA-enabled MOF with encapsulated target drug is illustrated in Fig. 2a. 
Metal ions (Fe3+) and guest drug molecules (carboxyl groups) 
self-assemble to form precursor complexes. Subsequently, organic 
linkers (H2BDC) in N,N-dimethylformamide are added dropwise to form 
MOFs by the assembly of the metal ions and organic linkers. The 
structural defect contents of Fe-based MOFs were created by the reaction 
of Fe3+ and guest drug molecules. The guest drug molecules are confined 
during the formation of MOFs [35]. Using this DSA strategy, we inves-
tigated PAB [36] as a guest drug to develop a customizable and efficient 
nanoplatform, suggesting a general approach for the preparation of 
defect MOFs. We anticipated that the DSA-enabled MOF nanoplatform 
could be developed as a smart and highly stable system with substan-
tially enhanced drug delivery. 

Fig. 1. Schematic illustration of the formation of MOF-membrane-camouflaged multi-drug-delivery nanoplatform for ferroptosis-based cancer therapy.  
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3.2. Construction and characterization of MOF-membrane-camouflaged 
nanoplatform 

PMNP with different structural defect contents were prepared by the 
reaction of Fe3+ and PAB, with equivalents of PAB (5 mg, 10 mg, 20 mg) 
as the modulator, which was denoted as PMNP-5, PMNP-10 and PMNP- 
20 (Fig. 2b, Fig. S2 and Table S2). TEM images showed that each 
structure contained PAB that was fully MOF encapsulated, yet well 
dispersed, and revealed that the synthesized PMNP composite displays 
the same morphology as pure MIL-53 (Fig. S1). The scanning electron 

microscopy (SEM) (Fig. 2c) images of PMNP clearly show uniform reg-
ular octahedral morphology. Dynamic light scattering (DLS) indicates 
that the particle size of PMNP with a slight change is hardly influenced 
by structural defects (Fig. 2d). In contrast to MNP, PMNP demonstrated 
structural defects with low contrast in the core of MOF crystals. Besides, 
the size of the in-situ defect structure was regulated by the pre-complex, 
which shows that using PAB as a modulator during the defect self- 
assembly pathway. As presented in Table S3 in the Supporting Infor-
mation, the loading content of PAB can reach up to 22.9%. The particle 
size of PMNP in serum and RPMI-1640 cell medium increased slightly 

Fig. 2. Nanoparticle characterization. a, Schematic illustrations of the metal-organic framework (MOF) defect self-assembly (DSA) pathway. b, High-resolution TEM 
image of PMNP-5 (i), PMNP-10 (ii), PMNP-20 (iii) and PMNP-DOX@RBC (iv). Scale bar, 100 nm c, SEM image and elemental mapping images (C, O, and Fe) of 
PMNP-10. Scale bar, 100 nm d, Dynamic light scattering size of MNP and PMNP. e, Powder X-ray diffraction patterns of MNP and PMNP. f, The N2 sorption isotherms 
of the MNP and PMNP. g, Thermogravimetric analysis. h, FTIR spectra of MNP and PMNP. i, XPS spectra of MNP and PMNP. 
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within 24 h, and this demonstrates a good stability in different physio-
logical mediums (Table S4). The powder X-ray diffraction (PXRD) 
pattern indicated that the MNP adopted an MIL-53 structure, while 
PMNP retained the same crystalline form as the pure MIL-53 (Fig. 2e) 
[37]. In contrast to pure MIL-53, the PMNP display slightly decreased, 
gravimetric Brunauer-Emmett-Teller (BET) surface areas, as expected, 
resulted from the contributions of PAB to the masses of the composites 
(Fig. 2f) [38]. 

To investigate whether the PAB is embedded within PMNP, ther-
mogravimetric analysis (TGA) was carried out. TGA is one of the most 
straightforward methods that provide first-hand information to assess 
the existence of defects. Based on the TGA data (Fig. 2g), the defect has 
PAB in the composite. The first-stage decomposition of the PMNP 
composite in the air starts at 120 ◦C and finishes at approximately 
310 ◦C, which is much lower than the decomposition temperature of the 
pure MIL-53 crystal (370 ◦C). Approximately 18% of weight loss occurs 
during the first stage, suggesting the decomposition of the PAB complex. 
As revealed by the Fourier transform infrared spectroscopy (FTIR) data 
in Fig. 2h, the characteristic absorption peaks of the MNP were observed 
at 1662, 1592, 1396, 1020, and 750 cm− 1, which could primarily come 
from the carboxylate group vibrations. This result follows the reported 
data reported in the literature [39]. In addition, PAB exhibits the 
characteristic infrared absorption peak of the stretching modes of car-
bonyls (1741 cm− 1). PMNP does not exhibit this peak, suggesting that 
PAB are embedded into MNP structural defects, consistent with the TEM 
and TGA results. 

To further verify the components and structure, TEM elemental 
mapping images and X-ray photoelectron spectroscopy (XPS) results 
were evaluated. The TEM elemental mapping results showed a clear 
distribution of carbon, oxygen and iron elements, which confirmed the 
formation of Fe3+-PAB precursor complexes via DSA. Furthermore, the 
XPS spectra (Fig. 2i) revealed that the Fe content in PMNP (3.7%) was 
much lower than that in MNP (6.3%), which was probably due to the 
structural defect contents. For the high resolution XPS spectrum of Fe 
2p, the two peaks at binding energies of 711.5 and 725.4 eV were 
ascribed to Fe 2p3/2 and 2p1/2 respectively and were characteristic of 
ferric iron in MIL-53 (Fig. S3). 

PMNP was coated with red blood cell (RBC) membranes via soni-
cation and a physical extrusion strategy to encapsulate DOX in the pores 
of PMNP (PMNP-DOX@RBC), which prevented unexpected drug 
leakage during transport in the bloodstream [40]. Upon coating the 
PMNP with the RBC membrane, the core-shell morphology of 
PMNP@RBC was confirmed under TEM (Fig. 2b–iv). TEM visualization 
showed the presence of the membrane coatings over the PMNP. To prove 
this concept, we selected DOX as a model drug considering its remark-
able chemotherapeutic effect on breast cancer. The loading content of 
DOX can reach up to 6.5%. The successful loading of DOX in MNP may 
result from the physical and hydrogen bonding interactions. 

3.3. Evaluation of the efficacy of PMNP-DOX@RBC-induced cell death 

Fig. S4 shows the drug release kinetics of DOX from PMNP- 
DOX@RBC. From the DOX release profiles, the release of DOX from 
PMNP-DOX@RBC is pH-responsive. When PMNP-DOX@RBC are 
dispersed in a pH 7.4 solution, only 27.9% of DOX is released within 24 
h. As the pH of the solution decreases, the DOX release of PMNP- 
DOX@RBC nanoparticles increases. When the pH of the solution is 
5.5, the DOX release amount of the nanoparticles can reach 70.3% in 24 
h. Therefore, the MOF-membrane-camouflaged multi-drug-delivery 
nanoplatform can release drug under the acidic environment, but hardly 
release drug under the neutral environment, which is expected to ach-
ieve precise and efficient treatment of tumours. 

We further evaluated the tumour-inhibiting effects of PMNP- 
DOX@RBC nanoparticles. The cytotoxic activity of MCF-7 cells was 
then quantitatively investigated using a CCK-8 assay. PMNP@RBC has 
also been added to the cell study in Fig. S5, which demonstrates that 

PMNP@RBC group has the similar cytotoxicity with the PMNP group. As 
Fig. 3a shows, free DOX increased the cytotoxic activity in MCF-7 cells 
compared with that of the PAB group. After incubation with DOX at 5 
μg/mL, the relative cell viability was dramatically reduced by approxi-
mately 64.9%, indicating a major role of cytotoxicity. To further eluci-
date the MDR reversal mechanism of PMNP-DOX@RBC, we assessed the 
cytotoxic effects of free DOX, PAB, PMNP-DOX and PMNP-DOX@RBC 
nanoparticles in MCF-7/ADR cells. As illustrated in Fig. 3b, MCF-7/ 
ADR cells displayed higher resistance to DOX even at high concentra-
tions. The half-maximum inhibitory concentration (IC50) value of free 
DOX increased from ~500 ng/mL for sensitive MCF-7 cells to ~25,000 
ng/mL for MCF-7/ADR cells [41]. By comparison, the viabilities of the 
MCF-7 and MCF-7/ADR cells decreased slightly by PAB at a relatively 
low concentration. Importantly, PMNP-DOX@RBC displays 
dose-dependent cytotoxicity to both MCF-7 and MCF-7/ADR cells, 
which suggests that PMNP-DOX@RBC exhibited the strongest ability to 
kill MDR breast cancer. 

3.4. MOF-membrane-camouflaged nanoplatform amplifies oxidative 
stress 

Generally, cytotoxic ROS, superoxide radicals (O2
•− ), hydroxyl rad-

icals (•OH), hydrogen peroxide (H2O2), and singlet oxygen (1O2) play 
key roles in cell signalling and homeostasis. We supposed that PMNP- 
DOX@RBC could exhaust intracellular GSH and generate ROS concur-
rently, which would synergistically elevate intratumour oxidative stress. 
We thus investigated related-ROS activity in regulating oxidative stress. 
The effect of PMNP-DOX@RBC nanoparticles on oxidative stress-related 
factors in MCF-7/ADR cells was investigated. By comparison, PAB pro-
duced an approximately 2.2-fold increase in H2O2 (Fig. 3c), which 
contributed to upregulated expression of nicotinamide adenine dinu-
cleotide phosphatase oxidase 4 (NOX4) enzymes. In the plasma mem-
brane, NOX4 enzymes catalyze the production of O2

•− and H2O2 by 
transferring an electron from nicotinamide adenine dinucleotide phos-
phatase (NADPH) to molecular oxygen. However, iron-based nano-
particles, such as MNP, PMNP-DOX, and PMNP-DOX@RBC 
nanoparticles showed lower H2O2 levels. Iron-based MOFs are necessary 
for ROS-based cancer treatments. Through the Fenton reaction, highly 
toxic •OH can be generated in situ generated from catalyzing H2O2. 
Ferric ions could use H2O2 to generate •OH by the Fenton reaction. As 
described in the following equation,  

Fe2++H2O2→ Fe3++•OH + OH−

Fe3++H2O2→ Fe2++•OOH+H+

Notably, PMNP-DOX@RBC induced a vast amount of ROS as shown 
by the conspicuous green fluorescence in MCF-7/ADR cells. The intra-
cellular ROS could be significantly improved (Fig. 3d) in the case of iron 
and H2O2 enrichment. To examine the production of •OH by the MOF- 
membrane-camouflaged nanoplatform at the cellular level, a 2ʹ,7ʹ- 
dichlorofluoresc indiacetate (DCFH-DA) probe was employed as the 
fluorescent ROS indicator, as shown as in Fig. 3e. Both PMNP and 
PMNP-DOX@RBC groups showed enhanced ROS compared to the con-
trol, while the ROS could be greatly inhibited by the ferroptosis inhibitor 
ferrostatin-1 (Fer-1). The generation of Fe2+ ions was corroborated 
using a ferrorange probe, which could produce a bright fluorescent 
substance with Fe2+ ions. By comparison, the cells treated with MNP, 
PMNP, PMNP-DOX@RBC nanoparticles emitted enhanced fluorescence 
(Fig. 3f), suggesting a vast amount of Fe2+ ions generated via iron-based 
MOFs. Flow cytometry, as shown in Fig. 3g, revealed that the intensity of 
the red fluorescence detected by the dihydroethidium (DHE) superoxide 
probe was obviously elevated levels of O2

•− in the cells treated with 
PMNP-DOX@RBC for 6 h, whereas the O2

•− level in the cells treated 
with MNP remained unchanged. Activated NOX4 can catalyze the 
NADPH and oxygen into NADP+ and O2

•− . Then the O2
•− undergoes 

disproportionation reactions to generate H2O2 and O2 catalyzed by PAB. 
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As Fig. 3h reveals the ROS generation by cascade reactions. 

3.5. MOF-membrane-camouflaged nanoplatform depletes GSH 

For furthering understanding of the importance of GSH in repair 
oxidative damage, we then investigated the GSH level and GPX4 changes. 
Western blot analysis confirmed that GPX4 protein expression was the 
lowest in the cells treated with PMNP-DOX@RBC nanoparticles. In partic-
ular, ferric ions (Fe3+) can deplete GSH through catalyzed reductive re-
actions to produce ferrous ions (Fe2+) and oxidized glutathione (GSSG). 
(2Fe3++2GSH→2Fe2++GSSG+2H+) [42], especially at high levels of GSH 
in tumour cells [43]. The GSH depletion property of the 
self-assembly-enabled MOF-membrane-camouflaged multi-drug-delivery 
nanoplatform was evaluated by measuring the intracellular GSH levels 
using a GSH/GSSG kit. The intracellular GSH (Fig. 4a) was decreased by 
PMNP-DOX@RBC [44]. Tumour cells are recognized to be abundant with 
GSH to protect them from ROS damage [45]. PAB can deplete GSH 
contributed to PAB-induced accumulation of H2O2 and lipid peroxide [18]. 
As Fig. 4a shown, PMNP, PMNP-DOX and PMNP-DOX@RBC has relatively 

low GSH compared to the control group. Accordingly, PMNP, PMNP-DOX, 
and PMNP-DOX@RBC could improve the level of ROS. In particular, DOX 
could induce more ROS, accompanying higher lipid peroxide levels. 

To summarize, all these results demonstrate the imitating activities 
of the DSA-enabled nanoplatform, which catalyzes GSH depletion and 
ROS generation, respectively, by cascade reactions, as shown in Fig. 3h. 
As a result, PMNP-DOX@RBC could realize GSH depletion and the 
generation of ROS, which is promising for in vivo cancer therapy. 

3.6. Mechanism underlying MOF-membrane-camouflaged nanoplatform- 
induced cell death 

To explore the cell death mechanism by the MOF-membrane- 
camouflaged nanoplatform, we further analyzed possible death modes, 
such as apoptosis, ferroptosis, autophagy, and necroptosis, in MCF-7/ 
ADR cells. The apoptosis inhibitor carbobenzoxy-valyl-alanyl-aspartyl- 
[O-methyl]-fluoromethylketone (Z-VAD-FMK), autophagy inhibitor 3- 
methladenine (3-MA) and necroptosis inhibitor necrostatin-1 did not 
improve the viability of PMNP-DOX@RBC-treated MCF-7/ADR cells 

Fig. 3. In vitro cytotoxicity and mechanism of ferroptosis induced by MOF-membrane-camouflaged nanoplatform. Cell viability of MCF-7 (a) and MCF-7/ADR cells 
(b) treated with different concentrations of free DOX, PAB, MNP, PMNP, PMNP-DOX and PMNP-DOX@RBC, respectively. c, Intracellular H2O2 levels in MCF-7/ADR 
cells treated with different formulations (MNP, PAB, PMNP-DOX and PMNP-DOX@RBC) by hydrogen peroxide assay kit; n = 3. ROS (d) and superoxide (g) pro-
duction evaluated by flow cytometry using DCFH-DA and dihydroethidium probes. e, reactive oxygen species assay kit analysis of MCF-7/ADR cells after treatment 
with formulations nanoparticles. f, Representative confocal fluorescence microscopy images of ROS and Fe2+. Staining assay of MCF-7/ADR cells via DCFH-DA and 
FerroOrange staining. h, Schematic illustration of the activity of PMNP-DOX@RBC. 
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(Fig. 4b), indicating that PMNP-DOX@RBC did not induce necroptosis 
or autophagy in MCF-7/ADR cells. Notably, both Fer-1 and the iron 
chelator deferoxamine (DFO) significantly upregulated the viability of 
MCF-7/ADR cells, indicating that the main pathway of ferroptosis 
occurred in PMNP-DOX@RBC-treated cells. 

3.7. Evaluation of the efficacy of MOF-membrane-camouflaged-induced 
ferroptosis 

Given the potent GSH and ROS in ferroptotic activity, we first eval-
uated the GSH activity of PMNP-DOX@RBC because GSH plays an 
important role in the ROS generation/depletion process. 

Hence, we tested the lipid peroxidation of •OH induction in MCF-7/ 
ADR cells, as assayed by flow cytometry using a C11-BODIPY probe. We 
noticed that PMNP-DOX@RBC significantly upregulated the lipid per-
oxidation level in MCF-7/ADR cells. Furthermore, the strongest C11- 
BODIPY fluorescence was detected at the plasma membranes (Fig. 4c 
and d), elucidating the occurrence of lipid peroxidation. We found that 

PMNP-DOX@RBC significantly elevated the lipid peroxidation level in 
MCF-7/ADR cells. These observations are agreement with the lip-
operoxide measurement and CCK-8 assay results and confirm the acti-
vation of ferroptosis pathways. 

To further assess the molecular mechanism of MCF-7 cells, confocal 
laser scanning microscopy studies were constructed, as shown in Fig. S6. 
Cellular effects of ferroptosis were investigated using a C11-BODIPY 
probe, suggesting a similar result as MCF-7/ADR cells. In comparison, 
for MCF-7/ADR cells incubated with PMNP-DOX@RBC nanoparticles, 
strong fluorescence could be found, which suggests that PMNP- 
DOX@RBC nanoparticles were more sensitive to drug-resistant cells. 

Since GSH could be used by GPX4 to repair oxidative damage, we 
further investigated GSH and GPX4 (Fig. 4e) treated by PMNP- 
DOX@RBC. Compared with the control group, GSH levels of PMNP- 
DOX@RBC treatment significantly decreased, which all contributed to 
PMNP-DOX@RBC treatment. Western blot analysis confirmed that 
GPX4 protein expression was the lowest in the cells treated with PMNP- 
DOX@RBC group. 

Fig. 4. a, Intracellular GSH levels in MCF-7/ADR cells treated with different formulations (MNP, PMNP, PMNP-DOX and PMNP-DOX@RBC); n = 3. b, Cell viability 
in the presence of apoptosis inhibitor, necroptosis-specific inhibitor, and autophagy inhibitor, ferroptosis inhibitor, respectively. c, Flow cytometry analysis of MCF- 
7/ADR cells lipid ROS production evaluated using C11-BODIPY probes. d, Representative confocal fluorescence microscopy images of LPO. Staining assay of MCF-7/ 
ADR cells via C11-BODIPY staining. Western blot analysis of the expression of key ferroptosis makers, including GPX4 (e), NOX4(f), and P-gp (f) in MCF-7/ADR cells 
treated with different formulations. 
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To further validate the ferroptosis mechanism, we applied Western 
blot analysis. Notably, the cells treated with PMNP-DOX@RBC highly 
expressed NOX4 protein compared with the other control groups 
(Fig. 4f). We further used bio-TEM to assess the cell and subcellular 
morphology induced by ferroptosis. TEM images showed that PMNP- 
DOX@RBCs were located in the endosomes/lysosomes and cytoplasm 
and finally degraded in the cytoplasm (Fig. 5a). Apparent shrinkage of 
the mitochondrial dimensions and chromatin condensation could be 
clearly observed from the magnified figure, illustrating the combination 
of cell ferroptosis and apoptosis. 

It has been reported that cell ferroptosis is associated with an 
increased membrane density of mitochondria. To investigate whether 
the mitochondria were damaged after PMNP-DOX@RBC treatment, 
MitoTracker Red CMXRos staining was carried out to monitor mito-
chondrial membrane potential changes (Fig. 5b). It is well established 
that PMNP-DOX@RBC showed an increased MitoTracker Red CMXRos 
signal, which indicated that the cristae of mitochondria almost dis-
appeared. These results prove that PMNP-DOX@RBC treatment dis-
rupted mitochondrial morphology. 

3.8. Molecular mechanism underlying the ferroptosis-mediated MDR 
reversal effect in vitro 

Benefiting from the MOF-membrane-camouflaged nanoplatform, 
DOX can be loaded into the pores directly. To elucidate the in vitro 
mechanism of PMNP-DOX@RBC underlying the reversal of 

chemotherapy resistance, the cytotoxic activity of the composite was 
determined. Significant growth inhibition of MCF-7 cells was discerned 
when the cells were incubated with either free DOX or PMNP- 
DOX@RBC nanoparticles at a higher DOX concentration, and PMNP- 
DOX@RBC nanoparticles were significantly more cytotoxic to MCF-7/ 
ADR cells than free DOX at an equivalent DOX dosage, which proves 
that PMNP-DOX@RBC display enough ability to eliminate cancer cells 
and overcome MDR. Free DOX moves into MCF-7/ADR cells through a 
flip-flop mechanism and is extruded by the overexpressing efflux P-gp 
[46]. As shown in Fig. 4f, western blotting results of P-gp expression in 
MCF-7/ADR cells after treatment with PMNP-DOX@RBC showed dra-
matic downregulation. Both the PMNP and PMNP-DOX@RBC groups 
exhibited lower P-gp expression levels contributed from PAB. Together, 
these results show that PMNP-DOX@RBC elevates intracellular oxida-
tive stress and depletes GSH to induce ferroptosis, which could down-
regulate P-gp by regulating the fluidity and permeability of the cell 
membrane and then reduce drug resistance. The regulation mechanism 
of ferroptosis is still not fully clear, but preliminary research has already 
identified in the metabolic processes involved as shown in Fig. 5c. 

3.9. In vivo evaluation of the antitumour efficacy of the complementary 
ferroptosis chemotherapy 

As shown in the pharmacokinetics results (Fig. S7), in the first 4 h, 
there was an 18% ID/g drop in the blood iron concentration in the blood. 
There is a slow decrease in the following 24 h, which indicates the 

Fig. 5. a, Bio-TEM images of the MCF-7/ADR cells co-incubated with PMNP-DOX@RBC nanoparticles. The circle and box dashed region indicate the PMNP- 
DOX@RBC located inside the cells and magnified views of mitochondria. The cell plasma and nucleus are denoted as P and N, respectively. b, The mitochondrial 
potential changes imaged by Mito-Tracker Red CMXRos staining. MCF-7/ADR cells were treated with PBS as control, MNP, PMNP, PMNP-DOX, PMNP-DOX@RBC, 
and PMNP-DOX@RBC + Fer-1. c, The proposed molecular mechanism underlying MOF-membrane-camouflaged multi-drug-delivery nanoplatform-induced syner-
gistic ferroptosis/apoptosis cell death. 
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slowed distribution of nanoparticles and the tumour accumulation. Be-
sides, biodistribution data (Fig. S8) shows that there is an increase in 
kidney and spleen iron concentration, which may have undergone 
metabolism and cleared out through kidney and spleen in 24 h. 

Furthermore, the accumulation of PMNP-DOX@RBC in visceral organs 
and tumours was investigated by Fe content measurement. It was 
observed that there was 6.4 ± 0.3% ID g− 1 of PMNP-DOX@RBC in the 
tumours after 4 h of injection, and then decreased to 5.6 ± 0.8% ID g− 1 

Fig. 6. Anticancer efficacy of MOF-membrane-camouflaged nanoplatform against MCF-7/ADR tumours. PBS, MNP, free DOX, free PAB, PMNP, PMNP-DOX, and 
PMNP-DOX@RBC nanoparticles were intravenous injected on days 1, 3, and 5. a, Injection schedule. Tumour volume progression (b) and body weight change (e) 
within the 14-day observation period (n = 5). Images of tumour weight (c) and excised tumours (d) on day 14 (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001. H&E- 
stained and GPX4-stained (f) tumour tissues harvested on the 14th day. 
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after 24 h, indicating the good tumour-targeting ability. 
Encouraged by the potency of PMNP-DOX@RBC nanoparticles in 

vitro, we further assessed their efficacy in inhibiting tumour growth in 
vivo. Nude mice with MCF-7/ADR xenografts were separated into seven 
groups (five mice each, ~20 g) and treated with PBS, MNP, free DOX, 
free PAB, PMNP PMNP-DOX and PMNP-DOX@RBC nanoparticles, and 
equivalent amounts of DOX or carrier substrates were ensured in each 
group. Fig. 6a presents a schematic depiction of the injection schedule. 
The in vivo antitumour efficacy was first estimated by Fig. 6b, and the 
PMNP-DOX@RBC group presented the highest tumour inhibition ca-
pacity among the seven groups. Specifically, the average volume of 
MCF-7/ADR tumours treated by PMNP-DOX@RBC for 14 days was only 
171.6 mm3, with an average weight of 0.13 g, which is much lower than 
those of the free DOX group (696.4 mm3 and 0.69 g, respectively) 
(Fig. 6b and c). As shown in Fig. 6d, there was no significant antitumour 
efficacy in the PBS groups, while the tumour inhibition rate of the DOX 
group was 47%, which was probably because of constant weight loss. 
However, in the PMNP-DOX group, the antitumour rate calculated from 
tumour weight was ~82%. When coated with the RBC membrane, the 
antitumour rate of the PMNP-DOX@RBC group was improved to almost 
87%, indicating that PMNP-DOX@RBC is a promising therapeutic agent 
in oncotherapy. 

We further evaluated the potential side effects of repetitive in-
jections. The changes in mouse weight were recorded every other day. 
By comparison, the DOX group had apparent weight loss after approx-
imately 4 days, which was only 13.5 g at 14th day. The weight loss also 
confirms that free DOX has severe toxicity to heart muscle. However, the 
body weight of Fig. 6e for the PMNP-DOX@RBC and PMNP-DOX groups 
remained at 22.7 and 22.3 g, respectively, which was equal to the 
control group (22.8 g). Compared to the weight loss of the DOX group, 
the minor weight loss in the PMNP-DOX@RBC groups suggests that 
biomimetic nanostructure could markedly ameliorate cytotoxicity 
induced by DOX. The histological examination data demonstrate that 
PMNP-DOX@RBC nanoparticles have good biocompatibility, which 
may help to greatly expand the utility of MOF-membrane-camouflaged 
nanoplatform, facilitating potential clinical applications. 

Furthermore, histological examination using haematoxylin and eosin 
(H&E) demonstrated that the MOF-membrane-camouflaged nanoplat-
form did not cause any observable abnormalities (Fig. 6f). In addition, 
GPX4 staining revealed the molecular mechanism of ferroptosis. These 
findings above consistently suggest that MOF-membrane-camouflaged 
nanoplatforms are of great importance to enhance the combined effi-
cacy of ferroptosis and apoptosis to overcome resistance. 

4. Conclusion 

In conclusion, we report the application of the defect self-assembly- 
enabled MOF-membrane-camouflaged nanoplatform to address multi-
drug delivery. This approach provides simultaneous delivery of iron 
sources, ferroptosis inducers, drugs and enhanced circulation carriers to 
address MDR in malignant tumours. The embedded PAB-Fe3+

complexation within defect nanostructures could protect the guest 
molecules from oxidative stress in a physiological environment and 
prevent unexpected drug leakage during transport in bloodstream. The 
RBC membrane coating could prolong the blood retention time and 
immune escape capabilities. The resultant MOF-membrane- 
camouflaged nanoplatform could be degraded by the tumour microen-
vironment and act in synergy with the simultaneously released Fe3+ and 
PAB to amplify ferroptosis damage. Ferroptosis is driven by oxidative 
phospholipid damage, which could regulate the fluidity and perme-
ability of the cell membrane to downregulate P-gp protein expression 
and then reduce drug resistance. However, the MOF-membrane- 
camouflaged nanoplatform could consume GSH, amplify ROS oxida-
tive stress, and carry out tumour cell death by means of a complemen-
tary ferroptosis/apoptosis mechanism. Moving forward, dual 
ferroptosis/apoptosis treatment to tackle resistance should promise the 

development of effective tumour therapies. The new concept of defect 
self-assembly-enabled MOF-membrane-camouflaged nanoplatform cre-
ates a new path to build multifunctional delivery systems for various 
applications. 
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