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Abstract: Nanoformulations for combining chemotherapy, chemodynamic therapy,

and photothermal therapy have enormous potential in tumor treatment. Coating

nanoformulations with cell membranes endows them with homologous cellular

mimicry, enabling nanoformulations to acquire new functions and properties,

including homologous targeting and long circulation in vivo, and can enhance

internalization by homologous cancer cells. Herein, we fused multifunctional

biomimetic nanoformulations based on Cu-doped zeolitic imidazolate framework-8

(ZIF-8). Hydroxycamptothecin (HCPT), a clinical anti-tumor drug, was encapsulated

into ZIF-8, which was subsequently coated with polydopamine (PDA) and

red blood cell membrane. The as-fabricated biomimetic nanoformulations showed

an enhanced cell uptake in vitro and the potential to prolong blood circulation in vivo,

producing effective synergistic chemotherapy, chemodynamic therapy, and

photothermal therapy under the 808 nm laser irradiation. Together, the biomimetic

nanoformulations showed a prolonged blood circulation and evasion of immune

recognition in vivo to provide a bio-inspired strategy which may have the potential for

the multi-synergistic therapy of breast cancer.

Keywords: biomimetic nanoformulations, ZIF-8, synergistic therapy, photothermal

therapy, chemotherapy, erythrocyte membrane



1. Introduction

Breast cancer has emerged as a profoundly pernicious malignancy among

women in contemporary times. [1] Conventional therapeutic methods such as surgical

resection, chemotherapy (CT), and radiation therapy (RT) may lead to substantial

challenges, [2] including elevated rates of tumor recurrence, impairment of normal

cellular function, and the emergence of multidrug resistance, which make breast

cancer patients endure significant and far-reaching adverse effects. [3,4] Therefore, to

overcome the limitations of traditional therapies and improve breast cancer treatment,

it is crucial to develop a novel nanomedicine delivery platform that enables the

synergistic combination of multiple treatment modalities. [5,6] Fortunately, significant

advances in nanotechnology have opened up new possibilities for the development of

cancer therapies. [7]

Among these emerging nanotechnology-based therapeutic strategies,

chemodynamic therapy (CDT) has attracted considerable attention due to its minimal

side effects and tumor-specificity. [8,9] As a reactive oxygen species (ROS)-mediated

reaction, CDT can facilitate the production of hydroxyl radicals from endogenous

hydrogen peroxide through Fenton or Fenton-like reactions in the presence of metal

ion catalysts (such as Fe, Cu, Mn, etc.), without relying on external light sources or

stimuli. [10-12] Moreover, photothermal therapy (PTT) represents remarkable

therapeutic potential as an innovative method for treating tumors. [13-15] This

localized thermotherapy induces cancer cell death and promotes the ablation of tumor

tissue, while concurrently minimizing any potential damage to adjacent healthy tissue.



[16-18] Significantly, the local heat generated by the photothermal effect is beneficial

to increase the permeability of tumor blood vessels and tumor cell membranes, [19,20]

which can facilitate the absorption and accumulation of nanoparticles, ultimately

augmenting multiple treatment modalities. Therefore, the combination of

conventional chemotherapy with CDT/PTT therapy not only integrates the advantages

of diverse treatment modalities to optimize the synergistic anti-tumor effect, but also

mitigates the side effects. [21-23] This approach presents a promising strategy to

improve therapeutic efficacy in tumor treatment.

However, the Fenton-like reaction catalyzed by Cu+ in CDT therapies exhibits

superior kinetic and energetic properties compared to Fe2+ due to the low redox

potential of Cu2+/Cu+ (~0.16 V), [24-26] which can facilitate the efficient oxidation of

Cu+ to Cu2+ in the weakly acidic tumor microenvironment. Simultaneously, due to the

inherent toxicity of free metal ions to normal cells, [27] it is essential to explore

materials with controlled release capabilities for incorporating metal ions, which can

minimize damage to normal cells and enhance the efficacy of tumor treatment.

Metal organic framework materials (MOFs) have attracted significant attention

from researchers due to their high porosity, large specific surface area, tunable pore

size and biodegradability. [28-30] Among them, zeolitic imidazolate framework-8

(ZIF-8), represents a typical class of MOF materials, exhibiting excellent

biocompatibility and pH-responsive biodegradation, presenting considerable

prospects for application in the biomedical field. [31-33] However, due to the

inadequate photothermal properties of the MOF, it is unable to efficiently kill cancer



cells within a short period of time, and the reactive oxygen produced is insufficient

for their eradication. Polydopamine (PDA) is a naturally occurring derivative of

melanin in the human body that exerts excellent photothermal conversion efficiency.

This phenomenon is attributed to the substantial presence of π electrons within PDA's

molecular structure, [34-36] and it can also be used to improve materials’

photocatalytic properties through the fast charge carriers transportation. With these in

mind, we hypothesise that modification of MOFs using PDA could enhance the

photocatalytic activity and photothermal effect. This enhancement would be achieved

through the acceleration of photogenerated electron transfer and heightened light

absorption.

However, the challenge of potential immune recognition that numerous

nanoparticles encounter during delivery processes necessitates frequent surface

modifications to prolong blood circulation time and improve drug accumulation at

tumor sites. [37,38] Recently, the cell membrane-coated nanoparticles (CMNPs)

technology has been widely applied as a novel camouflage and modification strategy

in cancer therapy. [39-41] Among them, erythrocyte membranes extracted from

erythrocytes are often applied to wrap the outer surface of nanoparticles due to their

excellent immune evasion abilities [42,43] and prolonged blood circulation half-life

characteristics, [44,45] which can effectively accumulate in tumor tissues through

enhanced permeability and retention (EPR) effects, [46] providing a new way to

achieve efficient drug utilization.

Herein, a multifunctional biomimetic composite nanomedicine based on metal-



organic frameworks was designed for efficient synergistic CDT/CT/PTT therapy for

the treatment of breast cancer. Briefly, Cu/ZIF-8 nanoparticles prepared by the ion-

doping method could achieve a controlled release of copper ions in the tumor

microenvironment to trigger effective CDT therapy without causing damage to

normal cells due to the inherited pH-sensitive properties of ZIF-8 nanoparticles. A

clinical anti-tumor drug, 10-hydroxycamptothecin (HCPT), was selected for loading

into Cu/ZIF-8 to achieve combined CDT/CT therapy. To endow the composite

nanoformulations (HCPT@Cu/ZIF) with excellent photothermal performance, a

polydopamine (PDA) coating layer was introduced on the surface of HCPT@Cu/ZIF

to form HCPT@Cu/ZIF@PDA composite nanoformulations. They could trigger PTT

with the aid of near-infrared light irradiation, which simultaneously could facilitate

the CDT therapy effect and promote effective drug release as well. Finally, the

HCPT@Cu/ZIF@PDA composite nanoformulations would be camouflaged by

wrapping of red blood cell membrane to achieve an enhanced EPR effect while

improving immune evasion ability and prolonging blood circulation to promote

aggregation at tumor sites.

2. Materials and methods

2.1 Materials

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), cupric nitrate trihydrate

(Cu(NO3)2·3H2O), 2-methylimidazole (C4H6N2, 2-MIM), 10-hydroxycamptothecin

(HCPT) and dopamine hydrochloride (DA·HCl) were purchased from Aladdin Bio-

Chem Technology Co., Ltd (Shanghai, China). 2,7 dichlorodihydrofluorescein



diacetate (DCFH-DA), calcein-AM/PI double stain kit, 4',6-diamidino-2-phenylindole

(DAPI), 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), and

JC-1 were purchased from Beyotime Biotechnology Co., Ltd (Shanghai, China).

Methylene blue (MB), hydrogen peroxide (H2O2, 30%) and N, N-dimethylformamide

(DMF) were obtained from Sinopharm Chemical Reagent (Shanghai, China).

2.2 Characterizations

The morphology and size of the nanoformulations were observed by

transmission electron microscopy (JEM-2100, Japan Electronics Corporation) and

scanning electron microscopy (Ultra 55 FE-SEM, Carl Zeiss SMT, Germany). The

zeta potential and hydrodynamic size of the nanoformulations were measured by a

Zetasizer (Zetasizer Nano ZS, Malvern, UK). The specific surface area and pore

volume were tested by a Brunauer-Emmett-Teller analyser (3H-2000PS1, Bayside

Instrument Technology Co. Ltd.). The typical peak of ·OH was evaluated by electron

spin resonance (A300, Bruker, Germany).

2.3 Synthesis of Cu/ZIF-8 nanoparticles

Cu/ZIF-8 nanoparticles were prepared according to the previous methods with

slight modifications. [47,48] Briefly, 222.8 mg of Zn(NO3)2·6H2O and 60.5 mg of

Cu(NO3)2·3H2O were dissolved in 10 mL methanol, stirring for 10 min. Then, 656.8

mg of 2-methylimidazole was dissolved in 30 mL methanol. Under stirring, the mixed

solution was added to the 2-MIM solution. After stirring for 2 h at room temperature,

the Cu/ZIF nanoparticles (CuZ) were collected by centrifugation (8000 r/min, 10 min),

washed three times with methanol, and finally stored in methanol at 4 °C for further



use.

2.4 Synthesis of HCPT@Cu/ZIF nanoformulations

To obtain HCPT@Cu/ZIF nanoformulations (HCuZ), 10 mg of Cu/ZIF

nanoparticles were dispersed in HCPT DMF solution (1 mg/mL) and stirred for 24 h

at room temperature. After centrifugation, the HCuZ nanoformulations were collected.

2.5 Synthesis of HCPT@Cu/ZIF@PDA nanoformulations

50 mg of HCuZ nanoformulations were re-dispersed in 25 mL of Tris-HCl buffer

solution (pH = 8.5, 10 mM), and 25 mg of DA·HCl was added. After stirring for 2 h,

the HCPT@Cu/ZIF@PDA nanoformulations (HCuZP) were obtained by

centrifugation and repeatedly washed with water to remove unreacted dopamine.

Additionally, Cu/ZIF@PDA nanoformulations (CuZP) were prepared by the same

procedure described above except for the absence of HCPT.

2.6 Extraction of red cell membrane

The preparation of red cell membrane was mainly performed by the previous

methods. [49-51] First, whole blood was transferred into a centrifuge tube, and then,

1 PBS was added and centrifuged at 4 °C for 5 min. After washing with 1 PBS

three times, red blood cells were obtained. Second, the resulting precipitate was re-

dispersed in 0.25 PBS and incubated for 1 h at 4 °C in a shaker. Subsequently, the

solution was centrifuged at 10,000 rpm for 5 min at 4 °C and repeatedly washed with

1  PBS until the centrifuged supernatant turned colorless. Finally, the red cell

membranes were collected and stored at -80 °C for future use.

2.7 Synthesis of RBCM-HCPT@Cu/ZIF@PDA nanoformulations



The red cell membrane-coated HCPT@Cu/ZIF@PDA nanoformulations (Rm-

HCuZP) were prepared according to the reported methods. [29,52,53] In brief, 1 mL

of red cell membranes (1mg/mL) was mixed with 1 mL of HCPT@Cu/ZIF@PDA (1

mg/mL) and stirred under an ice bath for 30 min, followed by sonication for 5 min,

and then the mixture was extruded several times through an Avanti mini extruder (LF-

1, Ottawa, Canada) using a 400 nm porous polycarbonate membrane. After removing

the excess red cell membrane by centrifugation, Rm-HCuZP was eventually obtained.

2.8 Drug loading and release in vitro

The loading (LE%) and encapsulation efficiency (EE%) of HCPT were

determined by the following formula:

(1)

(2)

where w0 is the weight of unloaded HCPT in the supernatant, w1 is the overall

weight of HCPT, and w2 is the weight of HCuZ.

To evaluate the drug release of Rm-HCuZP under different conditions, 30 mg

Rm-HCuZP were dispersed in PBS solutions (pH 7.4 or 5.6) and transferred into

dialysis bag. Then, it was immersed in PBS solution (60 mL) with or without laser

irradiation (808 nm, 1 W/cm2, 5 min). At designated time intervals, 3 mL of the

sample was removed. Then, an equal amount of PBS was added. The amount of

released HCPT was measured by a UV-vis spectrophotometer.

2.9 Photothermal performance



To evaluate the photothermal performance of Rm-HCuZP, 1 mL of Rm-HCuZP

suspension at different concentrations (25, 50, 100, 200, and 400 μg/mL) was

transferred into a 1.5 mL Eppendorf tube and exposed to laser irradiation (808 nm, 1

W/cm2) for 10 min. An aqueous solution was adopted as a control. Meanwhile, the

temperature of these solutions was measured every 10 s with the aid of an infrared

thermal imager. Additionally, the solution temperature of Rm-HCuZP at a

concentration of 400 μg/mL was monitored by the same method at different laser

irradiation powers (0.4, 0.6, 0.8, and 1.0 W/cm2). To investigate the photothermal

stability of the Rm-HCuZP, the solution (400 μg/mL) was irradiated at 1 W/cm2 in

four repetitive cycles of 5 min on and 5 min off, and the temperature variations were

recorded in the same way as described above.

2.10 ·OH generation measurement

The ·OH generated by Rm-HCuZP through Fenton-like reaction was detected

using MB and ESR methods. [54,55] For the detection of MB, the Rm-HCuZP at

different concentrations (0, 25, 50, 100, and 200 µg/mL) were incubated with

methylene blue (MB) solution (10 µg/mL) and H2O2 (1 mM) in PBS buffer (pH = 5.6)

for 15 min. The absorbance spectrum of the mixture was measured using a UV-vis

spectrophotometer, with MB solution as the blank control. In addition, the fixed

concentration of Rm-HCuZP solution was 50 µg/mL, and it was incubated with MB

solution (10 µg/mL) and H2O2 (1 mM) in PBS buffer (pH = 7.4, pH = 5.6, and pH =

5.6 + laser) for 15 min. The absorbance spectrum was then measured using a UV-vis

spectrophotometer. ESR measurements were performed by coincubating Rm-HCuZP



(pH = 7.4, pH = 5.6 and pH = 5.6 + laser) with H2O2 (1 mM) and DMPO, followed by

detection of the presence of ·OH production by ESR.

2.11 In vitro hemolysis assay

The hemolytic toxicity of nanoformulations in vitro was assessed by employing

mouse blood. [56] Specifically, 500 μL of fresh mouse blood was placed in a

centrifuge tube and the supernatant was discarded after centrifugation at 3,500 rpm

for 5 min. Then, the bottom sediment was washed three times with PBS and

eventually diluted with PBS to obtain a 1% (v/v) erythrocyte suspension. Then, 200

μL of the above solution was added to 800 μL of Rm-HCuZP dispersion to formulate

solutions of different concentrations (400, 200, 100, 50 and 25 μg/mL). After

incubation at 37 °C for 12 h, the supernatant was extracted by centrifugation and the

absorbance value at 540 nm was monitored by a UV-vis spectrophotometer. PBS and

deionized water were included as negative and positive control groups, respectively.

The hemolysis rate was calculated by the following formula:

(3)

2.12 Cytotoxicity study

The MTT assay was applied to estimate the relative cell viability of various

materials. The 4T1 cells were seeded at a cell density of 1  105/well in 96-well plates

with DMEM medium containing 10% fetal bovine serum and 1% double antibodies

(penicillin-streptomycin solution), and then incubated in a constant temperature (37oC)

incubator with 5% CO2 for 24 h to allow the cells to grow against the wall.

Afterwards, the initial medium was replaced by fresh DMEM medium containing



different concentrations of CuZP, CuZP+NIR, HCuZP, HCuZP+NIR, Rm-HCuZP,

and Rm-HCuZP+NIR (0, 5, 10, 20, 30, 40, and 50 μg/mL), respectively. For the laser

irradiation group, after 4 h of incubation, cells were treated with an 808 nm laser at a

power density of 1 W/cm2 for 5 min and then incubated for an additional 20 h before

application of MTT reagent. After 24 h of incubation, 20 μL of MTT solution (5

mg/mL) was added after washing with PBS and further incubated for 4 h. Finally, 150

μL of DMSO solution was added to each well, and cell viability was calculated by

measuring the absorbance at 490 nm.

The 4T1 cells were inoculated in confocal culture dishes at a cell density of 1 

105/well, and the medium was changed to fresh medium containing CuZP, HCuZP

and Rm-HCuZP (50 μg/mL) after overnight incubation. For the laser irradiation group,

the cells were exposed to an 808 nm laser (1 W/cm2, 5 min) after 4 h of incubation.

Then after another 20 h incubation, 4T1 cells were stained with Calcein-AM and

propidium iodide (PI) for 15 min under dark conditions. In the end, the cells were

visualized with the aid of laser confocal microscopy (CLSM) after washing with PBS

three times.

2.13 In vitro mitochondrial membrane potential

The 4T1 cells were inoculated in confocal culture dishes overnight. The cells

were treated with PBS, PBS+NIR, CuZP, CuZP+NIR, HCuZP, HCuZP+NIR, Rm-

HCuZP, and Rm-HCuZP+NIR for 6 h. For the laser irradiation group, the cells were

exposed to an 808 nm laser (1 W/cm2, 5 min) after 4 h of incubation. Finally, the cells

were stained by a mitochondrial membrane potential assay kit with JC-1.



2.14 In vitro cellular uptake

The uptake ability of various materials by 4T1 cells was evaluated using laser

confocal microscopy (CLSM). Specifically, HCuZP and Rm-HCuZP labelled with

FITC were prepared to assess the internalization ability. Then, 4T1 cells were seeded

at a density of 1  105 cells/well in confocal dishes. After 12 h of incubation, the

culture medium was replaced with fresh medium containing HCuZP, Rm-HCuZP, and

FITC (50 μg/mL), with PBS as the control. After another 4 h of incubation, the

remaining materials were washed away with PBS three times, followed by fixation

with 4% paraformaldehyde for 15 min and DAPI staining for 20 min. The fluorescent

images were acquired by CLSM. The cellular uptakes of HCuZP and Rm-HCuZP by

RAW264.7 cells were assessed to explore the ability of immune escape.

2.15 In vitro •OH generation

The levels of ROS induced by Rm-HCuZP in different conditions were detected

by CLSM and flow cytometry using ROS probe (DCFH-DA). The 4T1 cells were first

seeded in confocal culture dishes at a cell density of 1  105/well. Then, the previous

medium was discarded after 12 h of incubation, and the cells were treated with PBS,

H2O2, Rm-HCuZP, Rm-HCuZP+H2O2, and Rm-HCuZP+H2O2+NIR for 6 h. For the

laser irradiation group, the cells were exposed to an 808 nm laser (1 W/cm2, 5 min)

after 4 h of incubation. After washing with PBS to remove the residual material, the

fluorescent probe DCFH-DA was added and cocultured for 20 min. Finally,

fluorescent images of DCFH were captured by CLSM to evaluate the ROS level of

the prepared material. The flow cytometry was used to quantitatively detect the



connection between the concentration Rm-HCuZP and production of intracellular

ROS.

2.16 Tumor model of breast cancer

Balb/c female mice (4-5 weeks old, 20 ± 2 g) were provided by Zhejiang

Hangzhou Hock Biotechnology Co. To establish tumor models, 50 μL of 5 × 105 4T1

cancer cells were injected subcutaneously in saline into the right inguinal location of

mice. All experiments were approved and conducted under the guidance of the

Experimental Animal Welfare Ethics Committee of the Zhejiang Experimental Animal

Center (animal approval number: ZJCLA-IACUC-20010255) and the Animal Ethics

Committee of Zhejiang Sci-Tech University (animal approval number: 20230314011).

2.17 In vivo fluorescence and photothermal properties

The in vivo fluorescence images were used to investigate the distribution of Rm-

HCuZP. Firstly, the FITC-labelled CuZP, HCuZP, and Rm-HCuZP solution (200 μL,

15 mg/kg) were injected intravenously into the mice through the tail. And then, the

fluorescence images were recorded at 2, 6, 12, 24, and 48 h after drug administration.

For photothermal images, PBS, CuZP, HCuZP and Rm-HCuZP (200 μL, 15 mg/kg)

were injected through the tail vein, respectively. After 12 h of treatment, each group

was irradiated with an 808 nm laser (1 W/cm2) for 10 min, while the thermograph

images of the tumor-bearing mice were recorded by infrared thermography.

2.18 In vivo anti-tumor therapy evaluation

After the tumor volume reached 50-100 mm3, the tumor-bearing mice were

randomly separated into 8 groups (n=5): (i) PBS group (without any treatment); (ii)



PBS+NIR group (treated by NIR irradiation only); (iii) CuZP group (treated by CuZP

only); (iv) CuZP+NIR group (treated by CuZP and NIR irradiation); (v) HCuZP group

(treated by HCuZP only); (vi) HCuZP+NIR group (treated by HCuZPand NIR

irradiation); (vii) Rm-HCuZP group (treated by Rm-HCuZP only); and (viii) Rm-

HCuZP+NIR group (treated by Rm-HCuZP and NIR irradiation). All groups were

intravenously injected via the tail vein every 2 days. Then for the laser groups, the

808 nm laser (1 W/cm2, 10 min) was utilized in the irradiation treatment at 12 h post-

injection. During the treatment, the body weight and tumor volume of all mice were

recorded every two days, and the tumor volume was calculated according to the

formula: volume = length × (width)2/2.

After 12 days of treatment, all mice were sacrificed by cervical dislocation and

dissected to obtain the tumors as well as the vital organs, including the heart, liver,

spleen, lung and kidney. Then, all excised tumors were weighed and recorded.

Subsequently, the isolated tumors and major organs of each group were randomly

selected for histological and immunohistochemical analysis (H&E, TUNEL, and

Ki67), by 4% paraformaldehyde fixation, embedding, and staining, as a

comprehensive assessment of the tumor suppression effect of different treatment

modalities.

2.19 Statistical Analysis

Statistical analysis was conducted via GraphPad Prism 8 and Origin software.

Data were analysed with ordinary one-way ANOVA by Tukey’s means comparison

method. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001. Data are expressed as



the means ± SDs. A value of p < 0.05 was considered statistically significant.

Scheme 1. (a) Schematic design of Rm-HCuZP NFs; (b) Therapeutic mechanism of Rm-HCuZP

NFs for efficient synergistic cancer therapy.

3. RESULTSAND DISCUSSION

3.1 Preparation and characterization of Rm-HCuZP nanoformulations

The preparation procedure of red blood cell membrane-coated functionalized

Cu-doped metal organic framework nanoformulations (Rm-HCuZP) is shown in

Scheme 1a. Firstly, Cu-doped ZIF-8 nanoparticles (CuZ) were synthesized by an ion-

doping strategy using a modified method. [47,48] These CuZ nanoparticles have a

rhombic dodecahedral structure with an average diameter of ~100 nm that is

confirmed by TEM (Figure 1a) and SEM (Figure S1) measurements. Figure 1e shows

the X-ray powder diffraction (XRD) patterns of ZIF-8-based derivatives. Almost no

significant difference can be found between Cu-doped ZIF-8 and pure ZIF-8,

indicating that the doping of copper ions does not influence the crystal structure of



ZIF-8. The energy-dispersive X-ray spectroscopy (EDS) results demonstrate the ratio

of the C, N, O, Zn, and Cu atomic contents (Figure S2). In addition, the elemental

mapping of CuZ exhibits the uniform distribution of C, N, O, Zn, and Cu elements

within the nanostructure (Figure 1f). The surface elemental composition of CuZ was

investigated using X-ray photoelectron spectroscopy (XPS). The full spectrum XPS

measurement of CuZ reveals peaks corresponding to C 1s, N 1s, O 1s, Zn 2p, and Cu

2p (Figure 1g and S3), confirming the successful incorporation of Cu ions into ZIF-8.

Figure 1. TEM images of (a) CuZ, (b) HCuZ, (c) HCuZP, and (d) Rm-HCuZP. Scale bar: 200 nm

(insert scale bar: 50 nm). (e) X-ray powder diffraction analysis of CuZ, HCuZ, HCuZP, and Rm-

HCuZP. (f) Elemental mapping of C, N, O, Zn, and Cu in CuZ. (g) XPS high resolution spectrum

of Cu 2p in CuZ. (h) Nitrogen adsorption-desorption isothermal curve of CuZ and HCuZ. (i) Zeta

potential of CuZ, HCuZ, HCuZP, and Rm-HCuZP. (j) SDS-PAGE protein analysis of Rm, HCuZP,

and Rm-HCuZP.



Subsequently, HCPT and CuZ were stirred in DMF solution for 24 h to obtain

HCPT-loading composite nanoformulations (HCuZ) due to the higher porosity and

larger specific surface area of CuZ (Figure 1h). And the drug loading was calculated

to be 19.1% by UV-vis absorption spectra (Figures S4 and S5). The morphology of

the resultant HCuZ is close to the CuZ (Figure 1b). Afterwards, a polydopamine

(PDA) shell layer is coated on the surface of HCuZ (HCuZP) via the self-

polymerization of dopamine under weakly alkaline and aerobic conditions to avoid

the rapid release of loaded drugs. Meanwhile, the surface of HCuZP becomes rough,

as shown in Figure 1c. Finally, red blood cell membrane-coated functionalized Cu-

doped metal organic framework nanoformulations (Rm-HCuZP) are prepared by co-

extruding red blood cell membrane (Rm) and HCuZP nanoformulations using a

liposome extruder. Figure 1d shows the TEM image of Rm-HCuZP with size ~160 nm

in diameter, exhibiting a uniform layer of red blood cell membrane on the surface of

particles and a certain degree of adhesion between particles, which may mainly due to

the electrostatic adsorption between the nanoparticles and the cell membranes. [57] To

determine the encapsulation of Rm on the surface of nanoformulations, the surface

charge of nanoformulations was investigated by the zeta potential. As shown in

Figure 1i, the CuZ possess a positive charge (~12 mV) which can adsorb HCPT

anions due to their Lewis acidic surface. And the potential changed from positive (~5

mV) to negative (-20 mV) after coating with PDA due to the presence of PDA

hydroxy groups. After encapsulating the outermost layer of the red cell membrane, the

potential of Rm-HCuZP increased to -12 mV, which is close to that of the red blood



cell membrane itself (-10 mV). Additionally, the hydrodynamic sizes of CuZ (~100

nm), HCuZ (~129.9 nm), HCuZP (~141.3 nm) and Rm-HCuZP (~160.1 nm) can

further demonstrate the successful preparation of nanoformulations (Figure S6). To

investigate the stability of Rm-HCuZP, the particle size, polydispersity index (PDI)

and zeta potentialthey were tested after dispersion of them in PBS for one week. As

shown in Figure S7, the changes of particle size and polydispersity index (PDI) are

negligible, and the zeta potential exhibits no significant difference. Moreover, the

presence of Rm on the surface of nanoformulations was further verified by the sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein bands

of Rm and Rm-HCuZP are identical (Figure 1j), which is a crucial characteristic while

performing their desired functions in this study. Specially, it is expected that Rm-

HCuZP will be endowed with the benefits of red blood cell membranes, which can

make Rm-HCuZP invisible to evade immune recognition.

3.2 TME-responsive biodegradation performance and drug release behavior

To validate the sensitive pH-responsive biodegradation properties of CuZ

nanoparticles, they were dispersed in PBS with different pH values (pH = 7.4

mimicking the normal human tissue environment, and pH = 5.6 simulating the tumor

microenvironment). [58-62] The solutions were collected at 1, 6, 12, and 24 h to

observe their morphology change by TEM. As shown in Figure 2a, the structure of

CuZ nanoparticles remains intact at pH = 7.4, indicating that they have not been

destroyed under a mild environment. Under pH = 5.6 condition, CuZ nanoparticles'

structure gradually disintegrates over time and eventually completely disappears after



soaking for 24 h, which can be attributed to the sensitive pH-responsive

biodegradation of CuZ nanoparticles. These findings suggest that CuZ nanoparticles

might potentially maintain stability within normal tissues and exhibit responsiveness

to release in the acidic tumor microenvironment, which could make them a promising

candidate as a biodegradable carrier.

Figure 2. (a) TEM images of CuZ nanoparticles dispersed in buffer solutions of pH 7.4 and 5.6 at

different time intervals, Scale bar: 200 nm. (b) Release of HCPT from Rm-HCuZP under different

conditions. (c) Schematic illustration of HCPT release from Rm-HCuZP upon 808 nm laser

irradiation in the acidic environment.

Furthermore, CuZ nanoparticles were used as carriers for the loading of the

model drug HCPT, which was then encapsulated with PDA coatings and red cell



membranes to enhance the anti-tumor effect of the Rm-HCuZP nanoformulations.

Subsequently, the drug release behaviors of the as-fabricated Rm-HCuZP

nanoformulations under different conditions was initially evaluated to examine the

degradability of them. As shown in Figure 2b, the drug release rate in Rm-HCuZP is

approximately 10% at pH = 7.4 for 48 h, indicating that Rm-HCuZP can prevent the

leakage of the drug, thus facilitating the reduction of drug side effects and achieving

safe and effective drug delivery. However, the release rate of Rm-HCuZP can be

increased to ~51% at pH = 5.6, which is probably attributed to the acid-responsive

property of Rm-HCuZP, allowing gradual degradation and drug release in an acidic

environment. Importantly, after 808 nm laser irradiation, the release rate can be

further enhanced to ~63% at pH = 5.6, which is higher than that of without laser

irradiation. It can be contributed to the photocatalysis of drug carriers to destroy red

cell membranes and PDA coatings, leading to promote drug release. These results

indicate that Rm-HCuZP possesses the pH-dependent and NIR-responsive release

properties (Figure 2c).

3.3 ROS generation of Rm-HCuZP nanoformulations

Since methylene blue (MB) can change its color from blue to colorless by

reacting with ·OH, accompanied by a decrease in the characteristic absorption peak at

665 nm. [63] Therefore, it can be employed to assess the catalytic activity of Rm-

HCuZP in generating ·OH from H2O2. As shown in Figure 3a, the addition of H2O2 (1

mM) to the MB does not result in a significant change in the absorbance value at 665

nm, indicating the absence of a catalytic effect of H2O2 on MB. Moreover, incubating



the MB aqueous solution with Rm-HCuZP (25, 50, 100, and 200 µg/mL) for 15 min,

the mixed solution exhibits a concentration-dependent decrease of characteristic

absorption peak, suggesting that the doped copper ions can generate ·OH through a

Fenton-like reaction with H2O2 and result in the degradation of MB.

Figure 3. (a) UV-visible spectra of MB aqueous solution with H2O2 after the addition of different

concentrations of Rm-HCuZP (25, 50, 100, and 200 ug/mL). (b) UV-visible spectra of MB

aqueous solution added with Rm-HCuZP (50 ug/mL) under different conditions. (c) Schematic

illustration of MB detection of ·OH from Rm-HCuZP. (d) ESR spectra of ·OH trapped by DMPO

for Rm-HCuZP (200 ug/mL) under different treatments at pH = 5.6.

As illustrated in Figure 3b, the degradation effect of Rm-HCuZP on MB in an

acidic environment (pH = 5.6) is more significant compared to a neutral environment



(pH = 7.4), which is attributed to the sensitive pH-responsive capacity of Rm-HCuZP.

This feature can be beneficial to mitigate the potential harm of free copper ions to

normal cells. More importantly, the absorbance intensity of MB significantly

decreases after NIR irradiation, suggesting that more ·OH are consumed, which is due

to the excellent photothermal conversion of Rm-HCuZP, thus promoting the Fenton-

like reaction. These results demonstrate that Rm-HCuZP can realize the effective

release of copper ions at low pH and enhance the Fenton-like reaction. (Figure 3c).

In addition, the generation of ·OH is confirmed through an electron spin

resonance (ESR) spectrometry using DMPO as the trapping agent. [64] As shown in

Figure 3d, the distinctive 1:2:2:1 spectrum attributed to ·OH can be clearly observed

after incubation with Rm-HCuZP. However, no ESR signals can be founded in the

control group. Notably, the ESR intensity can be increased after NIR irradiation,

further confirming the photothermal-enhanced Fenton-like reaction of Rm-HCuZP.

3.4 Photothermal properties of Rm-HCuZP nanoformulations

The photothermal conversion efficiency of the Rm-HCuZP was evaluated by

measuring the temperature changes under NIR irradiation. Firstly, the Rm-HCuZP

dispersions with different concentrations (50, 100, 150, 200, 400 μg/mL) were

exposed to the 808 nm laser (1 W/cm2) and irradiated for 10 min. As shown in Figures

4a and b, after irradiation, the temperature of the Rm-HCuZP solution (400 μg/mL)

increased from 23 to 63.1 °C within 10 min, while no significant change (from 23 to

26.1 °C) was observed in the control aqueous solution during the same irradiation

period. This observation indicates the excellent photothermal feature of Rm-HCuZP.



In addition, the photothermal feature of Rm-HCuZP shows a concentration-

dependence characteristic.

Figure 4. (a) Corresponding infrared thermal images, and (b) Temperature elevation curves of

Rm-HCuZP solution with various concentrations (0, 50, 100, 150, 200, 400 μg/mL) under 808 nm

laser irradiation (1 W/cm2, 10 min). (c) Temperature change curves of the Rm-HCuZP solution

(400 μg/mL) with different laser power densities (0.4, 0.6, 0.8, 1 W/cm2). (d) Temperature change

curves of the Rm-HCuZP solution (400 μg/mL) over four cycles of laser on/off under 808 nm

laser irradiation (1 W/cm2).

The temperature of Rm-HCuZP dispersions can be increased to 37.7, 45.3, 48.7,

55.2 and 63.6 °C for the concentration at 50, 100, 150, 200 and 400 μg/mL after

irradiation for 10 min. Furthermore, as increasing laser power density from 0.4 to 1.0



W/cm2, the temperature of Rm-HCuZP dispersion (400 μg/mL) shows a power-

dependent relationship (Figure 4c). To further investigate the photothermal stability of

Rm-HCuZP NFs, the Rm-HCuZP solution was subjected to four cycles of NIR

irradiation (1 W/cm2). As shown in Figure 4d, the temperature changes show no

significant fluctuation during the four cycles, in which the maximum temperatures are

on the order of 50.6, 50.7, 50.8, and 50.7 °C, demonstrating the superior photothermal

stability of Rm-HCuZP.

3.5 Cytotoxicity assessment in vitro

To investigate the cytotoxicity of Rm-HCuZP in vitro, 4T1 cells were performed

using a MTT method. Figure 5a shows the cell viability against CuZP, HCuZP, and

Rm-HCuZP with a concentration ranging from 5 to 50 μg/mL without NIR irradiation.

The survival of 4T1 cells exhibits a concentration-dependent relationship, and a

signature cytostatic effect can be observed after Rm-HCuZP treatment (~40% at 50

μg/mL) compared to CuZP and HCuZP, which can be attributed to the enhanced

aggregation capability of nanoformulations in tumor cells due to the presence of red

cell membranes. Additionally, a reduction in cell viability is detected for all groups

after NIR irradiation treatment (Figure 5b). However, the control group does not

exhibit significant alteration in cell viability with NIR irradiation treatment alone,

suggesting laser irradiation alone can not cause cellular damage (Figure 5c and S8).

And the Rm-HCuZP+NIR group exhibits the lowest cell viability among all groups,

which might be contributed to the improved cell phagocytic ability by cell membranes

functionalization and the synergistic effect of CT, CDT, and PTT.



Calcein AM/PI staining was also applied to evaluate the living (green) and dead

(red) cells after being treated by nanoformulations. [58] As shown in Figure 5d, the

predominant green fluorescent signal can be observed in PBS and PBS+NIR groups

without any treatment, indicating no signature effect for the survival of cells with NIR

exposure only. A certain degree of red fluorescent signal can be revealed in 4T1 cells

treated by nanoformulations, suggesting the presence of cellular damage. Among

them, 4T1 cells co-cultured with Rm-HCuZP under 808 nm laser irradiation (1 W/cm2,

10 min) exhibit the strongest red and weakest green fluorescent signals. Combining

the above results, Rm-HCuZP shows the highest cytotoxicity in vitro against 4T1 cells

with NIR irradiation. Meanwhile, the fluorescence intensity of confocal images were

quantitatively analyzed by Image J. [10, 23, 65, 66] And the analysis results of

Calcein-AM and PI are consistent with the above results (Figure 5e).

The mitochondrial membrane potential (MMP) of 4T1 cells was also detected by

JC-1 staining (red for a normal membrane potential, and green for an impaired

membrane potential). [67] As shown in Figure 5f, the control groups (PBS and

PBS+NIR) produce strong red fluorescence, suggesting no damage to mitochondria.

In contrast, the Rm-HCuZP+NIR group exhibits the strongest green fluorescence

signal in all groups, implying the existence of more impaired mitochondria, which is

consistent with the results of quantitative fluorescence analysis of the aggregates and

monomers of JC-1 in 4T1 cells (Figure S9).



Figure 5. (a) Cell viability of 4T1 cells incubated with different concentrations (from 0 to 50

μg/mL) of CuZP, HCuZP, and Rm-HCuZP without or with (b) NIR irradiation (1 W/cm2, 10 min).

(c) Cell viability of 4T1 cells incubated with PBS, CuZP, HCuZP, and Rm-HCuZP at a

concentration of 50 μg/mL with or without NIR irradiation. (d) Fluorescence images of 4T1 cells

incubated with Calcein-AM and PI under different treatments (scale bar = 100 μm). (e)

Quantitative analysis of fluorescence intensity based on CLSM images shown in Figure 5d via

Image J. (f) The CLSM images of MMP labelled by JC-1 probe in 4T1 cells incubated with

different treatments (scale bar = 100 μm). (g) Hemolysis tests and images with different

concentrations (0, 25, 50, 100, 200, and 400 μg/mL) of Rm-HCuZP and H2O. The data for

comparisons are shown to be significant, where *p < 0.05, **p < 0.01, *** p < 0.001, and **** p

< 0.0001.

Furthermore, hemolysis assays were conducted to evaluate the biocompatibility



of Rm-HCuZP as an intravenous drug delivery formulation prior to in vivo

experiments. As shown in Figure 5g, the hemolysis rate of Rm-HCuZP is below 5%

for all samples, with concentrations ranging from 25 to 400 μg/mL, indicating the

excellent blood biocompatibility of the Rm-HCuZP.

3.6 Cellular uptake and ROS generation in vitro

To investigate the aggregation of Rm-HCuZP inside tumor cells, the cellular

uptake of Rm-HCuZP by 4T1 cells was evaluated by CLSM. As shown in Figure 6a,

after incubating 4T1 cells with fluorescence-labelled HCuZP and Rm-HCuZP for 4 h.

Rm-HCuZP group exhibits a stronger green fluorescence signal which closely

encircled the nucleus (blue). However, almost no fluorescence is displayed in the PBS

and FITC groups, indicating no fixation of FITC. In addition, a relative weaker green

fluorescence signal can be observed in HCuZP group compared with Rm-HCuZP

group. This result indicates that the red blood cell membrane outside the carrier is

beneficial to cellular uptake of the as-fabricated nanoformulations.

In addition, anti-phagocytosis tests were performed to evaluate the immune

escape ability of Rm-HCuZP. As shown in Figure 6b and S10, after incubating

RAW264.7 cells with FITC-labelled HCuZP and Rm-HCuZP, compared to the higher

fluorescence intensity of the HCuZP group (without encapsulated erythrocyte

membranes), the Rm-HCuZP group shows a relative weaker fluorescence intensity,

suggesting that the presence of RBCM effectively reduces the phagocytosis of

macrophages, [52, 68, 69] thus offering the possibility to prolong the circulation of

nanoformulation in vivo.



Figure 6. (a) Fluorescence images of 4T1 cells incubated with DAPI in different groups (scale bar

= 10 μm). (b) CLSM images of RAW264.7 cells incubated with DAPI in different groups. (c)

Fluorescence images of 4T1 cells incubated with DCFH-DA in various groups (scale bar = 50 μm).

(d) Flow cytometry analysis of intracellular ROS in 4T1cells.

To evaluate the ROS generation capability of Rm-HCuZP, the expression levels

of ·OH radicals in 4T1 cells after different treatments were detected using the DCFH-

DA probe. [70] As shown in Figure 6c, no green fluorescence signal can be observed

in the control group, and a slight fluorescence is observed in the Rm-HCuZP group.

However, the fluorescence signal can be significantly enhanced by the addition of

exogenous H2O2 into Rm-HCuZP group, indicating an obvious increase of

intracellular ·OH content. After subjecting 4T1 cells to NIR irradiation for 10 min, the

fluorescence intensity further improved, promoting the Fenton-like activity and

elevating the intracellular ·OH radical level. The flow cytometry was further used for



qualitative analysis to further corroborate the ROS production. As shown in Figure 6d,

compared with the control group, the Rm-HCuZP group exhibits a certain degree of

ROS accumulation, and a stronger ROS aggregation from the Rm-HCuZP+NIR group

can be detected with laser irradiation.

3.7 Biodistribution and photothermal properties in vivo

To investigate the distribution of Rm-HCuZP in vivo, FITC-labelled CuZP,

HCuZP, and Rm-HCuZP were intravenously injected via the tail vein into tumor-

bearing mice. The fluorescence image results of tumor-bearing mice at different time

periods (2, 6, 12, 24, and 48 h) are shown in Figure 7a and 7b. It can be founded that

the fluorescence intensity is gradually increased at the tumor site with the extended

retention time. And the maximum fluorescence intensity can be detected after

administration for 12 h, indicating the greatest aggregation of nanoformulations at the

tumor site at 12 h post-injection. In addition, the Rm-HCuZP group exhibits the

stronger fluorescence intensity in comparison with that of CuZP and HCuZP groups.

More importantly, the fluorescence intensity of the CuZP group and HCuZP group are

gradually decreased over time. However, a fluorescence signal still can be observed in

the Rm-HCuZP group even after injection for 48 h, which suggests that the

nanoformulation wrapped the red cell membranes can prolong the circulation time

and improve the EPR effect, thus achieving the enrichment in the tumor site to

effectively improve the therapeutic effect.



Figure 7. (a) In vivo fluorescence images and (b) corresponding fluorescence intensity of the

tumor-bearing mice after injection with FITC-CuZP, FITC-HCuZP, and FITC-Rm-HCuZP via the

tail vein at different time intervals. (c) Infrared thermal images of tumor-bearing mice and (d)

corresponding tumor temperature of mice treated with PBS, CuZP, HCuZP, and Rm-HCuZP under

808 nm laser irradiation.

To evaluate the photothermal performance of Rm-HCuZP in vivo, CuZP, HCuZP

and Rm-HCuZP were injected into mice for 12 h and then irradiated by an 808 nm

laser for 10 min (1 W/cm2). The temperature changes in vivo were recorded by

infrared thermography. As shown in Figure 7c and 7d, no significant temperature

change can be observed for the PBS group before and after irradiation. However,

compared with the CuZP and HCuZP groups, the temperature at the tumor site can be

significantly increased in the Rm-HCuZP group. And it can be reached 50 °C in a



short period of irradiation (10 min). These results suggest that Rm-HCuZP might

possess not only notable photothermal conversion capabilities but also a potential

tendency to aggregate at tumor sites, which can potentially contribute to the ablation

of tumor cells.

3.8 Anti-tumor effect in vivo

To further evaluate anti-tumour effects in vivo, an animal experimental protocol

was conducted, as illustrated in Figure 8a. Tumor-bearing mice were randomly

divided into 8 groups: (i) PBS group (without any treatment); (ii) PBS+NIR group

(treated by NIR irradiation only); (iii) CuZP group (treated by CuZP only); (iv)

CuZP+NIR group (treated by CuZP and NIR irradiation); (v) HCuZP group (treated

by HCuZP only); (vi) HCuZP+NIR group (treated by HCuZP and NIR irradiation);

(vii) Rm-HCuZP group (treated by Rm-HCuZP only); and (viii) Rm-HCuZP+NIR

group (treated by Rm-HCuZP and NIR irradiation). For the laser irradiation groups,

808 nm light (1 W/cm2) was applied for 10 min after drug administration for 12 h.

During the treatment period, the body weight and the tumor volume of mice were

monitored every 2 days to assess the biosafety and therapeutic effect of Rm-HCuZP in

vivo. The trend of weight change is illustrated in Figure 8b.

It can be observed that the mice's body weight over a span of 12 days shows

minimal variation among the distinct treatment groups. Both the control group and the

experimental groups maintained their body weights within a range of approximately

19.7 to 20.4 g. This could suggest that the prepared materials do not seem to cause

significant adverse effects on the mice or demonstrate a level of biosafety specificity.



Figure 8. (a) Schematic illustration of the therapeutic study time line. (b) Variations in body

weights in different treatments during the period. (c) Variations in the relative tumor volume in

different groups. (d) Digital photos of tumors harvested from mice with different treatments for 12

days. (e) The weight of isolated tumors from the different groups after 12 days. The data for

comparisons are shown to be significant, where *p < 0.05, **p < 0.01, *** p < 0.001, and **** p

< 0.0001.

In addition, H&E staining was performed on the organs of mice, such as the

heart, liver, spleen, lung, and kidney, for histological analysis (Figure S11). No



remarkable impairment or inflammation was observed in these organs compared with

the control group, further confirming the biocompatibility and biosafety of the

nanoformulations.

The trend of tumor volume change is shown in Figure 8c. Compared to the

control groups (V/V0 = 8), the growth rate of tumor volume is decelerated in all

treatment groups, with the Rm-HCuZP+NIR experimental group (V/V0 = 1.09)

demonstrating the most pronounced inhibition of tumor growth. In addition, the

weights and the corresponding digital photographs of excised tumors after sacrificing

the mice also reveal the superior tumor-killing effect of the Rm-HCuZP+NIR group

(Figure 8d and Figure 8e), with a tumor weight of 0.27 mg in the PBS group versus

0.053 mg in the Rm-HCuZP+NIR group. These results indicate that Rm-HCuZP with

NIR provides an undeniable advantage in realizing the synergistic effects of multiple

modalities of CDT/CT/PTT.

Subsequently, the H&E staining was used for histological analysis of the tumors

(Figure 9a). Comparing the H&E staining results in different tumor tissue groups, it is

observed that the tumor tissue treated with the Rm-HCuZP+NIR group reveals severe

damage accompanied by the disappearance of nuclear lysis. However, the nuclear

division phenomenon can still be clearly observed in the control group. Furthermore,

TUNEL staining was used to investigate the apoptosis of tumor cells (blue for the

normal cells, and green for the apoptosis cells) (Figure 9b). Relative to the control

group, which shows strong blue fluorescence, the other experimental groups exhibit



Figure 9. (a) H&E staining, (b) TUNEL staining and (c) Ki67 staining images of tumor tissues

after different treatments for 12 days.

varying degrees of green fluorescence. Among them, the strongest green fluorescence

is observed in the Rm-HCuZP+NIR group, implying the most severe apoptosis of



tumor cells. In addition, a similar tendency can be discovered from Ki67 staining

(brown for cell proliferation, and blue for inhibition of cell growth). As shown in

Figure 9c, the tumor tissue treated with Rm-HCuZP+NIR group displays the most

prominent inhibition of tumor growth factor (stained in brown), while no significant

inhibition of tumor cell proliferation is found in the control group. These results are

sufficient to demonstrate that Rm-HCuZP upon NIR irradiation exhibits the ability to

promote apoptosis and inhibit the growth of tumor cells, achieving a tumor killing

effect.

4. CONCLUSIONS

In summary, a metal-organic framework-based bionic composite nanodrug

(RBCM-HCPT@Cu/ZIF-8@PDA) is developed for synergistic treatment of breast

cancer using CDT/CT/PTT therapy. Due to the surface coating of the erythrocyte

membrane, Rm-HCuZP nanoformulations are endowed with the ability to prolong

blood circulation, evade immune recognition, and enhance EPR effects, facilitating

their aggregation at tumor sites. In addition, the acid-sensitive property of ZIF-8

realizes the effective release of copper ions and HCPT from the Rm-HCuZP

nanoformulations within the tumor microenvironment, which can be conducive to

overcoming the damage to normal tissues due to premature drug leakage, thus

promoting safe and effective CDT/CT combination therapy. Moreover, the

photothermal conversion performance of Rm-HCuZP nanoformulations can not only

improve the efficiency of photothermal treatment of tumors, but also further enhance

the effect of CDT therapy in inhibiting tumor growth through PTT-induced local



thermal therapy. The in vitro and in vivo studies demonstrate that erythrocyte

membrane-camouflaged Rm-HCuZP nanoformulations show promise in synergistic

CDT/CT/PTT therapy for potentially inhibiting tumor growth. This approach offers a

therapeutic platform with potential biocompatibility and biosafety for improved

combined CDT and chemical photothermal treatment targeting breast cancer.
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