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MATERIALS AND METHODS

Materials

Treaethyl orthosilicate (TEOS) and Camptothecin (CPT) were purchased 

from Aladdin Reagent (Shanghai, China). Potassium permanganate 

(KMnO4), and sodium carbonate (Na2CO3) were obtained from Sinopharm 

Chemical Reagent CO., Ltd. (China). Phosphate buffer solution (PBS) was 

obtained from Thermo-Fisher (Waltham, MA, USA). Mito-Tracker Green, 

bisBenzimide H33258 (Hoechst 33258), 3,3′-dioctadecyloxacarbocyanine 

perchlorate (DIO), MTT Cell Proliferation and Cytotoxicity Assay Kit, 2-

(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) and 

Reactive Oxygen Species Assay Kit were purchased from Beyotime 

Company (China). All of the aqueous solutions were prepared using 

purified deionized (DI) water purified with a purification system (Direct-

Q3, Millipore, USA). The other solvents used in this work were purchased 

from Sinopharm Chemical Reagent (China) and Aladdin-Reagent (China).

Cell culture

4T1 mouse breast cancer cell line, U937 human macrophage cell line, 

RAW 264.7 mouse monocyte macrophage cell line, MCF-7 human breast 

cancer cell lines and CT26 mouse colon cancer cell line cells were obtained 

from the Cell Bank of the Chinese Academy of Sciences and incubated in 

RPMI-1640 medium supplemented with 10% FBS in a humidified 

atmosphere at 37℃. Cell cultures under normoxic conditions (pO2: 21%) 



were maintained in a humidified incubator at 37℃ in 5% CO2 and 95% air. 

Hypoxic conditions (pO2: 2%) were produced by placing cells in a hypoxic 

incubator (Moriguchi, Japan) in a mixture of 2% O2, 5% CO2, and 93% N2.

Animal Models

Female Balb/c aged 4-5 week were purchased from Vital River Company 

(Beijing, China). 100μl of 4T1 cell suspension (5×106 cells) were 

subcutaneous injected into each mouse to establish the tumor models. All 

the protocols for the procedures were approved by Wuhan University 

Animal Care Facility and National Institutions of Health Guidelines.

Synthesis of hollowMnO2 nanoparticles (MnO2).

Solid silica nanoparticles (sSiO2) were synthesized following the reported 

method.1 Then an aqueous solution of KMnO4 (300 mg) was dropwise 

added into the suspension of sSiO2 (40 mg) under ultrasonication. After 6 

h, the precipitate was obtained by centrifugation at 14,800 rpm. The as-

prepared mesoporous MnO2-coated sSiO2 was dissolved in 2M Na2CO3 

aqueous solution at 60 °C for 12 h. The obtained hollow mesoporous MnO2 

nanoparticles (MnO2) were centrifuged and washed with water several 

times.

Synthesis of CPT loaded MnO2 nanoparticles (MC) and cancer cell 

membranes coated MC nanoparticles (CMC)

4T1 Cancer cell derived vesicles (CV) were prepared according to a 

reported work.2 For CPT loading, MnO2 nanoparticles (10 mg) were 



dispersed in the CPT solution (1 mg/mL in DMSO, 10 mL) and kept 

stirring under dark for 24 h. After that, the nanoparticles were collected by 

centrifugation (12000 rmp, 25 min) and further dispersed in ultrapure 

water. The amount of redundant drug was collected and calculated by UV-

Vis Uv-vis spectrophotometry Lambda 35 (Perkin-Elmer). The drug 

loading efficiency (DLE) were calculated by using the following formulas: 

DLE= (weight of feeding drug — weight of redundant drug) / weight of 

feeding drug.3 For CV encapsulation, the solution of CV (1 mg/mL, 10 mL) 

and MC (1 mg/mL, 10 mL) were mixed and the mixture was extruded 

through the 200 nm polycarbonate porous membrane for 11 times by the 

Avanti mini extruder. Cancer cell membranes coated pure MnO2 

nanoparticles (CM) were prepared in a similar way, except that the CPT is 

replaced by PBS.

Characterization of the CMC nanoparticles. 

The morphology structures of MnO2 and CMC nanoparticles were 

observed by the TEM (JEOL-2100). Uv-vis spectra of different samples 

were recorded by the Uv-vis spectrophotometry Lambda 35 (Perkin-

Elmer). Hydrodynamic diameter and zeta potential were detected by the 

dynamic light scattering (Nano-ZS ZEN3600). SDS-PAGE was employed 

to analyze the proteins. The MC, CV and CMC were prepared in SDS 

sample buffer as measured by BCA kit. The samples were heated to 95 °C 

and kept for 5 min and 20 µg of the sample was loaded into each well of a 



10% SDS-polyacrylamide gel. The samples were run at 120 V for 2 h, and 

then the resulting polyacrylamide gel was stained with Commassie blue for 

2 h, washed overnight, and then visualized. CMC were also stained with 

DiO for fluorescence imaging.

Degradation and drug release studies. 

CM was incubated with PBS (pH 7.4), PBS (pH 6.5), PBS (pH 6.5) with 

the presence of H2O2 or PBS (pH 5.5) with the presence of H2O2, 

respectively. At the given time points, the released Mn2+ was measured by 

ICP-MS. Typically, 5 mL of HNO3 and 2 mL of 30 % H2O2 were added to 

each sample in a conical flask and sealed for predigestion overnight, then 

the flasks were placed onto a hot plate and 2 mL 30 % H2O2 was added 

while maintaining the temperature of hot plate at 150 ºC until the digestion 

was complete. The surplus solution in each flask was diluted with 2 % 

HNO3 for ICP-MS measured. To study the CPT release, a solution of CMC 

was dialyzed against PBS with PBS (pH 7.4), PBS (pH 6.5), PBS (pH 6.5) 

with the presence of H2O2 or PBS (pH 5.5) with the presence of H2O2, 

respectively. The amounts of CPT release at different time points were 

measured by UV–vis spectra.  

Evaluation the generation of oxygen

Water, CPT, MC and CMC (fixed the concentration of CPT with 5μg/mL) 

were suspended in 3% H2O2 solution (8 mL), respectively. A DOG-3082 

oxygen dissolving meter was used to monitor the real-time concentration 



of oxygen.

In vitro immune evasion study.

RAW 264.7 were seeded in 24-well plates and cultured for 12 h. Different 

concentrations of MC and CMC were added the medium. Then the cells 

were incubated for 2 h at 37 °C, 5% CO2, and then washed with PBS three 

times. The nanoparticles uptake was measured by ICP-MS as described 

above.

In vitro cancer targeting study.

4T1 cells were seeded in 24-well plates and cultured for 12 h. Different 

concentrations of MC and CMC were added the medium. Then the cells 

were incubated for 2 h at 37 °C, 5% CO2, and then washed with PBS three 

times. The cells were then fixed with PFA for 30 min at room temperature, 

stained with Lyso-Tracker Green and then imaged by using a confocal laser 

scanning microscope (CLSM; IX81, Olympus, Japan). The nanoparticles 

uptake was measured by ICP-MS as described above.

Biocompatibility of CM

We then tested the biocompatibility of CM to various cells. Huh-7 human 

liver cancer cells, U937 human macrophage cells, RAW 264.7 mouse 

monocyte macrophage cells and MCF-7 human breast cancer cells were 

seeded in 96-well plates at a density of 5 × 103 cells per well and incubated 

for 24 h. Afterwards, cells were incubated for 6h with different 

concentrations of CM nanoparticles (0, 50, 100 and 200 μg/mL MnO2). At 



the end of the incubation, 5 mg/mL MTT PBS solution was added, and the 

plate was incubated for another 4 h. Finally, the absorbance values of the 

cells were determined by using a microplate reader (Emax Precision, USA) 

at 570 nm. The background absorbance of the well plate was measured and 

subtracted. The cytotoxicity was calculated by dividing the optical density 

(OD) values of treated groups (T) by the OD values of the control (C) (T/C 

× 100%).

Hemolysis assay 

A hemolysis assay was carried out to evaluate the cytotoxicity of CM in 

vitro. Rabbit heart blood (5 mL) was stabilized by ethylenediamine 

tetraacetic acid (EDTA) (0.2 mL), an anticoagulant agent. Then red blood 

cells (RBCs) were obtained from the rabbit heart blood by centrifugation 

and washing with PBS (2%). 0.5 mL of the RBC solution was then mixed 

with 0.5 mL CM PBS solution at different concentrations (50, 100 and 200 

μg/mL MnO2). Water and PBS were used as the positive and negative 

controls, respectively. All samples were mixed gently and kept at room 

temperature for 3 h. The absorbance of each supernatant, obtained by 

centrifugation, was measured at 570 nm on a UV–vis photospectrometer. 

The hemolysis ratio was calculated by using the formula: hemolysis ratio 

= (sample absorbance − negative control absorbance) / (positive control 

absorbance − negative control absorbance) × 100%.

Clonogenic survival assay



The effect of oxygen on the radiosensitivity of 4T1 cells was assessed by 

a clonogenic assay. 500 cells per flask were seeded in 25 cm2 flasks and 

cultured in normoxia for 24 h. Flasks were treated under following 

conditions: 1) Hypoxic conditions for another 24 h; 2) Normoxic 

conditions for 24 h；3) Normoxic conditions with CMC nanoparticles 

treatment (containing 50μg/mL MnO2) for 24 h. The cells were washed 

with PBS, and then exposed to 0, 2, 4, 6, or 8 Gy of radiation in sealed 

flasks containing 5 mL of complete medium. To allow formation of 

colonies, after radiation, the cells in hypoxia were continuously cultured, 

under low oxygen pressure, for 24 h, and were then incubated in normoxia 

for another 10 days, without changing the media, whereas, after irradiation, 

normoxic cells were cultured in normal air for 11 days. To determine the 

clonogenic survival rate, cultures were first fixed with paraformaldehyde, 

and then stained with trypan blue. Colonies with greater than 50 cells were 

counted under the microscope, and the survival fractions (SF) were 

calculated using the formula SF = colonies counted/cells seeded. 

In the radiation therapy experiment, 500 cells were seeded in eight 6-wells 

plates incubating at hypoxic condition for 24 h, then the cells were 

incubated with eight groups (a: PBS, b: CM, c: MC, d: CMC, e: PBS+RT, 

f: CM+RT, g: MC+RT or h: CMC+RT) (n=6) for 12h under hypoxic 

condition. The MnO2 concentration in each group was fixed to 50μg/mL. 

The group e, f, g and h received 4Gy X-ray irradiation after incubation. 



Colony forming assays were conducted as described previously.

Cell cycle analysis

4T1 cells preseeded into plates (n=3) were treated with PBS, CM (50ug/mL 

MnO2), or MC (containing 50ug/mL MnO2) or CMC (containing 50ug/mL 

MnO2) for 24 h. After incubation, those cells were collected by 

centrifugation, washed twice with PBS, and then fixed with 70% precooled 

ethanol and stored at 4 °C for 12 h. Cells were centrifuged again, washed 

twice with cold PBS, and the percentage of cells in each phase of cell cycle 

was evaluated using FCS express software.

In vivo pharmacokinetics, and distribution study

Balb/c mice (n = 3) received an intravenous (i.v.) injection of 100 μL PBS 

containing MC or CMC (with an equivalent MnO2 dose of 20 mg/kg). At 

various time points after the injection (i.e., 0.5, 1, 2, 4, 8, 24, and 48 h), 20 

μL blood plasma was collected from the tail veins, dissolved in 1M HCl 

and then centrifugation at 10000 rpm for 10 min. Finally the supernatants 

were collected and Mn2+ concentration was quantitatively analyzed by 

ICP-MS as described above.

To study the biodistribution of CMC in various organs, Balb/c mice 

bearing 4T1 tumor xenografts (n = 3) received an intravenous (i.v.) 

injection of 100 μL PBS containing MC or CMC (with an equivalent MnO2 

dose of 20 mg/kg). Tumor tissues were stripped at predetermined time 

points (1 h, 4 h, 6 h, 12 h and 24 h after the injection) and digested with the 



aqua regia. The main organs (heart, liver, spleen, lung and kidney) were 

also collected 6 h after the injection to study the biodistribution of 

nanoparticles. After evaporation to dryness, the samples were redissolved 

by ultrapure water and measured by ICP-MS.

In vitro and in vivo MRI imaging

The T1-weighed magnetic resonance signal in solution was detected on the 

4.7 T magnetic resonance imaging (BioSpec 4.7/30). CMC nanoparticles 

(containing 1 mM Mn) were dispersed into the PBS (pH 7.4) and PBS (pH 

5.5) solution containing 1 mM H2O2, respectively. The obtained solution 

of different groups was gradually diluted and added into the NMR tubes. 

The T1-weighed signal was detected 2 h after the sample preparation.

In vivo T1-weighed MRI was detected on the 4.7 T magnetic resonance 

imaging. When the tumor size arrived around 400 mm3, 4T1 tumor-bearing 

mice were administrated with PBS, MC or CMC nanoparticles via 

intravenous injection (Containing 2 mg/kg MnO2). The MRI was 

conducted 6 h after the injection. 

In Vivo Hypoxia Evaluation

4T1 Tumor-bearing mice were divided into three groups and intravenously 

injected with 100 μL PBS, MC, CM or CMC (with an equivalent MnO2 

dose of 20 mg/kg). A total of 6 hours later, mice were sacrificed, and 

tumors were obtained for HIF-1α staining. Specifically, HIF-1α tumor 

composition was analyzed following calculation of the area fraction of 



positive staining using an in-house code in MATLAB.

In Vivo intratumoral blood oxygen saturation

The 4T1 tumor-bearing mice were intravenously injected with PBS, MC 

and CMC (100 μL, containing 20mg/kg MnO2). After 6 h post-injection, 

the PA images of oxygen saturation were collected.

In vivo antitumor study

5×106 4T1 cells suspended in 100μl PBS were subcutaneously injected into 

each mouse to establish the tumor models. When tumor size reached 

approximately 200 mm3, the mice were divided randomly into 6 groups 

(each group included 5 mice): 1) a control group (PBS injection); 2) RT 

(X-Ray irradiation); 3) CMC; 4) MC+RT; 5) CM+RT and 6) CMC+RT 

group. The MnO2 dose was 20mg/kg in group 3, 4, 5 and 6. The X-ray was 

performed 6h after intravenous injection. Mice body weight and tumor 

volume in all groups were monitored every 2 days. A caliper was employed 

to measure the tumor length and tumor width and the tumor volume was 

calculated according to following formula. Tumor volume = tumor length 

× tumor width2 / 2. After 15 days treatment, all the mice were sacrificed. 

The tumor tissues were weighed, and fixed in 4% neutral buffered 

formalin, processed routinely into paraffin, and sectioned at 4μm. Then the 

sections were stained with hematoxylin and eosin (H&E) and finally 

examined by using an optical microscope (BX51, Olympus, Japan).

Evaluation of intratumoral oxidative stress



5×106 4T1 cells suspended in 100ul PBS were subcutaneously injected into 

each mouse to establish the tumor models. When tumor size reached 

approximately 200 mm3, the mice were divided randomly into 6 groups 

(each group included 3 mice): 1) a control group (PBS injection); 2) RT 

(X-Ray irradiation); 3) CMC; 4) MC+RT; 5) CM+RT and 6) CMC+RT 

group. The MnO2 dose was 20mg/kg in group 3, 4, 5 and 6. The fluorescent 

dye, DCFH-DA (10 μmol/L, 50uL) was injected intratumorally 6h after 

intravenous injection. In the meantime, the X-ray was performed at 4Gy 

radiation dose. Subsequently, tumors from each group were dissected. The 

cryosections were observed by an inverted fluorescence microscope 

(Olympus IX71).

In Vivo Toxicity 

Healthy Balb/c mice were i.v. injected with CM (20mg/kg MnO2, n=3) or 

CMC (20mg/kg MnO2, n=3). Another three healthy Balb/c mice were used 

as the control. At 15th day post the injection, the blood samples from these 

mice (≈1 mL) were collected for blood biochemistry analysis. The major 

organs including heart, liver, spleen, lung, and kidney were harvested, 

fixed in 4% of formalin, embedded in paraffin, sectioned into 4 μm slices, 

stained with hematoxylin and eosin (H&E), and observed by an optical 

microscope (BX51, Olympus, Japan).

Statistical Analysis

Data analyses were conducted using the GraphPad Prism 5.0 software. 



Significance between every two groups was calculated by the Student’s t-

test. *P < 0.05, **P < 0.01, ***P < 0.005.

Supplementary Figures

Figure S1. TEM image of CMC.



Figure S2. TEM images of the CMC nanoparticles in PBS (pH 7.4) or PBS 

(pH 5.5) containing 100 μM H2O2 for 30min.



Figure S3. Western blotting analysis of membrane-specific protein markers 

(including CD47 and CD54) in CV and CMC.



Figure S4. Nanoparticles uptake by RAW 264.7 cells at different 

concentration.



Figure S5. Nanoparticles uptake by 4T1 cells at different concentration.



Figure S6. Quantitative analysis of the G1, G2/M, S phases of 4T1 cells 

treated with PBS, CM, or CMC. Significance between every two groups 

was calculated by the Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.005.



Figure S7. Blood biochemistry data including kidney function markers: 

CRE, BUN and liver function markers: ALT, ALP, and AST after 

intravenous administration of PBS, CM or CMC for 15 d.



Figure S8. Histopathologic examination of the tissues including heart, 

liver, spleen, lung, and kidney from Balb/c mice after intravenous 

administration of PBS, CM or CMC for 15 d. Scale bars: 100μm.
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