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Experimental Section

Synthesis of the MSNs-NH2: In brief, the surface of MSNs was functionalized with amine 

groups by treatment with APTES. MSNs (100.0 mg) were first dispersed in 100 mL of 

ethanol, and then the solution was refluxed for 8 h, followed by the addition of 200 μL 

APTES. After centrifugation and washing with water, amine-functionalized MSNs were 

lyophilized as a powder for further using.

Synthesis of the DMK NPs: Briefly, COOH-PEG-KLAK (35.0 mg, 10 mL DMSO) was 

first activated with EDC (9.6 mg, dissolved in 1 mL DMSO) and NHS (5.8 mg, dissolved 1 

mL DMSO) at room temperature for 3 h. Then, the resulting solution was dropwise added into 

a DMSO solution of MSN-NH2 (50.0 mg, dissolved into 20 mL H2O) under vigorous stirring 

at room temperature for 72 h. The unreacted COOH-PEG-KLAK and the excess of reactants 

were removed by centrifugation at 12 000 rpm 15 min, repeat three times. After centrifugation 

and washing with water, MSN-KLAK NPs were redispersed in 30 mL of water.

MSN-KLAK NPs (50 mg) were mixed with DOX solution in PBS (50 mL, 0.5 mg/mL) 

by ultrasound treatment, followed by stirring for 24 h at room temperature in the dark. The 

DOX-loaded MSNs were collected by centrifugation (12 000 rpm, 10 min, denoted as DMK 

NPs) and lyophilized as a powder for further using. The DOX loading amount is calculated by 

a UV-vis test at λ = 480 nm to be 228 g/mg. 

Cytotoxicity assay and anti-tumor cells activity: The cytotoxicity of the MSN-PEG-

NH2 composite and the activity of the anti-tumor cells of DMK NPs was evaluated by CCK-8 

assay of 4T1 cells. Generally, 4T1 cells were seeded into a 96-well plate with a density of 

1×104 per well and incubated in regular DMEM supplemented with 10% heat-inactivated FBS, 

100 U/mL penicillin, and 100 μg/mL streptomycin for 24 h. The medium was replaced with 

fresh medium containing MSN-PEG-NH2 at different concentrations (0, 10, 25, 50, 100, 200 

g/mL) or DMK NPs at different DOX concentrations (0, 2.5, 5, 10, 15, 20 M). After 24 h 
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incubation at 37 oC and 5% CO2, CCK-8 solution (20 L, 5 mg/mL) was added to each well 

and the cells were incubated for another 4 h under regular culture conditions. The absorbance 

at 570 nm in each well was measured using a Thermo Scientific Multiskan MK3 ELISA 

reader (Thermo Scientific, Massachusetts, USA). Mean and standard deviation for the 

triplicate wells were reported. After treatment with the MSN-PEG-NH2 NPs at different 

concentrations (0-200 μg/mL) for 24 h, the cell morphology was observed using a Leica DM 

IL LED inverted phase-contrast microscope with a magnification of 200 × for each sample.

Cellular uptake: The uptake of the DMK NPs composite by 4T1 cells was confirmed by 

Flow cytometry assay and confocal microscopy analysis. Briefly, 4T1 cells were seeded in 

12-well plates at a density of 2 × 105 cells per well in 1 mL of DMEM medium and incubated 

at 37 oC and 5% CO2. After overnight incubation to bring the cells to confluence, the medium 

was replaced with 1 mL fresh medium containing PBS (control), DMK NPs at different DOX 

concentrations (0, 2.5, 5, 10, 15, and 20 μM, respectively). After 4 h incubation, the cells were 

washed 3 times with PBS, trypsinized, centrifugated, and resuspended in 1 mL PBS before 

flow cytometry analysis using a FACSCalibur flow cytometer (Becton Dickinson, USA). The 

FL1-fluorescence of 10,000 cells was measured and the measurement was repeated for 3 

times.

For confocal microscopy analysis, 4T1 cells were incubation with DMK NPs ([DOX] 5 

μM) at 0, 1, 2 and 4 h. At each time points, the cells were washed 3 times with PBS, fixed by 

adding 2.5% glutaraldehyde solution. The localization of DMK NPs was directly observed by 

the Olympus Confocal Microscope (FluoViewTM FV1000).

In vivo biodistribution and toxicity assessment: The tumor-bearing nude mice were 

euthanized at 6 h, 24 h and 96 h postinjection DMK (n = 7 mice in each group, [DMK NPs] 

80 mg/kg, in 200 μL saline). And each time points, the heart, liver, spleen, lung, kidney, and 

tumor were extracted and weighed. The Si content in different organ pieces was quantified by 
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ICP-AES according to our previous work.25 For comparison, the mice with injection saline 

were used as blank.

The biological safety assessment was performed by the routine blood-biochemical blood 

testing and HE stain assay. In briefly, female SCID/Slac mice (4 weeks old, bodyweight ≈ 15 

g) were randomly assigned to four groups (n = 7 mice in each group). After postinjection 

DMK NPs (80 mg/kg, in 200 μL saline), the blood samples and major organs were collected 

on 0 days, 15 days, 30 days, and 45 days. The liver function indicators including alanine 

aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (AKP), 

as well as kidney function indicators involving blood urea nitrogen (BUN) and creatinine 

(CREA), were examined.

Supplementary Table:
Table S1: Zeta-potential and hydrodynamic size of the MSN, MSN-NH2, MSN-KLAK and 

DMK NPs.

Samples Zeta potential (mV) Hydrodynamic size (nm) PDI
MSN -36.2 ± 0.87 54.8 ± 0.8 0.06 ± 0.01

MSN-NH2 36.9 ± 1.32 55.2 ± 0.2 0.17 ± 0.04
MSN-KLAK 28.9 ± 0.68 64.7 ± 0.5 0.09 ± 0.02

DMK 15.5 ± 1.17 66.2 ± 0.7 0.16 ± 0.08

Table S2: Hydrodynamic size and PDI values of the DMK NPs in water within 7 days.

Time (Days) Hydrodynamic size (nm) PDI
1 66.2 ± 0.7 0.16 ± 0.08
3 66.1 ± 1.0 0.12 ± 0.02
5 69.7 ± 1.5 0.09 ± 0.01
7 68.7 ± 0.7 0.15 ± 0.03

Table S3: Hydrodynamic size and PDI values of the DMK NPs in PBS within 7 days.

Time (Days) Hydrodynamic size (nm) PDI
1 65.3 ± 0.7 0.07 ± 0.02
3 67.1 ± 1.0 0.11 ± 0.01
5 68.2 ± 1.5 0.08 ± 0.02
7 65.9 ± 0.7 0.10 ± 0.03



S-5

Table S4: Hydrodynamic size and PDI values of the DMK NPs in cell culture medium within 

7 days.

Time (Days) Hydrodynamic size (nm) PDI
1 66.1 ± 4.3 0.16 ± 0.08
3 67.5 ±1.2 0.21 ± 0.02
5 63.7 ± 2.5 0.09 ± 0.01
7 64.7 ± 1.7 0.04 ± 0.01

Supplementary Figures:

Figure S1. Mass spectrum of the GSH response release sample.

Figure S2. Micrographs of 4T1 cells treated with PBS (Al, B1), MSN-PEG-NH2 NPs at the 
concentration of 10 (A2), 25 (A3), 50 (A4), 100 (A5), and 200 (A6) μg/mL, for 24 h; MSN-
PEG-NH2 NPs at the concentration of 10 (B2), 25 (B3), 50 (B4), 100 (B5), and 200 (B6) μg/mL 
for 48 h, respectively.
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Figure S3. Flow cytometric analysis of 4T1 cells treated with PBS (a1-a3), DMK NPs at the 
DOX concentration of 2.5 (b1-b3), 5.0 (c1-c3), 10 (d1-d3), 15 (e1-e3) and 20 (f1-f3) μM for 4 h, 
respectively.

Figure S4. In vitro optical photos of tumors in each group after treatment.
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Figure S5. Tumor weight of each group after treatment.
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Figure S6. Histopathological examinations of major organs (e.g. heart, liver, spleen, lung, and 
kidney,) from mice of intravenous injection groups at 40 mg/kg dose of DMK NPs for 0 and 
30 days. Scale bar = 20 m.

Figure S7. In vivo toxicity studies of DMK NPs. Healthy Balb/c mice were intravenously 

injected with DMK NPs saline solution at dosages (40 mg/kg) and sacrificed at 15, 30, and 45 

days (n = 5). Age- and weight-matched healthy mice were used as control. (a) BUN levels and 

(b) CREA levels in the blood representing kidney functions. (c) The blood levels of ALT, 

AST, and AKP from control and treated mice as liver function markers. (d-i) The complete 

blood panel data: (d) mean corpuscular volume s; (e) hemoglobin; (f) red blood cell; (g) mean 

corpuscular hemoglobin; (h) red cell distribution width; (i) hematocrit. The liver function 

indexes including alanine aminotransferase (ALT), aspartate aminotransferase (AST) and 

alkaline phosphatase (AKP), as well as kidney function indicators involving blood urea 

nitrogen (BUN) and creatinine (CREA), are all at the normal levels. The blood indexes in the 

treatment groups have no significant differences with the control group.


