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Methods

The synthesis of gadolinium oxide nanocrstals (GONs)

GONs were synthesized following a previously reported method [1]. Briefly, 2.733g (6.0 mmol) Gadolinium (III) nitrate hexahydrate (Gd (NO3)3·6H2O, 99%) was dissolved in 26 mL diethylene glycol (DEG, 99%). The solution was heated to 100oC with vigorous stirring. Then, a sodium hydroxide (NaOH, 99%) solution in DEG at a concentration of 10 mg/mL, was added into the above solution drop by drop slowly. After that, the temperature of the resulting mixture was raised to 140oC for 1.0 h, then 175oC for another 4.0 h. The obtained GONs sample was naturally cooled, transferred into a member with cut-off of 3500 Da, purified by membrane dialysis with ultrapure water (18.25 M(, Milli-Q) for 72 h. The water was replaced every 8 h. After dialysis, the resulting GONs solution was concentrated. The reagents were all purchased from Aladdin Industrial Inc. (Shanghai, China).

Dynamic light scattering (DLS) measurement

The hydrodynamic diameter of GONs was measured by DLS method on a Zeta particle size analyzer (Nano-ZS, Malvern, England) at room temperature. The data were collected on an autocorrelator with a detection angle for the scattered light of 173 o.

Cell viability

To detect the viability of cells pretreated with GONs, a CCK-8 kit was used for sensitive colorimetric assays for the determination of proliferation and cytotoxicity. Initially, approximately 10,000 cells per well were plated into 96-well plates and cultured in 200 (L RPMI 1640 medium (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 37oC overnight to adhere. Then, cells were co-incubated in medium with multiple concentrations of GONs (at Gd concentration of 0, 0.5, 1, 5, 10, 50 100, 200 μg/mL) at 37oC for 24 h. Afterwards, cells were washed with PBS twice, incubated in medium containing CCK-8 kit (Apexbio, China) while protected from light, and then detected at a wavelength of 450 nm by a microplate reader (Thermo Fisher Scientific Inc.) within 4 hours. The relative cell viability was calculated by the absorbances normalized to the signal intensity of cells without GONs treatment.

Cellular Gadolinium concentration measurement

The cellular Gd concentration was measured by inductively coupled plasma atomic emission spectrometry (ICP-AES) on an IRIS ER/S (Thermo Jarrell Ash, USA) using external calibration method. To obtain cellular Gd concentrations, the cells were pretreated with various concentrations (0.5, 5.0, and 10.0 μg/mL) of Gd for 24 hours. The cells were harvested, counted, and dried, and then resuspended and ionized in 1.0 mL of aqua regia. After measurement, the cellular Gd mass was calculated by dividing the Gd content by the total cell number.
Calculation of Enhancement ratio of GONs
We examined the radiation enhancement ratio of the GONs on hydroxyl radical production in aqueous solutions exposed to carbon ions using 3-CCA as a probe following the reported procedure [2].  Firstly, we checked the correlation between the fluorescence intensity of 3-CCA solution and the dose of carbon ion irradiation. Then we measured the change of fluorescence intensity in absence or presence of GONs with carbon-ion irradiation. Enhancement ratio (ER) at certain dose was defined as equation 1.

ER = Fi/F0                                                                  (1)

Where ER is the enhancement factor of GONs concerning hydroxyl radical production at each dose; Fi and F0 are the fluorescence intensity variations of 3-CCA probe solutions with or without GONs under carbon ion irradiation at the same dose, respectively.

The clonogenic survival assay analysis using linear-quadratic model

The cell survival data were simulated with the linear-quadratic model (Equation 2) [3].
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                                                          (2)

Where SF is the survival fraction, D is the radiation dose, α and β are the coefficients of the linear and quadratic terms, respectively. 

The sensitizer enhancement ratios (SER) of GONs at certain concentrations were calculated by the ratio of the required dose without GONs to the dose with GONs at the 10% survival level for carbon ions irradiation.

Supplementary figure legends

Fig. S1 The hydrodynamic diameter of GONs was detected by dynamic light scattering.
Fig. S2 Cytotoxicity and cellular uptake of GONs.
Fig. S3 Original images of the relative cellular fluorescence intensity analyzed using ImageJ software.
Fig. S4 Flow cytometry images of cell cycle distribution in the three studied cell lines at 24 h after radiation.
Fig. S5 Flow cytometry images of the apoptotic rates. a The fluorescence images of single A549 cell detected by Amnis flow cytometry. b, c Flow cytometry images of the apoptotic rates of NH1299 (b) and NH1650 (c) cells at 48 h after carbon ion radiation. 
Fig. S6 Flow cytometry images of autophagic rates at 12 h after radiation in A549 (a, d), NH1299 (b, e) and NH1650 (c, f) cells subjected to various treatments in the absence or presence of 3-MA.
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Fig. S1 The hydrodynamic diameter of GONs was detected by dynamic light scattering.
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Fig. S2 Cytotoxicity and cellular uptake of GONs.
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Fig. S3 Original images of the relative cellular fluorescence intensity analyzed using ImageJ software.
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Fig. S4 Flow cytometry images of cell cycle distribution in the three studied cell lines at 24 h after radiation.
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Fig. S5 Flow cytometry images of the apoptotic rates. a The fluorescence images of single A549 cell detected by Amnis flow cytometry. b, c Flow cytometry images of the apoptotic rates of NH1299 (b) and NH1650 (c) cells at 48 h after carbon ion radiation. 
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Fig. S6 Flow cytometry images of autophagic rates at 12 h after radiation in A549 (a, d), NH1299 (b, e) and NH1650 (c, f) cells subjected to various treatments in the absence or presence of 3-MA.
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