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Background: Gadolinium-based nanoparticles (GdNPs) have been used as theranostic 

sensitizers in clinical radiotherapy studies; however, the biomechanisms underlying the radio-

sensitizing effects of GdNPs have yet to be determined. In this study, ultra-small gadolinium 

oxide nanocrystals (GONs) were employed to investigate their radiosensitizing effects and 

biological mechanisms in non-small-cell lung cancer (NSCLC) cells under X-ray irradiation.

Method and materials: GONs were synthesized using polyol method. Hydroxyl radical pro-

duction, oxidative stress, and clonogenic survival after X-ray irradiation were used to evaluate 

the radiosensitizing effects of GONs. DNA double-strand breakage, cell cycle phase, and 

apoptosis and autophagy incidences were investigated in vitro to determine the radiosensitizing 

biomechanism of GONs under X-ray irradiation.

Results: GONs induced hydroxyl radical production and oxidative stress in a dose- and 

concentration-dependent manner in NSCLC cells after X-ray irradiation. The sensitizer enhance-

ment ratios of GONs ranged between 19.3% and 26.3% for the NSCLC cells under investigation 

with a 10% survival rate compared with that of the cells treated with irradiation alone. Addition 

of 3-methyladenine to the cell medium decreased the incidence rate of autophagy and increased 

cell survival, supporting the idea that the GONs promoted cytostatic autophagy in NSCLC cells 

under X-ray irradiation.

Conclusion: This study examined the biological mechanisms underlying the radiosensitizing 

effects of GONs on NSCLC cells and presented the first evidence for the radiosensitizing effects 

of GONs via activation of cytostatic autophagy pathway following X-ray irradiation.

Keywords: gadolinium oxide nanocrystal, radiosensitization, cytostatic autophagy, apoptosis, 

oxidative stress

Introduction
Cancer, the second leading cause of mortality, is responsible for 9.6 million deaths 

globally. Approximately 18.4% of total cancer deaths can be attributed to lung cancer, 

which resulted in 1.76 million deaths in 2018.1 Radiotherapy, as well as surgery and 

chemotherapy, is one of the standard treatments for advanced lung cancer as indicated 

in multiple guidelines.2,3 The combination of radio- and chemotherapy results in sig-

nificant improvements in local tumor control and cure rates. Among these combined 

treatments, the combination of platinum-based chemotherapy with intensity-modulated 

radiotherapy is an effective method for non-small-cell lung cancer (NSCLC) therapy.4 

However, the five-year survival rate for NSCLC, the most common type of lung cancer, 
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is only 16.1%.5 Elevated radiation doses during radiotherapy 

may improve the local control of resistant tumors located in 

the lung, but it increases the risk of side effects in the lungs 

and heart.6 A safer and more effective methodology, which 

can either elevate the radiation dose to the tumor or improve 

the damage to the tumor while sparing the organs at risk, is 

needed for advanced NSCLC treatment.

Nanomaterials, which can accumulate in tumors either by 

enhanced permeability and retention effect or by the use of tar-

geting biomolecules,7 have been developed as nano-enhancers 

to improve the biological effects of physical irradiation dose. 

High-Z metal-based nanoparticles possess high X-ray pho-

ton capture cross-sections and are capable of increasing the 

production of secondary and Auger electrons, which in turn 

increases the generated reactive oxygen species (ROS) and 

enhances radiotherapy.8,9 In addition to gold nanoparticles, 

which are the first and most studied nanoparticles and the 

enhancement effects of which have been demonstrated both 

in vitro and in vivo,10–12 gadolinium-based nanoparticles 

(GdNPs) have also attracted substantial attention because of 

their high relaxation time and high atomic number (Z=64).13–16 

Ultra-small gadolinium oxide nanocrystals (GONs) are attrac-

tive GdNPs that possess a high density of Gd per contrast-

agent unit (200–400 atoms per particle).17 GONs have been 

developed as advanced T
1
-weighted MRI contrast agents due 

to their high longitudinal relaxivities and small r
2
/r

1
 ratios.18–20 

The radiosensitization properties of GONs were first investi-

gated by Amirrashedi et al in a gel-filled phantom, in which 

the maximum dose enhancement of GONs ranged from 15% 

to 24%.21 Seo et al found that the GONs enhancement of the 

production of ROS under photon and proton irradiation was 

dose-dependent with a factor of 1.94 compared with that of 

the radiation-only control. Core-inner-valence ionization of 

GONs can de-excite electrons via potent Gd-Gd interatomic 

de-excitation processes.22 Previous studies have revealed the 

physical or chemical mechanisms of the dose enhancement 

effects of GONs, but no biological mechanism for GONs has 

been determined yet. The radiosensitizing biomechanism of 

GONs under X-ray irradiation remains unclear.

Our work has focused on the biological mechanisms of 

ionizing radiation, including the radiosensitizing mecha-

nisms of nanoparticles.23–25 The aim of the present study 

was to evaluate the radiosensitizing effects and mechanism 

of GONs in NSCLC cells under X-ray irradiation. After the 

cellular uptake and cell viability of GONs in NSCLC cells 

were studied, the clonogenic survival fractions of human 

NSCLC cells were investigated in the presence of GONs 

under X-ray irradiation compared to that of cells treated 

with irradiation alone. Then, the enhancements of hydroxyl 

radical production and oxidative stress under X-ray irradia-

tion in the presence of GONs were confirmed. Further studies 

on autophagy and apoptosis levels as well as DNA damage 

unraveled the biological mechanism of GONs sensitization 

to X-ray irradiation in NSCLC cells.

Methods
synthesis of gONs
GONs were synthesized following a previously reported 

method.26 Briefly, 26 mL of a 0.1 g/mL solution of 

gadolinium(III) nitrate hexahydrate (Gd(NO
3
)

3
⋅6H

2
O, 99%) 

in diethylene glycol (DEG, 99%) was heated to 100°C with 

vigorous stirring. Afterward, 34 mg of sodium hydroxide 

(NaOH, 99%) in 34 mL DEG was slowly added drop-

wise into the Gd(NO
3
)

3
⋅6H

2
O solution. After refluxing for 

60 minutes at 140°C, the temperature of the mixture was 

raised to 175°C for another 4 hours. The obtained GONs 

sample was naturally cooled and purified by membrane 

dialysis with a cut-off of 3,500 Da for 72 hours with Milli-Q 

water. The water was replaced with fresh water every 8 hours. 

The reagent chemicals were all purchased from Aladdin 

Industrial Inc. (Shanghai, China).

high-resolution transmission electron 
microscopy
The dilute GONs dispersion (1.0 µL) was added dropwise onto 

a copper grid coated with a thin layer of carbon film and then 

dried at room temperature. High-resolution transmission elec-

tron microscopy (HRTEM) images were recorded on a JEOL-

2100 (JEOL, Tokyo, Japan) instrument operated at 200 kV.

Dynamic light scattering (Dls) 
measurement
The hydrodynamic diameter of the GONs was measured at room 

temperature by DLS using a zeta particle size analyzer (Nano-

ZS, Malvern, England). The data were collected on an autocor-

relator with a detection angle for the scattered light of 173°.

UV-Vis spectra measurement
Solutions of GONs (200 µL) with various concentrations 

and incubation times in the medium were added into the 

wells of 96-well plates. Then, the absorption spectra of the 

GONs were obtained using a UV-Vis spectrophotometer 

(Jasco, Tokyo, Japan) by scanning from 200 to 900 nm with 

a resolution of 2.0 nm.
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cell culture
Human NSCLC cell lines (A549, NH1299, and NH1650) 

were purchased from the Type Culture Collection of the 

Chinese Academy of Sciences (Shanghai, China) and grown 

in RPMI 1640 Medium (Thermo Fisher Scientific Inc., 

Waltham, MA, USA) containing 10% heat-inactivated fetal 

bovine serum (Bailing Bio, Lanzhou, China) at 37°C in a 

humidified 5% CO
2
 atmosphere. In the autophagic study, 

cells were pretreated with 3-methyladenine (3-MA), an 

inhibitor of autophagy, for 4 hours before irradiation.

gd concentration analysis
The Gd concentration was measured by inductively coupled 

plasma atomic emission spectrometry on an IRIS ER/S 

(Thermo Jarrell Ash, USA) using an external calibration 

method.19 To obtain cellular Gd concentrations, the cells 

were pretreated with various concentrations (0.5, 1.0, 5.0, 

10.0, and 20.0 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.

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 overnight to adhere. Then, the cells were 

co-incubated with multiple concentrations (0, 0.2, 0.5, 1, 5, 

10, 20, and 50 µg/mL) of Gd for 24 hours. Afterwards, the 

cells were washed twice with PBS, incubated in medium con-

taining CCK-8 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 absorbances 

were normalized to the signal intensity of cells without 

GONs treatment.

Measurement of hydroxyl radical 
production
A solution of 3-coumarin carboxylic acid (3-CCA; J&K 

Chemical Co. Ltd, China) was prepared according to a previ-

ously reported method.27 Then, dilute solutions, of which the 

Gd concentrations were 0, 0.5 and 5.0 µg/mL with or without 

radiation treatment were equally divided among the wells of 

black 96-well culture plates and measured at an excitation 

wavelength of 395 nm and emission wavelength of 442 nm 

with a microplate reader (Infinite F200/M200, TECAN Co., 

Switzerland).

Detection of rOs
ROS were evaluated using 2,7-dichlorohydrofluoroscein 

diacetate (DCFH-DA; Solarbio Life Sciences, China) as a 

probe. DCFH-DA was co-incubated with irradiated cells 

with or without the preincubation of GONs in serum-free 

medium for 30 minutes at 37°C. Then, the fluorescent sig-

nals of the cells in a 96-well plate were detected at 525 nm 

with an excitation wavelength of 488 nm using a microplate 

reader (Thermo Fisher Scientific Inc.). Afterwards, the mean 

cellular fluorescence was calculated by dividing the fluores-

cent signals by the total number of counted cells.

Irradiation
Cells were plated into T25 flasks or 35-mm petri dishes 

24 hours before incubation with GONs, and the concentra-

tions of Gd in the medium were 0.5 and 5.0 µg/mL. X-ray 

irradiation was performed with an X-ray machine (PXi, 

North Branford, CT, USA) operating at 225 kV at room 

temperature. The dose rate was 2.0 Gy/min.

Flow cytometry
Cells were preincubated with GONs for 24 hours in 35-mm 

petri dishes and then irradiated by 2.0 Gy X-ray. The rate of 

apoptosis was detected according to the protocol provided by 

the manufacturer using an Annexin V–FITC and propidium 

iodide (PI) apoptosis kit (Roche Diagnostics, Indianapolis, 

IN, USA). To measure autophagy incidence, cells were 

incubated with a 1.0 µg/mL solution of acridine orange for 

15 minutes, washed, collected, and then quantified by flow 

cytometry (Sysmex CyFlow Cube 6) at the indicated postir-

radiation times. The influences of GONs and/or radiation 

treatments on cell cycle progression were analyzed with flow 

cytometry. After being harvested and fixed in 70% ice-cold 

ethanol at -20°C for 48 hours, the cells were stained for 

20 minutes on ice with PBS containing 100 µg/mL RNase, 

0.2% Triton X-100, and 50 µg/mL PI (Sigma-Aldrich Co., 

St Louis, MO, USA).

Western blot analysis
Total cellular extracts were prepared as previously described28 

and transferred to polyvinylidine difluoride membranes. Blots 

were visualized by enhanced chemiluminescence after incu-

bation with the indicated antibodies. The primary antibodies 

used in this study included GAPDH, LC3, caspase-3, Bcl-2, 
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Bax, Bip, Drp1, and p-Drp1 (all acquired from Cell Signaling 

Technology, Danvers, MA, USA).

clonogenic survival assay
Cells with different treatments were suspended after X-ray 

irradiation with 0, 1.0, 2.0, 3.0, and 4.0 Gy. The cell suspen-

sions were then counted, diluted, and finally seeded into 

Φ60 petri dishes with 5 mL of complete media. After 14 days 

of incubation, the colonies were stained with crystal violet for 

30 minutes and carefully washed. Colonies with more than 

50 cells were recorded as survivors and counted manually 

under an inverted microscope. Measured survival data were 

fit using the linear-quadratic (LQ) model.

Immunofluorescence assay
NSCLC cells were pretreated with GONs for 24 hours, 

followed by exposure to 2.0 Gy X-rays. Then, at 1, 4, 

and 12 hours post-irradiation, the cells were fixed using 

4% paraformaldehyde, permeabilized with 0.3% Triton 

X-100, and subsequently blocked with 5% BSA at room 

temperature for 1 hour. After incubation with a primary 

monoclonal antibody against γ-H2AX at 4°C overnight, the 

cells were washed and incubated with a donkey anti-rabbit 

IgG-FITC secondary antibody for 1.5 hour at room tempera-

ture. The nuclei of the cells were then stained with Hoechst 

stain for 10 minutes. Finally, the foci were observed with a 

confocal microscope (Leica, Wetzlar, Germany). Mean fluo-

rescent values of the foci were determined by at least 50 cells.

statistical analysis
Quantitative data are expressed as mean ± SD. Comparisons 

of the data derived from the control and treatment samples 

were performed using one-way ANOVA with SPSS v. 16.0 

software (SPSS/IBM Corp., Armonk, NY, USA). Differ-

ences were considered statistically significant and statistically 

extremely significant when p,0.05 and p,0.01, respectively.

Results
characteristics of gONs
Ultra-small GONs were synthesized and dialyzed and their 

average core size was approximately 3.1 nm, as revealed by 

HRTEM (Figure 1A, core diameter calculated from more 

than 100 nanoparticles). As shown in the inset of Figure 1A, 

the HRTEM images of the particles indicate a regular crys-

talline lattice with (222) planes (d ≈ 3.1 Å). This is consistent 

with the literature results.19,26 The hydrodynamic diameter of 

GONs is 8.71±2.78 nm (Figure 1B); this increase in size is 

due to the formed hydration corona. We measured the zeta 

potential of the GONs (52.6 mV). A dispersed solution of the 

synthesized GONs, the Gd concentration of which is 15.52 

mg/mL according to ICP-AES analysis, is clear brown in 

color and can be stored at 4°C for several months without 

aggregation. The GONs are stable in RPMI 1640 medium 

(Figure S1).

cellular toxicity and uptake of gONs in 
Nsclc cells
We investigated the cytotoxicity of GONs in three NSCLC 

cell lines (A549, NH1299, and NH1650). As shown in 

Figure 2A, the cell viabilities of the three studied cell lines 

incubated with GONs increased slightly with increasing 

GONs concentration over which the Gd concentrations are 

0, 0.2, 0.5, 1, 5, 10, 20, 50 µg/mL. These results demonstrate 

that GONs exhibited good biocompatibility without obvious 

cytotoxicity. Then, we investigated the Gd content in A549, 

NH1299, and NH1650 cells as shown in Figure 2B. Based 

on the ICP-AES measurement, the mass of intracellular Gd 

in NH1299 cells was approximately 1.24 pg/cell, which was 

much higher than the 0.51 pg/cell in A549 cells and 0.082 

pg/cell in NH1650 cells, at an incubated Gd concentration 

of 0.5 µg/mL. The intracellular mass of Gd in NH1299 cells 

increased much faster with increasing incubation concentra-

tion than those in A549 and NH1650 cells. Because large 

differences existed in the cytotic mass of Gd in the three 

studied cell lines, we used the same coculture concentrations 

for the following studies.

effects of gONs pretreatment on cellular 
sensitivity to X-ray irradiation
We investigated the survival fractions of the three studied 

NSCLC cell lines under X-ray irradiation in the absence or 

presence of GONs, for which the Gd concentrations used 

in the culture were 0.5 and 5.0 µg/mL. The survival data in 

each case were fit with LQ model.23 The clonogenic survival 

curves are presented in Figure 3A–C. Compared with X-ray 

irradiation alone, co-treatment (X-ray irradiation and GONs) 

caused a more abrupt decrease in the survival curves of the 

A549 and NH1299 cells at a Gd concentration of 0.5 µg/mL, 

but no obvious decrease in that of the NH1650 cells was 

observed; when the co-cultivated GONs were increased to a 

5.0 µg/mL Gd concentration, stronger decreases were observed 

in the survival curve of the NH1650 cells compared to that of 

irradiation alone.

Using a reported method,23 the sensitizer enhancement 

ratio (SER) was calculated. As shown in Table 1, the SERs 

at the 10% cell survival fraction level (SF
10

) of 0.5 µg/mL 
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Figure 1 Diameter of gONs. 
Notes: (A) size distribution of nanoparticles as visualized by high-resolution transmission electronic microscopy and (B) dynamic light scattering profiles of GONs 
suspensions.
Abbreviation: gONs, gadolinium oxide nanocrystals.

Figure 2 cytotoxicity and cellular uptake of gONs in Nsclc cells. 
Notes: (A) cytotoxicity of gONs at an incubation time of 24 hours using a ccK-8 kit. (B) relationship between cellular uptake of gd in the three studied cell lines and 
the incubated gd concentration.
Abbreviations: gONs, gadolinium oxide nanocrystals; Nsclc, non-small-cell lung cancer; gd, gadolinium.
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of Gd were 19.3%, 20.6%, and 1.6% in A549, NH1299, and 

NH1650 cells, respectively. The addition of 5.0 µg/mL Gd 

led to a stronger radiosensitizing effect on the NH1650 cells 

with an SER
SF10

 of 26.3% and SER
SF50

 of 53.4%. These results 

indicate that GONs can enhance the radiation sensitivity of 

the three studied NSCLC cell lines to X-ray irradiation in 

a concentration-dependent manner. The large differences 

in the radiation enhancements of the GONs found in this 

study may relate to the Gd concentrations in the three studied 

NSCLC cell lines.

Figure 3 effects of pretreatment with gONs on the cellular sensitivity to X-ray irradiation. 
Notes: clonogenic assay of a549 (A), Nh1299 (B), and Nh1650 (C) cells exposed to radiation.
Abbreviation: gONs, gadolinium oxide nanocrystals.

Table 1 Summary of fitting parameters, DsF, and sersF in the absence and presence of gONs

X-ray irradiation α (Gy-1) β (Gy-2) R2 DSF10 (Gy) SER SF10 DSF50 (Gy) SERSF50

a549 control 0.152 0.058 0.999 5.12  2.40  
0.5 µg/ml gd 0.210 0.0842 0.989 4.13 19.3% 1.88 21.7%

5.0 µg/ml gd 0.066 0.133 0.986 3.92 23.4% 2.04 15.0%

Nh1299 control 0.085 0.159 0.987 3.54  1.84  
0.5 µg/ml gd 0.089 0.260 0.998 2.81 20.6% 1.46 20.7%

5.0 µg/ml gd 0.009 0.140 0.921 4.06 -14.7% 2.21 -20.1%

Nh1650 control 0.062 0.225 0.996 3.20  1.75  
0.5 µg/ml gd 0.063 0.210 0.999 3.15 1.6% 1.66 5.1%
5.0 µg/ml gd 0.774 0.0844 0.999 2.36 26.3% 0.815 53.4%

Notes: Coefficients α, β, and r2 are the fitting parameters using a linear-quadratic model; DsF10 and DsF50 represent X-ray irradiation dose at 10% or 50% cell survival fraction, 
respectively; sersF10 or sersF50 represents sensitizer enhancement ratios of the irradiated Nsclc cells at 10% or 50% cell survival fraction.
Abbreviations: sFr, survival fraction level; Nsclc, non-small-cell lung cancer; gd, gadolinium.
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gONs result in hydroxyl radical and 
oxidative stress production after X-ray 
irradiation
Ionizing radiation results in the radiolysis of water and 

contributes to hydroxyl radical production. We examined 

the radiation enhancement ratio of the GONs on hydroxyl 

radical production in aqueous solutions exposed to X-rays 

using 3-CCA as a probe following the reported procedure.23 

The fluorescence intensities of the irradiated solutions were 

linearly dependent on the irradiation doses (Figure 4A). 

The dependence of the radiation enhancement ratios of the 

GONs on the radiation dose is shown in Figure 4B. The dose 

enhancement ratios for GONs are 1.44 and 1.22 at 0.5 Gy 

and 1.18 and 1.28 at 2.0 Gy, when the Gd concentrations 

in solution are 0.5 and 5.0 µg/mL, respectively. The dose 

enhancement ratios are in good agreement with the results 

of a previous study.21 These results demonstrate that the 

presence of GONs increases hydroxyl radical production; 

moreover, the radiation enhancement effects of GONs on 

hydroxyl radical production in aqueous solutions induced by 

X-rays are dependent on dose and concentration.

Studies have shown that oxidative stress produced by 

nanomaterials can be observed in multiple cell types.29 

The ROS can be visualized to determine the oxidative 

stress levels in cells with or without GONs pretreatment 

after X-ray irradiation using DCFH-DA as a fluorometric 

probe.30 The normalized fluorescence intensities of the 

studied cells are shown in Figure 4C–E. The oxidative stress 

levels induced by 2.0 Gy X-ray irradiation alone were 1.16-, 

1.58-, and 1.33-fold higher than that of the controls for A549, 

NH1299, and NH1650 cells, respectively. When cocultured 

with GONs, at a Gd concentration of 0.5 µg/mL for A549 and 

NH1299 cells and 5.0 µg/mL for NH1650 cells, the oxidative 

stress levels increased to be 1.39-, 2.01-, and 1.92-fold higher 

than that of the controls for A549, NH1299 and NH1650 cells 

after X-ray irradiation, respectively. These results indicate 

that the addition of GONs contributes to 19.8%, 27.2%, and 

44.4% of the oxidative stress enhancement in A549, NH1299, 

and NH1650 cells, respectively, which is in agreement with 

the results of the clonogenic survival assay.

Presence of gONs did not increase 
DNa damage after X-ray irradiation
Generally, radiation-induced nuclear DNA damage, such 

as single- and double-strand breakages (DSB), if left unre-

paired, has been regarded as the main cause of mutation and 

Figure 4 gONs cause hydroxyl radical and oxidative stress production after their uptake by irradiated Nsclc cells. 
Notes: (A) Dependence of the fluorescence intensity variations of 3-CCA on the X-ray irradiated dose without GONs. (B) hydroxyl radical enhancement of gONs. Oxidative 
stress levels as detected by DcFh-Da in a549 (C), Nh1299 (D), and Nh1650 (E) cell lines pretreated with gONs. *p,0.05 or **p,0.01 represents statistically significant 
or extremely significant differences induced by various radiation dosages. Similarly, #p,0.05 or ##p,0.01 indicates significant differences caused by different Gd concentrations.
Abbreviations: DCFH-DA, 2,7-dichlorohydrofluoroscein diacetate; GONs, gadolinium oxide nanocrystals; NSCLC, non-small-cell lung cancer.
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cell death.31 As one of the key events in the DNA damage 

response, γ-H2AX on Ser139 is considered to be a marker 

for DSB.32 We investigated γ-H2AX foci in the studied 

NSCLC cells to assess the influence of GONs pretreatment 

on DNA DSBs induced by X-ray irradiation. As shown in 

Figure 5, no obvious difference was observed in foci forma-

tion between the combined treatment and X-ray irradiation 

alone, which indicates that cell lethality may derive from 

damage to the cytoplasm.

Defending the integrity of the genome is the purpose of 

the DNA damage response, and cell cycle checkpoints are 

activated, which are thought to allow cells to have time to 

repair their damaged DNA before moving to the next stage 

of the cell cycle. The cell cycles of the three studied cell 

lines under X-ray irradiation with or without GONs were 

analyzed (Figure S2). Irradiation (2.0 Gy) induced obvious 

G2/M phase arrest in the three NSCLC cell lines, whereas 

co-treatment did not notably enhance the cell phase arrest, 

which suggests that no additional DNA damage is produced 

though pretreatment of the cells with GONs. Consequently, 

the target of GONs radiosensitization of NSCLC cells to 

X-ray irradiation may be located in the cytoplasm but not 

in the nucleus.

gONs enhance apoptosis in a549 and 
Nh1650 cells but not in Nh1299 cells 
after X-ray irradiation
Cell apoptosis was measured in A549 as well as in NH1299 

and NH1650 cells after various treatments using an 

Annexin V–FITC and PI apoptosis kit (Figures 6A and S3). 

As shown in Figure 6B, compared to the control, treatment 

with GONs alone had a slight influence on the apoptotic levels 

of the A549 cells, whereas 2.0 Gy of X-ray irradiation caused 

a gradual and moderate increase in the apoptotic levels, which 

is an enhancement compared with that of cells pretreated 

with GONs. Similar results were observed in NH1650 

cells; however, the apoptosis levels of the p53-negative 

NH1299 cells never changed even after different treatment 

Figure 5 gONs do not increase DNa damage after X-ray irradiation. 
Notes: (A) DsB images of Nh1299 cells at 1 hour post-radiation; scale bar is 20 µm; cell nuclei dyed with hoechst 33342 are blue; γ-h2aX foci visualized by incubating 
with indicated fluorescent antibodies are green. Relative foci number per cell in A549 (B), Nh1299 (C), and Nh1650 (D) cell lines; cO indicates co-treatment with gd and 
X-ray irradiation; cK represents the control.
Abbreviations: DsB, double-strand breakages; gONs, gadolinium oxide nanocrystals; gd, gadolinium; Ir, irradiation.
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conditions, which is in line with p53 being a key regulator 

of apoptosis.33 The Western blot results further verified this 

point (Figure 6C–E). Co-treatment with X-rays and GONs 

upregulated the expression of the pro-apoptosis protein 

Bax and downregulated the expression of the anti-apoptosis 

protein Bcl-2, leading to cleavage of caspase-3 compared 

with that of irradiation or GONs treatment alone in A549 and 

NH1650 cells but not in NH1299 cells. These data indicate 

that increased apoptosis may be one of the radiosensitizing 

mechanisms of GONs in A549 and NH1650 cells, but not in 

NH1299 cells, under X-ray irradiation.

gONs enhance cytostatic autophagy 
after X-ray irradiation
Whether irradiation-induced autophagy helps to kill cancer 

cells or to sustain their survival remains controversial.34,35 

We examined the autophagy induced by X-ray irradiation 

and/or GONs treatment and its influence on radiosensitivity 

to determine the radiosensitization mechanism of GONs. 

To quantify the likely induction of autophagy, the presence 

of acidic vesicular organelles was assayed, which is a charac-

teristic of the autophagy process and can be detected by flow 

cytometry in combination with acridine orange staining. Flow 

cytometry images are presented to reflect the autophagy inci-

dence levels in A549, NH1299, and NH1650 cells exposed 

to X-rays and GONs at 4 hours and 12 hours postirradiation 

(Figures 7A and S4). Notably, X-ray irradiation treatment 

alone increased the autophagy rates of the three NSCLC cell 

lines (Figure 7C–E); furthermore, co-treatment enhanced this 

trend with a statistically significant difference. In addition, the 

conjugation of the soluble form of LC3 (LC3-I) with phos-

phatidylethanolamine and its conversion into a non-soluble 

form (LC3-II) is a hallmark of autophagy.36 Consequently, 

the expression levels of LC3-II in the three studied NSCLC 

cell lines were measured. At the indicated time points, the 

LC3-II expression levels induced by combination treatment 

were more significant than those by radiation treatment alone 

(Figure 7B).

Figure 6 gONs treatment enhances apoptosis in a549 and Nh1650 cells but not in Nh1299 cells after irradiation. 
Notes: (A) apoptotic rates of a549 cells treated with gONs and/or X-ray irradiation at 24 hours posttreatment. (B) The relative total apoptotic cell ratio analysis for 
the three studied cell lines. Western blot analyses of apoptosis-related pivotal proteins in a549 (C), Nh1299 (D), and Nh1650 (E) cells. cK represents the control; cO 
represents the co-treatment with irradiation and gONs. **p,0.01 represent extremely significant differences.
Abbreviations: gONs, gadolinium oxide nanocrystals; Ir, irradiation.
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To investigate whether autophagy modulates cellular 

radiosensitivity, a pharmacological inhibitor, 3-MA, which 

can inhibit autophagic sequestration during the early stage 

of autophagosome formation,37 was used. The results from 

the clonogenic survival study showed that pretreatment with 

3-MA improved cell survival compared with that of irradi-

ated groups pretreated with GONs alone (Figure 7F–H). 

Consistent with these results, in this study, the expression of 

Figure 7 enhanced cytostatic autophagy caused by gONs under X-ray irradiation. 
Notes: (A) autophagy incidence of a549 cells treated with gONs and/or radiation in the absence/presence of 3-Ma at 4 hours posttreatment. (B) Western blot analysis of 
the variation in LC3-II toward various treatments for the three cell lines. Autophagic cell ratio analyses detected by flow cytometry for A549 (C), Nh1299 (D), and Nh1650 
(E) cells; *p,0.05 and **p,0.01 represent statistically significant or extremely significant differences, respectively, between cells irradiated alone and those co-treated 
with radiation and gONs; #p,0.05 and ##p,0.01 indicate statistically significant differences in the relative incidence of autophagy by pretreating with 3-MA 4 hours before 
radiation. (F–H) survival fraction of a549 (F), Nh1299 (G), and Nh1650 (H) cells under combination treatment with radiation and gONs with or without 3-Ma; cK 
represents the control.
Abbreviations: gONs, gadolinium oxide nanocrystals; 3-Ma, 3-methyladenine; Ir, irradiation; gd, gadolinium.
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LC3-II was reduced after 3-MA co-treatment (Figure 7B). 

Collectively, these results demonstrate that GONs treatment 

promotes radiosensitivity through autophagy-induced cell 

death. To the best of our knowledge, this is the first evi-

dence for the radio sensitizing effect of GONs on NSCLC 

cells under X-ray irradiation through the promotion of 

cytostatic autophagy.

Discussion
In this study, we observed an obvious effect in the radio-

sensitization of NSCLC cells pretreated with GONs in a 

clonogenic assay. Moreover, the sensitization rate was inde-

pendent of the Gd concentration in A549 cells. However, a 

higher Gd concentration (5.0 µg/mL) showed a protective 

effect in NH1299 cells, which may be due to the hydroxyl 

radical quenching caused by higher Gd uptake by the cells. 

In addition to the concentration, the position of Gd within the 

cells contributed to the radiation enhancement effect. Accord-

ing to a previous study,19 GONs were dispersed in the cyto-

plasm but not in the nucleus. Consequently, we hypothesized 

that nuclear damage, such as DNA damage, was likely not 

a major cause for the radiosensitization induced by GONs. 

Our results verified this hypothesis. There was no significant 

difference in the number of γ-H2AX foci and the distribution 

of the cell cycle, which are markers of DNA damage, between 

radiation-alone treatment and GONs co-treatment. Similar 

results have also been obtained by other researchers.9,38

Although radiation-induced nuclear DNA damage, such 

as single- and double-strand breaks, has been regarded as 

the main cause of cell death, potential contribution from 

cytoplasmic damage cannot be ignored. Numerous studies 

have demonstrated that extranuclear targets may be important 

in mediating the genotoxic effects of ionizing radiation.39,40 

We have found that mitochondrial dysfunction,41 endo-

plasmic reticulum stress (ER stress),28 and other cytoplas-

mic damage induced by irradiation lead to apoptosis and 

autophagy. The presence of Gd in the cytoplasm enhanced 

this effect, which may be a key factor in radiosensitization. 

The expression levels of p-Drp1 (a marker of mitochondrial 

dynamics) and Bip (a marker of ER stress) were upregulated 

in the co-treatment group compared with those of irradiation-

only group (Figure S5). These results confirmed that GONs 

treatment increased the cytoplasmic damage induced by 

X-ray irradiation.

Apoptosis is a key mechanism by which ionizing radia-

tion kills tumor cells. The signal that induces apoptosis may 

come from the nucleus, such as from DNA damage, or 

from the cytoplasm, such as from mitochondria and/or ER. 

In A549 and NH1650 cells, we found that their apoptosis 

rates were upregulated when cells were co-treated with 

irradiation and GONs; GONs were only present in the cyto-

plasm and increased the level of damage induced by irra-

diation. These results indicated that apoptosis enhancement 

in the cytoplasm was one pathway for the radiosensitization 

caused by GONs in A549 and NH1650 cells. However, we 

found similar radiosensitization but not apoptosis upregula-

tion in NH1299 cells. Other pathways may be responsible 

for the mechanism of GONs-induced radiosensitization in 

NH1299 cells.

Autophagy is a lysosome-based degradative path-

way that plays an essential role in maintaining cellular 

homeostasis.42 It has been widely reported that autophagy 

presents as both a survival mechanism and direct contributor 

to cell death. Modulating autophagy has recently emerged as 

a promising therapeutic approach for certain cancer types.43,44 

Nanoparticles have been shown to induce autophagy and 

have been defined as a novel class of autophagy activators.45 

For example, Ag nanoparticles can induce protective 

autophagy as a result of ROS upregulation when acting as 

a radiosensitizer.46 In addition to the cytoprotective form of 

autophagy, the cytostatic form of autophagy can be induced 

to improve the radiation sensitivity of breast cancer cells.47 

In this study, we demonstrated that co-treatment with GONs 

enhanced autophagy in NH1299 cells; moreover, abrogation 

of autophagy by the 3-MA inhibitor substantially suppressed 

cell death. A similar phenomenon was observed in A549 and 

NH1650 cells. Consequently, cytostatic autophagy played an 

important role in sensitizing NSCLC cells pretreated with 

GONs under X-ray irradiation, especially for p53-negative 

NH1299 cells.

Consequently, the presence of GONs led to an increase in 

hydroxyl radical production and an increase in the generation 

of ROS in the cytoplasm, contributing to an upregulation 

of cell oxidative stress, which resulted in increased cyto-

plasmic damage. Thus, cytostatic autophagy was promoted 

and, finally, cell death was induced. The radiosensitizing 

effect of GONs was related to their surface modification and 

the size of the Gd
2
O

3
 core. The results observed here can 

only be used to support the radiosensitizing biomechanism 

of GONs under X-ray irradiation.

In future work, we will study not only the enhanced 

cytostatic autophagy induced by other kinds of GONs but 

also in vivo preclinical studies on their therapeutic efficacy. 

Since nebulized GdNPs were used as theranostic reagents 

in lung tumors,16 the combination of radiotherapy with 

nanomaterials has been developed as a standard treatment 

strategy. Currently, immunotherapy has developed into an 

effective approach for cancer therapy. The combination of 
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radiotherapy with durvalumab can significantly improve the 

median progression-free survival of patients with advanced 

stages of NSCLC.48 It is hopeful that the progression-free 

survival and overall survival of patients with NSCLC will 

be further improved by using immunotherapy following 

radiotherapy with GdNPs.

Conclusion
In this work, we found that the presence of GONs increased 

hydroxyl radical production in aqueous solutions and cel-

lular ROS production in vitro. The radiosensitization bio-

mechanism of GONs in tumor cells under X-ray irradiation 

was both concentration- and cell-dependent. The promotion 

of autophagic cell death induced by GONs was one of the 

main biological pathways for radiosensitization in NSCLC 

cell lines, especially in NH1299 cells which is characteristic 

by a deletion of p53, namely, specifically in NH1299P53 (-) 

cells; moreover, apoptosis and cytostatic autophagy increases 

contributed to the radiosensitization of GONs in A549 and 

NH1650 cells. These results present the first evidence for the 

radiosensitizing effect of GONs on NSCLC cells under X-ray 

irradiation through the promotion of cytostatic autophagy. 

Due to their good biocompatibility and great potential for 

biological tracing, quantitative analytical studies, and early 

diagnosis of cancers, GONs can be employed as a potential 

theranostic sensitizer in NSCLC cancer therapy, but further 

in vivo preclinical studies on their therapeutic efficacy, 

tumor uptake capacity, and toxicity are needed to define their 

potential clinical benefits.
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Supplementary materials
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Figure S1 Ultraviolet-visible spectra results confirm that GON solution is very stable in RPMI 1640 medium.
Notes: (A) absorbance of gON with different concentrations after incubating at 37°c for 24 hours. (B, C) absorbance of gON at concentrations 0.5 µg/ml (B) and 
5.0 µg/ml (C) at various incubation time.
Abbreviation: gONs, gadolinium oxide nanocrystals.

Figure S2 The influence of GON on cell cycle distribution.
Notes: (A) Cell flow spectra at 24 hours after X-ray irradiation. (B) cell cycle distributions of three studied cells on time. cK represents the control; cO represents co-
treatment with irradiation and gONs.
Abbreviations: gONs, gadolinium oxide nanocrystals; gd, gadolinium; Ir, irradiation.
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Figure S3 apoptotic rates of a549, Nh1299, and Nh1650 cells treated with gON and/or radiation for 24-hour and 48-hour posttreatment.
Note: cK represents the control; cO represents co-treatment with irradiation and gONs.
Abbreviations: gONs, gadolinium oxide nanocrystals; gd, gadolinium; Ir, irradiation.
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Figure S4 autophagy incidence of a549, Nh1299, and Nh1650 cells treated with gON and/or X-ray irradiation for 4-hour and 12-hour posttreatment.
Note: cK represents the control; cO represents co-treatment with irradiation and gONs.
Abbreviations: gONs, gadolinium oxide nanocrystals; gd, gadolinium; Ir, irradiation.
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Abbreviations: er, endoplasmic reticulum; gd, gadolinium; Ir, irradiation.
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