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Abstract

With the advancement of nanotechnology, various nanocomposites have been applied in the
diagnostics and treatment of cancer. We synthetized FePt nanoparticles which were assembled on
the surface of graphene oxide (GO). These novel FePt/GO nanosheets simultaneously act as a
chemotherapy drug and enhance radiosensitivity. In this study, transmission electron microscope,
dynamic light scattering, X-ray photoelectron spectroscope and Fourier transform infrared
spectroscopy were used to characterize surface morphology and chemical composition of FePt/GO
nanosheets (NSs). Their cytotoxicity in various cancer and normal cells was evaluated by cell
counting kit-8 assay, and their effects on radiosensitization were determined by colony formation
assay. To explore the underlying mechanisms, we measured the intracellular reactive oxygen species
levels and autophagy formation. Monodansylcadaverine-staining, Western Blotting and
ultrastructure analysis were utilized to assess autophagy. The results demonstrated that FePt/GO
NSs not only selectively suppressed the proliferation of cancer cells, but also increased their
radiosensitization. Moreover, FePt/GO NSs induced autophagy, which might result in promoted
sensibilization of radiotherapy. In conclusion, with good safety and efficacy, FePt/GO NSs are safe
and effective to suppress proliferation, enhance radiosensitization and induce autophagy of human
non-small cell lung cancer cells. They are potential for the treatment of lung cancer.
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Introduction

Lung cancer is the most frequently diagnosed
cancer and one of the leading causes of cancer death

cancer, the curable rate of lung cancer was still
undesirable due to their own limitations. For instance,

worldwide, among which non-small cell lung cancer
(NSCLC) accounts for nearly 80% [1, 2]. Although
traditionally well-established treatments (surgery,
chemotherapy and radiotherapy) have made great
contributions in saving patients’ lives from lung

as the first-line treatment for NSCLC, cisplatin-based
chemotherapy may lead to acquired drug resistance.
Complications, such as radiodermatitis and radiation
pneumonia, and tolerance dose of surrounding
normal tissue limit the efficacy of radiotherapy. So,
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chemoradiotherapy, the concurrent administration of
chemotherapy and radiotherapy, has been regarded
as a significant paradigm in the treatment of NSCLC
[3, 4]. Although chemoradiotherapy improves local
tumor control and curative rates, the agents used for
chemoradiotherapy is still to be improved. The ideal
agents should have desirable effects on both
chemotherapy and radiotherapy without obvious
toxicity in normal tissues.

The nanocomposites may be great agents due to
their unique physicochemical characteristics in
nanoscale. FePt nanocomposites were reported to
have potential applications in dual modal MRI/CT
imaging [5, 6], drug delivery [7], thermal therapy [8,
9] and chemotherapy agents [10]. FePt nanoparticles
(NPs) inhibited the proliferation of cancer cells [11].
When combined with X-ray, they further inhibited the
proliferation of HeLa cells due to their high X-ray
absorption [12]. Therefore, FePt NPs could be suitable
candidate for chemoradiotherapy agents.

Autophagy is a highly regulated catabolic
process that degrades intracellular pathogens,
damaged organelles and long-lived proteins as well as
a cellular response to infection, starvation and disease
progression [13]. Numerous human pathologies
including neurodegenerative diseases, hereditary
myopathies, abnormal immune responses and cancers
were linked with autophagy, so the modulation of
autophagy is potential to be an effective therapeutic
strategy [14, 15]. Previous researches suggested that
intracellular nanoparticles induced autophagy and
cytotoxicity [16-22]. Ma et al. [17] revealed that gold
NPs induced autophagy accumulation by blocking
autophagy flux. Yu et al. [21] demonstrated that silica
NPs induced autophagy and autophagic cell death in
HepG2 cells. Either autophagy overstimulation or
blockage of autophagosome degradation induced by
NPs could result in autophagy accumulation.
Meanwhile, reactive oxygen species (ROS) played an
important role in autophagy. ROS accumulation
resulted in oxidative damage of proteins and
mitochondria, which initiated autophagosome
formation [23].

Graphene oxide (GO) is a favourite vector due to
its flexible size, abundant oxygen-containing groups
and excellent biocompatibility. To determine whether
FePt/GO NSs could act as an agent in the
chemoradiotherapy of NSCLC and to further explore
the potential mechanisms, various NSCLC cells were
used to assess their cytotoxicity in wvitro. Viability
assays, monodansylcadaverine-staining and ultrastr-
uctural analysis were used to examine their effects on
radiosensitization, as well as autophagy. These results
enriched our understanding on the cytotoxicity of
NPs, which might be used in cancer management.

Materials and Methods

Materials for FePt/GO NSs

All chemicals and solvents were analytical
grade. Chloroplatinic acid (H2PtClge6H>O) was
purchased from Reagent No. 1 Factory Of Shanghai
Chemical Reagent. Iron acetylacetonate (Fe(acac)s,
98%) and graphite powder were purchased from
Aladdin Reagent Co., Ltd. Oleylamine (OAm, > 70%),
oleic acid (OA) and sodium borohydride (NaBH,,
96%) were purchased from Sinopharm Chemical
Reagent Co., Ltd.

Synthesis of FePt/GO NSs

GO was prepared from natural graphite powder
by the modified Hummers method [24]. FePt NPs
were obtained through a chemical reduction method.
Briefly, 0.0682 g Fe(acac)s, 0.75 mL oleylamine and
0.75 mL oleic acid were added into 100 mL anhydrous
ethanol and magnetism stirred at room temperature
for 30 min; then, 10 mL H,PtClg*6H>O ethanol
solution (10 mg/mL) was added. Subsequently, 0.247
g NaBH4 was dissolved in 100 mL anhydrous ethanol,
which was slowly added into the mixture with the
temperature heated to 40 °C for 1 h. The product was
obtained by centrifugation at 10000 r/min for 15 min
and rinsed 3 times with ethanol to remove impurities;
finally, the black product was dried by vacuum
drying oven overnight at 40 °C.

Fifty mg FePt and 10 mg GO were added into 50
mL ethanol and shaked at room temperature for 1 h,
followed by sonication for 4 h.The precipitate was
washed with ethanol 3 times and centrifuged at 10000
r/min for 10 min.

Characterization techniques

The morphology of FePt/GO NSs was
determined by EM2100FEF-Q transmission electron
microscope (TEM, JEOL, Tokyo, Japan) at 200 kV. The
size distribution was measured by dynamic light
scattering (DLS, Zatasizer Nano ZSP, Malvern,
England). X-ray photoelectron spectroscope (XPS,
ESCALAB250Xi, Thermo Fisher, USA) was used to
determine the surface atomic composition. Fourier
transform infrared spectroscopy (FTIR, Nicolet5700,
Thermo Fisher, USA) was utilized to examine the
existence of oxygen-containing groups on the surface
of FePt/GO NSs.

Cell culture

Hela cell line (human cervical carcinoma
cancer), H460 cell line (human large cell lung cancer),
HELF cell line (human embryonic lung fibroblast),
A549 cell line, H1975 cell line (human NSCLC) and
Lewis lung carcinoma (LLC) cells were purchased
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from the Type Culture Collection of Chinese
Academy of Science, Shanghai, China. All of these cell
lines were cultured in RPMI media (HyClone, USA)
supplemented with 10% fetal bovine serum (HyClone,
USA), antibiotics penicillin (100 U/mL) and strepto-
mycin (100 mg/mL) (HyClone, USA) in 37 °C 5% CO»
incubator (Sanyo, Japan).

Cytotoxicity assay

The cytotoxicity of FePt/GO NSs was detected
by Cell Counting Kit-8 (CCK-8, Dojindo, Japan). Cells
were seeded into 96-well plate (8000 cells in 100 puL
medium) and cultured for 24 h. The cells were then
treated with different concentrations of FePt/GO with
or without ROS scavenger N-acetyl cysteine (NAC) at
37 °C for 24 h. CCK-8 regents (10 pL/well) was added
and incubated at 37 °C for 2 h. The absorbance at 450
nm was measured by Rayto-6000 system (Rayto,
China). The relative cell viability (%) was calculated as
the ratio of absorbance of treated group to that of
control group.

Radiation

After incubated with FePt/GO NSs (0, 2, 5, 10,
15, 25 pg/mL) at 37 °C for 2 h, H1975 cells were
irradiated by the small animal radiation research
platform (SARRP, PXI X-RAD 225Cx, CT, USA) from
a 204 kV photon beam.

Colony Formation Assay

H1975 cells (200, 200, 400, 800, 1000, 2000 cells/
well) were seeded into 6-well plates. After 12 h,
FePt/GO NSs (25 pg/mL) were added to the medium.
After incubation at 37 °C for another 12 h, the cells
were irradiated with 0, 1, 2, 4, 6 and 8 gray (Gy). Two
weeks later, the colonies were fixed with 4%
paraformaldehyde and stained with crystal violet. A
“multitarget-single hitting” model [25] was applied to
fit the survival curve.

Measurement of Reactive Oxygen Species
(ROS)

To measure intracellular ROS production, H1975
cells (1x10¢ cells/well) were seeded into 6-well plates
and incubated at 37 °C for 12 h. FePt/GO NSs at
different concentrations were added into medium and
incubated at 37 °C for 24 h. The cells were collected in
1 mL 1640 medium without FBS, and incubated with
DCFH-DA probe (10 pM) in the dark at 37 °C for 30
min. The cells were then washed with serum-free
RPMI-1640 3 times and the fluorescence signals were
recorded by flow cytometry (BD FACS Arialll, USA).

Apoptosis assay

The H1975 cells were placed in 6-well plates.
Once cell adhered, FePt/GO NSs (25 pg/ml) were

added to the medium. After incubation at 37 °C for 12
h, the plates were irradiated with 4 Gy by the small
animal radiation research platform. The cells were
harvested 24 h later, washed twice with cold
phosphate buffer saline, and stained with FITC-
conjugated annexin V for 20 min and propidiumio-
dide for 5 min (BD Biosciences Ltd., USA) in the dark.
The stained cells were assessed by flow cytometry,
and analyzed by FlowJo vX.0.7 software.

Monodansylcadaverine (MDC) staining

H1975 cells (5x10° cells/well) were seeded into
12-well plates and cultured for 24 h. Cells were
incubated with FePt/GO NSs (25 pg/mL) at 37 °C for
24 h, and then irradiated with 4 Gy. Two hours later,
the cells were washed twice with wash buffer and
stained with 0.05 mM MDC in fresh 1640 medium at
37 °C in the dark for 30 min. Finally, the cells were
washed twice with wash buffer and observed by
inverted fluorescence microscope (Olympus BX51)
with the excitation wavelength 350 nm and blocking
wavelength 512 nm.

Western blotting assay

The cells were lysed in RIPA lysis buffer
containing protease inhibitor and phosphatase
inhibitor (Sigma-Aldrich Ltd., USA) on ice for 30 min,
vortex shocking every 6 min. The total protein
concentration was measured by Bradford protein
assay kit (Bio-Rad Ltd., USA). The proteins were
separated with 10-15% SDS-PAGE (Bio-Rad Ltd.,
USA) and transferred to polyvinylidene fluoride
(PVDF) membrane (Millipore Ltd., USA). After block-
ing with tris buffered saline tween containing 5%
non-fat milk for 1 h, the membranes were incubated
with primary antibodies (GAPDH, LC3, p62 and
Beclinl, Proteintech Group, Inc) at 4 °C overnight. The
membranes were then incubated with corresponding
secondary antibodies at room temperature for 2 h and
the proteins were detected by enhanced chemilumin-
escence reagent (Bio-Rad Ltd., USA).

Transmission electron microscopy (TEM)

The cells were washed with PBS 3 times and then
collected by cell scraper. After centrifuged at 2000
r/min for 5 min, the supernatants were discarded.
The cell pellets were fixed with 2.5% glutaraldehyde
at room temperature for 1 h, and then post-fixed with
1% osmium tetroxide buffer for 1 h. Subsequently, an
ascending series of alcohol were performed for
dehydration before embedding samples in araldite.
Ultrathin sections were observed by TEM (HT7700,
Hitachi, Japan, 100kV).

Animals
Female C57BL/6 mice at 6-8 weeks were purch-
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ased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China), and housed in a
specific pathogen-free environment. All the animal
experiments were approved by the Institutional
Animal Care and Use Committee of Wuhan Univer-
sity. LLC cells (6x10° cells/mouse) were implanted
subcutaneously into the left lower limb. When the
tumor volume reached 100 mm?, mice were randomly
grouped as FePt/GO NSs (20 mg intratumor injection
every 2 days for 1 week), irradiation (SARRP, PXI
X-RAD 225Cx, CT, USA,20 Gy/2 f), FePt/GO NSs
combined with irradiation and negative control. The
body weight and tumor volume (0.5 x length x
width?) were measured every other day. The animals
were sacrificed when reached the Mice Welfare
Endpoint. The tumor samples were later fixed in 4%
PFA and then embedded in paraffin for H&E staining.

Statistical analysis

All the data were presented as means + standard
deviation (SD). Statistical analysis was carried out by
using Graphpad Prism 7. The significance between

different treatment groups was determined by
one-way analysis of variance (ANOVA). Student’s
t-test was utilized to evaluate the differences of 2
groups. P < 0.05 was considered to be statistically
significant.

Results

Characterization of FePt/GO NSs

The morphology and size distribution of
FePt/GO NSs were determined by TEM and DLS. The
spherical shape of FePt NPs were decorated on the
GO surface (Fig. 1A) and the corresponding size
distrubition (average diameter was 3.05 nm) was
calculated by Image] software (Fig. 1B). The size
values of FePt/GO NSs lays mostly around 500 nm
with some lower value as 100 nm (Fig. 1C). The
existence of some large values (5000 nm) was due to
nanosheet aggregation. The surface atomic composi-
tion and oxygen-containing groups were shown in
Figure 1D-E. The survey spectra (Fig. 1D) suggested
that C, O, Fe and Pt existed on the surface of FePt/GO
NSs and that the relative content of
each elements were 40.45%, 34.33%,

Relative frequency
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14.19% and 11.03%, respectively. In the
FRIT spectra, the strong and broad
peak around 3400 cm! was attribute to
the -OH (Fig. 1E). The peak at 1622
cm? resulted from the vibration of
undried water molecules, which also
contributed to the strong peak at 3400
cm™. The peaks at 1732 cm?, 1250 cm™?,
1060 cm and 833 cm, corresponding
to the C=0, the C-OH, the C-O-C and
the -CH(O)CH (epoxy group), respec-
tively. When the FePt NPs decorated
on GO, the oxygen-containing groups
were decreased. Meanwhile, the peaks
at 1556 cm™? and 1411 cm! belonged to
FePt NPs appeared. These results
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Figure 1. Characterization of FePt/GO NSs. (A) Representative TEM image of FePt/GO NSs.
Black arrow indicates GO, and red arrow indicates FePt NPs. (B) The average diameter of FePt
nanoparticles was 3.05 nm. (C) The size distribution of FePt/GO NSs, whose mean diameter was
542.06 nm. (D) The XPS spectrum of FePt/GO NSs, and the relatively atomic content of C, O, Fe, Pt
were 40.45%, 34.33%, 14.19% and 11.03% respectively. (E) The FTIR spectrum of GO, FePt NPs and

FePt/GO NSs.
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wo o o effects. The distribution of FePt/GO
NSs was observed by TEM (Fig. 2). The
FePt/GO NSs were internalized either
as free or as membrance-boud in
cytoplasm. Fig. 2A demonstrated the

uptake process, during which the
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FePt/GO NSs entered cells through the endocytic
pathway. The FePt NPs were aggregated on the
surface of GO, and partly released into cytoplasm
with numerous organelles (eg, lysosome, mitochon-
drion) surrounding (Fig. 2B-C).

FePt/GO NSs inhibited the proliferation of
tumor cells without obvious cytotoxicity to
normal lung cells.

To estimate the cytotoxicity of FePt/GO NSs in
normal and malignant tumour cell lines, the CCK-8
assay was conducted. Human NSCLC cells (H1975)
were incubated with FePt/GO NSs over the range of
dosages from 0 to 100 pg/mL for 24 h. The cell
viability decreased dramatically at the concentration
range from 0 to 50 pg/mL (Fig. 3A). The half maximal
inhibitory concentration (ICsp) was found to be 25
pug/mL, which was used in following experiments.
The relative cell viability of HeLa, A549, H1299, H460
and HELF cells were examined with different conce-
ntration of FePt/GO NSs for 24 h (Fig. 3B). FePt/GO
NSs decreased cell viability in a dose-dependent
manner. FePt/GO NSs at 25 pg/mL reduced cell
viability on malignant cancer cells by 60-70% without
significant effects on normal lung cells. Although
FePt/GO NSs induced a slight decrease of normal cell
viability still above the non-cytotoxic threshold of 70%
defined by ISO standard [26].

To investigate the potential mechanisms of
FePt/GO NSs effect on the cells, ROS generation was
measured by the DCFH-DA probe. The ROS levels
were significantly upregulated by FePt/GO NSs in a
dose-dependent manner compared to control group
(Fig. 3C-D). The cytotoxicity was accompanied by a
corresponding extent of increased intracellular ROS
level when exposed to FePt NSs. H1975 cell viability
of NAC combined with FePt/GO NSs group was
significantly elevated compared with FePt/GO NSs
alone (Fig. 3E), indicating that FePt/GO NSs inhibited
of lung cancer cell proliferation via up-regulating
ROS, which might impair mitochondrial function.

FePt/GO NSs enhanced the radiation
sensitivity in H1975 cell line

Radiotherapy is a typical therapeutic method for
cancer treatment, but the hypoxic and antiradiation of
actual tumor reduce the lethality of X-ray. The
emergence of radiosensitizer, such as Au, Ag and
cerium oxide nanoparticles has improved the
situation [27-29]. In order to investigate whether
FePt/GO NSs could increase the radiotherapy
sensitivity of H1975, FePt/GO NSs were added into
cells pre or postirradiation. Treatment before
radiation had a stonger inhibitory effect on cancer cell
growth (Fig. 4A) For instance, cell viabilities shown
~5.3%, ~8.7%, and ~11.4% differences between the 2
groups at 10, 15, and 25 ug/mL of the FePt/GO NSs,
respectively. The survival cruve which was fitted by
“multitarget-single hitting” model indicated FePt/ GO
NSs enhanced the radiation sensitivity of H1975 cells
(Fig. 4B). The results indicated that FePt/ GO NSs had
synergistic effects with X-ray and might be a potential
radiosensitizer. The flow cytometric analysis of
annecxin V and PI indicated that the combination of
FePt/GO NSs and radiation led to a slighter increase
of apoptosis while individual treatments showed no
obvoious apoptosis compared with control (Fig. 4D).

FePt/GO NSs increased autophagy in H1975
cell line

To investigate whether FePt/GO NSs could
increase autophagy, we performed MDC staining,
western blotting and TEM analyses after treatments of
H1975 cells with FePt/GO NSs and/or X-ray for 24 h.
The numbers of MDC-labeled vesicles in H1975 cells
were slight increased either exposed to FePt/GO NSs
or X-ray beam, and were obvious increased when
FePt/GO NSs combined with X-ray beam (Fig. 5A-B).
The synergic effect was consistent with cytotoxicity,
which implied a relationship between autophagy and
cytotoxicity.

Figure 2. Cellular uptake of FePt/GO NSs by H1975 cells. (A) The distribution of FePt/GO NSs (white arrow) in H1975 cells 24 h after explosion to 25
ug/mL FePt/GO NSs. (B) Some FePt NPs partially disembled from GO and attached to surrounding organelles (lysosome, black arrow). (C) Some FePt NPs totally

disembled from GO (mitochondria, black arrow).

http://www.ijbs.com



Int. J. Biol. Sci. 2019, Vol. 15

1004

A:‘IZD- B
%100-

8 wllP

el I I

.| [

z e

= o U1

el V1| |~

o
o

10 20 30 40 50 60 70 80 90100
FePt/GO (ug/mL)

C B Oug/mL D
10ug/mL
60 — 15ug/imL
25ug/mL
g
B 40 7
o
20 7
o
10° 10* 10° 10°
FL1-A :: ROS FITC-A
E
Bl NAC+FePt/GO
ey ] BN FePt/GO
£ 100
o]
o =
% 804
s 60
z
S 404
]
= 20
8
0-
0 2 5 10 15 25

FePt'GO (ug/mL)

Cell viability (% of control)

Median DCF

=
[
o

Hl Hela
100 B A549
80 Bl H1975
60 Bl H460
40 B HELF
20
0 2 5 10 15 25
FePt/GO (ug/mlL)

25000+ =z
200001
15000 1
100001
50004

0

FePt/GO (ug/mL)

Figure 3. Cytotoxicity of FePt/GO NSs. (A) Cell viability of H1975 cells treated with FePt/GO NS (0-100 ug/mL) for 24 h. ICso was 25 ug/mL. (B) Cell viability
of H1975, Hela, A549, H460 and HELF cells after treated with FePt/GO NSs (0-25 ug/mL) for 24 h. (C) Cytometry analysis of intercellular ROS levels in H1975 cells
after exposed to FePt NSs (0, 10, 15, 25 ug/mL) for 24 h. (D) The flow cytometric analysis of fluorescence intensity. Data are presented as means + SD, *, p < 0.05.
(E) NAC pretreatment significantly decreased the cytotoxicity of FePt/GO NSs in H1975 cells. *, p < 0.05.

Western blotting analyses (Fig. 5C-D) indicatd
increased expression of LC3IIprotein either exposed
to FePt/GO NSs or X-ray. The degradation substrate
of autophagy p62 was frequently used as marker for
autophagy flux [30]. The expression levels of p62
protein were decreased, while those of Beclinl
increased. Both decreased p62 levels and increased
Beclinl levels correlated with enhanced autophagy
[31]. To confirm these observations, we performed
TEM analyses, which are considered the gold stand-
ard for investigations of autophagy in control group
and combined therapy group (Fig. 5E). Typical double
membrane structure vesicle containing portions of the
cytoplasm was found. The late autophagy vacuoles
(AVd) contained partially degraded -cytoplasmic
material. Compared to the control group, FePt/GO
NSs combined radiation group showed increased
numbers of autophagosomes. These data together
demonstrated the formation of autophagosome
without autophagy flux blockade.

FePt/GO NSs increased radiation sensitivity in
vivo

LLC cells (6x10¢ cells) were implanted
subcutaneously into the left lower limb of C57BL/6
mice. When the tumor volume reached ~100 mm?3,
treatment was initiated as the scheme showed (Fig.
6A). The accuracy of radiation filed was evaluated by
the X-rays fluoroscopy (Fig. 6B). FePt/GO NSs
significantly inhibited tumor growth, and the
combination therapy exhibited synergistic effects (Fig.
6C-D). The tumor/body weight was much lower in
FePt/GO NS group than the control group (0.041 +
0.005 vs 0.071 + 0.004, p < 0.05). The combination
therapy further decreased then tumor weight
compaed with radiation alone (0.011 + 0.003 vs 0.026 +
0.004, p < 0.05, Fig. 6E). The toxicity of FePt/GO NSs
was evaluated by H&E staining of liver, kidney and
heart. No obvious histopathological abnormalities
were observed, suggesting FePt/GO NSs had no
apparent toxicity (Fig. 6F).
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violet stainning of H1975 cells irradiated with 2 Gy with or without FePt/GO NS treatment (25 ug/mL). (D) Representative cytometry analysis of annexin V and Pl
in H1975 cells. The double treatment group had more cell apoptosis than individual ones. Statistical analysis reveals the apoptotic rate (%) of H1975 cells after

different treatment, *, p < 0.05, **, p < 0.01.

Discussion

To date, the development of nanomaterials has
improved the diagnosis and treatment of cancers.
FePt nanocomposites showed the potential applica-
tions in dual modal MRI/CT imaging [5, 6], drug
delivery [7], thermal therapy [8, 9] and chemotherapy
agents [32] owing to their optimal magnetic, optical
properties and controllable morphology. Chen et al.
[33] synthesized FePt/GO nanocomposites with good
activity of intrinsic peroxidase. Yue et al. [5]
developed a magnetic nanocomposites named
FePt-DMSA /GO-PEG-FA (FePt/GO CNs). FePt/GO
CNs has potential for multimodal imaging and
inhibition of 4T1 tumor growth. In the present work,
we successfully synthesized FePt/GO nanocomp-
osites and used various characterization techniques to
clarify surface morphology, chemical composition
and surface oxide groups. Compared with FePt
nanocomposites, FePt/GO NSs had flexible size,
abundant oxygen-containing groups and excellent
biocompatibility. As shown in Fig. 2A, H1975 cells
uptaked FePt NSs through endocytosis for cell mem-
brane invaginations. Most internalized nanoparticles
by endocytic routes are principally aggregated in the
lysosome. Once FePt NSs entered into cytoplasm, FePt
NPs detached from the surface of reduced GO and
deposited in mitochondria or lysosome (Fig. 2B-C).

To assess whether FePt/GO NSs could serve as
an agent in chemoradiotherapy, a series of toxicity

and sensitization experiments were conducted in vitro.
Firstly, FePt/GO NSs showed a dose-dependent
cytotoxicity in H1975 cells (Fig. 3A). Secondly,
FePt/GO NSs exhibited significantly cytotoxicity to
human lung cancer cells (A549, H1975 and H460) and
cervic cancer cells (HeLa), but not obvious cytotox-
icity to the normal lung cells (HELF). In other words,
FePt/GO NSs selectively inhibited the proliferation of
cancer cells. Due to intrinsic properties, FePt NPs was
reported to release highly active Fe ions during the
degradation in lysosome and catalyse H>O»
decomposition into ROS, leading to oxidative stress
[11]. We next measured intracellular ROS production
in H1975 cells treated with different concentrations of
FePt/GO NSs. The ROS levels were significantly
upregulated by FePt/GO NSs in a dose-dependent
manner compared to control group (Fig. 3C-D). The
ROS scavenger NAC had significant elevate cell
survival rate compared to corresponding FePt/GO
NSs treatment alone (Fig. 3E). Excessive ROS leaded
to oxidative damage of proteins, lipids and DNA, and
finally induced apoptosis or growth inhibit [34].
Taken together, the cytotoxicity induced by FePt/GO
NSs might be through ROS. Moreover, cancer cells
were reported to have a higher basal ROS levels than
healthy cells [35], which suggested cancer cells could
be vulnerable group under oxidative stress. In
addition, similar selective cytotoxicity was reported in
other nanoparticles [5, 20, 36, 37]. For instance, bare
iron oxide NPs induced ROS increasement and
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mitochondrial damage in lung cancer cells (A549),
without significant toxicity to normal human lung
fibroblast cells (IMR-90) [21]. Zinc oxide NPs
selectively induced apoptosis in HepG2 cells which
was mediated by ROS via p53 pathway [37]. These
results suggested taht the selective cytotoxicity might
be mediated by production of ROS induced by NPs.
We further explored whether FePt/GO NSs
could sensitilize H1975 cells combined with X-rays.
The synergetic group (treatment before radiation)
showed greater proliferation suppression ratios
compared with the simple superposition group
(treatment after radiation) (Fig. 4A). Furthermore, the

survival cruve (fitted by “multitarget-single hitting”
model) also confirmed that FePt/GO NSs enhanced
the radiation sensitivity of H1975 cells (Fig. 4B).
However the results of cell cycle assay showed no
significant difference between control group and
FePt/GO NSs group (data not showed). Meanwhile,
no obvious G1 or G2 phase arrest were observed
between IR group and combined group. Moreover,
FePt/GO NSs combined IR triggered apoptosis
pathway in a moderate way, while FePt/GO NSs
group or IR group alone showed no elevated
apoptotic rate (Fig. 4D).
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Figure 5. FePt/GO NSs promoted autophagy in H1975 cells induced by X-ray. (A) Representative fluorescent images of MDC staining in irradiated (4 Gy)
H1975 cells treated with or without FePt/GO NSs (25 ug/mL). scale bar: 50 um. (B) Statistical analysis of green fluorescent spot number. All values shown are means
+ SD of triplicate tests and are repeated three times with similar results. (C) Representative western blotting of LC3, p62 and Beclinl in HI975 cells. (D) Relative
expression levels of the ratio LC3-II/LC3-1(Grey value) from 3 replicate experiments are quantitated and subjected to statistical analysis. (E) Representative TEM
images for autophagosomes in four groups, scale bar: 2 um. (AVd: the late autophagy vacuoles; black arrows: FePt/GO nanosheets).
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Accumulated data suggested an essential role of
ROS in the activation of autophagy [38]. Autophagy is
a homeostatic and evolutionarily conserved intracell-
ular process for celluar degradation of redundant or
faulty cell components [39]. It was reported that
induction of ROS and increased level of radiation-
induced autophagy was responsible for radioresis-
tance in pancreatic cancer [40]. So we assumed
potential relation between autophagy and FePt/GO
NSs. MDC staining was widely reported to label
autophagic vacuoles in vitro. Green fluorescence
increased in FePt/GO NSs or IR group alone, while
combined group showed remarkable elevation (Fig.
5A-B). The formation of autophagosome involves
complex multistep process which is coordinated by
some key proteins, such as Beclinl and LC3. At the
beginning of autophagy, Beclinl acts as a platform to
recruit other proteins which are needed for
autophagosome formation. Then, LC3-I transforms
into LC3-1I by conjugating with lipid phosphatidyl-
ethanolamine and subsequently incorporates into the
double membranes of autophagosome. The increase
of Beclinl and LC3-II (Fig. 5C) indicated the formation
of autophagosome. The protein p62 interacts directly
to LC3 and forms proteins aggregates which is
selectively degraded by autophagy [41]. SINPs was
reported to upregulate p62 by inhibiting the
degradation of autophagosome [42]. Our results
showed smooth autophagy flux without any
blockage, which was consistent with TEM observation
(Fig. 5E). The vivo study also suggested FePt/GO NSs
exerted synergistic effects with radiation without
obvious toxicity (Fig. 6D-E).

Conclusions

In this study, we reported the synthesis and
characterization of FePt/GO NSs. With good safety, it
selectively inhibited the proliferation of NSCLC in
vitro and in vivo, increased the ROS production in a
dose dependant manner, improved the radiosensiti-
vity of lung cancer cells, and induced apoptosis when
combined with X-ray. Meanwhile, we detected
autophagy induced by FePt/GO NSs, which might
contribute to its radiosensitizing effect.
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