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ABSTRACT

Normal levels of oxygen free radicals play an important role in cellular signal
transduction, redox homeostasis, regulatory pathways, and metabolic pro-
cesses. However, radiolysis of water induced by high-energy radiation can
produce excessive amounts of exogenous oxygen free radicals, which cause
severe oxidative damages to all cellular components, disrupt cellular structures
and signaling pathways, and eventually lead to death. Herein, we show that
hybrid nanoshields based on single-layer graphene encapsulating metal
nanoparticles exhibit high catalytic activity in scavenging oxygen superoxide
(‘07), hydroxyl (‘OH), and hydroperoxyl (HO,) free radicals via electron
transfer between the single-layer graphene and the metal core, thus achieving
biocatalytic scavenging both in vitro and in vivo. The levels of the superoxide
enzyme, DNA, and reactive oxygen species measured in vivo clearly show that
the nanoshields can efficiently eliminate harmful oxygen free radicals at the
cellular level, both in organs and circulating blood. Moreover, the nanoshields
lead to an increase in the overall survival rate of gamma ray-irradiated mice to
up to 90%, showing the great potential of these systems as protective agents
against ionizing radiation.
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1 Introduction

Ionizing radiation plays an important role in medical
diagnosis and therapy. However, in addition to its
obvious benefits, it also presents potential health
risks [1, 2]. High-energy ionizing radiation (X- and
gamma-rays) used in radiotherapy not only kills
cancer cells, reduces tumor malignancies, and relieves
cancer symptoms, but also inevitably causes severe
damages to healthy tissues and organs [3,4]. The
high-energy radiation induces ionization of water
through radiolysis and generates excessive levels of
exogenous reactive oxygen species (ROS), such as
superoxide (-O3) and hydroxyl (-OH) radicals, through
photoelectric, Compton scattering, and Auger effects
[5]. Excessive ROS levels damage all cellular components,
from nucleic acid and lipids to proteins, and lead to
DNA double-strand breaks, oxidative stress, as well
as adverse chemical and biological events at the
molecular and cellular level, eventually causing
malfunction [6-8], and failure of the entire biosystem
[9]. Radioprotective agents provide a feasible solution
to minimize adverse effects and improve the efficacy
of radiotherapy [10-17], and especially of high-dose
treatments. Amifostine (Ethyol®) and 3,3’-diindolyl-
methane (DIM) have been employed as clinical adjuvants
to protect healthy tissues by removing radiation-
induced free radicals, but their short blood elimination
half-life (< 10 min) largely hinders a sustained sca-
venging activity against oxygen free radicals [11].
Previous studies showed that CeO, nanoparticles with
high vacancy contents can prolong the circulation time
of the radioprotective agents and improve the overall
survival rate of mice [17, 18]. However, these organic
and inorganic radioprotective agents usually result in
suboptimal survival rates of irradiated mice. Radiation
protection essentially involves biocatalytic processes
to scavenge ROS at single-molecular, cellular, and
whole-body levels [19, 20]. Therefore, it is highly
desirable to design a new family of materials with
high catalytic activity in the elimination of free radicals,
which could be employed as adjuvants to increase
survival rates in radio- and/or chemotherapy.

It has been previously demonstrated that grap-
hene-encapsulated metal nanohybrids possess out-
standing catalytic activity towards the oxygen reduction
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reaction (ORR) and oxygen evolution reaction (OER)
processes, enabling the conversion of adsorbed OH
and O species to H,O and O, [21-25], and providing
a route to scavenge oxygen free radicals. Herein, we
prepared a family of highly active single-layer
graphene-encapsulated metal nanohybrids (M@Cs)
to study their in vivo biocatalytic activity and
radioprotective effects, as well as the underlying
mechanism of their activity against free radicals.
Electrochemical characterizations and density fun-
ctional theory (DFT) calculations, used to model the
scavenging of oxygen free radicals, highlighted the
extraordinary electrocatalytic activity of the M@Cs in
the reduction of oxygen, hydrogen peroxide, and
ozone, via a unique electronic transfer mechanism
between the one atom-thick graphene layer and the
metal core. The as-prepared hybrid nanoshields,
consisting of graphene-encapsulated metal nanoparticles
(NPs), can effectively eliminate free radicals from
major organs through reduction reactions. In addition,
superoxide dismutase (SOD), an important indicator
of the antioxidant capacity in almost all living cells
exposed to oxygen, significantly recovered back to the
initial normal level, highlighting the repair capabilities
of the nanoshields against radiation-induced damages.
As a result, graphene-encapsulated Fe and CoNi
nanoshields (Fe@C and CoNi@C) improved the
surviving rate of mice exposed to high-energy
radiation (662 keV) to values as high as 90% and 80%,
respectively. These rates are higher than those
achieved with all other available radioprotectants,
including the clinically effective amifostine (Ethyol®).
The systematic in vivo pharmacokinetic and toxicological
profiles of Fe@C and CoNi@C did not reveal any
appreciable toxicological effects for more than 30
days post-injection.

2 Results and discussion

M@Cs were synthesized according to the procedure
reported in our previous work [22]. High-resolution
transmission electron microscopy (HRTEM) was
employed to inspect the morphology of the M@Cs.
As shown in Fig. 1(a), metal NPs of 6-10nm are
uniformly distributed on interconnected carbon nanotubes.
Further analysis (Figs. 1(b) and 1(c)) indicates that
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the metal NP cores were completely encapsulated by
a graphene layer of approximately 3.4 A. A d spacing
of 2.0 and 2.1 A was measured for Fe@C and CoNi@C,
respectively, in good agreement with the (110) and
(111) interplanar distances of the metallic Fe and
CoN:i alloy, respectively.

A conventional three-electrode electrochemical cell
was used to evaluate the electrocatalytic activities of
Mea@Cs in the reduction of oxygen, hydrogen peroxide,
and ozone, which involve the conversion of -OH,
HO,, and O, species. As shown in Fig. 1(d), rotating
disk electrode (RDE) measurements showed strong
ORR performances for all M@Cs, with Fe@C and
CoNi@C exhibiting the highest catalytic activities.
The best catalytic performance for the H,O, reduction
was observed for FeNi@C, followed by Fe@C (Fig. 1(e)).
Also Fe@C exhibited the highest catalytic activity in
the O;reduction (Fig. 1(f)). The cyclic voltammograms
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(CVs) of Fe@C and CoNi@C (Figs. 1(g)-1(i)) show a
sharp increase in reduction current density in the
presence of O,, H,O,, and O; as the potential scan is
shifted to values lower than 0.6 V. However, only a
negligible reduction current density was observed for
an unmodified glassy carbon electrode (GCE),
highlighting the extraordinary catalytic activity of Fe@C
and CoNi@C toward the above reduction reactions. In
addition, the reduction activity of graphite and
graphene nanosheets was also evaluated (Figs. S1
and S2 in the Electronic Supplementary Material,
ESM), and found to be significantly lower than that
of the M@Cs. The high catalytic activity of the M@Cs
in the reduction of O, H,O, and O; results in the
efficient conversion of oxygen free radicals to O, and
H,O. The catalytic processes were simulated using
density functional theory (DFT) calculations, as
discussed below.
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Figure 1 Morphological and electrochemical characterization of M@Cs. (a) TEM image of Fe@C, showing metal NPs distributed
within the carbon nanotube network. (b) and (c) HRTEM images of Fe@C and CoNi@C, with lattice spacings outlined. The insets
display schematic illustrations the structure of Fe@C and CoNi@C. (d)—(f) Linear sweep voltammetry (LSV) plots of GCE modified
with M@Cs in O,-saturated (d), 10.0 mM H,0, (e), and Os-saturated 0.1 M phosphate-buffered saline (PBS) at pH 7.4 (f). Scan rate: 5 mV-s .
(g)—(i) CVs of unmodified GCE (blank) and GCE modified with Fe@C and CoNi@C in Ar-saturated, O,-saturated, Ar-saturated 10.0 mM
H,0, solution, and O5-saturated 0.1 M PBS at pH 7.4. Scan rate: 50 mV-s ™.
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The reduction of oxygen free radicals on the surface
of the M@Cs was investigated by quantum chemical
calculations of metal clusters bonded to single-layer
graphene (Fig.2(a)). Following adsorption of -OH
radicals onto the graphene layer, the adsorbed *OH
species combine with a proton to form H,O (Process
1). Surface-adsorbed -O; radicals desorb in the form
of O, by transferring an electron to the surface
(Process 2). This mechanism applies to FeNi@C and
CoNi@C, as O, tends to desorb in these cases (see
Table S1 in the ESM). While O, preferentially adsorbs
on the surface of Fe@C, Co@C, and FeCo@C, the
adsorbed *O, is reduced to H,O via the ORR process
‘OOH and -O radicals adsorb on the
surface and form *OOH and *O, respectively, both of

(Process 3).

which are then converted to H,O (Process 3).

The primary step of the ORR on the surface of
carbon-based catalysts is generally considered to be
an associative process [26], involving O, as initial
state, *OOH, *O, and *OH as intermediate states, and
H,O as final state. The binding energy of the *OH
(AEon) and *O (AEo) species is a good descriptor of
the ORR activity. A good catalyst must have medium
AEs and AEgy values (not too high or too low) to
balance the reaction barriers in the adsorption and
desorption steps [27, 28]. The ORR activity is plotted
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as a function of AE; and AEoy in Fig. 2(b). The
theoretical derivation of ORR activities of the catalysts
synthesized in this work (white dots) are close to the
theoretical maximum values (red regions), where
Fe@C and CoNi@C have higher activities than other
structures. Since the rate-determining steps of the ORR
process are generally considered to be the formation
of *OOH (O, > *O0H) and H,O (*OH - H,0) [27], the
reduction reactions of the radicals (Processes 1 and 3)
can be described by the same ORR processes. The
quantum chemical calculations provide atomic-level
insights into the scavenging processes.

The superior electrocatalytic activities of the
present systems inspired us to further investigate
their in vitro and in vivo biocatalytic performances
and radioprotective effects. We evaluated the in vitro
cellular toxicities of Fe@C and CoNi@C (Figs. S3(a)
and S3(b) in the ESM), and no statistically significant
toxicity was detected after 24 and 48 h of incubation,
proving the low toxicities of these systems, consistent
with previous work [29-32]. The SOD and glutathione
(GSH) levels were tested on two cell lines, Chinese
hamster ovary (CHO)-K1 and H460, with or without
treatment with M@Cs. The results in Figs. S4(a) and
S4(b) in the ESM indicate that both cell lines showed
no statistical differences between control and M@Cs
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Figure 2 (a) Scavenging of oxygen free radicals on the surface of M@Cs simulated by DFT calculations. Process 1: -‘OH conversion
to H,O. Process 2: -O, conversion to O,. Process 3: ‘O, conversion to H,O. Green arrows denote adsorption or reactive steps, and red
arrows indicate desorption steps. C, O, and H atoms are represented as grey, red, and white spheres, respectively, whereas yellow, blue,
and green spheres represent metal atoms. (b) Plots of oxygen reduction activities vs. *O and *OH binding energies. Red to blue colors
mark oxgen reduction activities changing from high to low. The corresponding positions located by AEy and AEqy values of M@Cs (Fe,
Co, Ni, and alloys) are plotted as white dots. Black dots denote data obtained from Ref. [26].
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treated groups. The Fe@C and CoNi@C hybrids show
increasing cellular uptake with increasing incubation
time (Fig. S5 in the ESM). To evaluate the scavenging
activities, Figs. 3(a)-3(d) show the intracellular ROS
levels of CHO cells for the control group and for the
groups subjected to irradiation only and to both
irradiation and treatment with Fe@C or CoNi@C. The
control group showed low ROS counts, while irra-
diation resulted in significant intracellular ROS levels.
Pretreatment with Fe@C and CoNi@C achieved significant
cellular recovery and minimized the harmful effects of
the radiation (Fig. 3(i)), suggesting an important role of
the treatments in removing ROS. To quantitatively
determine DNA damages, single-cell gel electrophoresis
was employed to estimate the DNA tail moment
(Figs. 3(e)-3(h)). Radiation induced a distinct tail,
corresponding to significant DNA damages. In contrast,
cells treated with Fe@C and CoNi@C after irradiation

(a) (b)
(e)
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showed insignificant tails and negligible DNA
damages, which confirms that Fe@C and CoNi@C help
in reducing and repairing radiation-induced DNA
damage. The latter damage was analyzed by measuring
the tail DNA and tail moment, which are the two most
common parameters used for this purpose. The percent
of tail DNA is defined as (tail DNA intensity/cell
DNA intensity) x 100, whereas the tail moment is
calculated as tail DNA (%) x tail length. These two
indicators represent the damage intensity, the extent
of DNA migration, and the content of tail DNA.
Quantitative analysis (Figs. 3(j)-3(k)) confirmed that
irradiated CHO cells treated with Fe@C and CoNi@C
presented a tail moment of 0.58-0.65, significantly
lower than the value of 1.46 measured after radiation
exposure.

The in vitro protection against ionizing radiation
provided by Fe@C and CoNi@C was further investigated
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Figure 3 In vitro radioprotective characterization of M@Cs. (a)—(d) Fluorescence microscopy images showing ROS levels in CHO
cells without irradiation, with 3 Gy gamma irradiation, and with Fe@C and CoNi@C treatments before irradiation. The cellular ROS
levels are much higher in the cells exposed to radiation compared with the other groups, demonstrating the excellent radioprotective
effects of the treatments, achieved by scavenging excess ROS. The corresponding quantitative data are presented in panel (i). Significant
differences were found between the group exposed to radiation alone and the groups exposed to radiation and pretreated with Fe@C and
CoNi@C (* indicates p < 0.01). (e)~(h) Comet assay showing significant tail moment values only in the group exposed to radiation,
while the cells in the other groups exhibited normal morphologies. The quantification of tail DNA percentage and tail moment (j) and (k)
revealed a significant reduction in radiation-induced DNA damages in the groups treated with Fe@C and CoNi@C (* indicates p < 0.01).
(1) Survival rates of CHO cells after exposure to 3 Gy gamma radiation. Significant differences were found between cells only exposed to
radiation (~ 48 %) and cells exposed to radiation with the pretreatment of Fe@C and CoNi@C (~ 72 %) (* indicates p < 0.01).
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at the cellular level (Fig. 3(1)). The number of survived
cells following irradiation and treatment with Fe@C
and CoNi@C is close to healthy levels and significantly
higher than that after irradiation, indicating the sign-
ificant radioprotective effects of the treatments. We also
tested the in vitro radiation protection of the M@Cs
using standard colony forming assays (Fig. S6 in the
ESM) [33], with results similar to those of the neutral
red (NR) assay in Figs. 3(1)-3(l). The in vitro radiation
protection of M@Cs on cancer cells (Hela and H460)
was also assessed (Fig. S7 in the ESM), and the results
show that healthy cells (CHO) are more sensitive to
Fe@C and CoNi@C treatments than the Hela and
H460 cancer cells. These findings clearly highlight
the cellular selectivity of the M@Cs, which is based
on the different DNA structure of healthy and cancer
cells [13], and may be beneficial for the radioprotective
effects of these systems.

Nano Res. 2018, 11(5): 2821-2835

The in vivo radiation shielding effects of the M@Cs
(M = Fe, Ni, Co, FeCo, FeNi, and CoNi) nanohybrids
was tested on C57BL/6 mice over 30 days (Fig. 4(a)
and Figs. S8(a) and S8(b) in the ESM). All M@Cs
showed significant protection against gamma rays,
and their corresponding survival rates showed a
positive correlation with the electrocatalytic perform-
ance. Healthy mice presented a survival rate of 100%,
whereas the survival rate of irradiated mice sharply
decreased to 10%. Irradiated mice treated with
amifostine showed 80% survival rate. In contrast,
irradiated mice treated with Fe@C and CoNi@C
showed highest survival rates of 90% and 80%,
respectively, consistent with the electrocatalytic and
DFT results, demonstrating the excellent systemic
protection of the nanoshields against radiation.
Notably, graphene nanosheets and graphite yielded
survival rates of only ~ 10% (Fig. S8(b) in the ESM),
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Figure 4 In vivo radioprotective characterization of M@Cs. (a) Survival rates of healthy mice, irradiated mice, and mice irradiated
pretreated with amifostine, Fe@C, and CoNi@C. During the observation period of 30 days, the survival rates of mice in control,
irradiated only, Fe@C-treated, and CoNi@C-treated groups were 100%, 10%, 90%, and 80% respectively. (b) Total DNA of bone
marrow after 1, 8, and 14 days for control, irradiated only, Fe@C-, and CoNi@C-treated groups, showing the recovery process after
irradiation. The amount of total DNA in mice treated with Fe@C and CoNi@C showed a significant increase compared to that in
irradiated-only mice (p < 0.05) after 1 and 14 days. (c) Cell apoptosis determined by measuring red apoptotic fluorescence signals (h)—(k) in
intestine tissue sections after 13 Gy abdominal irradiation. (d)—(g) Oxidative stress and antioxidant defense levels measured 1, 8, and 14
days after irradiation. The SOD levels in liver and lung increased dramatically after treatment compared to the levels after irradiation
(p <0.05), while lower MDA levels were measured after treatment with Fe@C and CoNi@C compared to the levels after irradiation,

demonstrating the efficient radiation shielding of Fe@C and CoNi@C.

@ TSINGHUA @ Springer | www.editorialmanager.com/nare/default.asp

UNIVERSITY PRESS



Nano Res. 2018, 11(5): 28212835

confirming that the protection effects of the present
systems originate from their intrinsic catalytic activities,
rather than from graphene itself. Similar trends were
observed for the body weight after 7.5 Gy radiation
(Fig. S8(a) in the ESM). The total DNA in bone marrow
and the number of bone marrow nucleated cells
(BMNCs), which represent two common indicators
used for the evaluation of radiation damages, showed
a significant decrease after radiation, but recovered
nearly healthy levels upon treatment with Fe@C or
CoNi@C (Fig. 4(b) and Fig. S9 in the ESM). This effect
was attributed to the repair of radiation damages
achieved by ROS scavenging [34-36]. Vital hematological
and biochemical indicators (Figs. S10(a) and S10(b) in the
ESM) drastically decreased after irradiation, but
gradually returned to healthy levels through the
treatments [34-36].

To probe ROS accumulation in the organs, the SOD
and 3,4-methylenedioxyamphetamine (MDA) levels
in liver and lungs were measured 1, 8, and 14 days
after Fe@C and CoNi@C treatments (Figs. 4(d)-4(g)).
The SOD levels significantly dropped after irradiation,
indicating radiation-induced ROS accumulation in
liver and lungs. After treatments with Fe@C and
CoNi@C, the SOD levels increased by an appreciable
amount. Similar trends were observed for MDA in
liver and lungs. Ex vivo intestinal tissue staining
revealed high cell apoptotic levels in irradiated mice,
with massive ROS production (Figs. 4(h)—4(k)). Such
apoptosis could be efficiently limited by Fe@C and
CoNi@C treatments, which led to sufficient recovery
from radiation damage (Fig. 4(c)). Chromosome
aberration and formation of micronuclei in irradiated
cells were also largely prevented by Fe@C and
CoNi@C treatments (Fig. S11 in the ESM). No
significant systemic toxicities in mice were found up
to 30 days (Figs. S12-517 in the ESM), consistent with
previous acute and chronic toxicological
investigations [30, 37-39]. It is worth noting that
Fe@C and CoNi@C show high liver uptake in Fig. 512
in the ESM, due to their large particle size and
surface chemistry, which is not optimized [40].
Particles with hydrodynamic diameter smaller than
5.5 nm can be excreted via the kidneys, thus avoiding
potential accumulation-induced toxicity [41]. This
highlights the need of further work to design highly
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catalytic ultra-small clusters [42—44] or small molecules
[45, 46] with rapid renal clearance, which can further
improve the biocompatibility and pharmacokinetics
of these systems, of great importance for their clinical
applications. Moreover, the integration of electrocatalytic
processes and rational material design could represent
a universal strategy for developing other biomaterials
besides radioprotectants, such as antioxidants and
antiaging [47-49], radiotherapy [43, 50-53], and chem-
otherapy [54, 55] agents.

3 Conclusions

In summary, we synthesized highly active Fe@C and
CoNi@C radioprotective nanomaterials and investigated
the corresponding biocatalytic and radiation protection
processes in vitro and in vivo. Electrochemical chara-
cterizations and DFT calculations showed that the
M@C nanomaterials have strong catalytic activity
toward O,, H,O,, and O; and can efficiently convert
oxygen free radicals (-OH, -O3 and HOz') into Oz and
H:O, further confirmed by irradiation experiments
on mice. The synthesized nanoshields can considerably
reduce the amount of radiation-induced oxygen free
radicals in cells and prevent DNA damage. In vivo
radiation protection experiments showed a considerable
improvement in the survival rate of irradiated mice,
which increased to 90%. Evaluation of SOD and
MDA levels showed that the present nanomaterials
lead to increased SOD levels and decrease the
harmful MDA content via scavenging of oxygen free
radicals. Long-term monitoring showed that the
present highly catalytically active nanoshields can
repair radiation damage in the peripheral blood system
while exhibiting minimal toxicities over 30 days.

4 Experimental
4.1 Materials synthesis

M@Cs samples were prepared according to the
procedure described in our previous work [22]. In a
typical experiment, first, 3.6 mmol of metal-containing
precursors, i.e., Fe(NO;);9H,O or a 1:1 (molar ratio)
mixture of Co(NQO;),-6H,0O and Ni(NO;),-6H,0, was
filled into the channels of SBA-15 (1.0 g) by an

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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impregnation method. Then, the catalysts were placed
into a chemical vapor deposition (CVD) furnace and
the temperature was programmed to increase from
30 to 700 °C under a H, atmosphere, followed by
bubbling CH;CN at 700 °C. Finally, the samples were
treated in a 4% HF aqueous solution at room temperature
for 8 h, washed in distilled water and ethanol, and
dried in an oven at 100 °C for 12 h. The samples
obtained from Fe(NO;);9H,O0 or Co(NO;),6H,0/
Ni(NO;),:6H;O precursors were denoted as Fe@C and
CoNi@C, respectively. The other M@Cs samples were
prepared in the same way and denoted as Co@C,
Ni@C, FeCo@C, and FeNi@C, according to the types
of metal precursors employed.

4.2 Materials characterization

HRTEM was conducted on FEI Tecnai F30 and F20
microscopes operated at an accelerating voltage of
300 and 200 kV, respectively.

4.3 Electrochemical measurements

Electrochemical measurements were performed on a
Princeton Applied Research potentiostat/galvanostat
in a three-electrode electrochemical cell equipped with
a gas flow controlling system. A commercial GCE (5
mm diameter, 0.196 cm? geometric surface area)
modified with the sample and Nafion ionomer binder,
a Pt wire, and a saturated calomel electrode (SCE) were
used as the working, counter, and reference electrodes,
respectively. Typically, 5mg catalyst was ultrasonically
dispersed in 2 mL ethanol with 50 uL Nafion solution
(5 wt.%, Du Pont) to form a homogeneous ink. Then,
25 uL of the ink was added dropwise and uniformly
onto the surface of the GCE using a micropipette and
dried at room temperature. The final loading amount for
all catalysts on the working electrode was 0.32 mg-cm=.
The electrocatalytic activities were evaluated by RDE
measurements with a rotating speed of 2,500 rpm at
25 °C and a scan rate of 5mV-s™. The CV curves of
the samples were obtained in the presence of Ar, O,,
10.0 mM H,0,, and O; at the scan rate of 50 mV-s™.

44 Computational details

The Vienna ab-initio simulation package (VASP) was

Nano Res. 2018, 11(5): 2821-2835

used for the quantum chemical calculations, using
the projector-augmented wave (PAW) method [56,
57]. All quantum chemical calculations were based
on the generalized gradient approximation method
and the Perdew-Burke-Ernzerhof (PBE) functional
for the exchange-correlation energy [58]. Structural
optimizations were performed with a cut-off energy
of 400 eV and a (2 x 2 x 1) Monkhorst-Pack k-point
grid was used to sample the Brillouin zone [59]. All
structures were fully relaxed and spin polarization
was included in all calculations. The convergence of
energy and forces were set to 1 x 10°eV and 0.05
eV-A7, respectively.

Owing to the small curvature of the graphene
layers in all experimental samples, the graphene-en-
capsulated metallic nanoparticles were modeled as
flat single-layer graphene with attached metal clusters
(Fe, Co, and Ni metal atoms and their alloys), as
shown in Fig. 2. A unit cell of (12.8 x 12.3) A and a
vacuum space of ~ 20 A were used. The binding
energies of the reactive species adsorbed on the
cluster surface were calculated as AE,4= Eotal — Esurface —
y, where E, represents the total energy of the
surface with the adsorbed species, Egyyace is the total
energy of the catalyst surface alone, and u is the
chemical potential of the adsorbed species.

4.5 Cellular toxicity

CHO cells were employed for all in vitro investigations.
A total of 4 x 10° cells in Dulbecco's modified Eagle
medium (DMEM) (10% FBS) were seeded in a 96-well
plate. After incubation for 24 h to reach sufficient
confluence, the cells were treated with Fe@C and
CoNi@C (at doses of 0.3, 1, 3, 9, and 27 ug-mL™) in
DMEM and in fresh medium for the control group.
The toxicity was analyzed by NR assay after incubation
for 24 and 48 h. Briefly, after discarding the old
medium and adding 100 pL neutral red solution (4 mg
NR dye, 1 mL H,O, 79 mL DMEM) into each well, the
96-well plates were placed back in the cell incubator
(37 °C, 5% CQO,) for 3 h. Then, the neutral red solution
was removed, and each well was washed three times
with PBS. A 150 pL volume of neutral red desorbing
solution (glacial acid solution: ethanol:H,O = 1:50:49)
was added into each well and shaken for 10 min to
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dissolve the NR inside the cells. The absorption at
540 nm was then recorded.

4.6 Cellular SOD and GSH levels

CHO-K1 and H460 cells were plated into six-well
plates with 3 x 10° cells per well. Approximately 24 h
later, two doses of Fe@C and CoNi@C solution (1 and
10 pg-mL™) were added into the wells and the plates
were incubated for another 48 h. The cells were then
washed with PBS and collected, prior to SOD and
GSH testing. For the SOD assay, cells were homo-
genized using an ultrasonic processor operating at
100 W for 3s each time, with 2s intervals. The
samples were then centrifuged at 6,000 rpm and 4 °C
for 8 min, and the supernatants collected. The SOD
levels were tested using a total superoxide dismutase
assay kit with nitroblue tetrazolium (NBT) (50109,
Beyotime). Generally, 20 uL. supernatant was added
into a 1.5 mL Eppendorf (EP) tube, while 20 and
40 uL phosphate buffers were used as control 1 and
control 2, respectively. A xanthine oxidase working
solution (xanthine oxidase:NBT:PBS = 1:1:158) was
added to each tube (160 uL). After thorough vortexing,
20 pL xanthine was added into each tube except
control 2. All tubes were maintained at 37 °C and kept
incubating for 30 min. Then, the complex solution was
transferred into 96-well plates and analyzed using a
microplate reader at 560 nm. The SOD activity was

Asample)/(Acontrol 1~ Acontrol 2)] x
100% ("A" stands for optical absorbance value).

calculated as [(Acontrol1 —

For the GSH assay, after collecting cells by centri-
fugation, protein removal reagent M was added in an
amount corresponding to three times the weight of
the cell sediments. All cell samples were rapidly frozen
by liquid nitrogen and thawed in a 37 °C water bath,
and the process was repeated twice. The cell samples
were placed in ice for 5 min and then centrifuged at
8,000 rpm for 10 min; the supernatants were collected
for GSH testing in 96-well plates. Ten microliters of
supernatant was added into a 96-well plate (using
10 uL protein removal reagent M as control), followed
by the addition of 150 uL of GSH-testing working
solution (6.6 uL glutathione reductase, 6.6 uL 5,5'-
Dithiobis-(2-nitrobenzoic acid) (DTNB), 137 pL phosphate
buffer). The samples were maintained at room
temperature (25 °C) after sufficient vortexing. Then,
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0.5 mg-mL™ nicotinamide adenine dinucleotide phosphate
(NADPH) solution was rapidly added into each well
with thorough mixing. The system was allowed to
react for 25min and then tested by a microplate
reader at 412 nm. The amount of GSH in the samples
was quantified by a standard curve obtained using
glutathione disulfide (GSSG, 10, 5, 2, 1, and 0.5 uM).

4.7 Cellular localization and uptake

CHO-K1 cells were seeded in six-well plates (~ 10°
cells per well) and incubated at 37 °C with 5% CO, for
24 h. Fe@C and CoNi@C nanoparticles were dissolved
in ethanol as stock solution and kept in an ultrasound
bath for 30 min. The concentration of all stock solutions
was 4 mg-mL™. Then, the solution was diluted with
DMEM (10% FBS) to reach the final dose of 30 ug-mL™.
After cell adherence, Fe@C and CoNi@C solutions
(30 pg-mL™) were placed into six-well plates 33, 25,
10, and 5 h before microscopic examination. All wells
were washed with PBS three times. Bright field
images were captured using an AMG microscope.
Approximately 4 x 10° cells were grown in 96-well
plates and incubated for 24 h, with six duplicates for
each group. Fe@C and CoNi@C (30 ug-mL™) solutions
were added into the wells 33, 30, 25, 22, 10, and 5h
before measuring the optical density (OD) values at
490 nm on a microplate reader, including six blank
wells (without cells or culture media) as the initial
amount. After incubation, all cell-seeded wells were
washed with PBS to remove the residual unbound
Fe@C and CoNi@C nanoparticles. The amount of
uptake was calculated as the ratio between the OD
value of M@C-treated wells and the average OD
value of wells only containing M@Cs.

4.8 Colony assay

Three cell lines (CHO-K1, Hela, and H460) were
seeded in six-well plates with 800 cells per well and
incubated for 24 h. Fe@C and CoNi@C solutions
(1 ugmL™) were added 30 min before irradiation
with 0, 2, 4, 6, and 8 Gy gamma rays. The cells were
cultured for about 10days and then fixed with
methanol. Colony units were identified by Giemsa
staining, and those with > 50 cells were classified as
survivors. The surviving fraction was calculated as
the ratio between the plating efficiency of the treated
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groups and that of the control groups. The obtained
results were fitted to a single-hit, multitarget model.

4.9 Cell survival

A total of 3 x 10° cells were seeded into 96-well plates,
and after reaching confluence, they were treated with
Fe@C and CoNi@C (at a concentration of 1 ug-mL™)
or fresh medium, 30 min before irradiation. Then, the
cells were exposed to 3 Gy gamma radiation and
further incubated for 48 h. Living cells were determined
by NR assay, as described above. Hela and H460 cells
were grown in 96-well plates with 4 x 10° cells per
well. After 24 h incubation, the cells were treated
with 0.3 pug-mL™ Fe@C and CoNi@C solutions. After
30 min of incubation, the cells were exposed to 4 Gy
gamma radiation, and then kept in the incubator for
48 h. Cell survival was measured by NR assay, as
discussed above.

410 Intracellular ROS measurements

Six-well plates were seeded with 1 x 10* cells per well.
After 24 h, the cells were treated with Fe@C and
CoNi@C (0.3 pg-mL™) for 30 min before exposure to
3 Gy gamma radiation, and cultured for another 24 h.
After removing the medium, 1 mL of 5 uM 2,7-dich-
lorodihydrofluorescein diacetate (DCFH-DA) was
incubated for 20 min, followed by washing with PBS
three times. The cells were then collected and the
fluorescence intensity was measured by a BD (Becton,
Dickinson) flow cytometer with an excitation wavelength
of 488 nm and a wide-field fluorescence microscope
(EVOS, AMG, USA).

411 Comet assay

Agarose (0.8%, 500 pL) was spread homogeneously
on glass slides. The slides were allowed to solidify at
4 °C for 5min, and 3 x 10* cells in 30 uL PBS were
mixed with 70 pL low-melting point agarose (0.6%).
Twenty microliters of the mixture was uniformly
spread over the slides, which were then placed into
cold fresh lysis buffer (2.5 mol-L NaCl, 100 mmol-L™!
Na,EDTA, 10 mmol-L' Tris-HCl, 10% DMSO, 1%
Triton X-100) for 2.5h and transferred into a horizontal
gel electrophoresis unit (20 cm x 25 cm) filled with
chilled electrophoresis buffer (1 mmol-L™ Na,EDTA,
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300 mmol-L* NaOH, pH 7.5) for 30 min. The electro-
phoresis voltage was set to 30V for 20 min. The
slides were neutralized with Tris-HCl (0.06 g-mL,
pH 7.5) and stained with ethidium bromide (2 pg-mL™)
for 1 min. The tail DNA and tail moment analyses
were performed using 100 cells per group. About 20
images were taken for each group, and those showing a
uniform cell distribution were selected for DNA
damage evaluation. Outliers were excluded to ensure
that the total number of cells in each group was 100.
DNA damage was evaluated with the Comet Assay
Software Project (CASP), which was used for the
quantification of tail moment and total tail DNA.

412 Immunofluorescence assay

C57BL/6 mice were divided into four groups of six
and then treated with distilled water, radiation, and
Fe@C and CoNi@C at a dose of 2 mg'-mL™" (0.2 mL)
before irradiation. The mice were injected with chloral
hydrate (3.5%), in doses calculated as 1% of the body
weight. After total anesthesia, the mice were laid flat
and exposed to 13 Gy abdominal radiation with a
dose rate of 0.98 Gy'min'. Small intestines were
collected after 6 h of irradiation and fixed in 10%
neutral buffered formalin for 48 h. The intestines
were then embedded in paraffin and sectioned into
slices on glass slides. All slides were dried at 37 °C for
1h to completely remove water and washed in
dimethylbenzene twice (15 min each time) to remove
the paraffin. Subsequently, the slides were immersed
in sequence in 100%, 90%, and 70% ethanol for 10 min.
Afterward, the slides were further washed with distilled
water for 5min. A TdT-mediated dUTP Nick-End
Labeling (TUNEL) kit (Beyotime, C1090) was employed
to analyze the apoptosis of intestine cells after
irradiation. The slides were incubated with Proteinase
K (20 pg-mL™) at 37 °C for 15 min and then washed
with PBS three times. A TUNEL testing solution
(Terminal Deoxynucleotidyl Transferase (TdT):Cy3 =
1:24) was added onto the slides and placed at 37 °C
for 60 min. After washing three times with PBS,
6-diamidino-2-phenylindole (DAPI) staining was
used to localize the nuclei. The slides were mounted
with anti-fade mounting medium and analyzed by
fluorescent microscopy at excitation/emission wavelengths
of 340/488 nm for DAPI and 550/570 nm for Cy3.
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Eighteen C57 mice were randomly divided into
three groups: Fe@C-treated, CoNi@C-treated, and
control group. The mice were intravenously injected
with Fe@C and CoNi@C solution (2 mg-mL™) and fed
for 30 days. Livers and lungs were then collected
from each mouse, fixed in 10% formalin for 48 h, and
embedded into paraffin. The tissue slices were
stained using the TUNEL kit mentioned above.

413 Chromosomal aberration assay

Peripheral blood was drawn from healthy human
adults and put in 5 mL EP tubes. The blood samples
were treated with Fe@C and CoNi@C at the final
dose of 0.3 pg-mL™. After 30 min, the blood samples
were exposed to 3 Gy gamma radiation, placed into a
cell incubator at 37 °C supplemented with CO, for 2 h
and then transferred into a chromosome culture
medium. After 51 h of irradiation, demecolcine
(25 pg'mL™) was introduced in the culture medium
at 37 °C for 1 h. Blood cells were collected by centri-
fugation for 5 min at 1,000 rpm. KCl (0.075 M) was
added for 30 min and replaced by 0.5 mL Carnoy’s
fluid (CH,OH:CH;COOH = 3:1). After collecting the
blood cells by centrifugation (1,200 rpm, 8 min), the
supernatant was discarded and 8 mL of Carnoy’s
fluid was added twice (30 min each time) for fixing
the cells. After centrifugation, cells were placed dropwise
onto glass slides, which were then dried at 50 “C and
stained with Giemsa dye. The samples were analyzed
by optical microscopy.

414 Micronucleus assay

Peripheral blood was drawn from healthy human
adults and put in 5 mL EP tubes. The blood samples
were treated with Fe@C and CoNi@C at the final
dose of 0.3 ug'-mL™". After 30 min, the blood samples
were exposed to 3 Gy gamma radiation and placed
for 2h into a cell incubator at 37 °C supplemented
with CO,, and then transferred into chromosome
culture medium. After 72 h, the medium was removed
and 6 mL 0.1 M KCI was added, followed by the
addition of 0.6 mL of Carnoy’s fluid. Lymphocytes
were collected by centrifugation at 1,200 rpm for 8 min.
Carnoy’s fluid (6 mL) was added to fix cells twice, for
30 min each time. The samples were gently spread
over glass slides, dried at room temperature, stained
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with Giemsa dye, and finally analyzed by an optical
microscope.

415 In vivo radiation protection tests

The male C57BL/6 mice used in this study were
approved by the Institutional Animal Care and Use
Committee (IACUC), and handled under protocols
approved by the Institute of Radiation Medicine,
Chinese Academy of Medical Sciences (IRM, CAMS).
The mice were divided into different groups (with 10
animals in each group): besides the control group,
the other groups comprised mice exposed to radiation
after injection of distilled water, amifostine, graphene,
graphite, and M@Cs (M = Fe, Ni, Co, FeCo, FeNj,
CoNi) at a dose of 20 mgkg™ (0.2 mL, 2 mg-mL™). After
a 30 min injection, mice were exposed to 7.5 Gy
whole-body gamma radiation using *’Cs (662 keV,
3600 Ci). The survival rates were monitored on a
daily basis.

416 Hematology and biochemistry panels

Seventy-two C57BL/6 mice were divided into nine
groups: mice exposed to radiation only, and mice
exposed to radiation after treatment with Fe@C or
CoNi@C prior to sacrifice on day 1, 8, and 14. The
mice were treated with distilled water, Fe@C, or
CoNi@C, and then received 7 Gy whole-body radiation.
Mice were sacrificed after 1, 8, and 14 days, and a
saphenous blood collection technique was used to
draw samples of specific blood cells (about 1 mL) and
dilute them from 20 to 1,000 pL. The hematological
parameters were evaluated with a cytometer (Mindray,
2800BC-Vet). The remaining blood samples were
placed at 4 °C overnight and centrifuged at 6,000 rpm
for 5 min to obtain serum for the biochemistry analysis.

417 SOD and MDA levels

Mice were divided into the following groups (with
six mice per group): control, mice exposed to radiation
only, and mice exposed to radiation and then treated
with Fe@C or CoNi@C; each group was further
divided into subgroups corresponding to day 1, 8,
and 14. Mice in the control and radiation-only groups
were administered 200 puL distilled water, whereas
those in the treated groups were injected 200 uL
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Fe@C or CoNi@C solution (2 mg-mL™). With the
exception of the control group, the whole body of
every mouse in the other groups was irradiated with
7 Gy gamma rays. After 1, 8, and 14 days of treatment,
the mice were sacrificed to collect livers and lungs.
The apexes of the livers (about 0.2 g) were cut off and
placed in 10 mL centrifuge tubes, whereas lungs were
harvested as a whole. All organs were immersed in a
saline solution of volume 10 times that of the organ.
Organ samples were homogenized by a tissue
homogenate machine (IKA, T18 Basic) to yield 10%
tissue homogenates, which were placed in ice for 2 h
and centrifuged at 3,500 rpm for 8 min. The resulting

solution was diluted into 1% and 0.25% homogenates.

For measuring the total SOD levels, 1 mL of 7.5 mM
phosphate buffer was added into 5 mL EP tubes and
mixed with 50 uL 0.25% liver or lung homogenates or
50 uL distilled water as control. Hydroxylamine
hydrochloride (0.1 M, 100 pL), xanthine (75mM,
100 uL), and xanthine oxidase (0.037 U-L*, 100 uL)
solutions were added into the samples in that sequence,
fully mixed, and incubated at 37 ‘C for 40 min.

Subsequently, 2 mL nitrite developer (C;pHsN: C{H,NO;S:

CH;COOH = 3:3:2) was added into the system. The
optical absorption at 550 nm was recorded with an
ultraviolet-visible (UV—-vis) spectrophotometer UV-1750,
(Shimadzu, Japan). The MDA analysis was carried out
using tissue homogenates (10%). Identical volumes
(100 uL) of the tested sample, ethanol, and tetraethoxy-
propane (10 nmol-mL™") were individually added into
5 mL EP tubes. Ethanol and tetraethoxypropane were
used as negative and positive controls, respectively.
Tissue lysis solution (100 uL) was added into each 5
mL-EP tube and thoroughly mixed. Trichloroacetic
acid (10%, 3 mL) and thiobarbituric acid (0.6%,
H,O:CH;COOH = 1:1, 1 mL) were added to the
system in that sequence. Then, the tubes were boiled
in 95 °C water for 40 min. All samples were centrifuged
at 3,500-4,000 rpm for 10 min after being cooled
down to room temperature. The 532-nm absorption
of the supernatants was measured by a UV-vis
spectrophotometer.

4.18 Measurement of bone marrow total DNA and
nucleated cells

To measure the bone marrow total DNA, the bilateral
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femurs of each mouse were excised from the body
with connective tissues completely removed. Bone
marrow cells were flushed from the femur with 10 mL
0.005 M calcium chloride solution using a 24-gauge
needle to obtain single cell suspensions. The suspensions
were kept at 4 °C for 30 min and centrifuged at 2,500
rpm for 15 min, with the supernatants discarded. The
sediments were mixed with perchloric acid (5 mL,
0.2 M) and placed in a water bath heated at 90 °C for
15 min. Subsequently, the mixture solutions were
allowed to cool naturally to room temperature and
purified through filters, and the UV absorption at
268 nm of the filtrates was measured with an ultr-
aviolet spectrophotometer. To count the number of
bone marrow nucleated cells, the bone marrow cells
were flushed with 1 mL PBS and filtered through a
200-mesh nylon filter for removing fragments of bone
and tissue, before the cytometric analysis (Mindray,
BC-2800 Vet).

419 In vivo toxicity assay

C57BL/6 mice were divided in a control group and
groups comprising mice treated with Fe@C or CoNi@C
(eight mice for each group) on day 1, 7, and 30. The
mice were injected intraperitoneally with 200 pL
distilled water, Fe@C, or CoNi@C (at a dose of
2 mg:mL™). All mice were weighed every other day.
Immune responses were evaluated by collecting spleens
and thymus on day 1, 7, and 30 and calculating the
organ index as the ratio of organ weight (mg) to body
weight (g). The mice were sacrificed on day 1, 7, and
30 using isoflurane and anesthetic angiocatheter exs-
anguinations. Blood samples were acquired by a
standard saphenous blood collection technique and
part of the drawn blood (20 uL) was placed into
potassium ethylenediaminetetraacetic acid (EDTA)
collection tubes for hematological analysis. The
remaining blood was kept at 4°C overnight and
centrifuged at 6,000 rpm for 5 min to separate serum
for biochemical evaluation. Meanwhile, major organs
(heart, liver, spleen, lung, and kidney) were harvested,
fixed in 10% neutral buffered formalin, processed by
embedding in paraffin, and stained with hematoxylin
and eosin (H&E). The pathology was analyzed using
a digital microscope.
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4.20 Tissue SOD and GSH levels

C57 mice were randomly divided into three groups:
control group, mice treated with Fe@C, and mice
treated with CoNi@C (six mice for each group). The
mice were intravenously injected with Fe@C or
CoNi@C solution at the concentration of 2 mg-mL™
and raised for 30 days. Livers and lungs were collected
from each mouse and homogenized in PBS for the
SOD assay and protein removal reagent M for the
GSH assay, to obtain 10% tissue homogenates. The
remaining procedures were carried out according to
the instructions of the Beyotime testing kits, as
mentioned above.

4.21 Biodistribution

C57BL/6 mice were divided into the following groups
(six animals in each group): control mice and mice
treated with Fe@C or CoNi@C for 1, 7, and 30 days.
The mice were treated with distilled water, Fe@C, or
CoNi@C (2 mg:-mL™, 0.2 mL) and sacrificed on day 1,
7, and 30. The heart, liver, spleen, lung, kidney and
testis of each mouse were collected for inductively
coupled plasma-mass spectrometry (ICP-MS) analyses.
A 0.5 g amount of each organ was weighed and digested
in 6 mL nitric acid in a microwave device (Mars 5,
CEM, Kamp Lintfort, Germany). After condensing
the samples to 1-2 mL in an electric heater, the solution
was transferred into polyethylene terephthalate bottles
with weight adjusted to 50.00 g using 2% nitric acid.
The concentrations of Fe, Co, and Ni were determined
by ICP-MS (Agilent, 7500 CE, Agilent Technologies,
Waldbronn, Germany).

4.22 Statistical analysis

All data obtained in this study are presented as mean +
standard deviation (SD). The independent Student’s
t-test was used for the statistical analysis.
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