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ABSTRACT: Satellite muscle cells play an important role in regeneration of
skeletal muscle. However, they are particularly vulnerable to oxidative stress.
Herein, we address our efforts on the cytoprotective activities of carboxyfuller-
enes with different cage size (Cgy vs C,,) and adduct number on postmitotic
muscle cell (C2C12 cell). The correlation of the structural effect on the
cytoprotective capability of carboxyfullerenes was evaluated. We find that quadri-
malonic acid C,, fullerene (QF,,) exhibits higher capability on protecting cells
from oxidative-induced stress among these tested carboxyfullerenes. The
accumulation of intracellular superoxide dismutase (SOD) is proposed to play
an important role in their diverse antioxidative ability. Moreover, the
pretreatment of QF,, could also obviously enhance the viability of myotubes
originated from oxidative-stressed C2C12 cells, which facilitates the future
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application of carboxyfullerenes in tissue engineering and nanomedicine.
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B INTRODUCTION

Satellite muscle cells play an important role in regeneration of
skeletal muscle." It can be released and activated to become
myoblast, which eventually differentiate into myotube and
mature muscle fiber.” However, these cells are particularly
vulnerable to oxidative stress, which will affect the differ-
entiation capability and morphological normality.> The excess
oxidative stress not only is harmful to muscle cells but also can
induce muscle related diseases such as muscle disorders, muscle
aging, and muscle wasting.*~” It is therefore significant to seek
an effective cytoprotective agent to counteract the detrimental
effects of oxidative stress on satellite muscle cells.

Regulation of cell oxidant—antioxidant balance by nanoma-
terials has shown great potential for antioxidant therapies. It has
been well established that the fullerene and its derivatives
possess biological significance as free radical scavengers or
antioxidants due to the unique cage-like 7-system.®”'
Especially, carboxyfullerene as one of the most popular reactive
oxygen species (ROS) scavengers has been widely investigated
both in vitro and in vivo,"” ™" for its desirable water solubility,
simple preparation, good biocompatibility, and more impor-
tantly, the controllable molecular structure.*

However, current knowledge is still restricted to particular
aspects of fullerenes’ capability to reduce oxidative stress on
mitotic cells. In contrast, the investigation of carboxyfullerenes
as cytoprotective agent on postmitotic muscle cells (e.g,
satellite muscle cells) is less studied. As those cells are
responsible for the physiological cell turnover and tissue repair,
it is important to maintain their antioxidant microenvironment
which is fundamental to cell differentiation.*"
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The present study aims to optimize carboxyfullerenes with
different cage size (Cg vs C,) and addition pattern to correlate
with the structural effect and the cytoprotective capability of
carboxyfullerenes on postmitotic C2C12 cells. We find that
quadri-malonic acid C,, fullerene (QF,) exhibits higher
cytoprotective capability against H,O,-induced oxidative stress
among these tested carboxyfullerenes, and as a result, it could
obviously enhance the cell viability of differentiated cells
(myotubes) originated from H,O,-stressed C2C12 cells. Our
result also reveals that the accumulation of intracellular
superoxide dismutase (SOD) plays an important role in the
diverse cytoprotective ability. Moreover, QF,, does not alter
the myogenic differentiation, suggesting a rationale for their
application in tissue engineering and nanomedicine.

B EXPERIMENTAL METHODS

Preparation and Characterization of Six Carboxyfullerenes.
Carboxyfullerenes were prepared according to the methods previously
reported.ZZ’23 Briefly, Cgy or C fullerene was converted into fullerene
malonic ester following the treatment with diethyl bromomalonate
(Sigma-Aldrich) and 1,8-diazobicyclo[$,4,0Jundec-7-ene (Alfa-Aesar)
in dry toluene under nitrogen. The malonate derivatives of fullerenes
with two to four additional groups could be separated by silica gel
column chromatography. Matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectra (AXIMA Assurance)
verified the product with different ester groups on the fullerene
cage. Hydrolysis of the purified products with NaH in CH;OH led to
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the formation of the corresponding acids, as confirmed by Fourier
transform infrared spectroscopy (FTIR, iN10 MX IR, Nicolet). The
particle size distributions in DMEM culture medium were ranging
from 150 to 200 nm, as confirmed in a previous report.”®

Cell Culture and the Treatment of Carboxyfullerenes. C2C12
cells obtained from Shanghai cell bank (type culture collection
committee, Chinese Academy of Sciences) were cultured with
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, USA)
supplemented with 10% fetal bovine serum (Hyclone Company, South
Logan, UT), penicillin (100 pg/mL), and streptomycin (100 zg/mL)
(Gibco, Grand Island, N. Y. USA) in 5% CO, at 37 °C in a humidified
incubator.

Cells were cultured in 96-well plates for 24 h and then treated as
follows. To evaluate the protective effect of carboxyfullerenes against
H,0,-induced oxidative stress, cells were incubated with carbox-
yfullerenes at different concentrations (0—80 M) for 3 h and then
treated with 100 yuM H,O, for 1 h. After that, the medium was
replaced with culture medium and the cells were cultivated for 24 h in
the dark at 37 °C. For the blocking experiment, diethyldithiocarbamic
acid (DDC) was used to inhibit the intracellular SOD. C2C12 cells
were incubated with 1 mM of DDC and 40 yuM QF, for 3 h and then
treated with 100 M H,O, for 1 h.

Cytotoxicity of Carboxyfullerenes. For the cytotoxicity
examination, C2C12 cells were incubated with carboxyfullerenes at
the concentrations of 40 #M in the dark at 37 °C for 3 h; then, the cell
viability was detected by Cell Counting Kit-8 (CCK-8; DOJINDO,
Kumamoto, Japan).

Cell Viability Assays. C2C12 cell viability was evaluated using a
WST-8 assay with a Cell Counting Kit-8 (CCK-8; DOJINDO,
Kumamoto, Japan). The absorption value at 450 nm was read with a
96-well plate reader (iMark microplate reader, Bio-RAD, USA) to
determine the viability (cell viability = (ODy,, — OD,egium)/(ODcon —
OD,,eium) ), Where ODy, is the absorption value at 450 nm of treated
cells, OD_,, is that of control cells, and OD is that of the culture
medium.”

Analysis of Cellular Uptake toward Carboxyfullerenes. For
analysis of the uptake of carboxyfullerenes, C2C12 cells were
incubated with six different carboxyfullerenes (10 uM) in DMEM
culture medium for 3 h at 37 °C in 5% CO, in the dark. Then, the
culture medium was collected and the UV—vis absorption was
detected. The UV—vis absorption of the six carboxyfullerenes (10 M)
dispersed in DMEM culture medium was used as a control. All spectra
were measured at 25 °C in a 1 cm quartzose cell. The results were
reported as mean values of triplicates.

Assay of Intracellular SOD. C2C12 cells were treated with 40 uM
of Cg-carboxyfullerenes or C,y-carboxyfullerenes in DMEM culture
medium for 3 h. Then, cells were collected and washed with PBS
buffer for 3 times. Cell number of each sample was calculated by flow
cytometry (Accuri C6 cytometer, BD Immunocytometry systems).
The enzyme analysis was performed with the supernatant of cytosolic
fraction as in a previous report.’* Briefly, after the incubation, cells
were collected and the cytosolic fraction was obtained by ultra-
sonification. The supernatant solution of cytosolic fraction was
collected by centrifugation and kept at —80 °C until use. The enzyme
activity of superoxide dismutase (SOD) is determined by a
hydroxylamine method according to the recommendation
(KGT00150-1, KeyGEN Biotech, China).

Myogenic Differentiation and Analysis. An in vitro myotube
differentiation protocol was followed as previously developed.”>*
Briefly, C2C12 cells with 90% confluence were treated with 40 M of
QF,; in DMEM culture medium for 3 h. Then, the culture medium
was replaced with 2% heat-inactivated horse serum (differentiation
medium) to induce myogenic differentiation. The differentiation
medium was changed every other day throughout the entire period (7
days). Control cells without pretreatment of QF,, were treated by the
same procedures and used as a control.

For the analysis of myotubes, we define the fusion index as the ratio
of nuclei number in the myotube having more than 2 nuclei to the
total number of nuclei according to the literature.” Furthermore, the
maturation index to quantify the myoblast differentiation was
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calculated by measuring the percent of myotubes with more than §
nuclei.”” More than 1800 cell nuclei were calculated for fusion index
evaluation, and more than 150 myotubes were calculated for
maturation index evaluation for both untreated and QF,-treated cells.

Cell Viability of Myotubes. C2C12 cells with 90% confluence
were treated with 40 uM of either Cyy-carboxyfullerenes or C,y-
carboxyfullerenes in DMEM culture medium for 3 h. Then, 100 uM of
H,0, in the culture medium was added and incubated with cells for 1
h. After that, the medium was replaced with 2% heat-inactivated horse
serum (differentiation medium) to induce myogenic differentiation.
The differentiation medium was changed every other day throughout
the entire period (7 days). Cells without preincubation of QF,, were
treated by the same procedures and used as a control. Cell viability was
detected by Cell Counting Kit-8 (CCK-8; DOJINDO, Kumamoto,
Japan).

Fluorescence Staining and Imaging. MitoTracker Red
CMXRos (Invitrogen) and Hoechst 33258 (Invitrogen) was used to
stain mitochondrion and nucleus according to the manufacture’s
instructions. Cells were stained with MitoTracker Red CMXRos for 1
h and then with Hoechst 33258 for 15 min in the dark as previously
reported.” For fluorescence imaging, cells stained by fluorescent dye
were washed and imaged by a FV 1000-IX81 Confocal Laser Scanning
Microscope (Olympus, Japan). The cells were excited at 405 nm for
Hoechst 33258 and 561 nm for MitoTracker Red CMXRos,
respectively. Fluorescence signals were collected from 420 to 480
nm in the blue fluorescence channel for Hoechst 33258 and from $70
to 670 nm in the red fluorescence channel for MitoTracker Red
CMXRos.

Statistical Analysis. All the experiments were done in triplicate.
Results are expressed as means =+ standard deviation of the mean value
(SD). The statistical significance of the observed differences was
analyzed by t tests. Statistical significance was set at p < 0.0S.

Bl RESULTS AND DISCUSSION

Preparation of Cg4,-Carboxyfullerenes and C,,-Carbox-
yfullerenes. Cgy-carboxyfullerenes and C,4-carboxyfullerenes
with three different adduct numbers were used in this study.
Herein, we defined them as DF,, TFq,, QF,, DF,, TF,, and
QF,, which denotes dimalonic acid Cg,, trimalonic acid Cgy,
quadri-malonic acid Cg, dimalonic acid C, trimalonic acid
C,y, and quadri-malonic acid C,, respectively. The preparation
procedure of these carboxyfullerenes followed our previously
study.”® Briefly, C4 or C,, fullerene was converted into
fullerene malonic ester by the commonly used Bingel-Hirsch
reaction.”® The products were separated and purified by silica
gel column chromatography, and their components were
evaluated by matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS). After hydrol-
ysis, the carboxyfullerenes show excellent solubility in water.
The schematic chemical structures of Cgj-carboxyfullerenes and
C,p-carboxyfullerenes are illustrated in Figure 1.

Figure 1. Schematic chemical structures of Cgy-carboxyfullerenes (a)
and C,q-carboxyfullerenes (b) with different adduct numbers (n = 2—
4).
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Carboxyfullerenes Protect C2C12 Cells against Oxi-
dative Stress. To test the protective ability of carboxyfuller-
enes, mouse skeletal myoblasts (C2C12 cells) were incubated
with 40 yM carboxyfullerenes for 3 h and then treated with 100
UM H,0, for 1 h. After 24 h postcultivation in culture medium,
the cell viability was detected by CCK-8. As shown in Figure 2,
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Figure 2. Cytoprotective effects of the six carboxyfullerenes against
H,0,-induced stress on C2C12 cells. The cells were incubated with
carboxyfullerenes at the concentration of 40 M for 3 h and then
treated by 100 uM of H,O, for 1 h. The cell without treatment was
used as control. ¥P < 0.05 vs H,O,-treated cells.

decreased cell viability can be observed for H,O,-treated cells,
which indicated the H,O,-induced oxidative effect. However,
QF;, could protect cells from H,0,-induced oxidative stress, as
the enhanced cell viability of cells pretreated with QF,, can be
observed. In contrast, the rest of the carboxyfullerenes (DFq,
TFgo QFg DF;, and TF;,) exhibit little positive effect on cell
viability (Figure 2).

Furthermore, a series of concentrations for the six
carboxyfullerenes (0—80 yM) were also tested on C2C12
cells as described above, and the results confirmed the superior
capability of QF,, in protecting cells from H,O,-induced
oxidative stress (Supporting Information, Figure S1). To test if
the incubation of carboxyfullerenes could induce cytotoxicity,
cells were incubated with carboxyfullerenes at 40 uM for 3 h
and the cell viability was detected. The results show good cell
viabilities after this treatment, which get rid of the nanotoxicity
induced by these carboxyfullerenes (Supporting Information,
Figure S2).

It has been demonstrated that Cgj-carboxyfullerenes could
protect cells from oxidative stress induced apoptosis;® '
however, it is not known if they can exhibit their protective
effect on postmitotic muscle cells against oxidative-induced
stress. Moreover, the cytoprotective capability of C,-
carboxyfullerenes is still not known. In this study, Cg-
carboxyfullerenes do not show obvious cytoprotective effect
under this experimental condition, while C,;-carboxyfullerene
(QF,,) exhibits the enhanced cell viability of H,O,-treated
cells. That is to say, the pretreatment of QF., could effectively
protect cells from the subsequent H,O,-induced oxidative
stress. As we know, it is the first report that QF,, exhibits a
protective effect on postmitotic muscle cells.

It has been suggested that the molecular structure of Cg, and
C,, as well as their derivatives could influence their
antioxidative ability, a property that was attributed to a
delocalized 7 double bond system of the fullerene cage.”® As
C, fullerene is a more extended 7 system, it should be more
efficient than Cy, fullerene. On the other hand, as fullerenes are
highly hydrophobic, the proper modification with hydrophilic
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groups is required before the application in the biological
system. As we know, carboxyfullerenes with higher carboxylic
groups will exhibit better water solubility than those containing
less carboxylic groups. Thus, we expected that fullerenes with a
larger cage and more hydrophilic groups will exhibit good
antioxidative capability.

Carboxyfullerenes Induce the Increased Intracellular
SOD. SOD is an antioxidative enzyme that is suggested to be
important to ROS elimination.>*" A previous report proposed
that fullerenes can potentially mediate the expression of genes
whose products contribute to a cell's redox status and
subsequently several rudimentary cell processes.>> Thus, we
analyzed the alteration of intracellular SOD of C2Cl12 cells
incubated with carboxyfullerenes at the concentration of 40 yuM
for 3 h. The SOD analysis was performed in the cytosolic
fraction of C2C12 cells as previously reported.”* As shown in
Figure 3, all of the carboxyfullerenes can stimulate the
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Figure 3. Total intracellular SOD per 10° cells incubated with
carboxyfullerenes at the concentration of 40 M for 3 h. A cell without
fullerene treatment was used as control. *P < 0.05 vs control cells.

production of SOD. However, the highest total intracellular
SOD appears in the cells incubated with QF;, which is
consistent with its good cytoprotective ability.

It has been reported that preincubation with Cgo(C-
(COOH),), (DFy) at the concentration of SO uM could
protect human lung adenocarcinoma AS549 cells or rat brain
capillary endothelial cells from H,0,-induced oxidative stress.®
It is worth noticing that a longer incubation time (24 h) is
required in that study. We proposed that the adequate
incubation time of carboxyfullerenes with cells is possibly a
requirement to actively stimulate the intracellular SOD
production. The accumulation of intracellular SOD is beneficial
to protect cells from the subsequent oxidative stress. Actually,
the production of SOD under the stimulation of fullerene
derivative has been verified, as fullerenol could evidently
enhance the activity of SOD after a 24 h incubation with K562
cells.”* In this study, little protective effect appears for DFy, at
the concentration of 40 M for 3 h. It is probably due to the
relatively short incubation time (3 h) which is not enough to
effectively stimulate the SOD production.

As we know, the intrinsic antioxidative property of fullerene
derivatives was sensitive to their chemical structure, such as the
cage size and substitution pattern of the addends to the
fullerene core.>* 3¢ However, the interaction of fullerenes with
cells also plays an important role in their cytoprotective ability.
In other words, the chemical structure may influence the
physicochemical properties of carboxyfullerene, such as the
internalization of fullerenes and the subsequent cellular
response, and ultimately their cytoprotective capability.
Actually, we have first detected the different cellular uptake of
carboxyfullerenes. However, QF, was not the favorable one to
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be uptaken by cells as compared with other carboxyfullerenes
(Supporting Information, Figure S3), indicating the uptake of
fullerenes is not the main factor that determines the
cytoprotective capability. In contrast, a notable increase of
intracellular SOD was observed for cells incubated with QF,,.
Interestingly, once the cells were treated with diethyldithio-
carbamic acid (DDC, an SOD inhibitor),*”** QF., could not
protect cells against H,0,-induced damage (Supporting
Information, Figure S4), suggesting the important role of
SOD in the cytoprotective process. It is reported that the
intracellular SOD plays an important role in regulating cellular
oxidative—antioxidative balance;*>*® our results suggest that the
increased intracellular SOD, together with QF, prevented the
deleterious effects of H,0O,-induced stress. The detailed
mechanism underlying the protective effect of QF,, still
needs further investigation. However, our results unambigu-
ously confirm the great potential of QF,, as cytoprotective
agent in future application.

Carboxyfullerenes Enhance the Viability of Myotube.
As previously mentioned, an important characteristic of C2C12
cells is their ability to fuse together to form multinucleate
myotubes when cultured in differentiation media.*' To further
identify the cytoprotective capability of carboxyfullerenes on
myotubes originated from C2C12 cells, cells incubated with
carboxyfullerenes (40 M) were subsequently exposed to 100
uM of H,0, for 1 h. After that, cells were cultivated in
differentiation medium to induce myogenesis. After 5 days of
differentiation, the cell viability was detected.

As illustrated in Figure 4, the enhanced viability of myotubes
was demonstrated for QF,, pretreated cells. It shows a
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Figure 4. Cell viability of myotubes originated from C2CI2 cells
pretreated with carboxyfullerenes at the concentration of 40 yM for 3
h and the subsequent exposure of 100 M H,0, for 1 h. **P < 0.01 vs.
H,0,-treated cells.

statistical significance versus cells just treated with H,0,. In
contrast, the other five carboxyfullerenes (DFq, TFq, QFq,
DF.,, and TF,,) can not enhance the viability of myotubes.
Interestingly, decreased cell viability can be observed for the
cells treated with TF,, and DF,. It is possible that TF,, and
DF,, induce negative effect on cell myogenesis and depress
myotube viability. Still, further investigation is necessary to
verify the differences. In this study, the pattern of
carboxyfullerenes to enhance the viability of myotubes is
consistent with that of their undifferentiated C2C12 cells
(Figure 2), which indicate that the improved cell viability of
C2C12 cells could also be beneficial for the viability of their
differentiated myotubes.

Although fullerenes are actively scrutinized for their
potentially noxious effects and also for their antioxidative
characteristics both in vivo and in vitro,* '*** fewer studies
were performed on satellite muscles cells and the differentiated
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myotubes, which is important in regeneration of skeletal
muscle. In this study, QF,, shows good cytoprotective effect on
both C2C12 cells and the differentiated myotubes. It makes
QF,, a very promising candidate for the application of
regenerative medicine since the presence of QF,, would
improve the cell viability of differentiated cell (myotubes).

QF,, Does Not Alter C2C12 Cell Differentiation. To
confirm their abided differentiation potency, C2C12 cells were
first incubated with 40 uM of QF,, and then cultured in
DMEM culture medium containing 2% horse serum. After 7
days, cells were stained by MitoTracker Red CMXRos and
Hoechst 33258. The differentiated cells (myotubes) containing
multinucleus can be easily distinguished under a confocal
microscope.

As shown in Figure Sa—h, no obvious morphological changes
of the QFy-treated cells can be found, both the untreated and
QF;-treated cells can form myotubes in differentiation media.
We calculated the fusion index to quantify the myoblast
differentiation by determining the ratio of nuclei number in the
myotube having more than 2 nuclei to the total number of
nuclei according to the literature.”” The fusion index was
27.68% for the untreated cell and 25.76% for QF,-treated cells,
respectively, demonstrating that the QF,, treatment did not
interfere with cell ability to proceed toward the myotube
(Figure Si). Furthermore, we calculated the maturation index as
a differentiation parameter by measuring the percent of
myotubes with more than 5 nuclei®” Still, no significant
difference in the maturation index can be observed. That is
28.01% for untreated cells and 26.36% for QF-treated cells
(Figure Sj). These results show that QF, alone has negligible
effect on cell fusion and myotube maturation.

This finding is promising for the application of fullerene in
regenerative medicine since the presence of QF,, would not
disrupt cell differentiation while protecting cells from oxidative
stress. It could keep the oxidant—antioxidant balance and help
to create the most favorable artificial microenvironment to
maintain postmitotic cells in optimal conditions during in vitro
tissue growth.*> Moreover, the diverse cytoprotective capability
of these carboxyfullerenes in this study implies that some
requirements must be satisfied before the antioxidant effect
emerges. In this respect, differences in molecular structure
(cage size and adduct numbers), dosage, incubation time, and
the subsequent cell response were suggested to be critical to
induce the beneficial effects and to explain some conflicting
results so far reported about fullerenes as protective agents in
biological systems.

B CONCLUSIONS

Utilizing the six carboxyfullerenes (DFq, TFg, QFg, DFy,
TF,,, and QF,,), we have revealed the structural effect of
carboxyfullerenes on cytoprotective effect on satellite muscle
cells (C2C12 cells). Among these carboxyfullerenes, quadri-
malonic acid modified C,, fullerenes (QF,) could dramatically
protect C2CI12 cells against H,O,-induced oxidative stress.
Different amounts of intracellular SOD stimulated by
carboxyfullerene play an important role in their discrepant
cytoprotective efficiency. Moreover, QF, has little effect on cell
differentiation of the postmitotic cell. Our observations may
provide important insights in incorporating the antioxidative
nanomaterials into therapeutic approaches aiming at alleviating
ROS-induced injuries. In addition, the established structure—
activity relationship of carboxyfullerene as antioxidant could
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Figure S. Confocal images of myotubes originated from C2C12 cells. Cells pretreated with 40 uM of QF., for 3 h and then induced myogenesis in
differentiation medium for 7 days (a—d). Cells without treatment were used as control (e—h). The optical images were shown in (a) and (e). The
fluorescence images of cells stained by Hoechst 33258 (b, f, blue) and MitoTracker Red CMXRos (c, g, red). The overlay images of Hoechst 33258
(blue) and MitoTracker Red CMXRos (red) were shown in (d) and (h). The fusion index (i) was evaluated by calculating more than 1800 nuclei of
the observed cells, and the maturation index (j) was evaluated by examining more than 150 myotubes. The scale bar is 100 ym.
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of carboxyfullerenes in C2C12 cells (Figure S3). Blocking DFy, dimalonic acid Cy, fullerene
experiment with SOD inhibitor (Figure S4). This material is TF,, trimalonic acid C;, fullerene
available free of charge via the Internet at http://pubs.acs.org. QFy, quadri-malonic acid Cy, fullerene
ROS, reactive oxygen species
B AUTHOR INFORMATION CCK:8, Cell Counting Kit-8

. SOD, superoxide dismutase
Corresponding Author
*E-mail: xfang@iccas.ac.cn (X.E.); crwang(@iccas.ac.cn (CW.); B REFERENCES
shucy@iccas.ac.en (C.S.). Fax: (+86) 1062653083 (X.F.);

(+86) 1062652120 (C.W.); (+86) 1062561085 (C.S.). (1) Carosio, S.; Berardinelli, M. G.; Aucello, M.; Musaro, A. Ageing

Res Rev. 2011, 10, 35—42.

Author Contributions (2) Yamaguchi, T.; Suzuki, T.; Arai, H; Tanabe, S.; Atomi, Y. Am. ].
The manuscript was written through contributions of all Physiol. Cell Physiol. 2010, 298, C140—148.
authors. All authors have given approval to the final version of (3) Ardite, E.; Barbera, J. A.; Roca, J.; Fernandez-Checa, J. C. Am. .

Pathol. 2004, 165, 719—728.

the manuscript. g ) )
(4) Sastre, J.; Pallardé, F. V.; Garcia, de la Asuncién J.; Vifia, J. Free

Notes Radical Res. 2000, 32, 189—198.
The authors declare no competing financial interest. (S) Siu, P. M.; Wang, Y.; Always, S. E. Life Sci. 2009, 84, 468—481.
(6) Luin, E; Giniatullin, R; Sciancalepore, M. Free Radical Biol. Med.
B ACKNOWLEDGMENTS 2011, 50, 337—344.
(7) Buck, M.; Chojkier, M. EMBO ]. 1996, 15, 1753—1765.
This work was supported by 973 Program (Nos. (8) Yin, J; Lao, F.; Fu, P. P.; Wamer, W. G.; Zhao, Y. L.; Wang, P. C;

2011CB302100, 2013CB933701), National Natural Science Qiy, Y; Sun, B,; Xing, G.; Dong, J,; Liang, X. J.; Chen, C. Biomaterials
Foundation of China (Nos. 21121063, 31170963, 21127901), 2009, 30, 611—621.

4332 dx.doi.org/10.1021/am400535j | ACS Appl. Mater. Interfaces 2013, 5, 4328—4333


http://pubs.acs.org
mailto:xfang@iccas.ac.cn
mailto:crwang@iccas.ac.cn
mailto:shucy@iccas.ac.cn

ACS Applied Materials & Interfaces

Research Article

(9) Lao, F.; Chen, L.; Li, W.; Ge, C,; Qu, Y.; Sun, Q,; Zhao, Y.; Han,
D.; Chen, C. ACS Nano 2009, 3, 3358—3368.

(10) Huang, Y. L.; Shen, C. K. F,; Luh, T. Y,; Yang, H. C.; Hwang, K.
C.; Chou, C. K. Eur. ]. Biochem. 1998, 254, 38—43.

(11) Dugan, L. L.; Turetsky, D. M.; Du, C.; Lobner, D.; Wheeler, M.;
Almli, C. R;; Shen, C. K; Luh, T. Y.; Choi, D. W,; Lin, T. S. Proc. Natl.
Acad. Sci. US.A. 1997, 94, 9434—9439.

(12) Karakoti, A; Singh, S.; Dowding, J. M.; Seal, S.; Self, W. T.
Chem Soc Rev. 2010, 39, 4422—4432.

(13) Yin, J.; Lao, E.; Meng, J.; Fu, P. P;; Zhao, Y. L; Xing, G. M,;
Gao, X; Sun, B;; Wang, P. C; Chen, C.; Liang, X. Mol. Pharmacol.
2008, 74, 1132—4110.

(14) Injac, R; Perse, M,; Obermajer, N.; Djordjevic-Milic, V;
Prijatelj, M.; Djordjevic, A.; Cerar, A.; Strukelj, B. Biomaterials 2008,
29, 3451—-3460.

(15) Misirkic, M. S.; Todorovic-Markovic, B. M.; Vucicevic, L. M.;
Janjetovic, K. D.; Jokanovic, V. R,; Dramicanin, M. D.; Markovic, Z.
M,; Trajkovic, V. S. Biomaterials 2009, 30, 2319—2328.

(16) Osuna, S.; Swart, M.; Sola, M. Chem.—Eur. J. 2010, 16, 3207—
3214.

(17) Yudoh, K. Shishido, K; Murayama, H.; Yano, M,
Matsubayashi, K.; Takada, H.; Nakamura, H.; Masuko, K.; Kato, T;
Nishioka, K. Arthritis Rheum. 2007, 56, 3307—3318.

(18) Sumizawa, T.; Igisu, H. Arch. Toxicol. 2009, 83, 817—824.

(19) Li, W.; Zhao, L.; Wei, T.; Zhao, Y. L.; Chen, C. Biomaterials
2011, 32, 4030—4041.

(20) Bisaglia, M.; Natalini, B.; Pellicciari, R.; Straface, E.; Malorni, W.;
Monti, D.; Franceschi, C.; Schettini, G. J. Neurochem. 2000, 74, 1197—
1204.

(21) Matés, J. M. Toxicology 2000, 153, 83—104.

(22) Liu, Q. L,; Zhao, Y. Y.; Wan, Y.; Zheng, J.; Zhang, X.; Wang, C,;
Fang, X,; Lin, J. ACS Nano 2010, 4, 5743—5748.

(23) Liu, Q. L,; Guan, M; Xu, L,; Shu, C,; Jin, C.; Zheng, J.; Fang, X;
Yang, Y.,; Wang, C. Small 2012, 8, 2070—2077.

(24) Bogdanovi¢, V.; Stankov, K; IZevi¢, I; 7iki¢, D.; Nikoli¢, A.;
§olajié, S.; Djordjevi¢, A.; Bogdanovi¢, G. J. Radiat. Res. 2008, 49,
321-327.

(25) Ku, S. H; Lee, S. H.; Park, C. B. Biomaterials 2012, 33, 6098—
6104.

(26) Tao, Y.; Neppl, R. L,; Huang, Z.; Chen, J.; Tang, R; Cao, R;
Zhang, Y.; Jin, S. W.,; Wang, D. Z. J. Cell Biol. 2011, 194, 551—565.

(27) Bajaj, P.; Reddy, B,; Millet, L.; Wei, C.; Zorlutuna, P.; Bao, G;
Bashir, R. Integr. Biol. 2011, 3, 897—909.

(28) Li, H.; Haque, S. A; Kitaygorodskiy, A.; Meziani, M. J.; Torres-
Castillo, M.; Sun, Y. Org. Lett. 2006, 8, 5641—5643.

(29) Markovic, Z.; Trajkovic, V. Biomaterials 2008, 29, 3561—3573.

(30) Alj, S. S.; Hardt, J. I; Dugan, L. L. Nanomedicine: NBM 2008, 4,
283—294.

(31) Ali, S. S.; Hardt, J. I; Quick, K. L.; Kim-Han, J. S.; Erlanger, B.
F.; Huang, T. T.; Epstein, C. J.; Dugan, L. L. Free Radical Biol. Med.
2004, 37, 1191—1202.

(32) Martin, R; Wang, H. L; Gao, J; Iyer, S.; Montafio, A. G;
Martinez, J.; Shreve, P. A;; Bao, Y.; Wang, C. C.; Chang, Z,; Gao, Y,;
Iyer, R. Toxicol. Appl. Pharmacol. 2009, 234, 58—67.

(33) Satoh, M.; Takayanagi, L. J. Pharmacol. Sci. 2006, 100, 513—518.

(34) Saitoh, Y.; Miyanishi, A,; Mizuno, H.; Kato, S.; Aoshima, H;
Kokubo, K,; Miwa, N. J. Photochem. Photobiol, B 2011, 102, 69—76.

(35) Witte, P.; Beuerle, F.; Hartnagel, U.; Lebovitz, R.; Savouchkina,
A,; Sali, S;; Guldi, D.; Chronakis, N.; Hirsch, A. Org. Biomol. Chem.
2007, S, 3599—-3613.

(36) Liu, G. F.; Filipovic, M; Ivanovic-Burmazovic, L; Beuerle, F.;
Witte, P.; Hirsch, A. Angew. Chem., Int. Ed. 2008, 47, 3991—3994.

(37) Siwik, D. A; Tzortzis, . D.; Pimental, D. R;; Chang, D. L. F,;
Pagano, P. J; Singh, K; Sawyer, D. B.; Colucci, W. S. Circ. Res. 1999,
85, 147—153.

(38) Kimani, S. G.; Phillips, J. B.; Bruce, J. L; MacRobert, A. J;
Golding, J. P. Photochem. Photobiol. 2012, 88, 175—187.

(39) Fattman, C. L.; Schaefer, L. M.; Oury, T. D. Free Radical Biol.
Med. 2003, 35, 236—256.

4333

(40) Guo, G.; Yan-Sanders, Y.; Lyn-Cook, B. D.; Wang, T.; Tamae,
D.; Ogi, J.; Khaletskiy, A.; Li, Z.; Weydert, C.; Longmate, J. A.; Huang,
T.; Spitz, D. R;; Oberley, L. W.; L, J. J. Mol. Cell. Biol. 2003, 23, 2362—
2378.

(41) Andrés, V.; Walsh, K. J. Cell Biol. 1996, 132, 657—666.

(42) Baati, T.; Bourasset, F.; Gharbi, N.; Njim, L.; Abderrabba, M,;
Kerkeni, A.; Szwarc, H.; Moussa, F. Biomaterials 2012, 33, 4936—4946.

(43) Pagliari, F.; Mandoli, C.; Forte, G.; Magnani, E.; Pagliari, S.;
Nardone, G.; Licoccia, S.; Minieri, M.; Nardo, P. D.; Traversa, E. ACS
Nano 2012, 6, 3767—3775.

dx.doi.org/10.1021/am400535j | ACS Appl. Mater. Interfaces 2013, 5, 4328—4333



