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Abstract

Cerium oxide nanoparticles recently have received extensive attention in biomedical applications due to their
excellent anti-oxidation performance. In this study, a simple, mild, and green approach was developed to synthesize
cerium-doped carbonaceous nanoparticles (Ce-doped CNPs) using bio-mineralization of bull serum albumin (BSA)
as precursor. The resultant Ce-doped CNPs exhibited uniform and ultrasmall morphology with an average size of
14.7 nm. XPS and FTIR results revealed the presence of hydrophilic group on the surface of Ce-doped CNPs, which
resulted in excellent dispersity in water. The CCK-8 assay demonstrated that Ce-doped CNPs possessed favorable
biocompatibility and negligible cytotoxicity. Using H,O,-induced reactive oxygen species (ROS) as model, Ce-doped
CNPs showed highly hydroxyl radical scavenging capability. Furthermore, flow cytometry and live-dead staining
results indicated that Ce-doped CNPs protected cells from H,O,-induced damage in a dose-dependent effect, which
provided a direct evidence for anti-oxidative performance. These findings suggest that Ce-doped CNPs as novel ROS
scavengers may provide a potential therapeutic prospect in treating diseases associated with oxidative stress.
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Background

Continuous and deregulated inflammation is considered
to be a common step of numerous pathological pro-
cesses [1]. Oxidative stress has been found in many clin-
ical diseases where ROS has much higher expression
than elimination of antioxidant enzymes [2—4], which fi-
nally is defined as an imbalance between oxidative and
anti-oxidative performances. The highly reactive ROS
have a tendency to produce free radicals (including
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superoxide (O3), HO,- and hydroxyl (-OH)) which
cause damage to macromolecules in the organism, such
as proteins and nucleic acids, whereas overproduction of
ROS makes a critical difference in sustained oxidative
damage, leading to significant destructions of cellular
structures and functions, such as inflammatory infiltrates
[5-7], the damage of cell membranes and DNA [8, 9],
and even increasing cell death. Thus, oxidative stress
plays a key role in the pathogenesis of macro vascular
diseases [10-12], cancer, and some other nervous system
diseases [13]. Consequently, it is an important and ur-
gent problem to control the concentration of reactive
oxygen free radicals in living organisms and keep them
in a suitable range, which is also basic to decrease series
of oxidative abnormalities.

Recently, cerium oxide nanoparticles (CeO, NPs) have
attracted great attentions due to their unique redox
properties that were extensively applied in energy, ca-
talysis, and biomedical fields [14—16]. Especially, CeO,
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nanoparticles exhibited huge potential as ideal antioxi-
dant to treat ROS-related diseases in biomedical applica-
tions [17, 18]. The antioxidant activity of ceria
nanoparticles derives from their ability of scavenging
free radicals, such as superoxide («O*7) and hydroxyl
radicals (¢OH), and maintains the antioxidant effect as
an enzyme for a sustained period [19]. There is increas-
ing evidence that CeO, nanoparticles usually have a
fluorite-type crystal structure, and cerium ions possess
the ability of reversible conversion between tervalence (3
+) and quadrivalence (4+) [20]. The switch of Ce*" to
Ce™* oxidation states could eliminate O3 via superoxide
dismutase (SOD)-mimetics, and +«OH via redox reac-
tions, whereas the Ce*" to Ce®* switch remove H,O, via
catalase (CAT)-mimetics [21]. However, physical and
chemical properties of CeO, NPs may influence bio-
logical behavior, including its bio-distribution, pharma-
cokinetics, toxicity, dissolution, and elimination [22].
Given the hypothesis that it is well established on the
superficial chemistry of Ce-doped CNPs, the biological
utilization of Ce-doped CNPs as a therapeutic approach
still need to be broadly explored [23, 24].

This study concentrates on the development of novel
cerium-based nanoparticles (named as Ce-doped CNPs)
with excellent biocompatibility using simple and green
synthetic route and further explores their feasibility as
antioxidant agent for biomedical applications. A series of
methods was employed to characterize the physical and
chemical properties of the Ce-doped CNPs. Encouraged
by the favorable performances, we further verified the
biocompatibility of the prepared Ce-doped CNPs and
used them as antioxidant reagents to eliminate oxygen
free radicals using H,O, induced model. Finally, the
antioxidant mechanism of Ce-doped CNPs was revealed
from cell apoptosis pathway using the live-dead fluores-
cent staining and flow cytometry. This study will provide
a novel and efficient ROS scavenger to alleviate oxidative
stress damage under pathological conditions.

Experimental Section

Materials and Reagents

Bull serum albumin (BSA), fluorescein diacetate (FDA),
and propidium iodide (PI) were purchased from Sigma
(New York, NY, USA). Fetal bovine serum (FBS) and
Dulbecco’s Minimum Essential Medium (DMEM) were
procured from Invitrogen China Limited (Shanghai, Peo-
ple’s Republic of China). Ce (NO3)3-6H,0O, methyl violet
(MV), and ferrous sulfate heptahydrate (FeSO, ‘7H,O)
were purchased from Aladdin Reagent Corporation
(Shanghai, People’s Republic of China), and hydrogen
peroxide (30%) were obtained from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, People’s Republic of China).
All chemicals were of analytical reagents and were
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utilized without further purification. De-ionized water
was used in the experiments.

Synthesis of Cerium Oxide Nanoparticles

Ce-doped CNPs were prepared by applying a slight
modification of album-based bio-mineralization method
as described in the document [24]. The process of syn-
thesis is illustrated as follows: 1.25 g BSA was dissolved
in 50.0 mL of de-ionized water and constantly stirred to
form the transparent solution. Then, the solution of
metal precursor 300 mM Ce (NO3)3-6H,O were slowly
added under vigorous stirring, respectively. Simultan-
eously, 2.0 M NaOH was dissolved in 50 mL de-ionized
water, which was employed for adjusting pH value of the
mixture. The solution including NaOH should be slowly
added is worthy of being paid attention to. Ce-doped
CNPs could be formed after stirring energetically at PH
12 at 55 °C. A sufficient reaction time for the formation
of Ce-doped CNPs was about 8 h; the system was the
compound of brown, cooling to the room temperature
naturally. The additional suspension was filtered with a
0.22-um membrane (poly-ether sulfone) to deplete those
large scale agglomerations. The former solution was fi-
nally dialyzed against water for 3 days in a dialysis bag
with a 14-kDa molecular weight cutoff. The collected
dialysis solution was freeze-dried using a vacuum freeze
dryer. The Ce-doped CNPs powders were ultimately ob-
tained and saved for the further characterization.

Instruments and Characterization of Cerium Oxide
Nanoparticles

Morphologies of Ce-doped CNPs were examined by
transmission electron microscopy (TEM) on a JEM-2100
microscope (JEOL, Tokyo, Japan) under an accelerating
voltage of 200 kV. The size distribution was studied by
the Imaging] software (National Institutes of Health, Be-
thesda, MD, USA). The chemical structures of Ce-doped
CNPs were analyzed using a Fourier transform infrared
(FT-IR) spectrometer (Nicolet Nexus 470, GMI, and
Ramsey, MN, USA). The elemental composition was de-
termined by elemental analysis performed via an X-ray
photoelectron spectroscopy (XPS). X-ray diffraction
(XRD) analysis was performed on a Rigaku D/MAX-
2000 diffractometer (Japan) operated at 40 kV and
100 mA, with a slit of 0.5° and a scanning speed of 7°
min~', equipped with a Cu Ka radiation source (\=
0.15418 nm). The UV-Vis absorbance spectra were re-
corded using a UV-2550 UV-Vis Spectrophotometer
(Shimadzu, Kyoto, Japan).

UV-vis Photometric Experiments

Ce-doped CNP antioxidant performance and free radical
scavenging activity were assessed by UV-vis photometric
experiments. The solutions of MV were prepared in de-
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ionized water at a concentration of 3.0 x 10™* M. And
0.15 mM FeSO,7H,O was dissolved as an alternative.
The suspended solution of Ce-doped CNPs was reserved
to use at concentrations of 10 pM by dispersing in
0.1 M Tris-HCI buffer at pH 5.0. Appropriately, ultra-
sonic processing can enhance the solubleness of Ce-
doped CNPs. The reaction solutions for photometric
embraced 3.0 x10™° M MV, 0.15 mM FeSO;7H,0,
1.0 M H,0O,, 0.1 M Tris-HCl buffer (pH 5.0), and
0.17 mM Ce-doped CNPs to reach a required volume of
10 mL (mix solution of MV/FeSO,7H,0O/H;,0,/CeO,) in
final. The absorbance of the reaction solution could be
measured after incubating for 5 min at the room
temperature.

Cytotoxicity of Cerium Oxide Nanoparticles

Cell viability of Ce-doped CNPs was evaluated on VSMC
and 7721 cells by the CCK-8 assay (Dojindo, Kumamoto,
Japan) based on the cleaved tetrazolium ring and the
descent of water-soluble tetrazolium salt of the amount
of formazan dye by dehydrogenases in living cells.
Briefly, VSMC and 7721 cells (1.5 x 10 4 cells per well)
were seeded into 96-well plates with five replicates for
each group. After hatching for 24 h at 37°C and 5% CO,
and cell density had reached 80% confluence, the growth
medium was replaced with fresh DMEM containing dif-
ferent concentrations (0, 12.5, 25, 50, 100, 200, 400 pg/
ml) of Ce-doped CNPs solution and incubated for 24 h.
Then, the cells were washed with PBS and 10 pL. CCK-8
solution was added to each well. Next, the 96-well plates
were incubated for another 4 h at 37°C and 5% CO, to
allow exponential cell growth. Finally, the absorbance of
each well was detected at emission wavelength of
490 nm using Synergy HT Multi-Mode Microplate
Reader (Bio-Tek, Winooski, VT, USA). Cells (in DMEM)
without treatment were used as control, and the relative
cell viability (mean + standard error of mean) was calcu-
lated using Abs sample/Abs control x 100%.

Model of Hydrogen Peroxide on Cells Viability Assay In
Vitro

As a kind of potent oxidative active oxygen, hydrogen per-
oxide (H,0O,) is easy to go through the cell membrane and
reacts with intracellular iron ions to form highly reactive
free radicals by Fenton theory, leading to a chain of
changes. At the same time, varieties of cell oxidative stress
induced by H,O, are directly involved in the process of
apoptosis. Therefore, 30% H,O, was chosen to simulate the
apoptosis of cells in this study, which also can be used to be
an ICsy model to further investigate the protective effect of
Ce-doped CNPs on oxidative damage. Based on the above
discussion, VSMC and 7721 cells were initially seeded at a
density of 1.5 x 10* cells/well into the 96-well plates. After
cells were adherent, they continued to be cultured for extra
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24 h. And the fresh preparation 30% H,O, was added to
each well with different concentrations (50, 100, 200, 400,
800 umol/ml) to stimulate growth of cells. After a 4-h hatch
and a subsequent wash with PBS, 10 uL CCK-8 solution
was added to each well for 4 h at 37 °C in a 5% CO, incu-
bator. Synergy HT Multi-Mode Microplate Reader (Bio-
Tek, Winooski, VT, USA) was employed to determine the
absorbent value of each well at 490 nm. The percentage of
cells activity was regarded as the index of the effect of on
cell viability, which depended on measuring the cell survival
rate relative to that of the control.

Apoptosis Induction and Cell Viability Assay In Vitro

In the same way, VSMC and 7721 cells were seeded in
the 96-well plates and cultured. The next day, cells were
pretreated with different concentrations of Ce-doped
CNPs (0, 12.5, 25, 50, 100, 200, and 400 pg/ml) about
24 h and exposed to the fresh preparation 30% H,O,
with the suitable concentration each well. On the other
hand, it should be set a blank group without 30% H,O,
and Ce-doped CNPs and control group was only with
H,O, solutions. Each group was set up six parallels.
After treatment for 4 h and a subsequent wash with
PBS, the CCK-8 assay was used to measure the apoptotic
conditions of cells each well at an optical density of
490 nm as the described above.

Live-Dead Staining Assay and Flow Cytometry

To assess the potential of antioxidant effect of Ce-doped
CNPs, 7721 cells were grown on six-well plates with
4.0 x 10* cells in 100 ul media per well and allowed to
develop for 24 h. Then, six groups were set to be simul-
taneous contrast; it included the control, H;O, group,
50pug/mL Ce-doped CNPs + H,0,, 100pug/mL Ce-doped
CNPs + H,0,, 200pg/mL Ce-doped CNPs + H,0,, and
400pg/mL Ce-doped CNPs + H,O,. While cells had
grown to 80% in each group, the first group was exposed
to a normal growth condition without H,O, and Ce-
doped CNPs; the second group was just incubated with
the selected H,O, without Ce-doped CNPs for 4 h,
namely no treatment; the third group to the sixth group
contained different concentrations of Ce-doped CNPs
(50, 100, 200, and 400pg/mL) and indicated H,O, incu-
bating for 4 h, respectively. After that, FDA and PI
working buffer was used for cell staining (Calcein AM/
Ethidium Homodimer, Invitrogen). The fluorescence of
stained cells was observed under a fluorescence micro-
scope; live cells showed green color, and dead ones is
red color.

Furthermore, the Annexin V-FITC/propidium iodide
(PI) Apoptosis kit was used to quantify the rate of cell
apoptosis by double fluorescence staining. Briefly, 7721
cells were pre-cultured in six-well culture plates accord-
ing to the above steps for 24 h, until the 7721 cells
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adherent growth. After that, the cells with different
doses of treatment measures were harvested and washed
three times with PBS at 4 °C in each group. It was no-
ticed that the cells should be gently digested, collected,
and centrifuged followed by 2000 rpm for 5 min. There-
after, the cells were resuspended with 500 pl binding
buffer and adjusted to a concentration of 1 x 10° cells/
ml. And then, the cell suspension was taken into a flow
tube staining with 5 pl of Annexin V-FITC and 5 pl of
20 pg/ml of PI solution, respectively. Before the mixture
incubating at room temperature for 15 min, 500 pl PBS
should to be added to the reaction tube. At last, the ex-
perimental results were detected using Annexin-V method
on a Beckman Coulter Epics XL MCL flow cytometer sys-
tem (BD Accuri C6), and the percentage of apoptotic cells
was clarified by software analysis (Flowjo 7.6.2).

Statistical Analysis

All the experimental data were expressed as the mean +
standard error of mean. For comparison of the different
groups, statistical technique of ANOVA with the post
hoc least significant difference (LSD) test was applied to
analyze data that were obtained. A P value of less than
0.05 (P<0.05) was considered to be statistically
significant.

Results and Discussion

Preparation and Characterization of Cerium Oxide
Nanoparticles

In this study, the aqueous dispersions of Ce-doped CNPs
were obtained using Ce (NO3)36H,O and BSA as pre-
cursors by biomineralization-inspired synthetic method.
During the preparation, BSA used as major carbon
source materials can integrate the metal ions to metal
nanoparticles due to their unique spatial structure and
molecular chain flexibility. In other words, the prepared
metal-doped nanoparticles are mainly composed of
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carbonaceous framework and loaded metal element,
which may be different from conventional inorganic cer-
ium nanoparticles [25]. The morphological examination
was characterized by transmission electron microscopy
(TEM), and the resultant particle sizes were analyzed by
the Imaging] software. Fig. la showed characteristic
TEM images of the resultant Ce-doped CNPs. These im-
agines reflected that Ce-doped CNPs possessed polyg-
onal structure, uniform dispersion, and discrete shape
without apparent aggregation. Statistical analysis indi-
cated Ce-doped CNPs had a narrow size distribution
with an average diameter of 14.7+0.8 nm (Fig. 1b),
which was consistent with the TEM images. When Ce-
doped CNPs were in water for a few days, it can be
found that there was no precipitation and still kept the
statement of homogeneous solutions, indicating their
long-term stability in aqueous solution, which could be
beneficial to the following biomedical applications.

The Chemical Structure and Surface Composition of the
Ce-Doped CNPs

Surface functional groups and composition of the Ce-
doped CNPs were investigated using X-ray photoelec-
tron spectroscopy (XPS) pattern and Fourier transform
infrared (FT-IR) spectrum. XPS was used to characterize
the oxidation state of cerium ions on the surface of sam-
ples. The survey XPS spectrum (Fig. 2a) showed three
predominant peaks at 902.0, 285.0, and 531.8 eV, which
indicated the existence of cerium, carbon, and oxygen el-
ements of Ce-doped CNPs. The sulfur(S 2p) signals at
164.0 eV suggested that BSA was successful conjugated
to the Ce-doped CNPs. The coexistence of Ce(IlI) and
Ce(IV) in Ce-doped CNPs catalyst could be evidenced
by the spectrum of the Fig. 2b. The high-resolution
spectrum of Ce3d (Fig. 2b) could split into Ce3d; and
Ce3ds (resulting from a spin—orbit splitting of 32 eV),
exhibited the presence of indexed and strong peaks,
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Scheme 1 Schematic illustration of the design of Ce-doped CNPs

located at 882.0, 884.0, and 902.0 eV, respectively. Ce3d  implied the 15.99% of Ce3d. These observations are in
signals were mainly divided into O,, 3ds/,, and 3d3/,, the  agreement with results in the literature for CeO, nano-
peaks between 875 and 895 eV belonged to the Ce3d3,,  particles [25]. The Cls spectrum as shown in Fig. 2c was
level, which almost coincided with the spectrum of pre-  described by three major peaks at 285.0, 287.8, and
viously published [26]. Moreover, the XPS spectrum also  288.9 eV, which respectively implied that CeO,
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nanoparticles were functionalized with the 1s, C=0, C
-F, and COOR energy levels of C. The presence of the
Ols spectrum as shown in Fig. 2d was dominated by
two major peaks at 530.5 and 531.8 eV, which corre-
sponded to the bond between O3 and Ce®*.

FTIR analysis was further carried out to verify the for-
mation of Ce-doped CNPs in the reaction process. As
shown in Fig. 3A, for the Ce-doped CNPs, an intense
and broad peak was appeared at 3400 cm ™', which was
caused by the stretching vibration of O—H and could be
assigned to the bending vibration of water absorbed.
The characteristic peak at 1510 cm ™ could be described
to the —O-C-0O antisymmetric stretch, while the peak
at 1450 cm™' could be assigned to the symmetric
stretching vibration of —O—C-O, both of which demon-
strated the presence of nitrate groups. In addition, an
absorption band in 451 cm™ was assigned to the Ce—O
asymmetric stretch, indicating the formation of Ce-
doped CNPs. These results showed that the functional
groups of Ce-doped CNPs mainly contained certain
—-OH and —COO™ groups.

According to X-ray diffraction (XRD) analysis, the
crystal structure of the Ce-doped CNPs was investigated.
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As shown in Fig. 3B, there are four major diffraction
peaks at 24.4°, 30.3°, 35.23°, and 43.2°. One of these
peaks at 24.4° may be ascribed to the produced inorganic
carbonaceous structure, which is similar to the reported
carbon quantum dots and graphite characteristic peaks
[27-29]. Compared to the ordered crystal structure of
graphite (002 planes, 26 = 26.5°), the diffraction peak of
Ce-doped CNPs around 24.4° with a lower shift becomes
weak, which may be attributed to highly disorder carbon
and increase in the sp® (C—C) layer spacing in the
carbonization process [30]. The diffraction peaks at an-
gles of 30.3°, 35.23°, and 47.42° mostly matched with
(111), (200), and (220) planes, respectively, of the con-
ventional ceria nanoparticles. Furthermore, other peaks
at angles of 56.30°, 69.00°, 75.57°, and 78.99° were corre-
sponding to (311), (400), (331), and (402) of referenced
cerium oxide (JCPDS 2004 36-1253). The corresponding
spacing (Fm3m) was calculated according to the Bragg’s
law (the wavelength of Cu-Ka law is 0.154 nm). These
results could preliminarily confirm the Ce-doped CNPs
with the hybrid crystal structure.

It was well known that Fe** can alternately catalyze
dismutation of the hydrogen peroxide (H,O,) into other
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reactive hydroxyl radical according to Fenton reaction
[31]. As a chromogenic reagent, the solution of methyl
violet mainly shows purple. Targeted with —C=C—, hy-
droxyl radical can react with methyl violet, resulting in
MV into a shallow color even colorless, and its max-
imum UV-Vis absorbance at 582 nm decreases [32]. Ac-
cording to our design, Ce-doped CNPs certainly can
eliminate the hydroxyl radical, finally increase the ab-
sorbance of the MV at 582 nm.

To confirm the underlying free radical scavenging cap-
ability for Ce-doped CNPs, UV-Vis absorption spectra of
MV was employed to provide some insights. There was
no significantly absorbance from 500 to 700 nm in Ce-
doped CNPs aqueous solution in Fig. 3C. However, we
could observe the maximum absorbance of the methyl
violet at about 582 nm and the absorbance was inhibited
under H,O, treatment (Fig. 3D). When adding Ce-
doped CNPs into mix solution, the absorbance was obvi-
ously recovered, which proved that Ce-doped CNPs had
the ability to clear the hydroxyl radical and protect the
MV against being attacked at this experimental condi-
tion. These results will have further biomedical applica-
tion in treating diseases caused by free radicals.

Cytotoxicity Assay of Cerium Oxide Nanoparticles In Vitro
Before applying synthesized Ce-doped CNPs to treat dis-
eases associated with oxidative stress, it is essential to evalu-
ate their biocompatibility. In this study, the effect of Ce-
doped CNPs on cell viability were evaluated via incubation
of VSMC and 7721 cells with Ce-doped CNPs using cell
viability tests of the CCK-8 assay. It can be seen that the cell
viability did not show significant changes after different
concentration of Ce-doped CNPs treatment for a 24-h ex-
posure time (Fig. 4a). Even at the highest dose of 400 pg/
ml, the cell viability in all treatment groups was approxi-
mately 90%, demonstrating that Ce-doped CNPs had a very
slight cytotoxicity on cells. These findings highlighted the
favorable cyto-compatibility of Ce-doped CNPs and en-
abled them suitable for biomedical applications.
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Antioxidant Properties and Free Radical Scavenging
Activity of Ce-Doped CNPs In Vitro

The property of mimetic enzyme of cerium oxide nano-
materials is conducive to their potential therapeutic ap-
plications. Whether Ce-doped CNPs in solution would
sufficiently protect VSMC and 7721 cells against free
radical was examined. For these studies, H,O, was used
to induce the reactive oxygen species (ROS) generation,
which lead to cells impairment or death. Firstly, the ICsq
value of cell viability was determined to explore the pro-
tective effect of Ce-doped CNPs. VSMC and 7721 cells
viability exhibited the low value after the addition of
H,0,. A trend of increased apoptotic activity for VSMC
and 7721 cells was observed with increasing H,O, con-
centration in solution (Fig. 4b). In other words, the ele-
vation of ROS was dose-dependent, which also revealed
the median lethal dose (LDs,) of VSMC and 7721 cells
was approximately 549 and 556 umol/ml, respectively.
As a result, the LDsy H,O, via oxidative stress was
560 uM, which was close to the results of the litera-
ture [33].

Next, the antioxidant effect of Ce-doped CNPs under
LDsy of H,O, was tested using a cell counting kit-6
(CCK-8) assay. Owing to their unique electronic proper-
ties, Ce-doped CNPs have an inherent tendency to exist
in dual oxidation states (Ce** and Ce®") and are con-
ferred antioxidant activity via oxidation-reduction behav-
ior. When ROS exists, Ce** can be continuously
switched to Ce®* along with the persistent free radical
scavenging activity [34, 35]. As shown in Fig. 4c, these
results implied that the cell viability of both VSMC and
7721 cells had been gradually improved with the in-
crease of Ce-doped CNPs concentration under same oxi-
dative stress. Especially, the cell viability was recovered
about 88.0% at the Ce-doped CNP concentration of
400 pg/ml. Consequently, the Ce-doped CNPs exhib-
ited an outstanding antioxidative effect in a dose-
dependent manner via efficient free radical scavenging
capability.
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Fig. 5 Fluorescent images of 7721 cells incubated with different concentrations of Ce-doped CNPs under H,0,-induced oxidative stress for 24 h
by live-dead staining (scale bars =50 um)
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Live-dead staining and flow cytometry assay was
employed to further uncover the cyto-antioxidative ef-
fect of Ce-doped CNPs. As depicted in Fig. 5, intensive
green fluorescence without red was observed in the 7721
cells treated with single Ce-doped CNPs, but a lot of red
fluorescence could be seen in the H,O, treatment of
556 uM, which demonstrated H,O, could induce dra-
matically cell apoptosis. But H,O,-induced apoptosis
had been gradually alleviated with the increase of Ce-
doped CNP concentrations. In particular, only a small
amount of red fluorescence could be seen after Ce-doped
CNP treatment of 400 pg/ml under H,O,-induced oxida-
tive stress which indicated higher cell viability. Flow cy-
tometry assay was further carried out to investigate the
antioxidative effect of Ce-doped CNPs. In the scatter plot
of double variable flow cytometry, Annexin-V-FITC emis-
sion signal was plotted on the x-axis, while PI emission
signal was plotted on the y-axis. Several regions of cells
were defined as follows: Annexin V-/PI-—are considered
living cells, Annexin V+/PI-—stands for early apoptosis
cells, and Annexin V+/PI+—-represents late apoptosis/ne-
crosis cells. As displayed in Fig. 6, the control group ex-
hibited a small and normal fraction of cell late apoptosis
of 1.45%, but H,O, treatment displayed an extremely high
rate of cell late apoptosis of 46.4%. As we expected, the
proportion of apoptotic cell treated by different concen-
tration of Ce-doped CNPs has a gradual downward trend.
Compared to 46.4% cell late apoptosis under the H,O,
treatment, the percentage of apoptosis markedly de-
creased to 24.2, 20.0, 15.1, and 11.2% after Ce-doped CNP
treatment of 50, 100, 200, and 400 pg/ml. Basing on the
results of the live-dead staining and flow cytometry, it re-
vealed that Ce-doped CNPs exerted favorable antioxida-
tive effects against oxidative stress-induced apoptosis in a
dose-dependent manner.

Conclusions

In summary, we reported a novel Ce-doped CNPs with
the capability of scavenging free radicals. The prepar-
ation method is simple by using one-step synthesis in
the bio-mineralization manner. Different from the
former surface modification (such as PVP), the as-
prepared Ce-doped CNPs exhibited the improvement in
biocompatibility and dispersibility in aqueous solution.
Furthermore, in vitro studies showed albumin-based
bio-mineralization Ce-doped CNPs not only own super-
oxide dismutase feature but also alleviate the oxidative
damage caused by H,O,, which have a protective effect
on cells in this periods of study. Furthermore, the con-
centration of Ce-doped CNPs plays important roles in
the recovery of apoptotic cells. Herein, the novel Ce-
doped CNPs have promising biomedical applications in
diseases prevention and treatment of oxidative stress-
mediated.

Page 9 of 10

Funding

This work was supported by the Jiangsu 333 High-Level Talents Training Pro-
ject (no. BRA2017145), Social development project of Zhenjiang City (no.
SH2015078), Key talents of Medical Science in Jiangsu Province project (no.
QNRC2016444), China Postdoctoral Science Foundation (nos. 2013M540425,
2014770487, and 2015M571705), and Natural Science Foundation of Jiangsu
Province (BK20161317).

Authors’ Contributions

SZ, XZ, and LZ prepared and characterized the nanoparticles. FG and MZ
performed the cell experiments and flow cytometry. YT carried out the
fluorescence imaging experiment. AG took part in the experimental design.
ZF was in charge of cell culture. HJ and FD were responsible for the
experimental design and paper writing. All authors read and approved the
final manuscript.

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Hepatosis, The Third people’ s Hospital of Zhenjiang, Jiangsu
University, 212021 Zhenjiang, People’s Republic of China. *School of
Medicine, Jiangsu University, 212013 Zhenjiang, People’s Republic of China.
3Department of Radiology, Affiliated Hospital of Jiangsu University, 212013
Zhenjiang, People’s Republic of China. “Department of Oncology, The
Affiliated People’s Hospital, Jiangsu University, Zhenjiang 212002, Jiangsu,
People’s Republic of China.

Received: 7 August 2017 Accepted: 28 December 2017
Published online: 06 March 2018

References

1. Miranda M, Balarini M, Caixeta D, Bouskela E (2016) Microcirculatory
dysfunction in sepsis: pathophysiology, clinical monitoring, and potential
therapies. Am J Physiol Heart Circ Physiol 311(1):H24-H35

2. Zhao H, Zhao M, Wang Y, Li F, Zhang Z (2016) Glycyrrhizic acid prevents
sepsis-induced acute lung injury and mortality in rats. J Histochem
Cytochem Official J Histochem Soc 64(2):125

3. de Andrade JAA, Gayer CRM, Nogueira NPA, Paes MC, Bastos VLFC, Neto
JDCB et al (2014) The effect of thiamine deficiency on inflammation,
oxidative stress and cellular migration in an experimental model of sepsis. J
Inflamm 11(1):11

4. Vera S, Martinez R, Gormaz JG, Gajardo A, Galleguillos F, Rodrigo R (2015)
Novel relationships between oxidative stress and angiogenesis-related
factors in sepsis: new biomarkers and therapies. Ann Med 47(4):289-300

5. Weaver JD, Stabler CL (2015) Antioxidant cerium oxide nanoparticle
hydrogels for cellular encapsulation. Acta Biomater 16:136-144

6. Das S, Dowding JM, Klump KE, McGinnis JF, Self W, Seal S (2013) Cerium
oxide nanoparticles: applications and prospects in nanomedicine.
Nanomedicine 8(9):1483

7. Oré D, Yudina T, Ferndndezvaro G, Casals E, Reichenbach V, Casals G et al
(2016) Cerium oxide nanoparticles reduce steatosis, portal hypertension and
display anti-inflammatory properties in rats with liver fibrosis. J Hepatol
64(3):691-698

8. BaiV, Jiang LP, Liu XF, Wang D, Yang G, Geng CY et al (2015) The role of
oxidative stress in citreoviridin-induced DNA damage in human liver-
derived HepG2 cells. Environ Toxicol 30(5):530-537

9. LiY,HeY, Guan Q Liu W, Han H, Nie Z (2012) Disrupted iron metabolism
and ensuing oxidative stress may mediate cognitive dysfunction induced by
chronic cerebral hypo perfusion. Biol Trace Elem Res 150(1-3):242-248

10.  Rocca A, Mattoli V, Mazzolai B, Ciofani G (2014) Cerium oxide nanoparticles
inhibit adipogenesis in rat mesenchymal stem cells: potential therapeutic
implications. Pharm Res 31(11):2952-2962

11, Cai X, Seal S, Mcginnis JF (2014) Sustained inhibition of neovascularization
in vidIr 77, mice following intravitreal injection of cerium oxide
nanoparticles and the role of the ASK1-P38/JNK-NF-kB pathway.
Biomaterials 35(1):249-258



Zou et al. Nanoscale Research Letters (2018) 13:76

20.

21.

22.

23.

24

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Nagana T, Traverse E (2014) Air, aqueous and thermal stabilities of Ce** ions
in cerium oxide nanoparticle layers with substrates. Nano 6(12):6637-6645
Thiam A, Sires |, Garrido JA, Brillas E (2015) Effect of anions on
electrochemical degradation of azo dye Carmoisine (acid red 14) using a
BDD anode and air-diffusion cathode. Sep Purif Technol 140(2015):43-52
Melchionna M, Fornasiero P (2014) The role of ceria-based nanostructured
materials in energy applications. Mater Today 17(7):349-357

Esch F, Fabris S, Zhou L, Montini T, Africh C, Fornasiero P, Comelli G, Rosei R
(2005) Electron localization determines defect formation on ceria substrates.
Science 309(5735):752-755

Montini T, Melchionna M, Monai M, Fornasiero P (2016) Fundamentals and
catalytic applications of CeO,-based materials. Chem Rev 116(10):5987
Celardo |, Pedersen JZ, Traversa E, Ghibelli L (2011) Pharmacological
potential of cerium oxide nanoparticles. Nano 3(4):1411-1420

Chigurupati S, Mughal MR, Okun E, Das S, Kumar A, Mccaffery M et al (2013)
Effects of cerium oxide nanoparticles on the growth of keratinocytes,
fibroblasts and vascular endothelial cells in cutaneous wound healing.
Biomaterials 34(9):2194-2201

Fernandez-Garcia S, Jiang L, Tinoco M, Hungria AB, Han J, Blanco G, Calvino
JJ, Chen X (2016) Enhanced hydroxyl radical scavenging activity by doping
lanthanum in ceria nanocubes. J Phys Chem C 120(3):1891-1901

Xue Y, Luan Q, Yang D, Yao X, Zhou K (2011) Direct evidence for hydroxyl
radical scavenging activity of cerium oxide nanoparticles. J Phys Chem C
115(11):4433-4438

Soh M, Kang DW, Jeong HG, Kim D, Kim DY, Yang W, Song C, Baik S, Choi
IY, Ki SK, Kwon HJ, Kim T, Kim CK, Lee SH, Hyeon T (2017) Ceria zirconia
nanoparticles as an enhanced multi-antioxidant for sepsis treatment. Angew
Chem Int Ed Engl 56(38):11399-11403

Naganuma T, Traversa E (2012) Stability of the Ce** valence state in cerium
oxide nanoparticle layers. Nano 4(16):4950-4953

Rong P, Huang P, Liu Z, Lin J, Jin A, Ma Y et al (2015) Protein-based
photothermal theranostics for imaging-guided cancer therapy. Nano 7(39):
16330-16336

Wang Y, Yang T, Ke H, Zhu A, Wang Y, Wang J et al (2015) Smart albumin-
bio mineralized nanocomposites for multimodal imaging and photo
thermal tumor ablation. Adv Mater 27(26):3841-3841

Bracamonte MV, Melchionna M, Giuliani A, Nasi L, Tavagnacco C, Prato M,
Fornasiero P (2017) H,0, sensing enhancement by mutual integration of
single walled carbon nanohorns with metal oxide catalysts: the CeO, case.
Sensor Actuat B-Chem 239:923-932

Zhang SX, Xue SF, Deng J, Zhang M, Shi G, Zhou T (2016) Polyacrylic acid-
coated cerium oxide nanoparticles: an oxidase mimic applied for
colorimetric assay to organophosphorus pesticides. Biosens Bioelectron 85:
457-463

Zhang M, Ju H, Zhang L, Sun M, Zhou Z, Dai Z et al (2015) Engineering
iodine-doped carbon dots as dual-modal probes for fluorescence and X-ray
CT imaging. Int J Nanomedicine 10:6943-6953

Du F, Zhang M, Li X, Li J, Jiang X, Li Z et al (2014) Economical and green
synthesis of bagasse-derived fluorescent carbon dots for biomedical
applications. Nanotechnology 25(31):315702

Du F, Zhang L, Zhang L, Zhang M, Gong A, Tan Y et al (2017) Engineered
gadolinium-doped carbon dots for magnetic resonance imaging-guided
radiotherapy of tumors. Biomaterials 121:109-120

Zhang M, Zhao X, Fang Z, Niu Y, Lou J, Wu Y et al (2017) Fabrication of HA/
PEI--functionalized carbon dots for tumor targeting, intracellular imaging
and gene delivery. RSC Adv 7:3369-3375

Heckert EG, Seal S, Self WT (2008) Fenton-like reaction catalyzed by the rare
earth inner transition metal cerium. Environ Sci Technol 42(13):5014-5019
Hsieh S, Lin PY (2012) FePt nanoparticles as heterogeneous Fenton-like
catalysts for hydrogen peroxides decomposition and the decolorization of
methylene blue. J Nanopart Res 14(6):1-10

Thanan R, Techasen A, Hou B, Jamnongkan W, Armartmuntree N, Yongvanit
P et al (2015) Development and characterization of a hydrogen peroxide-
resistant cholangiocyte cell line: a novel model of oxidative stress-related
cholangiocarcinoma genesis. Biochem Biophys Res Communications 464(1):
182-188

LiY, He X, Yin J, Ma Y, Zhang P, Li J et al (2015) Acquired superoxide-
scavenging ability of ceria nanoparticles. Angew Chem 54(6):1832-1835
Wang YJ, Dong H, Lyu GM, Zhang HY, Ke J, Kang LQ et al (2015)
Engineering the defect state and reducibility of ceria based nanoparticles
for improved anti-oxidation performance. Nano 7(33):13981

Page 10 of 10

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Experimental Section
	Materials and Reagents
	Synthesis of Cerium Oxide Nanoparticles
	Instruments and Characterization of Cerium Oxide Nanoparticles
	UV-vis Photometric Experiments
	Cytotoxicity of Cerium Oxide Nanoparticles
	Model of Hydrogen Peroxide on Cells Viability Assay In Vitro
	Apoptosis Induction and Cell Viability Assay In Vitro
	Live-Dead Staining Assay and Flow Cytometry
	Statistical Analysis

	Results and Discussion
	Preparation and Characterization of Cerium Oxide Nanoparticles
	The Chemical Structure and Surface Composition of the Ce-Doped CNPs
	Cytotoxicity Assay of Cerium Oxide Nanoparticles In Vitro
	Antioxidant Properties and Free Radical Scavenging Activity of Ce-Doped CNPs In Vitro

	Conclusions
	Authors’ Contributions
	Competing Interests
	Publisher’s Note
	Author details
	References

