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Surface decoration of selenium nanoparticles with
curcumin induced HepG2 cell apoptosis through

ROS mediated p53 and AKT signaling pathways+

Min Guo,} Yinghua Llﬁi Zhengfang Lin, Mingqi Zhao, Misi Xiao, Changbing Wang,

Tiantian Xu, Yu Xia and Bing Zhu &

Hepatocellular carcinoma (HCC) is one of the most lethal cancers, and the morbidity and mortality are
increasing continuously. Curcumin plays an important role in anticancer activity, while its clinical
application is limited by its poor aqueous solubility. To develop an aqueous formulation and improve the
anticancer activity of curcumin, curcumin-surface decorated selenium nanoparticles (Se@Cur) were

designed in the present study. Transmission electron microscopy (TEM) images and MTT assays indicated
Se@Cur dramatically suppressed the proliferation of HepG2 cells and showed low toxicity to normal
cells. Compared with SeNPs and curcumin, Se@Cur significantly inhibited the migration ability of HepG2
cells. Moreover, induction of apoptosis in HepG2 cells by Se@Cur was proved by accumulation of the
sub-G1l cell population, nuclear condensation and activation of caspase-3. Furthermore, Se@Cur
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promoted intracellular ROS overproduction and induced apoptosis via activating p53 and AKT signal

pathways. Finally, in a xenograft nude mice model, Se@Cur suppressed the growth of tumors. Altogether,

DOI: 10.1039/c7ra08796a

rsc.li/rsc-advances for chemotherapeutics of HCC.

1 Introduction

Hepatocellular carcinoma (HCC) is considered as one of the
most common malignancies and ranks third in cancer-
associated deaths around the world."* About 250 000 new
cases of HCC increase every year, with nearly 6 000 000 deaths
occurring.” The conventional therapies at the early stages of
HCC include surgical restriction, interventional therapy,
radiotherapy and radiofrequency ablation.®” The survival rate
improves significantly after surgical restriction at the early
phase of HCC.*® Unfortunately, the majority of patients with
HCC were advanced stage at the time of diagnosis without
proper screening tests and effective surveillance strategies.*
Besides, due to its insensitivity to chemotherapy and high
metastatic potential, the survival of patients with HCC is very
poor. Moreover, chemotherapy drugs possess potential draw-
backs, such as short half-life, poor aqueous solubility and
significant toxicity. Thus, it is urgent to develop novel thera-
peutic agents for the treatment of HCC."

Curcumin, a hydrophobic polyphenol derived from turmeric
Curcuma longa, has wide biological activities, such as
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the findings in the present study demonstrated the application of Se@Cur as a safe and hopeful strategy

anticancer, antioxidant, antibacterial, antifungal and anti-
viral.”™ Curcumin plays a role in anticancer activity by regu-
lating the expression of several cellular targets like AKT, MAPK,
p53, AMPK and NF-kB, and thus controls cancer cell prolifera-
tion, growth, invasion and induces apoptosis.'®"” Furthermore,
owing to no signs of toxicity in humans or animals treated with
curcumin, it was proved to be a natural and safe agent.'®
Unfortunately, the main problems for the clinical application of
curcumin are compromised by its low oral bioavailability, rapid
degradation and poor solubility in aqueous solution.'>'
Therefore, an aqueous formulation of curcumin is required for
clinical application.

Nanotechnology has already been implied in different
medical aspects, with a focus on the diagnosis of diseases and
drug delivery systems for therapy of diseases.””>* As potential
drug delivery systems, nanomaterial has the characteristics of
smart, surface functionalization and well soluble in aqueous
solution, which provides a crucial way to develop aqueous
formulations of hydrophobic drugs.?® Selenium is an important
dietary trace element and can inhibit the growth of cancer
cells.”*?® Numerous reports have shown that selenium is
a potent cancer chemopreventive agent and is associated with
risk of many cancers, such as stomach, bladder, prostate,
ovarian, colon, lung, breast cancer, and so on.”*** Due to the
unique properties of selenium nanomaterial, it is applied in
medicine, especially cancer gene and drug delivery.*® Thus,
curcumin-loaded SeNPs nanoparticle (Se@Cur) was designed

This journal is © The Royal Society of Chemistry 2017
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and synthesized as a potential cancer therapy against hepato-
cellular carcinoma.

The reactive oxygen species (ROS) play an important role in
many physiological processes. The redox imbalance is associ-
ated with much pathology, such as cancer and other diseases.*
ROS are generated by the chemical reduction of O,, including
superoxide (O,"), superoxide anion (O, "), hydroxyl ("OH) and
hydrogen peroxide (H,O,). ROS plays a role of cell-signaling
proteins, which are involved in growth, differentiation, and
apoptosis of cell.***¢ Recent studies have indicated that ROS
have impacts on many signaling pathways, such as MAPKs, NF-
kB, Keap1-Nrf2-ARE, PI3K-AKT, etc.*” In this study, Se@Cur was
designed as a new chemotherapeutic agent to achieve HepG2
cells apoptosis and its underlying anticancer mechanisms
through ROS-mediated signaling pathway were also explored.

2 Experimental
2.1 Materials

HepG2 cells and LO2 cells were acquired from American Type
Culture Collection (ATCC, Manassas, VA). Fetal bovine serum
(FBS) and Dulbecco's modified Eagle's medium (DMEM) were
obtained from Gibco. P53, AKT and cleaved caspase-3 antibody
were provided by Cell Signaling Technology Inc. (Danvers, MA,
USA). Na,SeO3, Vitamin C (VC), coumarin-6, thiazolyl blue
tetrazolium bromide (MTT) were acquired from Sigma-Aldrich
(EMD Millipore, Billerica, MA, USA). BCA protein assay Kkit,
Reactive Oxygen Species Assay Kit and caspase-3 activity assay
kit were purchased from Beyotime Institute of Biotechnology
(Shanghai, People's Republic of China). Mice were obtained
from the Guangdong Medical Laboratory Animal Center
(Guangdong, China). All animal procedures were performed
according to the guidelines of Guangdong Medical Laboratory
Animal Center.

2.2 Synthesis and characterization of Se@Cur

After SeNPs were synthetized as previous.*® 1 mM curcumin was
added into the SeNPs under magnetic stirring for half an hour.
Then the Se@Cur complex was purified and re-dispersion in
Milli-Q water. Finally, the production was dialyzed and
measured by ICP-MS analysis. The particle morphology,
elemental composition analysis, size distribution, zeta potential
and stability in aqueous solutions of Se@Cur were analyzed by
transmission electron microscopy (TEM), Energy Dispersive X-
ray (EDX) and Malvern Zetasizer Nano ZS particle analyzer,
respectively. FT-IR samples were recorded using the KBr-disk
method on Equinox 55 IR spectrometer. XPS measurement
was carried out on an ESCALab 250 spectrometer.

2.3 Cell culture and MTT assay

The HepG2 and LO2 cells were maintained in DMEM supple-
mented with 10% FBS, 100 U ml~" penicillin and 50 U ml*
streptomycin at 37 °C in a humidified incubator (Thermo
Scientific, USA) with 5% CO,. The cytotoxicity and viability were
evaluated by MTT assay.*® HepG2 and LO2 cells were seeded in
triplicate in 96 well flat bottom respectively. Thereafter, the cells
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were exposed to SeNPs, curcumin, Se@Cur at different
concentrations for 48 h. After treatment, cells were incubated
with MTT regent for 5 h. Then the culture medium was removed
and 150 pl DMSO were added to each well. The conversion of
MTT was read at 570 nm absorbance by microplate reader.

2.4 Scratch assay

The anti-cell migration effect of Se@Cur on HepG2 cells was
detected by a scratch assay. In brief, after the cell confluence
reached 80%, cell monolayers were wounded with a sterile
microtip and washed with PBS to discard detached cells. Then
the cells were treated with Se, curcumin, Se@Cur and incubated
for 24 h. After that, the wound closure was observed and pho-
tographed by an Olympus microscope at 0 and 24 h.

2.5 Cell cycle assay

The cell cycle assay was performed as describe previously.*
After treatment with SeNPs, curcumin and Se@Cur for 48 h, the
HepG2 cells were harvested by trypsinization. Then, the
collected cells were resuspended in ice cold 70% ethanol and
stored over night at —20 °C for fixation. Then the fixed cells were
incubated with Propidium iodide at room temperature for
30 min away from light. The cells were measured by flow
cytometry. Cell cycle phase quantification was analyzed by using
ModFit LT 3.1 software.

2.6 Measurement of reactive oxygen species (ROS) level

The level of intracellular ROS which is induced by Se@Cur is
detected as describe previously.*»** In brief, after treatment with
Se@Cur in different time, the HepG2 cells were stained with
DCFH-DA (10 pM) for 30 min in the dark. The ROS was detected
by a fluorescence microscope. The same exposition time was
acquired for all treatment groups to capture images. The fluo-
rescence intensity was determined by a fluorescence plate
reader with an excitation wavelength of 488 nm and emission
wavelength of 525 nm respectively.

2.7 Activation of caspase-3

Caspase-3 activity was measured according to the methods
described in our previous paper.**** Cell lysates, detection
buffer and specific caspase substrates Ac-DEVD-pNA (2 mM)
were added into a 96-well plate for 2 h at 37 °C. The activation of
caspase-3 was measured through the conversion of pNA, which
was measured by 405 nm absorbance using a microplate reader.

2.8 Western blotting analysis

The expression of proteins associated with different signaling
pathways after treatment with Se@Cur in HepG2 cells were
analyzed by Western blot as previously reported.*>*® In brief,
HepG2 cells were lysed with RIPA solution after treatment with
Se@Cur for 48 h, followed by concentration detection of the
proteins with a BCA Kkit. After that, equivalent amount of
proteins were loaded in SDS-PAGE, then transferred to poly-
vinylidene difluoride membranes, and finally visualized by X-
ray film.

RSC Aadv., 2017, 7, 52456-52464 | 52457
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2.9 HepG2 cell xenograft mice model

32 female nude mice were subcutaneously injected into the
right armpit region with harvested HepG2 cells. When the
volume of tumors reached about 75 mm?®, the tumor-bearing
mice were acquired. After that, the tumor-bearing mice were
randomly allocated into a control group and 3 treatment
groups. For study, tumor-bearing mice were treated with
Se@Cur at dosages of 3 mg kg™, 6 mg kg”" and 9 mg kg™*
through intravenous injection every 2 days and continued for 16
days. As the control group, the mice were treated with equal
volume of PBS (0.2 ml). 16 days later, the tumor-bearing mice
were killed, of which the tumor weight and body weight were
measured. The animal experiments were performed following
an approved protocol of Animal Experimentation Ethics
Committee.

2.10 Statistical analysis

All results were all obtained from three independent tests and
the data was analyzed using SPSS (ver. 19.0). Continuous vari-
ables were presented as mean + SD. The differences among
multiple groups were compared using one-way analysis of
variance (ANOVA). The probability of P value of <0.05 (*) and P
value of <0.01 (**) were deemed to be significant in all
experiments.

3 Results and discussion
3.1 Preparation and characterization of Se@Cur

In present study, we constructed a chemical method to
synthesize selenium nanoparticle coated with curcumin
(Se@Cur) and the synthetic route was shown in Fig. 1. The
morphology of SeNPs and Se@Cur was characterized by TEM
firstly. As shown in Fig. 2A and B, SeNPs and Se@Cur all pre-
sented small and sphere particles. While, compared with
SeNPs, Se@Cur was more uniform and dispersive. As shown in
Fig. 2C, the EDX analysis of Se@Cur showed the presence of
three main signals, including Se atoms signal from SeNPs
(35.8%), O (38.2%) and C (26%) that from curcumin. Fig. 2D
and E presented the size graphs of SeNPs and Se@Cur. SeNPs
without curcumin decorated showed small sphere particles
with a size of 141 nm, while Se@Cur apparently reduced the size
to 53 nm (Fig. 2D and E). Se@Cur with the property of small size
enhanced the cellular uptake and was more easily entered into
cell membrane. Besides, the absolute value of zeta potentials
generated by SeNPs was 24.3 mv, and increased to 36.9 mV
when capped with curcumin (Fig. 2F). The results indicated that
after surface modification with curcumin, Se@Cur showed
higher stability than SeNPs. Furthermore, from Fig. 2G, the size
of Se@Cur gradually increased and kept stable for at least 30
days. Taken together, the characterization of Se@Cur with small
size and low zeta potential effectively promoted cellular uptake
and nanostructures stability.

3.2 The structure of Se@Cur

The FTIR spectrum of Se@Cur gave clear evidence that curcu-
min ligand formed part of the nanocomposite. Curcumin
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Fig. 1 Synthetic route of Se@Cur.

VC + Na2SeO3 -

displays IR absorbance peaks at 1269 cm ™" and 753 cm™ " cor-
responded to -OH and -C-H. The absence of these peaks in
Se@Cur indicated the formation of Se@Cur (Fig. 3A). The XPS
spectra were also recorded to examine the interaction between
SeNPs and curcumin. As shown in Fig. 3B, the O 1s peak in the
spectrum of Se@Cur further confirmed that curcumin had been
successfully conjugated to the SeNPs, the results support the
formation of Se-O bond in Se@Cur.

3.3 Invitro cytotoxicity and anti-proliferation activity of
Se@Cur

To measure the viability and anti-proliferation activity of
HepG2 cells after treatment with SeNPs, curcumin and
Se@Cur, the MTT assay was performed. As shown in Fig. 4A,
the cell survival rate of LO2 cells was higher than HepG2 cells
when exposed to SeNPs (88.45% vs. 86.94%), curcumin
(80.65% vs. 66.72%) and Se@Cur (74.95% vs. 52.29%).
Compared with SeNPs and curcumin, Se@Cur remarkably
suppressed the viability of HepG2 cells and showed less
cytotoxicity to normal cells. As shown in Fig. 4B, after treat-
ment with SeNPs, curcumin and Se@Cur, the decrease of cell
number, cell rounding, cell vacuoles and cytoplasm shrinkage
were observed in different degree. The effects of SeNPs, cur-
cumin and Se@Cur on the growth of HepG2 cells were also
further confirmed. Synergy was evaluated by calculation of in
vitro fractional inhibitory concentration-index
minimum inhibitory concentration (MIC) of drug A combi-
nation present in Se@Cur of SeNPs (125 uM); MIC of drug B
combination present in Se@Cur of Cur (20 uM); MIC of drug A
alone corresponded to free SeNPs (1 mM); MIC of drug B alone
corresponded to free Cur (62.5 uM). Fractional IC (FIC) was
calculated as (MIC drug A combination/MIC drug A alone) +
(MIC drug B combination/MIC drug B alone) = 125 pM/1 mM
+20 uM/62.5 uM = 0.445. FIC was 0.445, below 0.5, indicating
synergy. In this study, the FIC index was basically interpreted
as follows: FIC < 0.5, synergy; FIC 0.5-2, indifference; FIC > 2,
antagonism. These results indicated Se@Cur suppressed the
proliferation of HepG2 cells most effectively and induced
more cancer cells death than non-cancer cell.

values:

3.4 Se@Cur inhibited the migration of HepGz2 cells

As present in Fig. 5, the HepG2 cells were exposed to SeNPs,
curcumin, Se@Cur and the cellular migration was analyzed by
a scratch assay. In the control group, the migrating cell was
almost completely occupied the wounded gap after 24 h. While,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Characterization of SeNPs and Se@Cur. (A) Representative TEM images of SeNPs and (B) Se@Cur. (C) Representative EDX analysis of
Se@Cur. (D) Size distribution of SeNPs and (E) Se@Cur. (F) Zeta potentials of SeNPs and Se@Cur. (G) Stability of Se@Cur in aqueous solutions.

in the Se@Cur treated group, this gap was not occupied by
migrating cells. The Migratory ratio of control, SeNPs, curcumin
and Se@Cur in Fig. S1.T This result suggested that Se@Cur
significantly inhibited the migration ability of HepG2 cells.

3.5 Se@Cur inhibited HepG2 cells proliferation by induction
of apoptosis

Most anticancer drugs can induce cancer cells apoptosis
which is an important mechanism for anticancer effect. In

>
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order to prove whether apoptosis was involved in HepG2 cell
death induced by SeNPs, curcumin, and Se@Cur, a cell cycle
assay was analyzed by flow cytometry. As shown in Fig. 6, the
results revealed that the sub-G1 apoptotic cell population was
significantly increased in the DNA histogram in different
treatments. For instance, the exposure of HepG2 cells to
different treatments of control, SeNPs, curcumin, and
Se@Cur significantly increased in apoptotic population from
1.83 t0 20.63%. Compare to control group, Se@Cur treatment
group had a significantly higher percentage of cells in the

m

400 600 800 1000 1200

Binding energy (eV)

Fig. 3 FTIR spectrum and XPS detection of SeNPs and Se@ZNV. (A) FTIR spectrums. (B) XPS detection.
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Fig. 4 Cytotoxic effects of Se@Cur on HepG2 cells. (A) Cell viability of Se@Cur treated HepG2 cells and normal cells were determined by MTT
assay. (B) After treatment with Se@Cur, the morphological changes of HepG2 cells included cell number reduction with cell rounding, cell
vacuoles and cytoplasm shrinkage.
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Fig. 5 A wound-healing assay was conducted to analyze cell migration. The migration of HepG2 cells was dramatically suppressed after
treatment with Se@Cur for 24 h.

S phase indicating inhibition the proliferation of showed in Fig. S2.f Those results suggested that
HepG2 cells. Translocation of phosphatidylserine induced Se@Curinduced HepG2 cells apoptosis and S phase cell cycle
by SeNPs, curcumin and Se@Cur in HepG2 cell was arrest.

Control SeNPs Curcumin Se@Cur
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Fig. 6 Effect of Se@Cur on cell cycle progression in HepG2 cells measured by flow cytometry analysis. DNA quantitative analysis of cell cycle
distribution in HepG2 cells treated with SeNPs, curcumin, and Se@Cur for 48 h. SeNPs alone is 1 mM curcumin alone is 62.5 pM SeNPs
combination present in Se@Cur is 0.125 pM curcumin combination present in Se@Cur is 20 pM.
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Fig. 7 Se@Cur induced caspase activation. (A) HepG2 cells were
treated with different treatments for 24 h and activation of caspase 3
was measured. (B) The expression level of caspase 3 protein was
measured by western blotting.

3.6 Activation of caspase-3 by Se@Cur

Caspases are some family of cysteine proteases and important
components in response to apoptosis. Caspase-3 has been
regarded as the main executioner caspases in the cell, which
lead to cell disassembly and DNA fragmentation. As an effector
caspase, activation of caspase-3 was engaged by activation of
initiator caspases through extrinsic or intrinsic apoptosis
pathways. Caspase-3 involved in proteolytic cleavage of some

View Article Online
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important proteins. Activation of caspase-3 was measured by
western blotting and fluorometric test. Compared to control
group, the activation of caspase-3 was significantly increased to
117%, 175%, 285% when the HepG2 cells were exposed to
SeNPs, curcumin, Se@Cur, respectively (Fig. 7A). As shown in
Fig. 7B, the level of caspase-3 expression was downregulated
with treatment of Se@Cur. The results above suggested that
nanosystem markedly increased the activation of caspase-3 to
mediate apoptosis.

3.7 Induction of ROS in HepG2 cells by Se@Cur

Caspase-3 was confirmed as an important mediator of cell
apoptosis.

It has been reported that ROS was a vital regulator of cell
signaling pathways triggered by anticancer drugs. In order to
investigate weather Se@Cur could trigger ROS-mediated
apoptosis, the ROS level was detected by DCF fluorescence
assay. After exposure to SeNPs, curcumin, and Se@Cur, the ROS
generation of HepG2 cells markedly elevated to 120%, 160%
and 220% of the control group, respectively (Fig. 8A). From
photos in Fig. 8B, the average fluorescent intensity of HepG2
cells treated with Se@Cur was the strongest, followed by cur-
cumin and SeNPs treatment group. TEM image of HepG2 cells
treated with Se@Cur was showed in Fig. S3.f These results
revealed that the involvement of ROS in the anticancer action of
Se@cCur.

3.8 ROS-mediated signaling pathways by Se@Cur

Furthermore, the molecular mechanisms of Se@Cur in
inducing HepG2 cells apoptosis were investigated. Intracellular
ROS overproduction could cause DNA damage response and
lead to cell apoptosis via regulation of multiple signaling
pathways, including JNK, AKT, ERK and P53, et al*"*® The
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Fig.8 The intracellular ROS of HepG2 cells exposed with Se@Cur. (A) ROS overproduction induced by Se@Cur was measured by a fluorescence
plate reader. (B) Representative fluorescence images of cells stained by DCFH-DA.
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Fig. 10 Effects of anticancer of Se@Cur in vivo. (A) Tumor weight of xenogragt HepG2 tumor nude mice after treatment with different
concentration of Se@Cur. (B) Body weight of xenograft HepG2 tumor nude mice after treatment with different concentration of Se@Cur.

overproduction of ROS were significantly generated in cells
exposed to Se@Cur as aforesaid, so the vital molecules
expressed in ROS-mediated downstream signaling pathway
were tested by Western blotting. As shown in Fig. 9A, compared
with SeNPs and curcumin, the expression of p53 was in a down-
regulated trend after treatment with Se@Cur. Similarly, for the
AKT signaling pathway, Se@Cur markedly promoted the
protein expression of AKT (Fig. 9B). In general, the present
results indicated that Se@Cur induced HepG2 cells apoptosis
by at least two ROS-mediated signaling pathways.

3.9 In vivo anticancer activity of Se@Cur

Invivo anticancer effect of Se@Cur is an important indicator for
the application in the medical field.* Therefore, the dose
dependent experiment of tumor weight and body weight were
performed to evaluate its in vivo anticancer activity. As shown in
Fig. 10A, the HepG2 xenogragts nude mice were treated with
Se@Cur at the dose of 3, 6, 9 mg kg~ * for a period of 16 days,
and the tumor weight after last treatment were 0.81 + 0.03 g,
0.60 £+ 0.04 g and 0.31 + 0.02 g, respectively. Similarly, after
treatment with different concentration of Se@Cur, the body

52462 | RSC Adv., 2017, 7, 5245652464

weights were 16 £ 0.46 g, 15 £ 0.41 g and 14 + 0.42 g, respec-
tively (Fig. 10B). Taken together, compare to control group,
there was no statistically significant difference in body weight,
but no distinct reduction was observed in the body weight.
Images of the mice with different size of tumors were showed in
Fig. S4.f The dates suggested that Se@Cur significantly
inhibited the growth of tumor while exhibited low side effect.
Taken together, these results indicated the effective in vivo
anticancer capacity of Se@Cur.

4 Conclusions

In conclusion, this paper demonstrated a chemical method to
synthesize curcumin loaded selenium nanoparticle (Se@Cur).
Se@Cur exhibited superior abilities to enhance the solubility of
drug, inhibit cell proliferation and suppress cell migration.
Furthermore, the mechanistic investigation revealed that
Se@Cur activated caspase-3 mediated HepG2 cells apoptosis by
ROS overproduction. Moreover, Se@Cur induced HepG2 cells
apoptosis via P53 and AKT signaling pathways. The in vivo
experiments showed injection of mice with Se@Cur effectively

This journal is © The Royal Society of Chemistry 2017
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inhibited the tumor growth. Taken together, for achieving
anticancer activity, the strategy to use SeNPs as a carrier of
curcumin could be a highly efficient way. Se@Cur may be
a candidate for next assessment as a chemotherapeutics of
cancers, especially HCC.
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