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Cuprous oxide nanoparticles inhibit the growth and
metastasis of melanoma by targeting mitochondria

Y Wang"?3, F Yang®, H-X Zhang'?, X-Y Zi'?, X-H Pan®, F Chen'?, W-D Luc®, J-X Li'?, H-Y Zhu*'? and Y-P Hu*'?

Metal and its oxide nanoparticles show ideal pharmacological activity, especially in anti-tumor therapy. Our previous study
demonstrated that cuprous oxide nanoparticles (CONPs) selectively induce apoptosis of tumor cells in vitro. To explore the anti-
tumor properties of CONPs in vivo, we used the particles to treat mouse subcutaneous melanoma and metastatic lung tumors,
based on B16-F10 mouse melanoma cells, by intratumoral and systemic injections, respectively. The results showed that CONPs
significantly reduced the growth of melanoma, inhibited the metastasis of B16-F10 cells and increased the survival rate of tumor-
bearing mice. Importantly, the results also indicated that CONPs were rapidly cleared from the organs and that these particles
exhibited little systemic toxicity. Furthermore, we observed that CONPs targeted the mitochondria, which resulted in the release
of cytochrome C from the mitochondria and the activation of caspase-3 and caspase-9 after the CONPs entered the cells. In
conclusion, CONPs can induce the apoptosis of cancer cells through a mitochondrion-mediated apoptosis pathway, which

raises the possibility that CONPs could be used to cure melanoma and other cancers.
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In recent years, with the rapid development of nanoscience
and nanotechnology, many nanomedicines, such as gold
nanoparticles,’? metallic multi-segments,® silicon nano-
wire,*® iron core-gold shell nanoparticles,6 chitosan nano-
particles,” and gold nanorods,® have been designed for tumor
therapy. When the conventional therapies, including surgical
interventions , radiation, and cytotoxic chemotherapies, are
ineffective in curing cancer, it is necessary to explore novel
drugs.®'® Nanomedicines have been emerging as one of
these new treatment options.'"12

Arsenic trioxide, which represents one of the new types of
medicines and is derived from a famous, traditional Chinese
remedy, has been used to successfully treat acute promye-
locytic leukemia.® Inspired by this research, we found azurite
ore mentioned in Shen Nong'’s Herbal, a traditional Chinese
medical text. This medicine was used and recorded as an anti-
tumor medicine and is now known to be a type of copper
compound. By combining nanomedicine with traditional
Chinese medicine, we tried to examine the possibility of
applying cuprous oxide nanoparticles (CONPs) to cancer
therapy.

Melanoma is highly aggressive, leaving untreated patients
with a median survival of <12 months.'* In recent years, the
incidence of melanoma has been increasing rapidly.'®
Melanoma is a cancer that is difficult to cure by conventional
therapy, which is one of the reasons why we chose to focus on

melanoma in this study.'®"'® The other reason is that our

previous research has shown that CONPs can selectively
induce apoptosis and inhibit the proliferation of tumor cells
in vitro and that melanoma cells are highly sensitive to
CONPs,'® suggesting that CONPs may be used in the
treatment of melanoma. To verify this hypothesis, we sought
to test the anti-tumor capability of CONPs in vivo. We
established two types of tumor-bearing mouse models based
on B16-F10 melanoma cells, representing subcutaneous
melanoma and metastatic lung tumors. Following an intratu-
moral injection of CONPs into the subcutaneous melanoma,
we found that the growth of the tumors was significantly
inhibited and that the survival rate of the mice was markedly
increased. The results of the systemic therapy showed that
CONPs not only repressed the metastasis and proliferation of
B16-F10 cells but also were rapidly cleared from the organs,
resulting in little hepatic and renal toxicities in mice.
Concerning the anti-tumor mechanism underlying inorganic
nanomedicines, it has been reported that many of these
nanomedicines with chemical modifications can kill tumor
cells by targeting the nucleus® or other organelles®'~22 or by
increasing the reactive oxygen species (ROS) level in tumor
cells. In the current study, we found that CONPs without
chemical modification targeted the mitochondria specifically,
caused cytochrome C (Cyt C) release, and activated caspase-
3 and caspase-9, which demonstrated that CONPs induced
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the apoptosis of tumor cells by initiating a mitochondrion-
mediated apoptosis signaling pathway. Our results strongly
suggest that CONPs can ultimately be applied to the
treatment of melanoma and other cancers as a new type of
anti-tumor nanomedicine.

Results

CONPs induce apoptosis and inhibit migration of tumor
cells in vitro. CONPs were synthesized and characterized
as in our previous study,'® and the diameter of the CONPs
ranged from 40 to 110nm. Cell viability following CONPs
treatment was then evaluated using the 3-(4,5-dimethylthia-
zol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.
Our data showed that CONPs could kill B16-F10 and Hela
cells in a dose- and time-dependent manner. The half-
maximal inhibitory concentration (IC50) for the B16-F10 cells
was 1.992 ug/ml after 48 h of CONPs treatment, whereas for
the Hela cells, it was 8.28 ug/ml after 48 h (Supplementary
Figures S1a and b). In our previous study, we found that the
IC50 values for normal mouse embryonic fibroblast cells and
293 T cells were 27.00 and 14.22 ug/ml, respectively,
indicating that CONPs are selectively cytotoxic to tumor
cells.”® In the current study, the B16-F10 cells were highly
sensitive to CONPs, with an IC50 value that was one of the
lowest among the cells we tested. In addition, Annexin V- and
Pl-based apoptosis and necrosis discrimination assays
were performed on B16-F10 cells, which were exposed to
CONPs for 24 h and 48 h. The result exhibited that CONPs
significantly induced the apoptosis in B16-F10 cells in a dose-
and time-dependent manner (Supplementary Figure S1c).

In the meantime, Transwell assays were performed to test
whether migration and invasion of the tumor cells were
inhibited by CONPs in vitro. As shown in Supplementary
Figure S2, migration and invasion of B16-F10 cells were all
inhibited significantly by CONPs at the concentration of 1.25
and 2.5 ug/ml (*P<0.05, Student’s t-test). Real-time RT-PCR
results showed that CONPs might downregulate the expres-
sions of epithelial-mesenchymal transition (EMT)-related
genes, N-cadherin (mesenchymal marker, Cdh2), Twist1,
and Snail1 (*P<0.05, Supplementary Figure S3). However, it
may have no effects on E-cadherin (epithelial marker, CdhT)
expression.

CONPs inhibit the growth and metastasis of melanoma
in tumor-bearing mice. To establish a subcutaneous
melanoma model, B16-F10 cells in the exponential growth
phase were transplanted subcutaneously behind the inguen
of C57BL/6 mice. CONPs were dissolved in a 5% glucose
solution using an ultrasonic mixer. When the tumors had
grown to an approximate diameter of 5-7 mm, the CONPs
solution or a 5% glucose solution without CONPs (control)
were injected into the tumors (the time point was marked as
day 0). In the CONP treatment group, CONPs were injected
at 16 mg/kg (approximately 400 ug CONPs) once per day,
from day 0 to day 16. We found that, at each test time point,
the diameters of all the tumors in the CONP group were
visibly smaller than the tumors of the glucose group (Figures
1a and b). Additionally, the tumor masses of the CONP group
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were significantly lower than the masses recorded for the
glucose group (Figure 1c). These results showed that the
tumor growth was markedly inhibited by CONPs in vivo.
Consistent with this finding, CONPs also improved the
survival rate and lengthened the lifetime of the melanoma-
bearing mice compared with the mice in the glucose group
(Figure 1d). A TUNEL assay was used to confirm that
CONPs can induce the apoptosis of B16-F10 cells in vivo
(Figures 1e, f (as a control) and g, *P<0.05, Student’s
-test), which results in the suppression of tumor growth.

The results of the systemic therapy in mice bearing B16-
F10 cell-based metastatic lung tumors were positive. CONPs
were injected into tumor-bearing mice through the vena
orbitalis posterior once per day. Fifteen days later, the lungs of
the mice were collected. Our data showed that the number of
tumor nodules on the lung surfaces of the mice in the CONP
group was significantly lower than the number of nodules in
the lungs of mice in the glucose group (Figures 1h and i,
*P<0.05, Student’s t-test).

CONPs were rapidly cleared by the mice. To examine the
in vivo safety and toxicity of CONPs, we injected C57BL/6
mice with an intravenous dose of CONPs (total CONP
administration of 6 mg/kg). The toxicity was monitored in the
next 7 days. No mice died, and all the mice lived normally
over the next 7 days, at which time point the serum and
certain organs of the mice in the CONPs and glucose groups
were collected. The results of the serum test showed that the
alanine aminotransferase, glutamic-oxaloacetic transami-
nase, albumin, and blood urea nitrogen were at normal
levels in the CONP group (Figure 2a), because there were no
statistically significant differences between the CONPs and
glucose groups, suggesting no hepatoxicity or renal toxicity if
any. Consistent with this result, the lung, kidney, liver, and
spleen presented virtually no obvious histological changes in
the HE-stained images (Figure 2b, Supplementary Figure S4a
as control from the health mice), indicating that there were little
toxic effect due to the administration of CONPs in mice.

In the clearance assay, an atomic absorption spectrometer
was used to test the concentration of copper in the mouse
spleen, lung, liver, and kidney at 4 h and 7 days after injection.
The results showed that the concentration of copper in the
tested organs decreased to a level equal to the copper level in
the control group by 7 days after the injection, which
suggested that CONPs were rapidly cleared by the mice
(Figure 2c). In addition, the weights of the tumor-bearing mice
in the CONP group were constant, whereas the weights of the
glucose group decreased dramatically during the 15 days of
systemic therapy in the metastatic lung tumor model
(Figure 2d, *P<0.05, Student’s paired t-test). Hepatoxicity
and renal toxicity were not observed in this experiment of the
CONPs (Figure 2e). Furthermore, HE-stained images of the
mouse major organs showed that there were no significant
histological changes (Supplementary Figure S4b).

CONPs target mitochondria in cells and induce
apoptosis by a mitochondrion-mediated apoptosis
pathway. From TEM (transmission electron microscopy)
images, we can discover that CONPs entered mitochondria in
the B16-F10 cells by transporting or by uptaking (Figures 3a—d).
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Figure 1  Anti-tumor effects of CONP therapy on subcutaneous melanoma and metastatic lung tumors. (a) Representative images of stripped subcutaneous tumors. The
diameters of the subcutaneous tumors of the CONP group were obviously smaller than the diameters observed in the glucose group. (b) Representative images of mice
bearing subcutaneous melanoma from the same study at day 12. The tumors of the CONP group were significantly smaller than the tumors of the glucose group. () Plot of
tumor mass versus time. Day 0 was the starting of the treatment. The mice bearing subcutaneous tumors were euthanized when exhibiting signs of illness or death. The tumor
masses of the deceased mice were not included after the day of death. Each group initially contained six mice. The error bars represent + S.D. The tumors of the CONP group
were significantly smaller when compared with the tumors of the control mice (*P< 0.05, for day 16; **P<0.005, for days 4 and 12; and ***P<0.001, for day 8; Student’s
paired ttest, n=6). (d) Survival plot of mice bearing subcutaneous tumors. The survival of mice treated with CONPs was significantly longer than the mice in the glucose
group (*P<0.05, log-rank test, n=6). Day 5 was the first day of CONPs injection. (e) TUNEL (terminal deoxinucleotidy! transferase-mediated dUTP-fluorescein nick end
labeling)-stained assay of the subcutaneous tumors of CONP-treated mice on day 8. The image shows that CONPs induced the apoptosis of the tumor cells in vivo
(as indicated by pink arrow). (f) TUNEL-stained assay of the control mice in the glucose group. (g) Statistical analysis of the positive cells in the TUNEL assay showed that the
CONPs induced apoptosis of the tumor cells in vivo (*P<0.05, Student’s ttest). (h) Representative lung images from mice in the metastatic lung tumor experiment. The
average diameter of the lung tumors of the CONP group was significantly lower than the diameter of the tumors of the glucose group. (i) Number of tumors, counted using an
anatomical lens, in the lungs of mice 15 days after the initiation of treatment. Regions of lung metastasis, which were > 0.1 mm in diameter, were recorded. Treatment with
CONPs significantly reduced the number of metastases (*P<0.05, Student's paired ttest, n=6)

At the same time, many cells with typical apoptotic pheno-
type were also found (Figures 3e and f). Both JC-1-stained
images and the flow cytometry assay results indicated that
the mitochondrial membrane potential dropped significantly
and in a dose-dependent fashion in B16-F10 and Hela cells
treated with CONPs (Figures 4a and b). Supplementary
Figure S5a summarizes our finding that the fluorescence
intensity ratio of red to green decreased dramatically and in a
dose-dependent manner. Additionally, western blotting
revealed an increased amount of Cyt C in the cytoplasm
(Figure 4c), which is deemed to be one of the most important
factors in the apoptosis pathway. A significant increase
in caspase-3 and caspase-9 activity (Figure 4d and
Supplementary Figure S5b) were observed at certain time
points in the cells treated with CONPs by western blot and
activity assay. When using Z-VAD to block the caspases
activity, we found that the Z-VAD increased the cell viability
at the same dose of CONPs compared with the Z-VAD-
negative group (Supplementary Figure S5c, *P<0.05,

Student’s ttest). Furthermore, we also found that the
activation of caspase-3 was upregulated in the subcutaneous
melanoma being treated with CONPs for 12 days
(Supplementary Figure S5d, *P<0.05, Student’s ttest).
Finally, intracellular ROS levels in both HeLa and B16-F10
cells increased significantly after treatment with CONPs
(Figure 4e), which is a sign of mitochondrial damage.

Discussion

We report here a comprehensive description on the anti-tumor
capacity of CONPs in vivo. As a member of nanomaterials,
CONPs in our research are a type of inorganic nanomaterial
without any chemical modification, which have different
characteristics from the other nanoparticles with anti-tumor
activities. The recent studies by others have shown that
gold nanoparticles,'? silicon nanowire,*® iron core-gold
shell nanoparticles,® chitosan nanoparticles,” and gold
nanorods® can kill tumor cells by apoptosis or necrosis.
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Figure 2 Assessment of toxicity and clearance of CONPs. (a) The serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin (ALB), and blood
creatinine levels in the treatment group were the same as in the control group (n=4). (b) HE-stained images of the major organs, showing that CONPs at a total dose of
6mg/kg 1 day did not cause significant histological changes. (¢) Mice were injected via the vena caudalis at a dose of 2 mg/kg. Four hours after the injection, the concentration
of copper in the tested organs increased obviously. Seven days later, the concentration of copper in the tested organs had retumned to normal, which suggested that the
CONPs had been effectively cleared by the mice (n=4). (d) Plot of weight changes in the mice bearing metastatic lung tumors. The weights of the CONP group were stable,
whereas the weight of the mice in the glucose group decreased dramatically from day 5 to day 15 (*P< 0.05, Student’s paired t-test), which indicated that the CONPs inhibited
tumor growth with low systemic toxicity (n = 6). () The levels of serum ALT, AST, ALB, and blood creatinine in the mice with the metastatic lung tumors remained normal after
treatment with CONPs and glucose for 15 days (all P> 0.05, Student's paired t-test, n=6)

Previously, we described the anti-tumor activities of CONPs
in vitro. In this research, we found that CONPs decreased the
cell viability, induced apoptosis significantly, and inhibited the
migration and invasion of B16-F10 cells in vitro. To further
explore the anti-tumor capacity of CONPs in vivo, we used the
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particles to treat mouse subcutaneous melanoma and
metastatic lung tumors, based on B16-F10 mouse melanoma
cells, by intratumoral and systemic injections, respectively.
The results exhibited that CONPs not only significantly
delayed the growth of subcutaneous melanoma but also
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Figure 3 Determination of subcellular localization of CONPs by TEM. (a) CONPs entered the cells by endocytosis, were transported in a vesicle, and caused
mitochondrion swelling. (b) CONPs broke the membrane of the mitochondrion and caused mitochondria swelling. (c) A vesicle containing CONPs touched the outer
membrane of a mitochondrion. (d) CONPs entered a mitochondrion. (e and f) CONPs caused apoptosis of B16-F10 cells significantly. The cells showed obvious apoptotic
phenotypes. (M, mitochondrion; CONPs in the cells were marked by the blue arrowheads)

increased the survival rate of tumor-bearing mice without
damage to the organs of tumor-bearing mouse. These results
are consistent with our previous in vitro results that CONPs
selectively induce the apoptosis of tumor cells.

As we know, metastasis capacity of melanoma is one of the
greatest challenges in melanoma therapy, because surgical
interventions, radiation, and cytotoxic chemotherapies are all
ineffective in repressing metastasis. In this research, we
discovered that CONPs dramatically inhibited the metastasis
of melanoma cells in the mice models with metastatic lung
melanoma. To the best of our knowledge, this is the first study
to report that CONPs inhibit the metastasis of tumor cells. We
also did some research about the anti-metastasis mechanism
of CONPs. We detected decrease of EMT-related gene
expression, including N-cadherin (one of the marker genes of
mesenchymal cell phenotype), Twist1 and Snail1 (both of them
promote EMT progress of tumor cells),?*?° which suggested
that CONPs might decrease or inhibit metastasis capacity by
influencing the EMT process of melanoma cells. More interest-
ingly, our results exhibited that CONPs decreased the number of
metastasis tumor nodules significantly while concentration of
CONPs in the lung could not be checked out. We speculate that
the inhibition effects of CONPs on cell proliferation may not
make significant contribution to the decreasing of metastatic
nodule in the CONP-treated mice because of the low
concentration of CONPs in the lung. However, the method we
used to treat metastatic melanoma with CONPs, systemic
therapy, may tend to weaken the implantation capacity of

circulating tumor cells in the lung.262° Additionally, recent
studies clarified that melanoma stem cells have an essential role
in metastasis and recurrence of human melanoma,®>3" which
inspired us to explore whether CONPs inhibit the metastasis of
tumor cells by killing the melanoma cancer stem cells in the
following study.

The low toxicity is a principal characteristic of potential
medicine. Some reports pointed out that certain metal
nanoparticles and metal oxide nanoparticles can hardly be
cleared from the animal organism, which is one of the reasons
why the nanoparticles lead to organ damage of experimental
animals. As a result, it is considered that the toxicity and
clearance of inorganic nanoparticles constitute a bottleneck
for their biomedical use.®® For example, Au NPs disrupt
zebrafish eye development,®® Ag NPs cause chromosomal
abrasives,® and TiO, NPs cause brain injury.®® These
suggest that inorganic nanomaterials with different chemical
characteristics display their toxicity in different ways. In our
research, we found that CONPs were cleared from the tested
organs of the mice very quickly and the amount of copper was
returned to normal level 7 days after one-time injection of
CONPs, which may contribute to the little toxicity of CONPs.
Meanwhile, the weights of the tumor-bearing mice in the
CONP group were constant; in contrast, the weights of the
glucose group decreased dramatically during the 15 days
of systemic therapy in the metastatic lung tumor model.
In addition, both the serum level of several factors and acute
toxicity assay indicated that CONPs showed little hepatoxicity

o
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Figure 4 Mitochondrion-mediated apoptosis signaling pathway assay. (a) Fluorescence microscopic images of the B16-F10 and Hela cells treated with CONPs
(10 ug/ml) for 5h. The red fluorescence intensity of the cells in the CONP group was weaker than in the control group. (b) Flow cytometry showed that the mitochondrial
membrane potentials of the B16-F10 and HeLa cells decreased significantly after treatment with CONPs for 5 h. (c) Western blot assay of Cyt C release. The level of Cyt C
increased in the cytoplasm and decreased in the mitochondria of the B16-F10 and HeLa cells treated with CONPs (5 z«g/ml) for 3 or 5 h compared with the control (0 h). This
finding indicated that the CONPs caused the release of Cyt C from the mitochondria. (d) Western blot assay of caspase-3 and caspase-9 activation. Caspase-3 and caspase-9
cleavage occurred in the B16-F10 cells and HeLa cells treated with CONPs. (e) ROS in the B16-F10 and HeLa cells were upregulated substantially and in a dose-dependent

manner after being treated with CONPs for 5h

or renal toxicity after 15-day systemic therapy with CONPs.
Copper, at a low level, serves as co-factor for a variety of
enzymes, such as cytochrome, and is essential to animals
and higher plants. Further, cuprous is the low valence state of
copper element, which may have even less toxicity
than copper. CONPs when used in tumor therapy might be
with less adverse effect than Ag NPs, Au NPs, and Ti NPs, or
even some other types of anti-cancer drugs being used in
the clinic.
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Itis reported that inorganic nanoparticles induced cell death
by various pathways. Au NPs can inhibit MAPK and NF-xB
signaling pathway and can cause DNA damage.®®*” Ag NPs
can inhibit the AKT, NF-xB signaling pathway, increase
the activation of P53, P21, upregulate the Bax/Bcl-xl ratio,
and cause DNA damage.®®3° ZnO NPs can upregulate the
expression of LC3, BECN1, which is associated with
autophagy, and induce autophagic cell death.*® Our research
exhibited a different pathway that CONPs induce the



apoptosis of tumor cells. In our previous study,'® TEM images
showed that CONPs entered Hela cells, targeted the
mitochondrion, and broke the membranes of the mitochon-
dria. Here we also observed that CONPs entered the
mitochondria of B16-F10 cells. Mitochondria have a central
role not only in energy metabolism but also in apoptosis of
cells.*! The current view is that the decrease of mitochondrial
membrane potential is one of the earliest events in apopto-
sis,*2 which causes the release of Cyt C from the mitochondria
and initiates the mitochondrion-mediated apoptosis signaling
pathway. In the current study, we proved that the released
Cyt C from mitochondrion activated caspase-9 and caspase-3,
which are the two important downstream moleculars of
the signaling pathway, and induced apoptosis of tumor
cells. Furthermore, Z-VAD-FMK (carbobenzoxy-valyl-
alanyl-aspartyl-[O-methyl]-fluoromethylketone) reversed
the effects of CONPs on the tumor cells, which demonstrated
that CONPs induced the apoptosis by activating apoptosis
pathway mediated by caspases. We also discovered the
rising of concentration of ROS in the B16-F10 cells and
HelLa cells, which is a sign of mitochondrion disruption.
These results suggested that CONPs could induce the
apoptosis of tumor cells by mitochondrion-mediated apopto-
sis pathway. Some recent papers reported that carbon
nanotube inhibits the synthesis of Cty C in cells, and gold
nanotube with cetyltrimethyl ammonium bromide could
target the mitochondria and induce apoptosis of cells.*® The
current study, for the first time, revealed that CONPs with no
chemical modification target mitochondrion and initiate
mitochondrion-mediated apoptosis pathway. Future studies
may address the mechanism that CONPs target the
mitochondria and that CONPs selectively induce the
apoptosis of tumor cells.

In conclusion, CONPs inhibit the growth and metastasis
of melanoma in tumor-bearing mice models and are rapidly
cleared by mice with low toxicity. Additionally, CONPs
target the mitochondria and induce apoptosis of cancer cells
by initiating mitochondrion-mediated apoptosis signaling
pathway (Figure 5). Thus, CONPs have ideal anti-tumor
characteristics and are a good choice for us to develop and
design a novel anti-tumor drug in melanoma therapy.
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Figure 5 CONPs can significantly reduce the growth of melanoma in vivo by
targeting the mitochondria and initiating the mitochondrion-mediated apoptosis
signaling pathway
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Materials and Methods
CONPs synthesis. CONPs were synthesized according to our previously
reported protocol.’®

In vitro cytotoxicity assay. The Hela cells and B16-F10 cells used in this
research were grown in RPMI 1640 medium (Hyclone, Logan, UT, USA). This
medium was supplemented with 2mg/ml sodium bicarbonate, 4.5 mg/ml glucose,
100 pg/ml streptomycin sulfate, 40 ug/ml gentamicin, and 100 U/ml penicillin. The
RPMI 1640 medium was also supplemented with 10% (vol/vol) heat-inactivated
fetal calf serum. The cells were maintained in an environment of humidified air at
37 °C containing 5% CO,, and both the cell lines were stored in our laboratory.
The original source of the HeLa and B16-F10 cells was the Cell Bank of the Type
Culture Collection (Chinese Academy of Sciences, Shanghai, China). To evaluate
the cytotoxicity of the CONPs, cells in the log growth phase were seeded onto a
96-well culture plate at 1000 cells per well and incubated at 37 °C in a CO,
incubator for 24 h until the cells adhered to the plate. Serial dilutions of CONPs
were then added. After 24, 48, and 72h, cell viability was measured using the
MTT assay. In this assay, 200 xl of 5 mg/ml MTT solution (prepared in RPMI 1640
medium without serum) was added to the cells and incubated at 37 °C in a CO,
incubator for 4h. Dimethyl sulfoxide was then used to dissolve the formazan
crystals, after which the absorbance was measured at 570 nm using an ELISA
plate reader (Tiitie, Finland).*®

Apoptosis detection by Annexin V/PI staining. Cells in the log-phase
were seeded onto a six-well culture plate at a density of 1 x 10° cells per well and
incubated at 37 °C in a CO, incubator in the presence of CONPs. The cells were
treated with 1.25, 2.5, 5, or 10 ug/ml CONPs. After 24 and 48 h, apoptosis and
necrosis were analyzed with the Annexin V-fluorescein isothiocyanate apoptosis
detection kit following the manufacturer’s instructions. The samples were analyzed
using a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA)."

In vitro cell migration and invasion assays. To explore the anti-
migration effects of CONPs on the B16-F10 cells, 1 x 10 cells were seeded on a
Matrigel (R&D Systems, Minneapolis, MN, USA) coated polycarbonate membrane
insert (6.5mm in diameter with 8.0-um pores) in a 24-well culture transwell
apparatus (Costar, Cambridge, MA, USA) and cultured in RPMI 1640 media with
0.5% fetal bovine serum. CONPs were added in the upper chamber at the final
concentration of 0, 1.25, and 2.5 ug/ml. RPMI 1640 media with 10% fetal bovine
serum was added to the lower chamber. After incubation for 16h at 37 °C in a
CO, incubator, the cells on the top surface of the insert were removed by wiping
with a cotton swab. Cells that migrated to the bottom surface of the insert were
fixed with paraformaldehyde, stained with feosin, and scored visually in five
random fields using a light microscope. For the cell invasion assay, the procedure
was similar to the cell migration assay, except that the transwell membranes were
not coated with Matrigel (R&D Systems).**

Real-time RT-PCR of EMT-related genes. To verify the effects of
CONPs on EMT, we measured the expression of EMT-related genes (E-cadherin,
N-cadherin, Snaill, Twist1) in melanoma cells. B16-F10 cells were treated with
CONPs for 48h at the concentration of 1.25 and 2.5 ug/ml. Then, the real-time
RT-PCR was carried out to explore the expression of EMT genes. Total RNA was
extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and purified using
an RNeasy Mini column (Qiagen, Hilden, Germany) according to the
manufacturers’ protocols. Two microgram of purified total RNA was reverse
transcribed to cDNA with the random primers and MultiScribe Reverse
Transcriptase (Applied Biosystem, Foster City, CA, USA). The relative gene
expression levels were measured by real-time RT-PCR using the gene-specific
primers and iQ SYBRR Green Supermix (Bio-Rad, Philadelphia, PA, USA)
and compared with the RPL13a RNA quantity for each cDNA sample as an
endogenous control. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an endogenous RNA reference gene. Gene expression was normalized
to the expression of GAPDH. Primers and product sizes for E-cadherin (Cah1),
N-cadherin (Cdh2), Snail1, and Twist? are summarized as follows:

Cdht (F) (5-CAGGTCTCCTCATGGCTTTGC-3'), Cdh1 (R) (5'-CTTCCGAAAA
GAAGGCTGTCC-3);

Cdh2 (F) (5'-TGACAATGGAATCCCGCCTA-3), Cdh2 (R) (5'-AAATCACCAT
TAAGCCGGTTG-3');

Snailt (F) (5'-AAGATGCACATCCGAAGC-3'), Snailt (R) (5'-ATCTCTTCA
CATCCGAGTGG-3'); and

~
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Twist! (F) (5'-CGGGTCATGGCTAACGTG-3'), Twist! (R) (5'-CAGCTTGCC
ATCTTGGAGTC-3).2628

In vivo anti-tumor property assay of mice with subcutaneous
melanoma. B16-F10 cells were cultured in RPMI 1640 and suspended at
2 % 108 cells/ml in PBS directly before injection. For the subcutaneous tumor
studies, male, 8-9-week-old C57BL/6 mice were sedated with tribromoethanol
(Sigma, St Louis, MO, USA). The right hind leg was shaved before a subcutaneous
injection of 100 ul cellular suspension. The tumors were monitored, and treatment
began when the average tumor diameter reached 5-7 mm, typically 5-7 days after
the injection. The mice in the CONP treatment group were injected intratumorally
with CONPs at a dose of 16mg/kg each day, whereas the control mice were
injected with 5% glucose solution at the same volume as the CONPs. CONPs were
dissolved in a 5% glucose solution using an ultrasonic mixer (Bilon, Shanghai,
China). All the observers were blinded in the studies related to tumor area and
survival rates. Six mice per group were euthanized at different time points, and the
tumors were extracted and weighed.*®

In the survival rate study, the new groups of mice with subcutaneous melanoma
were injected as before and observed for 30 days. There were six mice per group,
and the number of surviving mice was recorded each day.

To test for apoptosis or necrosis in a subcutaneous tumor of the CONP-treated and
control mice on day 8, resected tumor tissue was fixed in 4% paraformaldehyde for at
least 24 h and then embedded in paraffin. Tissue blocks were sectioned into 3-um
slices and mounted on glass slides. The TUNEL assay was then performed according
to the manufacturer's instructions of in situ cell death detection kit (Roche,
Mannheinm, Germany).

In vivo anti-tumor property assay of metastatic lung tumors.
Metastatic B16-F10 melanomas were established in male 8-9-week-old C57BL/6
mice by the intravenous (tail vein) administration of 100 ul B16-F10 cellular
suspension, as previously described. Each group contained six mice. Treatment
was initiated 1 day later and continued for 15 days, with a dose of CONPs
(dissolved in 5% glucose solution) administered intravenously at 2 mg/kg each day
via the vena orbitalis posterior. After killing, the lungs of the mice were perfused
with 40 ml physiological saline. The lung metastases, the diameters of which were
>0.1mm, were counted using an anatomical lens.*

Assessment of acute toxicity and clearance of CONPs. Acute
toxicity was assessed in healthy male C57BL/6 mice 7 days after an intravenous
dose of CONPs or 5% glucose solution (control). CONPs were injected via the
vena caudalis three times, achieving a whole dose of 6 mg/kg. After killing, the
serum and major organs of the mice in the treatment and control groups were
collected for further testing of hepatotoxicity and renal toxicity by the measurement
of serum alanine aminotransferase, aspartate aminotransferase, albumin, and blood
creatinine levels. The weights of the mice were also recorded each afternoon.

To explore the clearance of the CONPs, the C57BL/6 mice in the two treatment
groups were injected with particles via the vena caudalis at a dose of 2 mg/kg, and
the control mice were injected with 5% glucose solution at the same volume. The
major organs of one treatment group were collected 4 h later. The other treatment
group was maintained normally for 7 days, and then the major organs were also
collected. All the organs were weighed and resolved in a perchloric acid/nitric acid
admixture. After the organs were resolved, the mixtures were boiled until no white
smoke volatilized, cooled, and adjusted to a volume of 1 ml. The concentrations of
copper in samples were then tested using an atomic absorption spectrometer
(Hitachi-Z5000, Tokyo, Japan).*®

TEM. B16-F10 cells were grown in a large petri dish. When the cells had adhered
to the dish, a solution of CONPs was added to a final concentration of 30 pg/ml. The
cells were then incubated at 37 °C in a CO, incubator. After approximately 4-5 h, the
cells were harvested, washed twice with PBS, and incubated in 4 °C formaldehyde
ovemight to fix the cells. The cells were dehydrated with increasing concentrations of
ethanol (50, 60, 70, 80, 90, and 100%) for 15min each, stained with 2% uranyl
acetate in 70% ethanol ovemight at room temperature, and embedded in Epon. The
embedded samples were sectioned into 60-nm-thick slices using a sliding
ultramicrotome, and the thin sections, supported by copper grids, were examined
using a Hitachi TEM system (Hitachi-Z5000) operated at 100 kV.

Measurement of mitochondrial membrane potential. B16-F10 and
Hela cells were treated with CONPs (5, 10, or 20 ug/ml) for 5h in six-well plates.
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The mitochondrial membrane potential was monitored using a fluorescent cationic
dye known as JC-1 from the JC-1 mitochondrial membrane potential detection kit
(Biotium, Hayward, CA, USA). In healthy cells, JC-1 enters the negatively charged
mitochondria, where the dye aggregates and fluoresces red. In cells in which the
mitochondrial membrane potential has collapsed, JC-1 exists as monomers
throughout the cell. When dispersed in this manner, JC-1 fluoresces green.
Consequently, mitochondrial depolarization is indicated by a decrease in the
red—green fluorescence intensity ratio. Data acquisition was performed using a
FACSCalibur flow cytometer (Becton Dickinson), and the data were analyzed
using FlowJo software (Tree Star, Inc., Ashland, MA, USA). The cells treated with
CONPs at a concentration of 10 x«g/ml were also observed under a fluorescence
microscope (Nikon, Tokyo, Japan).*®

Western blotting analysis. Briefly, B16-F10 and HelLa cells were treated
with CONPs at a concentration of 5 ug/ml. After treatment for 0, 3, or 5h, the cells
were pelleted by centrifugation and washed twice with ice-cold PBS. The resultant
cell pellets were resuspended in 1ml cytosol extraction buffer mix containing DTT
and protease inhibitor and incubated for 15min on ice. After homogenization, the
unbroken cells and large debris were removed by centrifugation. The supernatants
were saved as cytosolic extracts and stored at — 80 °C, whereas the pellets were
resuspended in 100-ul extraction buffer mix containing DTT and protease inhibitor
and saved as mitochondrial fractions. The cytosolic and mitochondrial fractions
isolated from the cells was loaded on a 12.5% SDS-PAGE gel, followed by western
blotting with an anti-Cyt C antibody (CST, Danvers, MA, USA). The bound antibody
was detected with peroxidase-conjugated anti-rabbit antibody followed by
chemiluminescence (ECL System, Waltham, MA, USA) and exposed by
autoradiography. The same blots were probed for COX IV (CST) and f-actin
(CST), which are proteins in the cytoplasm and mitochondrial matrix.*”

Caspase-3 and caspase-9 activity assays. The activity of caspase-3
and caspase-9 was determined using Caspase-3 and Caspase-9 Colorimetric
Assay Kit from Abcam (Cambridge, MA, USA). Briefly, B16-F10 and HeLa cells
were treated with CONPs at a concentration of 5 ug/ml. To evaluate the activity of
caspase-3 and caspase-9, cell lysates were prepared after CONPs or control
treatment for 0, 4, 6, or 8h. The assays were performed in 96-well plates by
incubating 20 ul cell lysate protein per sample in 70 pl reaction buffer (1% NP-40,
20mM Tris-HCI (pH 7.5), 137mM Nad, and 10% glycerol) containing 10 pl
caspase-3 or caspase-9 substrate (2mM). The lysates were then incubated at
37 °C for 4-12h, after which the samples were assayed using an ELISA reader at
an absorbance of 405 nm. Furthermore, we also tested the caspase-3 activation in
the subcutaneous melanoma treated with CONPs in the ‘In vivo anti-tumor
property assay of mice with subcutaneous melanoma’ part, and the subcutaneous
melanoma samples were stored at — 80 °C.*

To test the caspase-3 and caspase-9 activities using another method, western
blot was also carried out. Briefly, B16-F10 and HeLa cells were treated with CONPs
at a concentration of 5 pig/ml. To evaluate the activity of caspase-3 and caspase-9,
cell lysates were prepared after CONP treatment for 0, 4, 6, or 8h. All cells,
including no adherent cells in the supernatant, were washed twice in cold PBS
and then lysed by gentle rotation in 500 ml of lysis buffer (150 mM NaCl, 10%
glycerol, 1% Triton X-100, 2mM EDTA, 1 mM PMSF, 40 mg/ml aprotinin, 20 mg/ml
leupeptin) for 1 h on the ice. After the lysates were spun at 10 000 r.p.m. for 10 min,
the supernatant was retained and loaded on a 12.5% SDS-PAGE gel followed by
western blotting with an anti-Caspase-3 and anti-Caspase-9 antibody (CST). The
same blots were probed for S-actin (CST), which is a protein in the cytoplasm.

Z-VAD-FMK blocking assay. Z-VAD-FMK is a cell-permeant pan caspase
inhibitor that irreversibly binds to the catalytic site of caspase proteases and can
inhibit induction of apoptosis. To explore whether the CONPs induce the apoptosis
by the caspase-mediated pathway, the Z-VAD-FMK blocking assay was carried
out. The Hela cells and B16-F10 cells used in this research were grown as we did
in the MTT assay. To evaluate Z-VAD-FMK effects, cells in the log growth phase
were seeded onto a 96-well culture plate at 1000 cells per well and incubated at
37 °C in a CO, incubator for 24 h until the cells adhered to the plate. Before serial
dilutions of CONPs were added, the Z-VAD-FMK was added in the medium at the
final concentration of 20 uM.* After 24 h, and 48 h, cell viability was measured
using the MTT assay as we did before.

Intracellular oxidative activity assay. Determination of the intracellular
ROS levels was performed using a DCFDA-Cellular Reactive Oxygen Species
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Detection Assay Kit from Abcam. After treatment with CONPs at a concentration of 2.5
or 5 ug/ml for 5h, the cells were harvested, washed three times with PBS, and then
treated with 10 2M dihydrodichlorofluorescein diacetate (DCF-DA) in serum-free RPMI
1640 medium at 37 °C for 30 min, followed by harvesting in serum-free medium. The
cells were washed three times with serum-free medium, after which the DCF
fluorescence was measured by a BD FACSCanto instrument (Becton Dickinson).*®

Data and statistical analyses. Data are presented as means+ S.D.
Student’s paired ttests and ANOVA were used to analyze differences in tumor
masses, lung tumor metastases, toxicity, and so on. Log-rank test was used to
analyze the difference in survival rate. Significance was established at P<0.05.
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