International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Inhibition of cancer cell migration with CuS@
mSiO,-PEG nanoparticles by repressing MMP-2/
MMP-9 expression

Guoying Deng,'* Feng
Zhou,"* Zizheng Wu,** Fei
Zhang,' Kerun Niu,?? Yingjie
Kang,® Xijian Liu,® Qiugen
Wang,' Yin Wang,” Qian
Wang'

'"Trauma Center, 2Department of
Orthopaedics, Shanghai General
Hospital, Shanghai Jiaotong

University School of Medicine,
3Department of Orthopaedics,
Shanghai General Hospital of Nanjing
Medical University, ‘Department of
Orthopaedics, Baoshan Branch of
Shanghai General Hospital of Shanghai
Jiaotong University, *Department of
Radiology, Shuguang Hospital, Shanghai
University of Traditional Chinese
Medicine, ¢College of Chemistry

and Chemical Engineering, Shanghai
University of Engineering Science,
’Ultrasound Department of Shanghai
Pulmonary Hospital, Tongji University,
Shanghai, People’s Republic of China

*These authors contributed equally
to this work

Correspondence: Qian Wang

Trauma Center, Shanghai General
Hospital, Shanghai Jiaotong University
School of Medicine, 650 Xin Songjiang
Road, Shanghai 201620, People’s Republic
of China

Tel +86 136 6169 8212

Email drwangqian23@ |26.com

Yin Wang

Ultrasound Department of Shanghai
Pulmonary Hospital, Tongji University,
Shanghai 200433, People’s Republic
of China

Tel +86 137 0188 5138

Email Ipbbl@aliyun.com

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

Abstract: The metastasis of cancer cells is a vital aspect of disease progression and therapy.
Although a few nanoparticles (NPs) aimed at controlling metastasis in cancer therapy have been
reported, the NPs are normally combined with drugs, yet the direct therapeutic effects of the NPs
are not reported. To study the direct influence of NPs on cancer metastasis, the potential suppres-
sion capacity of CuS@mSiO,-PEG NPs to tumor cell migration, a kind of typical photothermal
NPs, was systemically evaluated in this study. Using CuS@mSiO,-PEG NP stimulation and a
transwell migration assay, we found that the migration of HeLa cells was significantly decreased.
This phenomenon may be associated with two classical proteins in metastasis: matrix metal-
loproteinase 2 (MMP-2) and matrix metalloproteinase 9 (MMP-9). In addition, the mechanism
may closely associate with non-receptor tyrosine kinase protein (SRC)/focal adhesion kinase
(FAK) signaling pathway which varies in vivo and in vitro. To confirm the differences in the
expression of SRC and FAK, related inhibitors were studied for additional comparison. Also,
the results indicated that even though the migration inhibition was closely related to SRC and
FAK signaling pathway, there may be another unknown regulation mechanism existing and
its metastasis inhibition was significant. Confirmed by long-term survival curve study, CuS@
mSiO,-PEG NPs significantly reduced the metastasis of cancer cells and improved the survival
rates of metastasis in a mouse model. Thus, we believe that the direct influence of NPs on cancer
cell metastasis is a promising study topic.

Keywords: metastasis inhibition, photothermal nanoparticles, SRC/FAK signaling pathway,
survival curves, MMPs

Introduction

In recent decades, many efforts have been made to develop nanoparticles (NPs) for
cancer therapy. Various types of NPs have proven effective in numerous applications
in medical diagnostics and treatment.! Briefly, the functions of nanomedicine include
site-directed drug delivery,” imaging or tracing,’ and even immunomodulation.*
Moreover, the potential of multifunctional theranostic systems is similar to that of
photothermal therapy (PTT)® or optical imaging applications® in addition to that of
the direct influence of the NPs.”

Besides, interference techniques, such as PTT and drug delivery systems, have
been widely used. New methods, such as magnetic hyperthermia,® radio sensitizers,’
targeted drug delivery systems,'? absorbance in the near-infrared (NIR) region,'" and
multifunctional core—shell structures,'? in addition to other attempts, have been used
as upgrades, with the goal of accurately and effectively destroying cancer cells.

submit your manuscript
e
in

Dove

http:

International Journal of Nanomedicine 2018:13 103—-116 103
© 2018 Deng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

T2l 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S148487
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:drwangqian23@126.com
mailto:lpbbl@aliyun.com

Deng et al

Dove

However, destroying cancer cells topically never fulfills
the aim of cancer therapy.” The unlimited proliferation and
metastasis, rather than the tumor at the primary site, lead to the
high mortality of cancers. Precision medicine is often in conflict
with extended radical resection. Clinically, if any of the tumor
survives and metastasis occurs, the entire therapy has techni-
cally failed,' leading to high death rates.!* Meanwhile, topical
interference, such as PTT, can lead to severe local damage, and
the structural collapse of blood vessels may promote potential
metastasis.'® Therefore, inhibiting metastasis may be more
essential for local tumor destruction. Moreover, subsequent
changes in the microenvironment play a vital role in the genera-
tion and development of a tumor,'” which cannot be ignored in
athorough cancer therapy. Thus, more attention should be paid
to the other effects of NPs in biomaterial cancer studies.

Although metastasis-suppressing functions have been
considered in recent years, researchers have focused on
loading constituents, such as drug modifications'® or siRNA
integration.!” The metastasis-suppressing potential of NPs
themselves, rather than the loading drugs, remains a novel
study area. Relevant signaling pathways and receptors are
new targets for multifunctional NPs. In this case, to ensure
that the possible new function occurs, models that have better
explanatory power should be developed prior to models that
describe the clinical disease progression. The typical indices
and classical methods should be used for new discoveries.

Cell migration is particularly relevant to cancer progres-
sion. The migratory activity of tumor cells is a critical step
within the metastatic cascade that leads to the settling of
tumor cells in distant organs.?*?*> As a typical and classical
index of cancer metastasis, cell migration and two classical
signaling pathway receptors, focal adhesion kinase (FAK)
and non-receptor tyrosine kinase protein (SRC), were inves-
tigated in this study.

The CuS NPs used in this study are a typical example
of the particles used in PTT, which has been shown to be
a promising alternative or supplement to traditional cancer
therapies.*** CuS@mSiO,-PEG NPs were studied in our
previous experiments.”> As an NIR light-responsive drug
delivery system, these NPs were again used for a metastasis
investigation in this study. This time, only the direct influence
(without PTT or controlled drug release) was investigated.
For this reason, the PTT function and its therapy effects were
not involved in this study.

To evaluate the possibility and potential of NPs in tumor
metastasis inhibition, a detailed study on the effects of CuS@

mSiO,-PEG NPs on the migration of cancer cell lines, both
in vitro and in vivo will be presented. After evaluation of
the basic characteristics and biosafety, migration suppres-
sion phenomena were identified by transwell systems and
RT-PCR. Then, the proteins of relevant signaling pathways
were systematically detected in vitro and in vivo and included
matrix metalloproteinase 2 (MMP-2), matrix metalloprotei-
nase 9 (MMP-9), SRC, and FAK. Moreover, inhibitors were
studied for additional confirmation. Finally, the metastasis-
suppressing function was evaluated in a nude mouse tumor
metastasis model.

Materials and methods
Synthesis of CuS@mSiO.-PEG

core—shell NPs

CuS@mSiO,-PEG core-shell NPs were prepared according
to our previous method* and were characterized by trans-
mission electron microscopy (TEM; JEM-2100F) and X-ray
diffraction using a D/max-2550 PC X-ray diffractometer
(XRD; Cu-Ka radiation; Rigaku, Tokyo, Japan). The NPs
were also characterized via the temperature elevation of
pure water (a control experiment) and aqueous dispersions
containing CuS@mSiO,-PEG NPs at different concentrations
under irradiation with a 980-nm laser at a power density of
0.51 W/em?®. As-synthesized CuS@mSiO,-PEG NPs were
dispersed in deionized water for further use.

After characterization, the NPs were dispersed in an
aqueous solution at a concentration of 5 mg/mL and sterilized
by 25 kGy cobalt 60 (the test—retest method showed that the
synthesis was not changed by this radiation level).

Culture of the cancer cell lines

The HeLa cell line is one of the most commonly used cell
lines in all types of investigations,*® especially in biomaterial
cancer therapy investigations.?’” Because no typical cell type
has been reported for this study of direct metastasis inhibition,
the HeLa cell line was suitable because of its universality
and specificity.

HelLa cell line obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA) was cultured in
DMEM/F12 (Thermo Fisher Scientific, Waltham, MA, USA),
supplemented with 10% fetal bovine serum (FBS; Thermo
Fisher Scientific) and 1% penicillin/streptomycin in T175
(Corning Incorporated, Corning, NY, USA) at a concentra-
tion of 2x10%/mL. The cells were incubated in a humidified
atmosphere of 5% CO, at 37°C to cultivate cells in vitro.
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Biosafety and direct flow cytometry
analysis

The metastasis in vivo and migration in vitro of tumor cell
lines is closely related to the level of proliferation.?

Biosafety was evaluated based on the absorbance of
the NPs. Prior to Cell Counting Kit-8 (CCK-8) analysis,
the evaluation of possible influence of CuS@mSiO,-PEG
NPs on CCK-8 and the cytometry analyses were performed
separately. First, NPs were directly added to 96-well plates
at different gradient concentrations (0, 25, 50, 100, 200, and
400 pg/mL) in culture medium, and the absorbance at 490 nm
was measured by a micro-plate reader. Then, digested HeLa
cells were directly cultured with NPs at a concentration of
80 wg/mL for 15 min and tested on an Accuri C6 using the
fluorescence channels for fluorescein isothiocyanate (FITC),
phycoerythrin/propidium iodide (PI), 7-amino actinomycin
D, and allophycocyanin (APC) afterward. After the credibil-
ity of these results was ensured, the biosafety of the CuS@
mSiO,-PEG NPs was tested.

To determine the toxicity of the NPs, HeLa cells were
seeded into 96-well plates (1x10* cells/well). After 24 h,
the top layer of the medium was exchanged with medium
containing different concentrations of NPs (0, 20, 40, 80, and
100 ug/mL) that were dispersed by ultrasound. After another
24 h, a 10% CCK-8 (Dojindo Laboratories, Kumamoto,
Japan) solution was added to each well, according to the
manufacturer’s instructions. Data were collected from three
separate experiments with four replications each time. Before
the comparison, the absorbance was normalized to that of a
control group without NPs.

For apoptosis analysis, HeLa cells were pre-stimulated
for 24 h by 80 pg/mL NPs. The control group was digested
and then incubated with 5 uL of APC—Annexin V and 5 uL.
of PI for 15 min at room temperature (25°C) in the dark.
Next, 400 UL of 1x binding buffer was added to each tube
and then analyzed on an Accuri C6 (BD, Franklin Lakes,
NJ, USA).

Biocompatibility and stability tests in vivo
Animal preparation

This study was performed following the National Insti-
tutes of Health guidelines for the use of experimental
animals, and all animal protocols were approved by the
Institutional Animal Care and Use Committee of Shanghai
Jiaotong University. Eight male BALB/c nude mice were
subcutaneously injected with 5x10° HeLa cells on both

sides of the back. The cells injected in the left side were
pre-stimulated with 80 pLg/mL NPs for 24 h before digestion.
The tumor volume was measured on days 3, 5, 7, 9, and 12
after the cell injections. The tumor volume was calculated
according to the formula: volume =0.5x length x width?.
Two weeks after the subcutaneous injections, the samples
were isolated for Cu elemental determination by inductively
coupled plasma atomic emission spectrometry (ICP-AES).
In the case of an uneven distribution of NPs, several parts
from one tumor were separately used for detection, and the
remaining portion of the tumor was used for Western blot
analysis, as follows.

Migration detection and RT-PCR

detection of functional proteins MMP-2/
MMP-9

In the cell migration assay, 4x10* cells were suspended in
200 uL of serum-free DMEM—-F 12 medium with or without
80 wg/mL NPs; the cells were then seeded into the upper
chamber of separate inserts. Next, 500 uL. of DMEM-F12
containing 10% FBS was added to the 24-well plates. After
incubation at 37°C for 12—14 h, the cells that migrated were
fixed and stained for 30 min in a 0.1% crystal violet solu-
tion in PBS. After sufficient washing in PBS, the cells in
the upper inserts were carefully removed using swabs. The
cells were imaged using a Leica DFC350 FX microscope and
Leica Application Suite LAS AF AF6000 software (Leica
Microsystems, Wetzlar, Germany).

In addition, RNA was isolated from HeLa cells (experi-
mental group: 24 h stimulation by 80 pg/mL NPs in culture
medium) with TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s
instructions (Thermo Fisher Scientific). Complementary
DNA (cDNA) was synthesized with a PrimeScript RT
Reagent Kit (Takara, Kusatsu, Japan). Given the close corre-
lation between migration and MMPs,? the MMP-2 (forward
primer: gtcgeccatcatcaagttce; reverse primer: geatggtctcgatg-
gtgttc) and MMP-9 (forward primer: ccaccgagctatccactcat;
reverse primer: ggtccggtttcageatgttt) expression levels were
detected. The reference gene GAPDH (forward primer:
ggcaagttcaacggeacagt; reverse primer: atgacatactcageegge)
was used as an internal control. Then, the cDNAs were
amplified by quantitative RT-PCR (qRT-PCR) using AceQ
SYBR Master Mix (Vazyme, Nanjing, China) on a 7900HT
system, and the fold changes were calculated by relative
quantification (2724¢),
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Western blot analysis of SRC-related

signaling pathway proteins

HeLa cells were stimulated by CuS@mSiO,-PEG NPs at
different concentrations (0, 20, 40, or 80 pg/mL) for 48 h;
subsequently, cell lysates and ground tissues from in vivo
samples were prepared in mammalian protein extraction
buffer (Biotech Well, Shanghai, China). The supernatants
obtained after centrifugation at 12,000x g for 15 min at
4°C were used for Western blot analyses. The protein
concentration was measured by colorimetric analysis (Bio-
Rad Laboratories Inc., Hercules, CA, USA) according to
the method of Cheng et al.’® Proteins were fractionated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene fluoride
(PVDF) transfer membrane (EMD Millipore, Billerica,
MA, USA), and nonspecific binding sites were blocked
with SuperBlock-tris-buffered saline (Biotech Well). The
membranes were then incubated with primary antibodies for
12 h at 4°C with gentle agitation. Next, the immunoreactivity
was detected with horseradish peroxidase-conjugated 1gG
(Biotech Well), an electrochemiluminescence kit (Biotech
Well), and film autoradiography. The immunoreactivity was
quantified with a Kodak Digital Science Image Station. The
following primary antibodies were used: SRC (Cell Signaling
Technology, Danvers, MA, USA), FAK (Cell Signaling
Technology), MMP-2 (Abcam, Cambridge, MA, USA), and
MMP-9 (Abcam). The housekeeping gene GAPDH (Cell
Signaling Technology) was used as an internal control. All
experiments were repeated three times.

Further confirmation of signaling
pathways by inhibitors

Metastasis suppression was shown, and the potential regulatory
protein levels changed significantly. To clarify the relationship
between the SRC/FAK signaling pathway and the MMP-2/
MMP-9 suppression related to the treatment by the CuS@SiO,
NPs (80 pg/mL), the SRC inhibitor PP1 (Santa Cruz Biotechnol-
ogy Inc., Dallas, TX, USA) and FAK inhibitor 14 (Santa Cruz
Biotechnology Inc.) were used separately in migration experi-
ments (1 umol/mL) to clarify the variations in SRC and FAK.

Suppression function evaluation in a nude

mouse tumor metastasis model

To clarify and definitively evaluate the inhibition function,
a special metastasis model was needed rather than a disease
model. The mechanism underlying the metastasis after PTT
is based on two preconditions: first is the presence of residual
cancer cells after PTT, which is quite possible in practice.

Second is the structural indiscriminate damage to the circu-
lation system, which can strongly promote the process of
metastasis.’! To imitate the situation quantitatively, a lung
metastasis model was established by intravenous injections
based on previous report.’? Briefly, a single cell suspension
of HeL a cells was prepared for tail vein injection. Mice were
intravenously injected in the tail vein using insulin syringes
with 1x10° tumor cells in 100 uL of PBS. Before injection,
based on the uptake and degradation of NPs absorbed,
the cells in the experimental group were pre-stimulated
with 80 pug/mL NPs for 24 h to ensure sufficient absorp-
tion. After injection, the nude mice were observed daily,
and survival curves were constructed. At the end of the
timeline (40 weeks), lung samples were removed, infused
with Bouin’s fixative, and then processed for hematoxylin—
eosin staining. Considering the possible higher demise in
the control group, mice in that group were sacrificed when
serious dyscrasia was observed (1-2 days before death, for
the last five samples based on previous data). Images were
acquired using a Leica DFC350 FX microscope and Leica
Application Suite LAS AF AF6000 software.

Statistical analysis

All results are presented as mean =+ standard deviation. Data
were collected in GraphPad Prism 5 (GraphPad Software,
Inc., La Jolla, CA, USA) and analyzed using SPSS 21.0
software (IBM Corporation, Armonk, NY, USA). Statistical
analyses were conducted using one-way analysis of variance
(ANOVA). For survival analysis, Kaplan—Meier survival
curves were constructed, and the differences between them
were tested by the log-rank test. A P-value of <0.05 was
considered statistically significant.

Results

The NPs used in the following experiments were identified
as CuS@SiO, NPs as reported previously. Their core—shell
structure was characterized by TEM (Figure 1A and B), and
the phase structure of the resulting NPs was examined by the
XRD pattern (Figure 1C). The optical properties of aqueous
dispersions of CuS@SiO, NPs at different concentrations
were also determined (Figure 1D). The temperature elevation
of pure water increased with increasing NP concentration
(Figure 1E). As the concentration increased, the temperature
change (AT) increased significantly (Figure 1F). Based on
the information of our previous study,” the NPs used in the
following experiments were CuS@SiO, NPs. In addition,
the CuS@SiO, NPs demonstrated low absorbance and fluo-
rescence (Figures S1-S3), indicating a low interference in
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CCK-8 tests or flow analyses. In these tests, the cell viability
exhibited no significant difference from the control until the
interference concentration reached 160 pg/mL (Figure 1G
and H). No significant apoptosis was detected after pre-
stimulation with CuS@SiO, NPs (Figure S4); thus, the CuS@
SiO, NPs are biocompatible in vitro. For further biosafety
injected in vein (1 mg/kg, 48 h) was evaluated by the blood
biochemistry test, compared with the control group no sig-
nificant differences were found either.
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Normally, tumor growth and metastasis are closely and
positively related.®® In order to clarify the possible influ-
ence that Cus@SiO, NPs have, HeLa cells per-treated with/
without NPs were used for dorsal subcutaneous tumor implant
tests on different sides in same nude mice. Two weeks after
the subcutaneous injection of HeLa cells, tumors of the recipi-
ent mice were harvested to survey the tumor volume and Cu
content. Interestingly, tumors from the experimental group
appeared green, indicating the presence of Cu (Figure 2A),
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Figure | Low (A) and high magnification (B) TEM image of the CuS@SiO, NPs. XRD pattern (C) of the CuS@SiO, NPs and the standard hexagonal phase of Cu (JCPDS
card no: 06-0464). Absorption spectrum (D) for various concentrations of hydrophilic CuS@SiO, NPs. Temperature elevation of pure water and of an aqueous dispersion
of CuS@SiO, NPs at different concentrations (0, 25, 50, 100, or 200 ug/mL) as a function of irradiation time (5 min). Pure water was used as a control, and the room
temperature was 25°C (E). The temperature change (AT) over a period of 5 min has a significant positive correlation with the CuS@SiO, NP concentration of the aqueous
dispersion (F). The toxicity of the CuS@SiO, NPs was evaluated by CCK-8 tests as a function of incubation concentration (0160 ppm) for the Hela cells (G). ALT and AST
in blood biochemistry test (H). Cells were incubated with the solutions at 37°C for 24 h.

Abbreviations: CCK-8, Cell Counting Kit-8; NP, nanoparticle; TEM, transmission electron microscopy; XRD, X-ray diffractometer.

which was also detected by ICP-AES. Compared with the
value in the control group (0.31210.026 pg/g), the Cu con-
tent increased significantly (85.5+11.828 ug/g; Figure 2C).
Therefore, the pre-stimulated CuS@SiO, NPs were absorbed
by the HeLa cells. However, the tumor volume did not show

—
A 1cm
Pre-stimulated & '@ ‘ ‘
Control
4 > “ Y
B Cuintumor C Tumor sizes
&~100 1 150 1
£ -e- Pre-stimulated
é -+ Control
GE, 80
= 100 1
O 601
S @
= ()]
[]
£ 40 =
3 50 1
(]
D 201
©
o
2
g ot 0 1 ;
0 3 5 7 9 12 Control Pre-
Days stimulated

Figure 2 Two weeks after subcutaneous injection of Hela cells, tumors from
the experimental group appeared green (A). The tumor size increased with time.
However, the sizes of the two groups showed no significant difference (P>0.05).
The stability and biosafety were fully verified in vivo (B). The Cu content was
significantly higher in the tumors than in the control group (C) (P<<0.05).

any significant differences in any of the groups (Figure 2B),
indicating minor growth interference of the CuS@SiO, NPs
in vivo and suggesting that the migration decrease due to
pre-stimulation was not a result of growth inhibition.
CuS@SiO, NPs showed suppression effects on the HeLa
cell migration in vitro. A transwell-based migration assay
was performed to quantitatively evaluate the migration after
stimulation with CuS@SiO, NPs. As shown in Figure 3, com-
pared with the value in the control group, the average number of
migrated HeLa cells decreased significantly with treatment by
80 ug/mL CuS@SiO, NPs (P<<0.05; Figure S5). Furthermore,
RT-PCR indicated decreased expression of MMP-2/MMP-9 in
HelL a cells as a function of concentration. The MMP-2/MMP-9
expression of stimulated cells decreased significantly following
treatment with 20, 40, or 80 ug/mL CuS@SiO, NPs compared
with that in the control group (Figure 3). The tendency did not
precisely vary with concentration. These results confirmed
the data obtained from the transwell-based migration assay.
The migration-inhibiting capacity of CuS@SiO, NPs and
a possible connection with MMP-2/MMP-9 were detected.
Stimulation with CuS@SiO, NPs for 24 h caused downregula-
tion of MMP-2 and MMP-9 (P<<0.05). The related signaling
pathway is considered in the following mechanism study.
The CuS@SiO, NPs mediated the expression of migration-
related proteins. After stimulation for 48 h (80 pg/mL), the
expression of MMP-2, MMP-9, SRC, and FAK decreased
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Figure 3 Hela cell migration was observed for 14 h using a transwell migration assay (A). The Hela cell migration induced by 80 ug/mL CuS@SiO, NPs was observed for
14 h with the transwell migration assay (B). Original magnification, x100. CuS@SiO, NPs suppress MMP expression. After treatment with CuS@SiO, NPs (0, 20, 40, or
80 ug/mL) for 24 h, Hela cells were analyzed for MMP-2 (C) and MMP-9 (D) mRNA expression. The downregulation of MMP-2 and MMP-9 after stimulation was significant

(P<<0.05) but did not vary as a function of concentration (P>0.05).
Abbreviations: MMP, matrix metalloproteinase; NP, nanoparticle.

(Figures 4 and 5). However, although the direct functional
proteins MMP-2 and MMP-9 decreased in tumors with CuS@
SiO, NPs, the SRC and FAK expression increased, in contrast
to the in vitro results (Figure 5). The differences between the
two groups in the expression of each protein were significant
(P<<0.05), although the expression of SRC and FAK varied in
vitro and in vivo. The downregulation of MMP-2 and MMP-9
provides strong evidence for the suppression of metastasis.

The transwell migration assay indicated that while the
basic migration suppression was related to the treatment
by CuS@SiO, NPs, the additional inhibitors significantly
increased the suppression of HeLa cell lines (Figure 6). The
differences observed in the presence and absence of inhibi-
tors were significant (P<<0.05), while the effects of the two
types of inhibitors were not significantly different (P>0.05;
Figure S6). Thus, there is still potential to decrease migration
via the SRC/FAK signaling pathway.

The median survival of the control group (n=12) was
20 weeks, whereas the median survival of the stimulated group
(n=12) was 30 weeks. There was a highly significant difference
between the control group and the stimulated group (log-rank
P=0.007; Figure 7). The median survival ratio was 1.5 (95%
CI, 1.079-1.921), and the hazard ratio was 0.2544 (95% CI,
0.09397-0.6885). Hence, pre-stimulation greatly improved the
survival rates of the metastasis nude mouse models.

At the end of the survival curve study, three mice from
the experiment group survived, their lung samples were taken
and compared with those from the control group. A significant
metastasis suppression effect was observed (Figure 8A). Pre-
stimulation with CuS@SiO, NPs seemed to decrease the metas-
tasis of HeLa cells. The same trend was observed by histological
examination (Figure 8B). Lung metastasis was widely observed
in the control group (Figure 8B[a] and [b]), while metastasis
was rare in the stimulated group (Figure 8B[c] and [d]).
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showed significant differences after stimulation (*P<<0.05). The levels of MMP-2,
MMP-9, SRC, and FAK decreased. The migration of Hela cells was suppressed by
the CuS@SiO, NPs (80 pg/mL).

Abbreviations: FAK, focal adhesion kinase; MMP, matrix metalloproteinase; NP,
nanoparticle.

HelLa in vivo

109 =« (|
i
-
0.8 = B+
- + [}
(%)
NMMP-2 — ch
? 06+
MMP-9 o e D
o
=
(]
> 044
FAK s ©
& «
GAPDH = * m
0.2 = i

MMP-2  MMP-9

SRC FAK

Figure 5 Subcutaneous tumors were isolated 2 weeks after subcutaneous injection
of Hela cells. The expression was normalized to that of GAPDH (n=4). Statistical
analysis showed significant differences after stimulation (*P<<0.05). The levels
of MMP-2 and MMP-9 decreased, and the expression levels of SRC and FAK
were upregulated. The migration of Hela cells was suppressed by the CuS@
SiO, NPs (80 ug/mL), but it may not be directly associated with SRC and FAK
signaling pathway.

Abbreviations: FAK, focal adhesion kinase; MMP, matrix metalloproteinase; NP,
nanoparticle.

inhibitor. Original magnification, x|00.
Abbreviations: FAK, focal adhesion kinase; NP, nanoparticle.

Discussion

NPs alone are sufficient to modulate cellular response.’’
After the core index and the intervention were evaluated, a
systematic experimental design was executed to ensure that
the data were reliable. The absorbance and fluorescence of
CuS@SiO, NPs were pretested to eliminate any interference
in the CCK-8 tests and flow analyses. After the phenom-
enon discovered by a transwell migration assay, supporting
evidence was collected, including the RNA expression and
protein levels of the directly functional proteins MMP-2 and
MMP-9. Metastasis suppression and a probable mechanism

Survival proportions
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©
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<
>
»
D e s SUTIREEEE
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Log-rank test =7.262; P=0.007
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Figure 7 Kaplan—Meier survival curves for tumor metastasis in a mouse model and
overall survival observed for CuS@SiO, NP pre-stimulation (80 pg/mL). A significant
difference was detected (P<<0.05).
Abbreviation: NP, nanoparticle.
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were identified both in vivo and in vitro. Finally, an improved
survival rate was observed in a mouse model of metastasis.
Based on this evidence, we conclude that metastasis was
suppressed by the CuS@SiO, NPs.

Our team has been making efforts in the practical applica-
tion of photothermal technology. PTT in cancer treatment®
is technically considered as representative of “precision
medicine” with enormous potential.** With developments
in nanotechnology, various targeting*’ and multifunctional*
NPs that can deliver drugs and directly or indirectly kill
cancer cells have been reported. However, the complex, long-
term effects of NP therapy are less understood, particularly
in the prevention of cancer metastasis. In oncotherapy, the
effects of NP therapy clearly demand further study.*

The secretion of MMPs with the capacity for extracel-
lular matrix (ECM) degradation is a feature of metastatic
cancer cells.* MMP-2 and MMP-9 are two of the most well-
characterized MMPs* associated with cancer invasion and
metastasis due to the strong proteolysis of the ECM.* Con-
sequently, MMP-2 and MMP-9 were considered a core index
of migration to evaluate the function of CuS@SiO, NPs.

It is impossible to clarify the mechanism of the CuS@
SiO, NPs and the factors that naturally exist in vivo. Even
for growth factors with specific functions, the mechanisms
still remain largely unknown. With regard to the regulation
of MMP-2 and MMP-9, classical signaling pathways and
explicit mechanisms have been reported. SRC and FAK are
classical regulatory proteins.*+#647

>

Control

Pre-stimulated

12.5%

1cm

SRC kinase can promote the activation of the ERK, AKT,
and p38 signaling pathways, the secretion of the MMPs, MMP-2
and MMP-9, and a partial epithelial-mesenchymal transition
(EMT).*® Elevated SRC kinase activity causes focal adhesion
turnover.* In addition, SRC can phosphorylate the substrate
FAK to promote cell migration.* The activities of SRC and
FAK have been observed in many types of tumors, promoting
invasion and migration,” and a capacity of these proteins to
increase MMP-2/MMP-9 expression has also been reported.”!
Our data showed the suppression of SRC and FAK in vitro,
which may explain the downregulation of MMP-2/MMP-9.
However, the expression levels of SRC and FAK exert opposite
effects in vivo, despite the decreased MMP-2/MMP-9.

Thus, it is likely that other potent mechanisms influence
the expression of MMP-2/MMP-9. The high activity of SRC/
FAK in vitro and in vivo indicates a possible signaling path-
way and an unknown adjustment method. Using the transwell
migration assay with SRC/FAK inhibitors, enormous sup-
pression potential was demonstrated, supporting the different
pathway hypothesis.

Conclusion

Following the mechanism discovery described earlier, sur-
vival curves ultimately verified the therapeutic effects and
applicability of the CuS@SiO, NPs. The mechanisms have
not been fully determined, yet the biosafety was system-
atically demonstrated. The reason for the long-term effects
over 2 weeks is still unclear, regarding the highly improved

100x

Figure 8 Histological evaluation of lung metastasis in nude mice with or without pre-stimulation by CuS@SiO, NPs. (A) General observation of metastasis tumors in the
lungs of control mice and stimulated mice. (B) Hematoxylin—eosin staining of lung metastasis at low magnification (a, c) and high magnification (b, d). Nests of tumors were

observed.
Abbreviation: NP, nanoparticle.
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survival rates. It remains unclear whether the effects arose
from toxicity leading to delayed cell death, the blocking of
homing receptors, better recognition by the immune system,
or the suppression of migration. However, the most important
point is that the therapeutic effects were directly related to
treatment by NPs; the effects in this study did not arise from
loaded drugs, PTT, or other reported destruction methods but
from the elements, structure, or other unknown features of the
NPs. In this study, the results regarding classical signaling
pathways were complicated and confusing, even contradic-
tory. Thus, further work remains for the newly discovered
phenomenon.
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Figure S| The absorbance of CuS@SiO, NPs at 490 nm was low, preventing interference with the CCK-8 test.
Abbreviations: CCK-8, Cell Counting Kit-8; NP, nanoparticle.
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Figure S2 Flow cytometry of Hela cells without CuS@SiO, NPs. The fluorescence intensities of FITC, PE/PI, 7AAD, and APC were evaluated.
Abbreviations: 7-AAD, 7-amino actinomycin D; APC, allophycocyanin; FITC, fluorescein isothiocyanate; NP, nanoparticle; PE, phycoerythrin; Pl, propidium iodide.
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Figure S3 Flow cytometry of Hela cells stimulated with 80 pg/mL CuS@SiO, NPs. After stimulation, the fluorescence intensities of FITC, PE/PI, 7AAD, and APC showed
no significant change (Figure S1).
Abbreviations: 7-AAD, 7-amino actinomycin D; APC, allophycocyanin; FITC, fluorescein isothiocyanate; NP, nanoparticle; PE, phycoerythrin; Pl, propidium iodide.
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Figure S4 Flow cytometry of Hela cells based on Annexin V-APC and PI. The apoptosis rates of HeLa cells stimulated with 80 pig/mL CuS@SiO, NPs were not significantly
different from the control rates (P>0.05).
Abbreviations: NP, nanoparticle; Pl, propidium iodide.
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Figure S5 The number of migrated cells per field was calculated and statistically
analyzed. Significant differences between the control group and the CuS@SiO, NP
group were detected in both cancer cell lines (*P<<0.05).

Abbreviation: NP, nanoparticle.
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