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Aim: To improve the therapeutic efficacy of cancer treatments, combinational therapies based on nanosized drug delivery system 
(NDDS) has been developed recently.  In this study we designed a new NDDS loaded with an anti-metastatic drug silibinin and a 
photothermal agent indocyanine green (ICG), and investigated its effects on the growth and metastasis of breast cancer cells in vitro.   
Methods: Silibinin and ICG were self-assembled into PCL lipid nanoparticles (SIPNs).  Their physical characteristics including the 
particle size, zeta potential, morphology and in vitro drug release were examined.  4T1 mammalian breast cancer cells were used to 
evaluate their cellular internalization, cytotoxicity, and their influences on wound healing, in vitro cell migration and invasion.
Results: SIPNs showed a well-defined spherical shape with averaged size of 126.3±0.4 nm and zeta potential of –10.3±0.2 mV.  NIR 
laser irradiation substantially increased the in vitro release of silibinin from the SIPNs (58.3% at the first 8 h, and 97.8% for the total 
release).  Furthermore, NIR laser irradiation markedly increased the uptake of SIPNs into 4T1 cells.  Under the NIR laser irradiation, 
both SIPNs and IPNs (PCL lipid nanoparticles loaded with ICG alone) caused dose-dependent ablation of 4T1 cells.  The wound healing, 
migration and invasion experiments showed that SIPNs exposed to NIR laser irradiation exhibited dramatic in vitro anti-metastasis 
effects.  
Conclusion:  SIPNs show temperature-sensitive drug release following NIR laser irradiation, which can inhibit the growth and metastasis 
of breast cancer cells in vitro.  
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Introduction
Breast cancer is the leading cause of cancer-related deaths 
among women in the world[1], and the metastasis of the can-
cerous cells is responsible for over 90% of the deaths of these 
cancer patients[2].  Currently, chemotherapy remains the pri-
mary approach used to inhibit the growth and metastasis of 
tumors[3].  Although chemotherapy can successfully inhibit 
the growth of a primary tumor, it is often ineffective at pre-
venting the spread or metastasis of cancer cells and the tumor 
recurrence[4, 5].  To inhibit the metastasis of cancer cells directly 
and efficiently, anti-metastasis drugs such as silibinin[6] or 
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atorvastatin calcium[7] have been investigated.  Unfortunately, 
their clinical effects were not satisfactory due to the low drug 
delivery efficiency and bioavailability[8].  Therefore, the devel-
opment of new strategies that prevent tumor cell growth and 
metastasis more efficiently remains a subject of great impor-
tance.

The nanosized drug delivery system (NDDS) is a promis-
ing strategy for increasing the accumulation of drugs in the 
tumor because of its enhanced penetration and retention (EPR) 
effects and for minimizing side effects[9–11].  To further improve 
the therapeutic efficacy of the cancer treatments, a combina-
tional therapy based on the NDDS has been developed, which 
includes the chemo/photodynamic[12] or the immuno/photo-
thermal combinations[13].  The use of near-infrared (NIR) laser 
(650–900 nm) mediated photothermal therapy (PTT) in cancer 
therapy has recently gained more attention[14].  The NIR laser 
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could induce hyperthermia that could cause the ablation of 
cancer cells and tumor organs with excellent transmissivity 
in deep tissues and minimal skin absorbance[15, 16].  It exhibits 
higher targeting efficiency of the tumor than chemotherapy 
with greater spatial-temporal selectivity[17].  Moreover, NIR-
induced hyperthermia has been applied to spatiotemporally 
control the release of drugs with site-selectivity, improve 
therapeutic efficacy and decrease side effects[18].  All of these 
have utilized the combination of PTT and chemotherapy for 
cancer therapy[19].  Numerous photothermal agents such as 
indocyanine green (ICG)[20], gold nanomaterials[21, 22] or carbon 
nanotubes[23] have been explored.  However, the outcome has 
still been focused on the treatment of primary tumors, and the 
direct inhibition of the metastasis has been ignored[14, 16].  There 
have been no reports to date that investigate the potentially 
synergistic effects of NDDS, which combines PTT with anti-
metastasis drugs, on reducing tumor growth and metastasis 
together.  Therefore, we designed a new NDDS, combining 
the anti-metastasis drug (silibinin) and the PTT agent to pre-
vent tumor cell growth and metastasis simultaneously in vitro.  
Briefly, the silibinin and the ICG were self-assembled into the 
poly(caprolactone) (PCL) lipid nanoparticles (PNs) prepared 
by PCL, soybean phosphatidylcholine (SPC) and pluronic 
copolymer F68 (SIPNs).  The 4T1 breast cancer cell line, which 
has a high metastatic capability[24], was used for this study.  
The drug release was evaluated in vitro.  The cellular inter-
nalization, cytotoxicity, wound healing assay, migration and 
invasion assays were carried out in 4T1 cells.  It was expected 
that the SIPNs would be effective at inducing the combined 
therapeutic effects of the anti-metastasis drug and the photo-
thermal agents for the effective inhibition of cancer cell growth 
and metastasis in vitro.  

Materials and methods
Materials 
The silibinin was purchased from the Aladdin Reagent Co 
Ltd (purity ≥98%, Shanghai, China).  The indocyanine green 
(ICG), sulforhodamine B (SRB) and Hoechst 33342 were 
purchased from Sigma-Aldrich (St Louis, MO, USA).  The 
poly(caprolactone) (PCL) with ester endcap (Mn 5000, Mw 
10000) was purchased from the PolySci Tech® Co Ltd (Indi-
ana, USA).  The pluronic F68 was purchased from BASF Ltd 
(Shanghai, China).  The soybean phosphatidylcholine (S100, 
SPC) was obtained from Lipoid GmbH (Ludwigshafen, Ger-
many).  The fetal bovine serum (FBS) and phosphate buffer 
solution (PBS) were obtained from Gibco-BRL (Burlington, 
Canada).  The Nile red, the RPMI-1640 medium and the anti-
biotics were purchased from Invitrogen (Oregon, USA).  All 
the chemical reagents were of analytical grade and were used 
without further purification.

Cell culture
The 4T1 mammary breast cancer cell line was obtained from 
the cell bank of Shanghai, Chinese Academy of Sciences (CAS, 
Shanghai, China) and were grown in RPMI-1640 (Gibco, USA) 
with 10% fetal bovine serum (FBS), 100 U/mL penicillin G 

sodium, 100 µg/mL streptomycin sulfate, 2.5 g/L glucose and 
0.11 g/L sodium pyruvate.  The cells were incubated at 37 °C 
in a humidified incubator with 5% CO2.

The preparation and characterization of SIPNs
In order to prepare the silibinin/ICG-loaded PCL/lipid 
nanoparticles (SIPNs), PCL (5.0 mg), SPC (5.0 mg) and silib-
inin (0.5 mg) were first dissolved in acetone (2 mL) at 37 °C 
to ensure that all the materials and drugs were in the organic 
phase.  The ICG (0.2 mg) was dissolved in water and then 
added into the organic phase.  Then, the final mixed solution 
was added into the aqueous solution containing F68 (0.5%,  
w/v) drop-wise under vigorous stirring.  The mixed solution 
was further stirred using a high shear homogenizer (Pana-
sonic, Japan) followed by stirring in the open air overnight at 
room temperature.  The resulting solution was centrifuged at 
5000×g for 20 min.  Then, the supernatant was saved and fur-
ther centrifuged at 200 000×g for 20 min to obtain the SIPNs.  

The particle size and zeta potential of the SIPNs were deter-
mined by a Malven zetasizer ZEN3690 analyzer (Malven, UK; 
n=3).  The morphology of the SIPNs was characterized by a 
transmission electron microscope (TEM) (JEOL JEM-1230, 
Tokyo, Japan).  The drug loading efficiency and the encapsu-
lation efficiency were both determined by HPLC assay (C18 
column, 5 μm, 4.6×250 mm, Waters, USA) with the mobile 
phase consisting of 0.1 mol/L phosphate buffer (pH 3.0) and 
methanol (1:1, v/v).  The column was kept at 40 °C with the 
detection wavelength set at 288 nm.  The thermal behaviors 
of the free ICG, SPNs, IPNs and SIPNs in PBS were detected 
under 808 nm laser irradiation (MDL-N-10W, Changchun 
New Industries, China) at 1.5 W·cm-2 for 8 min, and the tem-
peratures at different points were recorded by the accompany-
ing software.  The PBS was used as the negative control.  The 
drug release profiles of the different nanoparticles including 
the SPNs, SIPNs and SIPNs with NIR laser irradiation at 1.5 
W ·cm-2 for 5 min were measured in PBS (pH=7.4) with 1% 
Tween-80 by a dialysis method at 37 °C.  An end-sealed dialy-
sis bag (MWCO=3.5 kDa) was applied to load the 0.5 mL of 
the suspensions from the nanoparticles and was placed into 
5 mL of PBS at 37 °C while shaking at 100 r/min for 72 h.  At 
predetermined time points, including 0.5, 1, 2, 4, 8, 24, 48 and 
72 h, the medium was withdrawn and replaced with an equal 
volume of fresh medium.  Then, the silibinin was extracted 
with methanol and analyzed by HPLC.

Cellular internalization experiment
Nile red, which has a detectable autofluorescence, was used 
to replace the silibinin to visualize the internalization of the 
free silibinin, SPNs, SIPNs and SIPNs exposed to NIR laser 
irradiation.  The 4T1 cells were seeded onto 24-well plates at 
a density of 2×104 cells and were incubated for 24 h.  The Nile 
red-loaded nanoparticles were prepared as described for the 
SIPNs above.  The cells were then treated with the free Nile 
red, Nile red-loaded SPNs, SIPNs and SIPNs with NIR irradia-
tion at 1.5 W·cm-2 for 5 min at the equivalent Nile red concen-
tration of 2.0 µg/mL for 2 h at 37 °C, respectively.  Afterwards, 
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the cells were stained with Hoechst 33342 for an additional 30 
min.  After washing the treated cells with PBS three times, the 
cells were imaged using a fluorescence microscope (Olympus, 
Japan).

In vitro cytotoxicity and photothermal ablation assays
The 4T1 cells were seeded on 96-well plates at a density of 
5×103 cells per well and were incubated for 24 h.  The medium 
was then replaced with fresh medium containing free silibinin, 
PNs, SPNs, IPNs with NIR irradiation at 1.5 W·cm-2 for 5 min, 
SIPNs and SIPNs with NIR irradiation at 1.5 W·cm-2 for 5 min 
at different silibinin concentrations ranging from 1.0 to 100 
µg/mL, ICG concentrations ranging from 0.3 to 30 µg/mL or 
PNs concentrations ranging from 0.023 to 2.3 mg/mL for 24 h.  
The cells that did not receive any treatments were used as the 
controls.  Cell viability was measured by the SRB assay.  In 
brief, the cells were first fixed with 100 µL of 10% trichloroace-
tic acid per well and incubated at 4 °C for 1 h.  Then, the cells 
were stained with 35 µL of 0.4% SRB for 20 min in the dark, 
and the free dye was removed with 1% (v/v) acetic acid three 
times.  The protein-bound proteins were dissolved in 100 µL 
of 10 mmol/L Tris base solution per well and the absorbance 
was measured at 560 nm.  Each assay was repeated six times.

For the photothermal ablation assay, the 4T1 cells were 
seeded on 96-well plates at a density of 5×103 cells per well 
and incubated for 24 h.  The cells were further treated with 
fresh medium containing the different nanoparticles at a silib-
inin concentration of 50 µg/mL or an ICG concentration of 15 
µg/mL for 12 h in the dark.  Then, the cells treated with IPNs 
and SIPNs with NIR irradiation were irradiated at 1.5 W·cm-2 
for 5 min and incubated for another 12 h.  The cells treated 
with SIPNs were incubated in the dark for another 12 h.  
Then, the live and dead cells were stained with calcein-AM 
(AM) and ethidium homodimer-1 (EthD-1) using the LIVE/
DEADViability/Cytotoxicity Kit (Life Technologies) and were 
detected using a fluorescence microscope (IX81, Olympus, 
Japan).

Wound healing assay
The 4T1 cells were seeded on 12-well plates at a density of 
1×105 cells per well overnight until they reached 90% conflu-
ence.  Then, the medium was removed, and a 200 µL plas-
tic pipette tip with a ruler was applied to scratch a vertical 
wound.  Afterwards, the cells were washed with PBS three 
times, and fresh medium containing free silibinin, PNs, SPNs, 
IPNs with NIR, SIPNs and SIPNs exposed to NIR irradiation 
at a silibinin concentration of 10 µg/mL or an ICG concentra-
tion of 3.0 µg/mL for another 24 h was applied.  A light micro-
scope (Olympus, Japan) was used to image the cells before 
and after the 24 h incubation to detect the degree of wound 
healing.  The cells that did not receive any treatments were 
used as the control.  

In vitro migration and invasion assay
For the cell migration experiments, the 4T1 cells were pre-
treated with the free silibinin, PNs, SPNs, IPNs with NIR, 

SIPNs and SIPNs with NIR at the silibinin concentration of 10 
µg/mL or the ICG concentration of 3.0 µg/mL for 24 h.  Then, 
the cells were collected in the medium without serum, counted 
and seeded on the top chambers at a density of 1×105 cells in 
100 µL of serum-free medium.  The lower chambers were filled 
with 500 µL of complete medium containing 10% FBS that 
was used as a chemoattractant.  After they were incubated for 
another 24 h, the upper medium was removed, and a cotton 
swab was applied to wash the cells that remained on the top 
chambers.  Then, the transwell chambers were removed, fixed 
using 70% ethanol for 20 min and stained with cresyl violet for 
20 min.  Finally, the stained transwell chambers were visual-
ized under a microscope, and images were taken.  In order to 
further quantify the migration rates, the microscope was used 
to count the cells five times in random fields from each cham-
ber.  For the cell invasion experiment, matrigel was added 
to the upper chambers and incubated at 37 °C for 12 h.  The 
cells seeded on the top chambers were at the density of 2×105.  
The protocol was then the same as described in the migration 
assay.  The cells that did not receive any treatment were used 
as control.  The migration and invasion rates were calculated 
using the control group.

Statistical analysis
The mean±SD were determined for all the treatment groups.  
The statistical analysis was performed using Student’s t-test 
(two-tailed).  In (*) and (**), the statistical significance was set 
at P<0.05 or P<0.01, respectively, when compared to the SIPNs 
exposed to NIR laser irradiation.  In (#) and (##) the statistical 
significance was set at P<0.05 or P<0.01, respectively, when 
compared to free silibinin.

Results
The preparation and characterization of SIPNs
The silibinin and ICG were both loaded into the PCL/
lipid nanoparticles using the single-step nanoprecipitation 
method[20].  Unencapsulated silibinin and ICG were removed 
by centrifugation.  The average hydrodynamic diameter and 
zeta potential of SIPNs was 126.3±0.4 nm and -10.3±0.2 mV, 
respectively (Figure 1A).  The polydispersity index (PDI) of the 
nanoparticles was 0.203.  The negative charge of the nanopar-
ticles could contribute to the suspension stability of the 
nanoparticles.  The TEM images revealed that the SIPNs were 
successfully obtained (1) with a well-defined spherical shape 
displaying a narrow size distribution (Figure 1B), and (2) with 
a particle size that was consistent with the results detected 
by DLS, further indicating that the SIPNs were prepared as 
expected.  The silibinin loading ratio and the encapsulation 
efficiency of the SIPNs were 4.2%±0.3% and 97.5%±0.4%, 
respectively.  The ICG loading ratio and the encapsulation effi-
ciency of the SIPNs were 1.2%±0.2% and 98.7%±0.6%, respec-
tively.

To further determine whether the nanoparticles exhibited 
photothermal capabilities, photothermal conversion experi-
ments were conducted to characterize the photothermal effi-
ciency of the free ICG, SPNs, IPNs and SIPNs under laser irra-



944

www.nature.com/aps
Sun HP et al

Acta Pharmacologica Sinica

npg

diation of 1.5 W·cm-2 for 8 min (Figure 1C).  After irradiation 
exposure, the temperature of the free ICG, IPNs and SIPNs 
maximally increased to 49.2, 50.8 and 50.5 °C, respectively.  In 
contrast, the SPNs only increased to 30.3 °C, similar to the PBS 
group.  Therefore, the IPNs and the SIPNs could both posi-
tively contribute to the ablation of the cancerous cells.  

The drug release experiments were used to evaluate the 
release behavior of the NPs (Figure 1D).  The results showed 
that the SPNs and SIPNs exhibited a similar release profile 
during the test, indicating that the ICG loading in the nanopar-
ticles did not change the release of the silibinin from the PCL/
lipid nanoparticles.  The silibinin release was approximately 
33.6% by 8 h, indicating a lower release behavior.  Upon irra-
diation with the NIR laser, the SIPNs displayed a burst release, 
especially during the first 8 h.  The silibinin release was 58.3%, 
and the whole release was enhanced to 97.8%.  This indicated 
that the SIPNs could successfully achieve a higher tempera-
ture, inducing faster release of the loading drug under laser 
irradiation in vitro.

Cellular uptake of SIPNs
The cellular internalization of SIPNs was investigated using 
4T1 breast cancer cells.  The silibinin was replaced with Nile 
red, a hydrophobic fluorescent dye that has been widely used 
as a model drug to replace hydrophobic drugs[25, 26].  Hoechst 

33342 was used to stain the nuclei of the cells[27].  It was obvi-
ous that the free Nile red group exhibited a dim red fluores-
cence, indicating a lower uptake rate of the free drug in the 
4T1 cells in vitro (Figure 2).  After the Nile red was loaded into 
the nanoparticles including SPNs and SIPNs, the stronger red 
fluorescence was distributed in the 4T1 cells in either SPNs or 
SIPNs, which suggested that SIPNs could be an effective drug 
delivery system that could accelerate the administration of 
the drugs into 4T1 cells.  Moreover, the analysis did not show 
a significant difference between the red fluorescence in SPNs 
and SIPNs.  However, after the cells treated with SIPNs were 
irradiated with an NIR laser, the red fluorescence was dramat-
ically enhanced across a wide distribution of the cells.  There-
fore, the SIPNs could be utilized as a promising drug delivery 
system for enhancing the cellular internalization of the drugs, 
and the encapsulated ICG could induce hyperthermia along 
with an accelerated rate of drug release in the cells.  These 
results together demonstrate that SIPNs could enhance the 
uptake of the nanoparticles and achieve hyperthermia, thereby 
inducing the rapid release of drugs at the target points under 
NIR laser irradiation in vitro, consistent with the detected drug 
release levels.  

Phototoxicity assay in vitro
The in vitro cytotoxicity of free silibinin, PNs, SPNs, IPNs with 

Figure 1.  (A) The particle size distribution of the SIPNs is shown.  (B) TEM images of SIPNs are represented.  Scale bar=50 nm.  (C) The temperature 
elevation profiles of PBS, free ICG, SPNs, IPNs and SIPNs for 8 min are shown.  (D) The in vitro release profiles of silibinin from the SPNs, SIPNs and 
SIPNs with NIR laser irradiation in PBS at 37 °C are shown.
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NIR irradiation, SIPNs and SIPNs with NIR irradiation were 
evaluated by SRB assay.  The silibinin-free PNs displayed 
negligible anti-proliferative effects on the 4T1 cells during the 
detected concentrations, indicating good biocompatibility of 
the nanocarriers (Figure 3A).  The free silibinin group showed 
a relatively low cytotoxicity with over 80% cell viability at 
concentrations ranging from 1.0 to 100.0 µg/mL for 24 h.  The 
SPNs and SIPNs also exhibited a similarly low cytotoxicity 
among the tested concentrations, which may have occurred 
because the detected concentrations of silibinin could not 
cause obvious cytotoxicity of the 4T1 cells.  These results also 
suggested that the cell wound healing, migration and invasion 
effects of the free silibinin, SPNs and SIPNs had nothing to do 
with the anti-proliferative effects caused by these formulations 
on the cells.  After irradiation with an NIR laser, the IPNs 
showed significantly increased cytotoxicity with an IC50 value 
of 20.8 µg/mL, caused by the induced PTT effects of the ICG.  
For the SIPNs+NIR group, the anti-proliferative effects were 
slightly better than the IPNs with NIR irradiation, which could 
be attributed to the acceleration of the release of the loading 
drugs upon irradiation followed by the increased drug con-
centrations in the cells. 

The phototoxicity of the nanoparticles that was induced by 
the NIR irradiation was further measured using the LIVE/
DEADViability/Cytotoxicity Kit according to the manufac-
turer's protocol (Figure 3B).  The control group did not have 
any dead cells (red).  There was a small difference between 

the SIPNs without NIR irradiation and the control group.  
Upon irradiation with the NIR laser, the IPNs and SIPNs both 
exhibited strong and wide red fluorescence, indicating that the 
tumor cells were damaged to death.  Moreover, there was a 
negligible difference between dead cells induced by the IPNs 
and SIPNs, indicating that the silibinin was not responsible 
for destroying the cells, consistent with the cytotoxicity results 
shown above.  Taken together, these results indicated that 
SIPNs could successfully achieve the PTT therapy under the 
NIR laser exposure.

The wound healing assay
The wound healing assay was used to evaluate the effects of 
the silibinin, PNs, SPNs, IPNs with NIR irradiation, SIPNs and 
SIPNs with NIR irradiation on inhibiting the motility of the 
4T1 cells (Figure 4).  In the control group, the scratched spaces 
were barely evident, indicating that the 4T1 cells exhibited a 
high level of motility.  The silibinin-free PNs groups and the 
control groups showed no obvious differences in the width of 
the scratches, suggesting that the nanocarriers did not inhibit 
the wound healing of the cells.  In contrast, there was still an 
obvious wound in the cells treated with free silibinin.  After 
the silibinin was loaded into the SPNs or SIPNs, the inhibitory 
effects were greater than in the case of free silibinin, and the 
wound healing rates were approximately 57.1% (Figure 3B), 
which could be mainly due to the increased cellular uptake 
of the nanoparticles compared to the free drugs.  Moreover, 

Figure 2.  The cellular internalization of the nanoparticles by the 4T1 cells after 2 h of incubation.  The nucleus was stained with Hoechst 33342 (blue).  
The silibinin was replaced with Nile red.  Scale bar=50 µm.
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Figure 3.  (A) The in vitro cytotoxicity effects of free silibinin, PNs, SPNs, SIPNs, IPNs with NIR irradiation and SIPNs with NIR irradiation at different 
concentrations on 4T1 cells after 24 h incubation are shown.  (B) The photothermal cytotoxicity images of the nanoparticles in 4T1 cells are 
represented.  The live cells were stained with calcein AM (green), and the dead cells were stained with EthD-1 (red).  Scale bar=100 µm.

Figure 4.  The inhibitory effects of the nanoparticles on the wound healing of 4T1 cells in vitro.  (A) The images depict wound healing of cells (1) 
immediately following the scratches, (2) that received no treatments (control group) and that were treated with (3) PNs, (4) free silibinin, (5) SPNs, (6) 
IPNs with NIR irradiation, (7) SIPNs and (8) SIPNs with NIR irradiation.  Scale bar=100 µm.  (B) The quantitative analysis of the wound healing rates 
of different nanoparticles-treated group was determined.  The data are presented as the mean±SD (n=3).  **P<0.01 vs SIPNs+NIR.  #P<0.05 vs free 
silibinin.  Two-tailed test.
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the cells treated with IPNs plus NIR laser irradiation also dis-
played inhibitory effects and a wound healing rate of 66.2%, 
indicating that the PTT could also suppress wound healing 
before inducing cell death.  In the final formulation of SIPNs 
with NIR irradiation, the largest scratch wounds were evi-
dent, and the wound healing rate was 11.0%.  As a result, the 
wound healing results verified the high efficiency of SIPNs on 
inhibiting cell motility activities in response to NIR laser irra-
diation.

In vitro migration and invasion
It is well known that one of the critical steps for tumor metas-
tasis is cell invasion, which includes the degradation of the 
extracellular matrix (ECM) barriers and the migration to dis-
tant organs[28].  Thus, the cell migration and invasion assays 
were applied to evaluate whether the nanoparticles could 
affect the migration and invasion of 4T1 cells.  The migra-
tion and invasion results were similar to each other (Figure 
4).  Compared to the control groups, the cells treated with 

Figure 5.  The inhibitory effects of the nanoparticles on the cell migration and invasion of 4T1 cells in vitro.  (A) The representative images of the 
different formulations are shown.  The cells were treated with PNs, free silibinin, SPNs, IPNs with NIR irradiation, SIPNs and SIPNs with NIR irradiation, 
respectively.  Scale bar=100 µm.  The quantitative analysis of (B) migratory and (C) invasive cells from each group.  The number of the control group 
was set as 100%.  The data are presented as the mean±SD (n=3).  **P<0.01 vs SIPNs+NIR.  #P<0.05 vs free silibinin.  Two-tailed test.
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PNs showed no significant difference in the cells on the lower 
chambers, indicating that the PNs could not inhibit the inva-
sion of 4T1 cells.  The cells treated with free silibinin showed 
suppressed invasion with an invasion rate of approximately 
73.8%.  While the silibinin in the nanoparticles containing 
SPNs and SIPNs showed significantly more inhibition with 
less invasion than the free silibinin group.  The quantitative 
results also showed that the invasion rates of the SPNs and 
SIPNs were 39.3% and 41.0%, respectively.  The IPNs exposed 
to NIR laser irradiation also showed inhibitory effects com-
pared to the control group, consistent with the wound healing 
results shown above.  Finally, the SIPNs receiving the NIR 
laser exposure displayed dramatic anti-invasion effects with 
the appearance of a slight purple color in the obtained image 
and an invasion rate of only 3.2%.  This result further demon-
strated the strong inhibitory effects caused by the combination 
of the faster photothermal-induced release of the drug and the 
suppression by the PTT that was generated from the loading 
ICG.  Taken together, the cell migration and invasion results 
indicated that the SIPNs could be applied as an efficient drug 
delivery system for anti-metastasis in vitro.

Discussion
In the current study, SIPNs were fabricated by loading silib-
inin and ICG into PCL/lecithin nanoparticles to explore a new 
drug delivery system that aims to successfully inhibit tumor 
growth and metastasis in vitro.  This unique drug delivery 
system could overcome the poor water solubility of silibinin, 
achieve a more rapid photothermal-induced release of the 
drugs in tumor cells and induce PTT effects to cooperatively 
inhibit the growth and metastasis of cancerous cells in vitro.  

The SIPNs were successfully prepared, as demonstrated by 
the DLS results and the TEM images.  It is well-known that 
tumor cells could be irreversibly destroyed under conditions 
of hyperthermia (42–47 °C)[29].  In the photothermal conversion 
assay, the high temperature of the SIPNs would be beneficial 
for the ablation of the tumor cells.  Moreover, the induced 
hyperthermia could also increase the fluidity of the lipids[19], 
which might contribute to an increased rate of release of the 
loading drug in the PCL/lecithin nanoparticles.  The IPNs 
and SIPNs displayed a slightly higher temperature during 
the test, which could be due to the higher concentration of the 
condensed ICG in the nanoparticles than the free ICG and the 
entrapment of the induced thermal radiation in the nanopar-
ticles with the stronger heat energy in the NPs.  This phenom-
enon was also observed in previous reports[30].  After irra-
diation with an NIR laser, the SIPNs exhibited a fast release 
of silibinin, which could be mainly attributed to the photo-
thermal-induced acceleration of the fluidity of the lecithin 
in addition to the increased drug release from the cores into 
the surrounding medium.  The higher cellular uptake of the 
SIPNs further demonstrated the advantages of this delivery 
system.  The NIR irradiation induces hyperthermia from the 
ICG, which increases the permeability of the nanoparticles for 
the loading drugs, accelerating the release of the drugs from 
the nanoparticles and also enhancing the permeability and 

fluidity of the cancer cell membranes of the 4T1 cells[31] and 
increasing the cellular internalization of nanoparticles.  There-
fore, the SIPNs exposed to NIR laser irradiation exhibited the 
highest level of cell internalization.  The anti-proliferative and 
phototoxicity results further demonstrated the excellent PTT 
effects of ICG loading in SIPNs, suggesting that SIPNs could 
inhibit the tumor cells growth in vitro.  The cell wound heal-
ing and migration assays were then utilized to investigate the 
movement or migration ability of the tumor cells.  The inva-
sion assays were used to evaluate whether the treated tumor 
cells could degrade the matrigel and migrate into the lower 
chambers.  The results detected in these assays indicated that 
SIPNs significantly suppressed the tumor cells metastasis in 
vitro, mainly due to the high concentration of the drugs caused 
by the faster hyperthermia-induced release of drugs under 
the NIR laser exposure.  In addition, the PTT effects played 
a combinational role in suppressing the cells migration and 
invasion.  It is notable that the nanocarriers used in this work 
were prepared by PCL, SPC and pluronic copolymer F68.  The 
pluronic F68 is a typical amphiphilic polymer composed of 
hydrophilic poly(ethylene oxide) (PEO) blocks and hydropho-
bic poly(propylene oxide) blocks, in which the PEO segments 
are capable of preventing aggregation, recognizing the reticu-
loendothelial system (RES) and prolonging the circulation 
time of loading drugs in vivo[32].  Thus, SIPNs could also pos-
sess this long-circulating property in vivo.

In summary, the SIPNs inhibited tumor cell viability by the 
effects of PTT and by combinational treatments that address 
tumor cell growth and metastasis in vitro.  Moreover, the rapid 
photothermal-induced release of the drugs in the tumor cells 
further enhanced the anti-metastasis effects.  This new drug 
delivery system might be a promising platform for the future 
therapy of breast cancer metastasis in vivo.
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