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Abstract: Earlier studies have demonstrated the promising antitumor effect of tetrandrine (Tet)
against a series of cancers. However, the poor solubility of Tet limits its application, while its
hydrophobicity makes Tet a potential model drug for nanodelivery systems. We report on a simple
way of preparing drug-loaded nanoparticles formed by amphiphilic poly(N-vinylpyrrolidone)-
block-poly(e-caprolactone) (PVP-b-PCL) copolymers with Tet as a model drug. The mean
diameters of Tet-loaded PVP-b-PCL nanoparticles (Tet-NPs) were between 110 nm and 125 nm
with a negative zeta potential slightly below 0 mV. Tet was incorporated into PVP-b-PCL
nanoparticles with high loading efficiency. Different feeding ratios showed different influ-
ences on sizes, zeta potentials, and the drug loading efficiencies of Tet-NPs. An in vitro release
study shows the sustained release pattern of Tet-NPs. It is shown that the uptake of Tet-NPs
is mainly mediated by the endocytosis of nanoparticles, which is more efficient than the filtra-
tion of free Tet. Further experiments including fluorescence activated cell sorting and Western
blotting indicated that this Trojan strategy of delivering Tet in PVP-b-PCL nanoparticles via
endocytosis leads to enhanced induction of apoptosis in the non-small cell lung cancer cell A549
line; enhanced apoptosis is achieved by inhibiting the expression of anti-apoptotic Bcl-2 and
Bcl-xL proteins. Moreover, Tet-NPs more efficiently inhibit the ability of cell migration and
invasion than free Tet by down-regulating matrix metalloproteinases (MMP)-2 and MMP-9,
as well as up-regulating tissue inhibitor of MMP-3 (TIMP-3). Therefore, data from this study
not only confirms the potential of Tet in treating lung cancer but also offers an effective way
of improving the anticancer efficiency of Tet by nanodrug delivery systems.
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Introduction

Lung cancer, one of the most serious respiratory diseases, is the most common cause
of cancer-related deaths around the world."? This poor prognosis is due to its highly
invasive and metastatic characteristics, with a large amount of patients undergoing
tumor cell invasion and migration before diagnosis.>*

Tetrandrine (Tet), a bis-benzylisoquinoline alkaloid isolated from the root of hang-
fang-chi (Stephania tetrandra S Moore), has been shown to have antitumor effects
against several cancers.”® In previous reports, Tet was found to not only to inhibit
the growth of tumors, but it also showed its potential in increasing the sensitivity of
chemotherapy.® '

submit your manuscript
Dove

http:

International Journal of Nanomedicine 2014:9 231-242 231
© 2014 Xu et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution — Non Commercial (unported, v3.0)

Al License. The full terms of the License are available at http://creati fl /by-nc/3.0/. Non- ial uses of the work are permitted without any further
permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on
how to request permission may be found at: http://www.dovepress.com/permissions.php



http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S55541
mailto:hongwang@njmu.edu.cn
mailto:wpxie@njmu.edu.cn

Xu et al

Dove

It is known that the balance between extracellular matrix
(ECM) deposition and degradation is essential for prevent-
ing carcinogenesis.!*!* Matrix metalloproteinases (MMPs),
whose activity can be inhibited by tissue inhibitor of MMP
type three (TIMP-3), contribute to the metastasis of tumors
primarily by degrading a major component of cell membrane,
type IV collagen.” Tet also displays an inhibitory effect on
tumor metastasis in several cancer cell lines.'®!” Therefore,
the ability of Tet to inhibit the growth and metastasis of tumor
makes it a promising drug in cancer treatment.

However, Tet’s poor solubility limits its application,
while its hydrophobicity makes Tet a promising model drug
for nanodelivery systems. Several studies have reported the
encapsulation of Tet into liposomes or nanoparticles.'*?° For
example, Tet-loaded magnetic Fe O, nanoparticles could
induce apoptosis and reverse multidrug resistance in leukemic
cells.??2 Another study reported that Tet-loaded poly(ethylene
glycol)-b-polycaprolactone (mPEG-PCL) nanoparticles could
reverse pH-induced physiological drug resistance in vitro
and in vivo.?”® In our previous studies, Tet-loaded mPEG-
PCL nanoparticles showed an antitumor effect in several
gastrointestinal cancer cell lines.**?* We demonstrated that
Tet-loaded mPEG-PCL nanoparticles showed enhanced anti-
tumor efficiency compared to free Tet through more efficient
penetration of cell membrane by endocytosis.?

Recently the application of nanoparticle systems in tumor
imaging and therapy has attracted more and more interest.?’!
Amphiphilic polymeric nanoparticles with polyethylene
glycol (PEG) as a drug carrier show potential in delivering
drugs to tumors. However, it has been reported that PEG
fails to completely avoid uptake by macrophages and still
partially activates complement systems, which leads to a
shorter circulation time.*? Therefore, water-soluble poly(N-
vinylpyrrolidone) (PVP), which is used in many drug delivery
systems, is chosen as an alternative option to PEG.33* In our
previous studies, PVP modification could lengthen the in
vivo circulation time of nanoparticles due to a more effective
escape from macrophage systems.’ Therefore, the drug-
loaded nanoparticles could be considered a “Trojan horse”
designed to deliver anticancer drugs. When the nanoparticles
are incubated with cancer cells, they are then transferred into
the cells through a process called endocytosis, thereby releas-
ing the loaded drugs directly into the cell interior.”

Though Tet is reported to inhibit the metastasis of some
tumors, there is little evidence of the anti-metastatic effect
of Tet-loaded nanoparticles. In our current study we employ
poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) (PVP-
b-PCL) as a drug carrier. Here we characterized Tet-loaded

PVP-b-PCL nanoparticles (Tet-NPs) with different feeding
ratios and further studied differential apoptotic induction
between Tet-NPs and Tet in A549 cells. In addition, wound
scratch and Transwell assays were performed to evaluate
the anti-migration and invasion ability of Tet-NPs; relative
protein expression was then measured to further elucidate
the possible mechanism underlying the superior antitumor
effect of Tet-NPs. According to the results, we propose the
hypothesis that delivery of Tet via PVP-b-PCL nanoparticles
might effectively promote apoptosis and inhibit the migra-
tion and invasion of A549 cells, which could be a promising
anticancer therapeutic strategy in treating lung cancer.

Materials and methods

Materials

Tet and acridine orange (AO) was purchased from Sigma-
Aldrich (St Louis, MO, USA). Human non-small cell lung
cancer cell line A549 was obtained from the Shanghai
Institute of Cell Biology (Shanghai, People’s Republic of
China). Cell culture material (eg, RPMI 1640, fetal bovine
serum) was obtained from Life Technologies (Carlsbad, CA,
USA). All other chemicals were of analytical grade and used
without further purification.

Methods

Formulation of nanoparticles

PVP-b-PCL was synthesized by ring-opening polymeriza-
tion as described in our previous reports.?>3* Tet-NPs were
prepared by a nanoprecipitation method as described previ-
ously, with minor modification.'** Briefly, a predetermined
amount of PVP-b-PCL copolymers and Tet were dissolved in
acetone. The obtained organic solution was added dropwise
into ten times the volume of distilled water under gentle
stirring and at room temperature. The solution was dialyzed
in a dialysis bag (molecular weight cutoff 3,500) to remove
acetone thoroughly. The resulting bluish aqueous solution
was filtered through a 0.22 pum filter membrane to remove
non-incorporated drugs. Drug-free nanoparticles were pro-
duced in a similar manner without adding drugs. Solutions
of drug-loaded nanoparticles and empty nanoparticles were
then lyophilized for further utilization.

Characterization of nanoparticles

Mean diameter and size distribution were measured before
lyophilization by photon correlation spectroscopy (dynamic
light scattering [DLS]) using a Brookhaven BI-9000 AT
instrument (Brookhaven Instruments Corporation, Holtsville,
NY, USA). Zeta potential was measured by the laser Doppler
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anemometry (Zeta Plus, Zeta Potential Analyzer; Brookhaven
Instruments Corporation).

Drug loading content (DLC) and encapsulation
efficiency (EE)

The concentration of Tet was assayed on a Shimadzu
LC-10 AD (Shimadzu Corporation, Kyoto, Japan) high-
performance liquid chromatography (HPLC) system equipped
with a Shimadzu ultraviolet (UV) detector and an Agilent
CI18, 5 um, 200 mm X 4.6 mm reverse phase (RP)-HPLC
analytical column (Agilent Technologies, Santa Clara, CA,
USA). The mobile phase consisted of methanol (spectral
grade, Merck KGaA, Darmstadt, Germany)/double-distilled
water/ethylamine (90/10/0.05, v/v/v) pumped at a flow rate of
1.0 mL/minute with a determination wavelength of 282 nm.
The concentration of Tet was determined based on the peak
area at the retention time of 4.83 minutes by reference to a
calibration curve. The following equations were applied to
calculate the drug loading content (Equation 1) and encap-
sulation efficiency (Equation 2).

Drug loading content (%)
_ Weight of the drug in nanoparticles

- : x 100 (1)
Weight of the nanoparticles
Encapsulation efficiency (%)
_ Weight of the drug in nanoparticles «100 (2)

Weight of the feeding drugs

In vitro release of Tet-loaded nanoparticles

For in vitro release detection, 10 mg lyophilized Tet-loaded
nanoparticles were suspended in 1 mL of 0.1 M phosphate
buffered saline (PBS, PH 7.4). The solution was then placed
into a pre-swelled dialysis bag with a 12 kDa molecular weight
cutoff (Sigma-Aldrich) and immersed into 20 mL of 0.1 M
PBS, pH 7.4, at 37°C with gentle agitation. One mL samples
were withdrawn from the incubation medium and measured
for Tet concentration as described above. After sampling, an
equal volume of fresh PBS was immediately added into the
incubation medium. The concentration of Tet released from
the nanoparticles was expressed as a percentage of the total
Tet in the nanoparticles and plotted as a function of time.

Nanoparticle uptake by A549 cells

Coumarin-6 was utilized as a fluorescent marker to assess
the efficiency of nanoparticle uptake by tumor cells. About
5 x 105 A549 cells were seeded in six well plates with RPMI
1640 supplemented with 10% calf blood serum, and allowed

to adhere at 37°C with 5% CO, for 24 hours prior to the assay.
The medium was then replaced with 10 mL fresh RPMI 1640
containing coumarin-6 loaded nanoparticles (indicated by a
dose of coumarin-6 at a concentration of 1 pg/mL). After
2 hours of incubation, the cell monolayers were rinsed three
times with PBS buffer to remove excess nanoparticles. The
cells were viewed and imaged under a fluorescence micro-
scope (Eclipse E-800; Nikon Corporation, Tokyo, Japan)
using a FITC (fluorescein isothiocyanate) filter with an
excitation wavelength of 495 nm and emission wavelength
of 517 nm (magnification =400x).

Cells were incubated for 2 hours, with or without the
presence of 20 mM sodium azide (NaN,), and collected for
a quantitative analysis of nanoparticle uptake, as indicated
by coumarin-6 content. The cell lysates were reconstituted
in 500 uL of methanol and sonicated for 30 seconds at
5 Hz to extract the fluorescent dye from the nanoparticles.
The samples were centrifuged at 12,000 rpm and 4°C for
10 minutes, and 400 pL of the supernatants were collected
for HPLC analysis. The concentration of coumarin-6 was
assayed on a Shimadzu LC-10 AD (Shimadzu Corpora-
tion) HPLC system equipped with a Shimadzu fluores-
cence detector (Model RF-10 AXL; Ex(A) 450 nm/Em(\)
490 nm; Shimadzu Corporation) and an Agilent C18, 5 um,
200 mm X 4.6 mm RP-HPLC analytical column. The mobile
phase consisted of spectral grade acetonitrile (Merck KGaA)/
double-distilled water/1-heptane sulfonic acid sodium salt
(65/35/0.005, v/v/v) pumped at a flow rate of 1.0 mL/minute.
The concentration of coumarin-6 was determined based on
the peak area by reference to a calibration curve. The effi-
ciency of nanoparticle uptake was calculated from the amount
of coumarin-6 detected in the cell and total added.

AO staining

A549 cells were treated with Tet or Tet-NPs at the equivalent
concentration of 4 ug/mL for 48 hours, and then washed once
in PBS, followed by fixation in cold methanol:acetone (1:1)
for 5 minutes. After washing twice in PBS for 5 minutes,
these cells were stained with AO (1 mL of a 1% stock con-
centration of AO in distilled water) at room temperature and
immediately examined by fluorescence microscopy using
filters for FITC (Eclipse E-800; Nikon, Tokyo, Japan) with
an excitation wavelength of 490 nm and emission wavelength
of 519 nm (magnification =400x).

Flow cytometry analysis
To conduct further quantitative analysis of apoptosis, the
cells were treated with different doses of Tet or Tet-NPs

International Journal of Nanomedicine 2014:9

submit your manuscript

233

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Xu et al

Dove

(1,2,and 4 pg/mL) for 48 hours and then stained with annexin
V-fluorescein isothiocyanate (FITC) and propidium iodide (PI)
using the annexin V-FITC kit (eBioscience, Inc, San Diego,
CA, USA). The cells were then subjected to flow cytometry
according to the manufacturer’s instructions and the stained
cells were analyzed using a FACScan flow cytometer (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

Western blot analysis

The extraction of proteins from cells and Western blot
analyses were performed as described in our previous
reports. Primary antibodies used include rabbit anti-Bcl-2,
anti-Bcl-xL, anti-MMP-2, anti-MMP-9, anti-TIMP-3
(Cell Signaling Technology, Inc, Danvers, MA, USA) and
anti-B-actin (Sigma-Aldrich). Goat anti-rabbit horserad-
ish peroxidase (HRP)-conjugated secondary antibody was
purchased from Vector Laboratories Inc. (Burlingame, CA,
USA). Cells were treated with Tet or Tet-NPs at an equivalent
dose of 4 ug/mL for 48 hours. Bands were quantified using
densitometric image analysis software (Quantity One,
Bio-Rad, Hercules, CA, USA).

In vitro wound scratching assay

Cell migration was assayed using an in vitro wound scratch-
ing assay. A549 cells were plated into the 6-well plates and
cultured in an incubator until confluent monolayers were
formed. The cells were serum-starved for 12 hours and then
a ‘wound’ (clear space) was made using a sterile pipette tip.
At this time point (#=0 hours) wound margins were observed
using phase contrast microscopy and photographed. Then,
serum-free medium containing different doses of Tet or Tet-
NPs (1, 2, and 4 pg/mL) was added to the plates and the cells
were incubated for up to 48 hours at 37°C. The same fields
of the wound margin were photographed at 24 and 36 hours.
Pictures were superposed using Photoshop (Adobe Systems
Incorporated, San Jose, CA, USA) and areas were measured
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using Scion Image Analysis Software (Scion Corporation,
Frederick, MD, USA). The wound healing rate was calcu-
lated according to the following formula: (the average area
of wound at 0 hours — the average area of wound at 24 or
48 hours)/the average area of wound in 0 hours. Experiments
were repeated at least three times.

In vitro Transwell invasion assays

Invasion assays were performed in 24-well Transwell
chambers (Corning Incorporated, Corning, NY, USA)
containing polycarbonate filters with 8 wm pores coated
with Matrigel (Becton, Dickinson and Company). Briefly,
A549 cells were allowed to grow to subconfluency and
were serum-starved for 24 hours. After detachment with
trypsin, the cells were washed with PBS, resuspended in
serum-free medium, and 2 x 10* cells were added to the
upper chamber. Complete medium was added to the bot-
tom chamber as a chemoattractant. Then, different doses
of Tet or Tet-NPs (1, 2, and 4 pg/mL) was added to the
inside of each insert and incubated for 48 hours in a cell
culture incubator. Uninvaded cells on the upper surface of
the filter were mechanically removed with a cotton swab,
and the invasive cells on the lower membrane surface were
fixed with methanol and stained with 0.1% crystal violet.
The invading cells were counted and photographed under a
microscope at 200X magnification. Five fields were counted
per filter in each group and the experiment was conducted
in triplicate.

Statistical analysis

Data were expressed as the mean + standard deviation (SD)
of three independent experiments. Statistical analysis for the
comparison of relative groups was based on Student’s #-test or
one-way analysis of variance (ANOVA) with SPSS 11.5 soft-
ware (IBM Corporation, Armonk, NY, USA). Significance
was accepted at the 0.05 level of probability.

Auto-assembly in water
o0

]

PVP-b-PCL

Tet-NPs

@

Tetrandrine

Figure | Schematic illustration of synthesis of tetrandrine-loaded PVP-b-PCL nanoparticles.
Abbreviations: PVP-b-PCL, poly(N-vinylpyrrolidone)-block-poly(e-caprolactone); Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone)

nanoparticles.
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Results and discussion

Characterization of Tet-NPs

As reported in a previous study, the PVP-hydroxide (OH)
was first synthesized and then used as a macromolecular
initiator to synthesize a PVP-b-PCL diblock copolymer
by ring-opening polymerization of €-caprolactone (e-CL).
Characterization of PVP-b-PCL by gel permeation chroma-
tography and proton nuclear magnetic resonance ("H-NMR)
was described in our previous report.>* Then Tet-NPs were
prepared by a nanoprecipitation method. PVP is at the outside
of the nanoparticle as a hydrophilic part while PCL is at the
center of the nanoparticle as a hydrophobic part. PVP-b-PCL
and Tet can be dissolved in acetone to produce a homogenous
and clear solution. Slowly dropping the organic phase into
the water phase precipitated the water-insoluble Tet imme-
diately and simultaneously induced a rapid precipitation of
the hydrophobic PCL block of the PVP-b-PCL diblock copo-
lymer, resulting in spontaneous formation of Tet-entrapped
PVP-b-PCL nanoparticles. The stable Tet-loaded PVP-b-PCL
nanoparticle aqueous dispersion was then obtained after the
acetone was removed by dialysis (Figure 1).

As part of our current research, different feeding ratios
were adopted to study the characteristics of Tet-NPs, including
sizes, zeta potentials, and the drug loading efficiencies. As
shown in Table 1, three kinds of Tet feeding ratios showed
almost no significant influence on size and zeta potential,
while influencing drug-loading content and encapsulation
efficiency of Tet-NPs. The mean diameters of Tet-NPs were
between 110 and 125 nm (Figure 2 and Table 1). The size of
lyophilized Tet-NPs was around 140—150 nm, which is a litter
larger than that of non-lyophilized Tet-NPs. All four kinds
of nanoparticles exhibited a negative zeta potential slightly
below 0 mV (Table 1). In addition, a 40% feeding ratio of
Tet yielded the highest drug loading content (27.4%) with the
lowest encapsulation efficiency (>80%). However, the drug
loading content and encapsulation efficiency of a 20% feeding

Table | Characterization of Tet-NPs with different drug feeding

Tet feeding Size Zeta DLC EE (%)
(copolymer (nm)?*/PDI potential (%)

based wiw) (mV)

0 125.3+£7.3/0.13  -3.8+0.5 N/A N/A
10% 115.5+£6.9/0.14  —4.5+0.4 9.3+2.1 91.245.1
20% 120.2+8.2/0.13  —5.6*1.1 152435  89.3+7.3
40% 111.4£9.2/0.14  —6.2+1.2 274442  83.245.9

Note: *Mean diameter was measured by dynamic light scattering.

Abbreviations: Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly
(e-caprolactone) nanoparticles; PDI, polydispersity index; DLC, drug loading content;
EE, encapsulation efficiency; Tet, tetrandrine.
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Figure 2 Size distribution of Tet-NPs detected by DLS.
Abbreviations: Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-
poly(e-caprolactone) nanoparticles; DLS, dynamic light scattering.

ratio was 15.2% and 89.3%, respectively, which remained the
median among the three kinds of nanoparticles (Table 1). In
subsequent in vitro release studies, all three types of Tet-NPs
showed a controlled release pattern. A 20% feeding ratio of Tet
had the most sustained release curve (Figure 3). The release
profile of Tet from the lyophilized nanoparticles remained
similar to that of non-lyophilized particles, which means
lyophilization did not affect the release profile of Tet-NPs.
However, the release of Tet-NPs in serum is more accelerated
(Figure S1). Therefore, the PVP-b-PCL nanoparticles with a
Tet feeding ratio of 20% were used in subsequent experiments
to achieve the optimal balance between nanoparticle stability
and drug loading efficiency.

Cellular uptake of Tet-NPs by A549 cells

As shown in Figure 4A, after 2 hours incubation with
A549 cells at 37°C, Tet-NPs with coumarin-6 inside as
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Figure 3 Release curves of Tet-NPs at different feeding ratios.

Abbreviations: Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly
(e-caprolactone) nanoparticles; NPs, nanoparticles; h, hours; wt, weight; Tet,
tetrandrine.
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Figure 4 Fluorescent microscope images of A549 cells incubated with coumarin-
6-loaded Tet-NPs.

Notes: (A) Cells incubated with coumarin-6 loaded Tet-NPs at 37°C. (B) Cells
incubated with coumarin-6 loaded Tet-NPs at 4°C. (C) Cells incubated with both
coumarin-6 loaded Tet-NPs and NaN; at 37°C. Magnification =400X. (D) The cellular
uptake efficiency of coumarin-6 loaded Tet-NPs detected by HPLC. **Represents
P<<0.01 versus control.

Abbreviations: Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-
poly(e-caprolactone) nanoparticles; NaN,, sodium azide; HPLC, high-performance
liquid chromatography.

a fluorescent indicator were transported into A549 cells
through endocytosis and the fluorescent dye coumarin-6
located mainly in the cytoplasm. On the contrary, less
fluorescence was observed when cells were incubated with
fluorescent Tet-NPs for 2 hours at 4°C, which means the
process of endocytosis was significantly inhibited at lower
temperatures (Figure 4B). In addition, NaN,, a mitochondrial
inhibitor which can inhibit the endocytic process, was used
to examine its influence on the cellular uptake efficiency
of coumarin-6-loaded Tet-NPs.3” A549 cells exposed to
20 uM NaN, (Figure 4C) showed obviously diminished
fluorescence compared to control cells. Quantitative analysis
indicated that the uptake efficiency of A549 cells without the
presence of NaN, at 37°C was more than 60% of the total
coumarin-6. However, lower temperature or co-incubation
with NaN, significantly decreased the uptake efficiency of

Tet-NPs (Figure 4D). For instance, the uptake efficiency at
4°C was less than 45%, while 20 mM NaN, led to a more
than 30% reduction in the uptake efficiency (P<<0.05 versus
control) (Figure 4D).

Therefore, cellular uptake of nanoparticles by A549 cells
depends mainly on endocytosis. This endocytic process can
be significantly influenced by temperature and blocked by
the endocytosis inhibitor NaN,.** It is demonstrated in both
our current and previous studies that the uptake of Tet-NPs
is mainly mediated by endocytosis, a kind of transportation
mechanism which is more efficient than the cellular uptake
of free drug by filtration, thereby leading to the enhanced
cytotoxicity of Tet-NPs.

Enhanced apoptotic induction of Tet-NPs
in A549 cells through inhibition

of anti-apoptotic proteins

Two methods were applied to detect the apoptotic rate of
A549 cells exposed to a series of doses of Tet-NPs or free
Tet. First, there is a simple and rapid way to detect apoptosis
qualitatively with fluorescence light microscopy depending
on the different uptake of fluorescent deoxyribonucleic acid
(DNA) binding dye (such as AO staining).** AO can penetrate
cell membrane and stain the cell nucleus green.*’ Therefore,
it is obvious that live cells have a normal green nucleus while
apoptotic cells appear to have a bright green nucleus with
distinctive condensed or fragmented chromatin.*' As shown
in Figure 5, compared with free Tet, Tet-NPs induced more
apoptosis in A549 cells than free Tet.

Second, the apoptotic rate was quantified by fluorescent
Annexin-V-FITC/PI double staining with flow cytometry.
Annexin-V specifically recognized the cells entering apopto-
sis that express phosphatidylserine on the outer layer of the
cell membrane. Counterstaining by PI allows the discrimina-
tion of apoptotic from necrotic cells. Necrotic cells can be
stained only with PI, whereas early apoptotic cells are stained
with annexin V and late apoptotic cells can be stained with
both annexin V and PL.*? In our preliminary study, empty

Tet-NPs

Figure 5 AO staining of A549 cells by fluorescent microscopy exposed to different agents including E-NPs, Tet and Tet-NPs.
Abbreviations: AO, acridine orange; E-NPs, empty nanoparticles; Tet, tetrandrine; Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone)

nanoparticles; Con, control.
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Abbreviations: Tet, tetrandrine; Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles; FACS, fluorescence activated cell sorting;

Con, control; FITC, fluorescein isothiocyanate; E-NPs, empty nanoparticles.

nanoparticles showed little toxicity to A549 cells, with the
cell viability at more than 90%, even at a higher dose of
400 pg/mL (data not shown). Figure 6 indicates that both
Tet and Tet-NPs dose-dependently induced apoptosis in
A549 cells. It is noted that both early and late apoptosis rates
were significantly higher in cells exposed to Tet-NPs when
compared to cells exposed to the equivalent doses of free Tet.
For example, 21.31% of cells were in the early apoptosis phase
when exposed to an equivalent dose of 4 pg/mL Tet-NPs. In
contrast, only 8.09% of cells underwent early apoptosis when
exposed to free Tet at the same dose. Similarly, 8.81% and
0.93% of cells were entering early apoptosis when they were
exposed to Tet-NPs and free Tet at the equivalent dose of
1 pg/mL, respectively.

It has been reported that carcinogenesis results from the
misbalance between cell proliferation and apoptosis.**
Growing evidence has demonstrated that the Bcl-2 family,
including pro-apoptotic proteins (eg, Bax, Bak, and Bim) and
anti-apoptotic proteins (eg, Bcl-2 and Bcl-xL), plays an impor-
tant role in apoptosis.**¢ The expression of Bcl-2 and Bax is
important in the balance of pro-apoptotic and anti-apoptotic
signals at the mitochondrial level.*’ In the current study, we
examined the expression of anti-apoptotic proteins in cells
exposed to both Tet-NPs and Tet at an equivalent dose of
4 ug/mL. Bel-2 and Bel-xL were significantly attenuated by the
effect of Tet-NPs and free Tet (Figure 7). Semi-quantification
analysis from the image indicated that there is a significant
difference in Bcl-2 expression between cells exposed to Tet-
NPs and Tet. Tet-NPs decreased expression of Bcl-2 by more
than 60%, while free Tet induced a less than 40% reduction,

when compared to untreated cells. The same tendency could
be observed in the expression of Bel-xL (Figure 8).

The current data supports that, by inhibiting the
expression of anti-apoptotic Bcl-2 and Bcl-xL proteins,
Tet-NPs could more efficiently induce the apoptosis of
A549 cells than free Tet. The possible mechanism under-
lying the superior pro-apoptotic effects of Tet-NPs may
include the different ways it is transported into cells. As
demonstrated in our previous studies, cellular uptake of
nanoparticles is mediated by endocytosis, which penetrates
cell membranes more efficiently than the infiltration of
small molecules.?* 26484 Therefore, cellular uptake of Tet-
NPs mediated by endocytosis leads to more intracellular
Tet accumulation, thereby more effectively regulating the

BolxL | W
B2 | D D SN —
pactn | QD GEED GEED G
2
< X
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Figure 7 The expression of anti-apoptotic protein Bcl-2 and Bcl-xL in A549 cells
exposed to an equivalent dose of Tet or Tet-NPs detected by Western blot
analysis.

Abbreviations: Con, control; E-NPs, empty nanoparticles; Tet, tetrandrine; Tet-NPs,
tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles.
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14 of MMPs — key proteins in tumor metastasis — were then
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.g c 1.2 W Bcl-2 evaluated by Western blotting.

° g 0; i Figure 9 shows that both Tet-NPs and Tet inhibit the
; § 0.6 i migration of A549 cells in a dose- and time-dependent
s % O: 4 L M es manner. Moreover, Tet-NPs more efficiently slowed down the
€ 02 | migration of A549 cells than free Tet did in the corresponding
0 ! ! group, with a significant difference (P<<0.05) (Figure 10).

&

Figure 8 Semi-quantification of the gel image, normalized to B-actin control.
Notes: **Represents P<<0.0l versus control; *represents P<<0.05 versus the
equivalent dose of Tet (n=3).

Abbreviations: Con, control; E-NPs, empty nanoparticles; Tet, tetrandrine;
Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone)
nanoparticles.

expression of apoptosis-related proteins and resulting in
more apoptosis.

Superior inhibitory effect of Tet-NPs on
the migration and invasion of A549 cells
by regulating the expression of MMPs

Tumor invasion and metastasis, characteristic of malignancy,
remains the leading cause of death in patients suffering from
lung cancer.! Effective inhibition of tumor invasion and
metastasis is seen as a promising way of delaying tumor
growth.* It is known that tumor invasion and metastasis is
amulti-step gradual process with certain procedures, includ-
ing degradation of ECM, penetration through the vascular
endothelial cells, intravascular circulation, and adhesion
elsewhere.’!>? In the whole process, the ability of cell migra-
tion and invasion contributes most to tumor growth.>3>*
Here we chose A549 cells as a model due to their potential
to be highly invasive and penetrating. Wound scratching and
Transwell assay were adopted to measure the inhibitory effect
of Tet-NPs on cell migration and invasion. The expression

Tet

Quantitative analysis suggests that the wound healing rates
of Tet-NPs were significantly lower than that of free Tet at
the equivalent dose and time (P<<0.01) (Figure 10).

Transwell assay was performed to evaluate the invasive
ability of A549 cells exposed to Tet-NPs and free Tet. An
invasion chamber kit (Becton, Dickinson and Company)
with a Matrigel-coated filter in the chamber was applied
to stimulate the invasion of tumor cells across the ECM.
Figure 11 shows that the successfully invading cells
(crystal-violet staining) decreasing as the drug concentration
increases, suggesting the dose-dependent inhibitory effect of
Tet-NPs or Tet on the invasive ability of A549 cells. Most
importantly, there is a significant difference in the number
of invading cells between the group of Tet-NPs and Tet
(P<<0.01); this demonstrates the superior inhibitory effect
of Tet-NPs on invasion when compared with an equivalent
dose of Tet (Figure 12).

Data from wound scratch and Transwell assays suggests
that delivery of Tet in PVP-b-PCL nanoparticles restrains
the mobility of A549 cells more effectively than free
Tet. It is demonstrated that the degradation of the ECM,
which is crucial for tumor cell invasion, depends mainly
on the activity of matrix-degrading proteinases, such as
MMP-2 and MMP-9, as well as TIMP-3, the inhibitor
of MMPs.7 To further study the inhibitory effect of
Tet-NPs on tumor invasion and metastasis, the activity of
MMPs was detected (Figures 13 and 14). The expression
of MMP-2 and MMP-9, which are the main proteinases

Tet-NPs

Con E-NPs

1pg/mL 2 pg/mL

4 pg/mL 4 pg/mL

1 ng/mL

2 pg/mL

Figure 9 Wound healing ability of A549 cells exposed to equivalent doses of Tet or Tet-NPs. Phase micrograph of A549 cells at various time points after monolayer wounding.
Abbreviations: Con, control; E-NPs, empty nanoparticles; Tet, tetrandrine; Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles;

h, hours.
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Figure 10 Quantification of cell migration using the monolayer wound scratching assay.

Notes: **Represents P<0.0| versus the equivalent dose of Tet. Each data point represents the mean £ SD from three independent experiments.

Abbreviations: Con, control; E-NPs, empty nanoparticles; Tet, tetrandrine; Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles;
h, hours; SD, standard deviation.

Con

Figure 11 Cell invasive ability of A549 cells exposed to equivalent doses of Tet or Tet-NPs.

Notes: A549 cells were treated with Tet or Tet-NPs at equivalent doses of 0, I, 2, and 4 ug/mL for 48 hours. Invading cells were fixed with methanol, stained with crystal
violet, and photographed under fluorescent microscopy.

Abbreviations: Con, control; E-NPs, empty nanoparticles; Tet, tetrandrine; Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles.
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Figure 12 Quantification of cell invasion. Figure 13 The expression of metastatic relative protein MMP-2, MMP-9 and
Notes: Each data point represents the mean + SD from three independent TIMP-3 in A549 cells exposed to an equivalent dose of Tet or Tet-NPs.
experiments; ‘represents P<<0.05 versus equivalent doses of Tet. Abbreviations: MMP, matrix metalloproteinase; TIMP-3, tissue inhibitor of MMP-3;
Abbreviations: SD, standard deviation; Tet, tetrandrine; Tet-NPs, tetrandrine- Con, control; E-NPs, empty nanoparticles; Tet, tetrandrine; Tet-NPs, tetrandrine-
loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles. loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles.
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Figure 14 Semi-quantification of the gel image, normalized to B-actin control.
Notes: **Represents P<<0.0l versus control; “represents P<<0.05 versus the
equivalent dose of Tet (n=3).

Abbreviations: MMP, matrix metalloproteinase; TIMP-3, tissue inhibitor of MMP-3;
Con, control; E-NPs, empty nanoparticles; Tet, tetrandrine; Tet-NPs, tetrandrine-
loaded poly(N-vinylpyrrolidone)-block-poly(e-caprolactone) nanoparticles.

degrading the ECM, was significantly attenuated by
both Tet-NPs and Tet, when compared to control group
(Figure 12). Moreover, significant differences (P<<0.05)
were observed; nearly 80% of the MMP-2 and MMP-9
expression was inhibited by Tet-NPs, while a decrease
of less than 60% of the expression was detected in cells
exposed to the equivalent dose of Tet. In addition, TIMP-3,
the inhibitor of MMPs, increased more significantly in
cells treated with Tet-NPs than in those treated with free
Tet (Figure 14).

Conclusion

The current study reported a simple way of preparing
drug-loaded nanoparticles formed by combining amphiphilic
PVP-b-PCL copolymers and Tet as a model drug. A Trojan
strategy of Tet delivery by PVP-b-PCL nanoparticle
endocytosis leads to enhanced apoptosis induction in
A549 cells; this is achieved by inhibiting the expression
of anti-apoptotic Bcl-2 and Bcl-xL proteins. Furthermore,
Tet-NPs more efficiently inhibit the ability of cell migra-
tion and invasion than free Tet by down-regulating MMP-2
and MMP-9, as well as up-regulating TIMP-3. Therefore,
data from this study not only confirm the potential of Tet
in treating lung cancer but also offer an effective way to
improve the anticancer efficiency of Tet by nanodrug deliv-
ery systems. This proposal enriches the current research
being carried out on the drug delivery systems in treating
lung cancer and documents additional research data, which
we can contribute.
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Figure S| Release curves of lyophilized Tet-NPs in PBS and serum.
Abbreviations: Tet-NPs, tetrandrine-loaded poly(N-vinylpyrrolidone)-block-
poly(e-caprolactone) nanoparticles; PBS, phosphate buffered saline; h, hours.
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