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Introduction: Thalidomide (THA) is an angiogenesis inhibitor and an efficient inhibitor of the
tumor necrosis factor-o. (TNF-a). However, the clinical application of THA has been limited
due to hydrophobicity of the compound.

Materials and methods: To increase the water solubility of THA and in order to evaluate the
anticancer abilities of this material on human lung carcinoma, methoxy poly(ethylene glycol)-
poly(e-caprolactone) nanoparticles loaded with THA (THA-NPs) were prepared. The synthesis
of THA-NPs was carried out via a dialysis method with relative satisfactory encapsulation
efficiency, loading capacity, size distribution, and zeta potential.

Results: A cytotoxicity assay demonstrated that THA-NPs inhibited the growth of cells in a dose-
dependent manner. The evaluation of anti-tumor activity in vivo showed that THA-NPs could
inhibit tumor growth and prolong the survival rate of tumor-bearing mice. Immunohistochemical
analysis indicated that THA-NPs inhibited cell proliferation (Ki-67 positive rate, 32.8%t4.2%,
P<0.01), and resulted in a decreased rate of the tumor tissue microvessel density (3.87%20.77%,
P<0.01), VEGF (26.67%=%4.02%, P<<0.01), and TNF-a. (75.21+6.85 ng/mL, P<<0.01).
Conclusion: In general, the drug delivery system reported herein may shed light on future
targeted therapy in lung cancer treatment.
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Introduction

Lung cancer is the leading cause of cancer-related deaths in both men and women.'?
About 85% of all lung cancer types are non-small-cell lung cancer, which mainly
comprises adenocarcinoma (40%). Generally, the treatments of lung adenocarci-
noma involve surgical resection, chemotherapy, radiotherapy, targeted therapy, and
comprehensive tumor treatment. However, patients are often first diagnosed with an
advanced disease state with primary resistance to anticancer drugs. Thus, it is of great
importance to explore more efficient therapeutic strategies for the treatment of lung
cancer. In general, tumor growth and systemic metastasis are greatly dependent on
angiogenesis. In order to grow more than 1 mm? in size and cause metastasis, a tumor
must establish a network of blood vessels enabling an adequate supply of oxygen and
nutrients. Hence, anti-angiogenesis has been regarded to be an appealing anticancer
target for clinical therapy.>*

Thalidomide (THA), an angiogenesis inhibitor, was first synthesized as a non-
barbiturate sedative hypnotic drug by the German pharmaceutical company Chemie
Griinenthal in the late 1950s. It was mainly administered to pregnant women for nausea
relief and to alleviate morning sickness. However, the drug was withdrawn from the
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market in 1961 when severe teratogenic side effects were
discovered. After removal of THA from the market, the
compound has been identified to exhibit effects related to
anti-angiogenesis, anti-inflammation, apoptosis promotion,
and inhibition of cell proliferation.>® So far, worldwide
studies on THA intervention in malignant tumors, including
hematological malignancy and solid tumors, such as lung
cancer, bladder cancer, pancreatic carcinoma, and hepato-
cellular carcinoma, have been reported.”** However, due to
several physical properties of THA, including insolubility in
water, no parenteral preparation is available and the overall
applicability vastly restricted.'

In recent years, nanotechnology has been developed as
an important scientific field that now attracts a significant
amount of attention in drug delivery and cancer therapy.
It represents an important technique to develop aqueous
formulations of hydrophobic drugs.!®!” Biodegradable
polymeric nanoparticles are often used to achieve a con-
trolled release of drugs in advanced anticancer drug delivery
systems.!%!81% Therefore, in an effort to overcome the disad-
vantages of THA, a variety of attempts have been reported
in the literature to increase the solubility in aqueous media
with increased bioavailability. In this field, a temperature
sensitive copolymeric nanoparticle formulation using poly
(N-isopropylacrylamide-vinyl pyrrolidone-acrylic acid) has
been developed.?” Moreover, nano-flakes of THA produced
by a supercritical anti-solvent method and a supercritical
anti-solvent with enhanced mass transfer have been reported
by Jin et al, and have further been demonstrated to success-
fully enhance both dissolution rate and bioavailability of
THA.?' Meanwhile, Suksuwan et al have synthesized nano-
particles of a molecularly imprinted polymer (MIP) enanti-
oselective receptor for the (R)-enantiomer of THA. It was
found that MIP nanoparticles of THA have the potential to
attack multidrug-resistant cells.?> However, all these studies
generally lacked a detailed evaluation of the anticancer
effect of this nanoparticle loaded with THA (THA-NP)
construct in vivo.

Furthermore, to date, no reports can be found in the
literature evaluating THA/methoxy poly(ethylene glycol)-
poly(e-caprolactone) (MPEG-PCL) polymeric nanoparticle
therapeutics. MPEG-PCL represents an amphiphilic diblock
copolymer exhibiting distinct hydrophilic (PEG chains) and
hydrophobic (PCL chains) segments. In aqueous media,
the copolymer may form core-shell nanostructures with an
inner hydrophobic core and outer hydrophilic shell due to
high solubility.”* > Encapsulation of hydrophobic drugs into
polymeric nanoparticles may present a hydrophilic stabilizing

interface that can prolong the circulation time in vivo and
may further enhance the cellular uptake. More importantly,
due to enhanced permeability and retention (EPR) effects,
polymeric nanoparticles may improve the anti-tumor effects
by passively targeting tumors.?

In this study, we decided to use THA encapsulated into
the MPEG-PCL nanoparticles to form a stable water-based
formulation for potential clinical applications. Furthermore,
the anticancer effects of THA-NPs were evaluated both
in vitro and in vivo and the THA-NPs were characterized
with regards to size and surface morphology. The in vitro
release profile of THA-NPs was also evaluated. Moreover,
cellular uptake and MTT assays of THA-NPs were performed
using A549 cells. Finally, ¥F-FDG PET/CT, flow cytometry,
ELISA, and immunohistochemistry were performed in A549
tumor-bearing nude mice to evaluate the anti-tumor activi-
ties in vivo.

Materials and methods

Materials

THA (=98%) was purchased from Meilun Biotech Co. Ltd
(Dalian, People’s Republic of China). e-Caprolactone (e-CL)
was purchased from Alfa Aesar (Ward Hill, MA, USA).
MPEG (Mn =2,000), stannous octoate [Sn(Oct)2], and
MTT were purchased from Sigma-Aldrich Co. (St Louis,
MO, USA). Dimethyl sulfoxide (DMSO), methyl alcohol,
and acetonitrile (HPLC grade) were supplied by Kelong
Co. Ltd. (Chengdu, People’s Republic of China). A TNF-o
ELISA kit was purchased from Beijing Cheng Lin Biological
Technology Co. Ltd. (Beijing, People’s Republic of China).
Ki-67,CD31, and VEGF polyclonal antibody were purchased
from Bioworld Technology Co. Ltd. (Nanjing, People’s
Republic of China).

Cell lines and animals
Human lung carcinoma (A549) cells were obtained from the
Experimental Medicine Center at the Affiliated Hospital of
Southwest Medical University (Luzhou, People’s Republic
of China), as approved by the Ethics Committee of Southwest
Medical University. A549 cells were cultured in RPMI
medium (1640, Gibco, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (Gibco), 100 pg/mL of strep-
tomycin sulfate, and 100 IU/mL of penicillin G sodium at
37°C under 5% CO, atmosphere and high humidity.
BALB/C mice (female, nu/nu, 4 weeks old, weighing
14-18 g) were purchased from Chongqing Tengxin Biotech-
nology Co. Ltd. (Chongqing, People’s Republic of China),
housed at a controlled temperature of 20°C-22°C, with a
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relative humidity of 50%—60% and 12 h light/dark cycles.
The mice were provided with a standard diet of laboratory
chow and tap water ad libitum. Animal use was in accor-
dance with the animal care guidelines, and the protocol was
approved by the Institutional Animal Care and Treatment
Committee of Southwest Medical University (Luzhou,
People’s Republic of China).

Preparation and characterization

of THA-loaded NPs

MPEG-PCL (MEP, M_ =4 kDa) used in this study was syn-
thesized by ring-opening polymerization of e-CL on MPEG
using Sn(Oct), as a catalyst according to a report published
previously.?” The THA-NPs were prepared using a dialysis
method. MPEG-PCL copolymer (MPEG2000-PCL2000)
and THA at various dosages of 6 wt%, 8 wt%, or 10 wt%
were used. Briefly, for 10 wt% of THA as an example, 90 mg
MPEG-PCL copolymer (MPEG2000-PCL2000) and 10 mg
THA were dissolved in 10 mL DMSO to form an organic
phase. The organic phase was then added dropwise to 8 mL
of distilled water under magnetic stirring. To allow for the
formation of nanoparticles and to remove unencapsulated
THA and organic solvents, the resulting mixture was then
placed in a dialysis bag (MWCO: 3.5 KDa, Spectrum Labo-
ratories, Los Angles, CA, USA) for dialysis against distilled
water with stirring at 800 r/min for 48 h at room temperature.
The dialysate was changed at certain time intervals (1, 2, 4, 6,
12, 24, and 36 h) and the resulting dispersions in the dialysis
bag were centrifuged at 4,000 r/min for 10 min to eliminate
unloaded THA and aggregated particles. The supernatant
was filtered through a 450 and a 220 nm filter membrane and
further lyophilized to obtain dried THA-NP powder that was
stored at 4°C until further use.

The average particle size, polydispersity, and zeta
potential of the THA-NPs were measured by dynamic light
scattering (DLS; NanoBrook 90Plus Zeta, Brookhaven, NY,
USA) at 25°C. All results were the mean of three test run
repetitions.

The morphological characteristics of the THA-NPs were
examined by transmission electron microscopy (Tecnai G2
F20, Hillsboro, OR, USA). THA-NPs were diluted with
distilled water and placed on a copper grid covered with
nitrocellulose. The THA-NPs were then negatively stained
with phosphotungstic acid and dried at room temperature.

Encapsulation efficiency and drug loading
A high-performance liquid chromatography (HPLC, Agilent
1260; Agilent Technologies, Santa Clara, CA, USA)

instrument equipped with a reverse phase C18 column
(4.6x150 mm, 5 um particle size) was used to measure the
drug loading (DL) and encapsulation efficiency (EE). A
standard curve was obtained, and the correlation coefficient
of R? was 0.9992. The THA-NPs were then dissolved in the
mobile phase. The mobile phase consisted of acetonitrile/
water/phosphoric acid (15/85/0.1, v/v/v), and HPLC was per-
formed at a flow rate of 1 mL/min. The detection wavelength
was 237 nm, and the column temperature was maintained at
25°C, with an injection volume of 20 pL. The DL and EE
were calculated according to the following equations:

DL% = Drug x 100%

(Polymer + Drug)

EE% Actual drug loading
-

= - =— % 100%
Theoretical drug loading

In vitro drug release studies

An in vitro drug release profile of THA from THA-NPs
was carried out via a modified dialysis method. In total,
1 mL of THA-NPs (theoretical DL rate =10%) in distilled
water (equal to 1 mg of THA) and 1 mL standard sub-
stance solution of THA at a concentration of 1 mg/mL
were placed in a dialysis bag (MWCO: 3.5 kDa), which
was immersed in 40 mL PBS (0.01 M, pH 7.4) contain-
ing Tween 80 (0.5%, wt%) at 37°C%0.5°C upon constant
and gentle stirring (100 rpm). At fixed time intervals (0,
2,4,6,8,12,24,48,72,96, 120, 144, and 168 h ), 2 mL
of the dialysis medium was removed and centrifuged at
12,000 r/min for 15 min to collect the supernatant. The
residue was then stored at —20°C. The dialysis medium
was substituted with the same volume of fresh medium
and drug release was analyzed by HPLC. Each experiment
was carried out in triplicates.

In vitro cytotoxicity studies

The growth inhibition of A549 cells by THA and THA-NPs
was evaluated using an MTT assay. The cells in 100 pL of
RPMI medium supplemented with 10% fetal bovine serum,
100 pg/mL streptomycin, sulfate and 100 IU/mL penicil-
lin G sodium were seeded in 96-well plates at a density of
1x10* cells per well for 24 h. Subsequently, fresh medium,
empty MPEG-PCL (0-1,000 pg/mL), free THA, and
THA-NPs at a concentration range of 5-160 ug/mL were
individually added. The cells were further cultured for 24 h.
At determined time points, 20 UL of MTT (5 mg/mL) was
added and the cells were then incubated for an additional 4 h.
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Then, the medium was removed; the formazan precipitate
was dissolved in DMSO (150 pL) and the cell viability was
analyzed and recorded at 490 nm using a microplate reader
(iMark, MA, USA). Each treatment condition was evaluated
in triplicates in three independent experiments.

Cellular uptake

In this study, a fluorescent probe Coumarin-6 (C6) was
encapsulated in MPEG-PCL nanoparticles to assess the
cellular uptake of MPEG-PCL NPs by A549 cells. Briefly,
dichloromethane solution of C6 and DMSO solution of
MPEG-PCL were mixed at a molar ratio of 4:1. Then, the
mixture was added dropwise to distilled water under magnetic
stirring and the resulting solution was lyophilized to obtain a
dried powder that was subsequently stored at 4°C.

A549 cells were seeded in 6-well plates at a density of
105 cells per well for 24 h. Then, 10 uL of normal saline,
C6-loaded MPEG-PCL NPs, the mixtures of MPEG-PCL and
C6 were added and the cells were further cultured for 2 h.
After washing with PBS (0.01 M, pH 7.4) for a total of three
times, the cells were analyzed by fluorescence microscopy
(Olympus, Tokyo, Japan).

Tumor growth inhibition study

A549 xenografts were established by subcutaneous injec-
tion of a suspension of A549 cells (10° cells in 0.1 mL PBS)
into the right flank region of nude mice (weight: 18-20 g).
When the tumors reached a diameter of 100-200 mm?, the
mice were randomly divided into 4 groups of 12 animals
each: 1) NS group, 2) MPEG-PCL group, 3) THA group,
and 4) THA-NPs group. The first group was treated with
normal saline. The second group was treated with empty
MPEG-PCL nanoparticles. The third group was treated
with free THA (20 mg/kg). The fourth group was treated
with THA-NPs. The THA and THA-NPs groups were
administered an equal amount of THA. The mice received
an intravenous injection via tail vein injection every other
day. The tumor volume was measured every other day. After
treatment for a total of five times, half of the animals in each
group were sacrificed and the tumor tissue was extracted.
The remaining mice were used to observe tumor growth and
survival time. The tumor volume was calculated using the
following formula: V (mm?)=[ab?]/2, where a represents the
length and b is the width of the tumor.

Micro '®F-FDG PET/CT imaging

Micro ¥F-FDG PET/CT (Siemens, Munich, Germany) imaging
was carried out to study the early response of tumor tissue
24 h after the last treatment. Briefly, the animals in the NS,

THA, and THA-NPs groups were fasted 12 h prior to scan-
ning, intraperitoneally anesthetized with 1% pentobarbital
(5 mL/kg), and intravenously injected via tail vein injection
with 200-300 pnCi FDG. Micro ®F-FDG PET/CT scans
and image analyses were performed 1 h after injection of a
radiolabeled tracer. The parameters used were as follows:
80 kV, 500 A, slice thickness of 1.5 mm, and 10 min of
emission scan per bed position. The image plane with the
largest tumor appearance on the PET/CT fusion image was
selected for data collection. An irregular region of interest
covering the entire tumor dimension was drawn manually to
obtain the maximum standardized uptake value (SUVmax).
All analyses were performed by two experienced nuclear
medicine physicians.

Cell cycle and apoptosis analysis

Tumor tissue specimens were extracted from nude mice,
cut into pieces, and immediately mixed with 1 mL of 0.25%
trypsin/EDTA (1:1, v/v). The mixture was incubated at 37°C
for 37 min and stirred once every 10 min. At a fixed time
point of 37 min, the medium containing serum was added
to terminate digestion. Then, the mixture was washed twice
with PBS (0.01 M, pH 7.4) after centrifugation (1,000 rpm,
1 min). The precipitate was then resuspended in 4 mL of
PBS and the suspension was filtered using a 70 um nylon
net to harvest tumor cells. A portion of the cells was resus-
pended in Annexin-V binding buffer and incubated with
5 UL Annexin V-FITC and 5 pL PI at lucifuge for 15 min,
and then analyzed by flow cytometry (BD FACSVerse, BD
Biosciences, San Jose, CA, USA). The other cells were
analyzed by flow cytometry following the kit instructions
of the BD cycle test.

Enzyme-linked immunosorbent assay
for TNF-a.

For this procedure, 1-2 mL of blood was collected, allowed
to clot, and centrifuged at 12,000 rpm for 10 min. The
serum was obtained and evaluated using a TNF-o, ELISA
kit (Beijing Cheng Lin Biological Technology Co. Ltd)
to determine the concentration of the serum TNF-o.. The
procedure was carried out according to the manufacturer’s
instructions, and the concentrations of unknown samples
were determined by comparing the optical density of samples
to the standard curve.

Immunohistochemical assessment

of Ki-67,CD31,and VEGF

The harvested tumor tissues were fixed in 10% neutral
buffered formalin solution, and paraffin-embedded 4 um
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thick sections were prepared for immunohistochemical
analysis. Ki-67, VEGF, and CD31 expressions were evalu-
ated according to the manufacturer’s instructions (Bioworld
Technology, People’s Republic of China) and photographs
were taken using an optical microscope (Olympus). The
Ki-67 and VEGF expressions were calculated in five ran-
domly selected areas (magnification x400) of each tumor
sample and the number of positive cells/total were counted.
The tumor tissue microvessel density (MVD) was calculated
as the mean value of the CD31-positive microvessels using
the same calculation method described earlier.

Statistical analysis

Statistical analysis was carried out using SPSS 22.0 software
(Chicago, IL, USA). The data were performed by Student’s
t-test for two groups or one-way analysis of variance for
more than two groups. The means were determined to be
different with P<<0.05 and deemed significantly different
with P<<0.01.

Results
Characterization and drug loading

of nanoparticles

The nanoparticles with different drug loads were prepared by
varying ratios of THA and MPEG-PCL (6, 8, and 10 wt%).
The particle size, DL%, and EE% were characterized by DLS
and HPLC. Table 1 shows that a 10% theoretical drug load
in THA-NPs actually exhibited a higher actual drug load
(6.57%), a higher EE (almost 65.67%), a smaller average
diameter of about 50 nm, a narrower size distribution, and
a polydispersity index of nearly 0.24. Thus, THA-NPs
containing 10% THA were selected for subsequent studies.
Morphology and zeta potential are shown in Figure 1. The
nanoparticles were spherical in shape, with a smooth sur-
face, and were found to disperse well in aqueous solution.
Furthermore, the THA-NPs exhibited a negative surface
charge of —17.80 mv, ultimately increasing the circulation
time of the drug.

Cellular uptake
The cellular uptake in A549 cells after incubation for 2 h
with NS, C6-loaded MPEG-PCL NPs, and the mixture of

Table | Characterization of thalidomide nanoparticles

C6 and MPEG-PCL is shown in Figure 1. No fluorescence
signal was observed in the control group upon treatment with
normal saline (Figure 1D). Compared to the treatment with
a mixture of C6 and MPEG-PCL, the fluorescence intensity
of C6-loaded MPEG-PCL NPs was more remarkable, sug-
gesting that C6-loaded MPEG-PCL NPs displayed improved
cellular uptake characteristics.

In vitro cytotoxicity studies

MTT assays were conducted in order to investigate the
in vitro cytotoxicity of THA-NPs. Figure 2A shows the sup-
pression effect of free THA and THA-NPs on A549 cells and
the obtained results imply a dose-dependent effect. The cell
viability of THA and THA-NPs were 48.47% and 42.46%,
respectively, as the concentration of THA was found to
increase up to 160 pg/mL. Overall, THA-NPs exhibited a
higher inhibitory effect compared to free THA.

The cytotoxicity of blank MPEG-PCL NPs was also
evaluated. Although the cell viability of A549 cells decreased
after exposure to blank nanoparticles, the cell viability of
A549 cells was higher than 86.21%*1.31% as the concen-
tration of blank micelles was increased up to 1,000 pg/mL
(Figure 2B). This finding indicates that the MPEG-PCL
copolymer exhibited a low cytotoxicity and may therefore
be considered a safe drug delivery carrier.

In vitro release studies

The in vitro release of THA-NPs (10%) was evaluated via
a dialysis method. In this study, free THA showed a rapid
release and more than 99% of the drug was released within
12 h (Figure 2C). On the contrary, THA-NPs exhibited a
much slower cumulative release rate compared to free THA.
We determined that about 160 h was required to release 80%
of THA from THA-NPs, with no obvious burst effect.

In vivo anticancer evaluation

The anticancer efficacy of THA-NPs was evaluated in vivo
using A549 cells xenografts in nude mice. Figure 3A shows
that both THA and THA-NPs groups exhibited anti-tumor
activity, whereas blank MPEG-PCL NPs did not show any
significant tumor growth inhibition effect compared to the
NS group (P>0.05). As shown in Figure 3A, after 30 days,

Theoretical Drug-loading Encapsulation Size PDI = SD
efficiency (% £SD) efficiency (% £SD) (nm = SD)

6% 3.34+0.05 55.60+0.8 57.88+3.43 0.26+0.04

8% 4.7320.17 59.17£2.12 58.11£1.25 0.27+0.04

10% 6.57+0.32 65.6713.2 49.7+2.08 0.24+0.03

Abbreviation: PDI, polydispersity index.
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Figure | Physicochemical characterization of THA-NPs and fluorescent images of A549 cells treated with different drugs.

Notes: (A) TEM image of THA-NPs; (B) THA-NP particle size distribution; (C) zeta potential of THA-NPs; and (D) fluorescent images of A549 cells treated with normal
saline for 2 h, (E) treated with a mixture of C6 and MPEG-PCL for 2 h, (F) treated with Cé-loaded MPEG-PCL NPs for 2 h.

Abbreviations: THA-NPs, nanoparticles loaded with thalidomide; TEM, transmission electron microscopy; C6, Coumarin-6; MPEG-PCL, methoxy poly(ethylene glycol)-

poly(e-caprolactone).

the tumor volume of the NS group, the MPEG-PCL group,
the THA group, and the THA-NPs group were 16.87, 16.07,
11.71,9.29 folds, respectively, higher than the tumor volume
at the beginning of the study. The latter finding indicates
that THA-NPs were more efficient in inhibiting tumor
growth than THA alone (P<<0.05). The median survival time
(cf Figure 3B) of the NS group, the MPEG-PCL group, the
THA group, and the THA-NPs group were 62, 66, 86.5, and
95 days, respectively. No significant differences between
the NS group and the MPEG-PCL group (P>0.05) could be
observed. Compared to the THA group, the THA-NPs group
showed an improved anticancer activity compared to free
THA on prolonging the survival time of the tumor-bearing
mice (P<<0.05).

Micro '®F-FDG PET/CT imaging

BE-FDG PET/CT images of nude mice in the NS, THA, and
THA-NPs groups were used to evaluate early anti-tumor
effects. Figure 3 shows the FDG uptake of lung cancer-
bearing nude mice, and a remarkable difference between the
three groups could be observed. The NS group exhibited the
highest signal intensity, whereas the THA-NPs group demon-
strated the lowest FDG uptake, indicating a suppressed tumor
metabolism. SUVmax was used as a parameter to calculate

the FDG uptake in each group. The mean SUVmax of the
tumor in the NS group, THA group, and THA-NPs group
were 1.90+0.31, 1.01+0.08, 0.9110.05, respectively. Com-
pared to the NS group, both the THA (P<<0.05) and THA-
NPs (P<<0.05) groups exhibited a decrease in SUVmax. The
SUVmax in the THA-NPs group was determined to be the
lowest, suggesting an improved tumor response compared
to the THA group.

Cell cycle and apoptosis

Flow cytometric analysis was used to evaluate the cell cycle
redistribution and cell apoptosis. Figure 4A shows the pro-
portion of cells at different cell cycle phases (G1 phase, S
phase, and G2/M phase). The GO/G1 phase was found to be
effectively increased from 55.82%+2.18% to 63.77%+1.21%
(P<0.05), and the S phase decreased significantly from
35.08%=£1.02% to 26.95%%1.31% (P<<0.05). Furthermore,
THA-NPs caused a more remarkable increase of cells in the
G1 phase and a decrease in the S phase.

Figure 4B shows the proportion of apoptotic cells in
each groups; NS group: 4.9%=*1.03%; MPEG-PCL group:
14.88%%1.58%; THA group: 52.5%%1.01%; and THA-NPs
group: 54.3%13.76%. The percentage of apoptotic cells in
the THA-NPS group and the THA group were found to be

submit your manuscript

2468

Dove

International Journal of Nanomedicine 2018:13


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

Thalidomide nanoparticles

el B Il MPEG-PCL
Hl THA 100 - -
I THA-NPs
£ 2
o) o
8 8 50
> >
) ]
(&] (&)
0 -
5 10 20 40 80 160 50 100 200 400 600 800 1,000
Concentration (ug/mL) Concentration (ug/mL)
= —=— THA
o~
< —e— THA-NPs
[}
(2]
«
K
2
o
2
whd
T
=
£
=
(&]
0 U T T T T ’ T ¥ T
0 1 2 3 4 5 6 7
Time (days)

Figure 2 Cytotoxicity studies on A549 cells after different treatments and in vitro drug release of THA-NPs and free THA.

Notes: (A) In vitro cell viability of free THA and THA-NPs in A549 cells after 24 h of incubation; (B) in vitro cell viability of blank MPEG-PCL NPs in A549 cells after 24 h
of incubation; (C) in vitro drug release behavior of THA-NPs and free THA. Data presented as mean + SD (n = 3) (*P<<0.05).

Abbreviations: THA-NPs, nanoparticles loaded with thalidomide; MPEG-PCL, methoxy poly(ethylene glycol)-poly(e-caprolactone).

higher than those in the control group (P<<0.01). Compared
to the control group, the MPEG-PCL group exhibited a weak
effect on apoptosis, indicating suitable biocompatibility
characteristics of MPEG-PCL.

Immunohistochemistry

Immunohistochemical staining for Ki-67 was performed
to assess the effect of THA-NPs on tumor proliferation.
As shown in Figure 5A, the quantification of Ki-67 posi-
tive cells was lower in the THA-NPs group (32.8%14.2%)
compared to that in the THA group (42.5%%3.6%, P<<0.05),
the MPEG-PCL group (74.1%=%3.1%, P<<0.01), and the NS
group (85.3%12.5%, P<<0.01).

Immunohistochemical staining for CD31 was performed
in order to assess the MVD. As shown in Figure 5B, fewer
immunoreactive microvessels were observed in tumor
tissues of the THA-NPs group and the overall percentage of

immunoreactive microvessels area was 3.87%x0.77%, sig-
nificantly lower compared to the THA group (7.06%%0.86%,
P<0.05), the MPEG-PCL group (18.86%%0.93%, P<<0.01),
and the NS group (20.48%=*1.05%, P<<0.01).
Immunohistochemical staining for VEGF was used to
assess the expression of the VEGF protein as indicated by
a brownish-yellow color in the cytoplasm. As shown in
Figure 6A, the THA-NPs group exhibited 26.67%+4.02% pos-
itive cells, indicating that the corresponding VEGF protein was
significantly lower than that of the THA group (32.73%=*1.68%,
P<0.05), the MPEG-PCL group (69.53%=%3.52%,
P<0.01), and the NS group (72.89%12.56%, P<<0.01).

Effects on serum TNF-o

Figure 6B shows the concentration of serum TNF-o among
each group: NS group 271.71£11.30 ng/mL, MPEG-PCL
group 233.84+14.62 ng/mL, THA group 94.68+4.34 ng/mL,
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Figure 3 Tumor growth inhibition of THA-NPs in subcutaneous A549 model and corresponding 18F-FDG PET images of mice after | full day of treatment.

Notes: (A) Suppression of subcutaneous tumor growth by THA-NPs in mice; (B) survival curve of mice in each group; (C) PET image of NS group; (D) PET image of THA
group; (E) PET image of THA-NPs group. Red circles indicate the image of FDG uptake in tumor tissue.

Abbreviations: MPEG-PCL, methoxy poly(ethylene glycol)-poly(e-caprolactone); NS, normal saline; THA, thalidomide; THA-NPs, nanoparticles loaded with thalidomide.

and THA-NPs group 75.2146.85 ng/mL. Compared to the
control group, a strong suppression effect on TNF-o in the
THA and THA-NPs groups could be observed (P<<0.01).
Furthermore, the concentration of serum TNF-o in the THA-
NPs group was found to be the lowest when compared to the
THA group (P<0.05).

Discussion

Lung cancer represents a major cancer type and is the leading
cause of cancer-related mortality around the globe. Current
chemotherapeutic approaches are often inadequate and
exhibit serious undesirable side effects as well as intrinsic or

acquired chemoresistance in patients.'?*?° These side effects
often restrict the frequency and dose of chemotherapeutics
that can be administered. THA, a derivative of synthetic
glutamic acid, contains a glutarimide moiety with a single
chiral center, resulting in the formation of two possible
enantiomers, S (—) and R (+). Since its introduction, the
drug has been studied as a compound with anti-angiogenesis,
anti-inflammatory, immunomodulatory, and cell proliferation
inhibition properties for the potential use in the treatment of
a variety of cancer-related diseases as well as autoimmune
conditions such as experimental autoimmune encephalo-
myelitis, graft-versus-host disease, and Waldenstrom’s
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Notes: (A, B) Quantitative analysis of Ki-67 and CD31 expression in xenografts from mice in various groups. **P<<0.01. Original magnification, x400.
Abbreviations: MPEG-PCL, methoxy poly(ethylene glycol)-poly(e-caprolactone); NS, normal saline; THA, thalidomide; THA-NPs, nanoparticles loaded with thalidomide.

MPEG-PCL THA-NPs

A 100

VEGF

(] 80 -
2
2 @ 60
(n .
o<
Q u
w - i
8 8 40 ok o ok .
> 20 A

0 - 0-

NS MPEG-PCL THA THA-NPs NS MPEG-PCL THA THA-NPs
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Notes: (A) Representative quantitative analysis of VEGF expression in xenografts from mice in various group. Original magnification, x400. (B) Quantitative analysis of
TNF-o in xenografts serum from mice in various groups. **P<<0.01.

Abbreviations: TNF-0, tumor necrosis factor-o; MPEG-PCL , methoxy poly(ethylene glycol)-poly(e-caprolactone); NS, normal saline; THA, thalidomide; THA-NPs,
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macroglobulinemia.***' THA has been found to exhibit pre-
ventative and therapeutic effects in various cancer species
and has been confirmed to be a potent chemosensitizer.**
However, due to the extreme hydrophobicity and degradation
characteristics exhibited by this compound in vivo, the use of
THA is vastly limited and THA may not be administered via
the intravenous route. Furthermore, the poor water solubility
of THA limits the delivery characteristics of the drug to the
tumor site at an effective concentration. To overcome the
poor water solubility of this hydrophobic drug, nanotech-
nology may offer a feasible drug delivery method.!7**3* The
central aim of this study was to develop a drug carrier system
such as THA-NPs, designed for use in intravenous injection
and the improved therapeutic efficacy of THA-based therapy.
Over the past few decades, biodegradable polymer nanopar-
ticles for drug delivery have attracted a significant amount of
attention in cancer-targeted therapeutics. To improve blood
circulation and promote tumor accumulation of nanoparticles,
the structural modification of polymers bearing hydrophilic
PEG groups has been proposed.’>* Generally, MPEG-PCL
NPs exhibit a core-shell structure with a hydrophobic PCL
core and a hydrophilic PEG shell. The hydrophobic core
may act as a depot for a variety of hydrophobic drug species,
while the hydrophilic PEG shell renders nanoparticles
stable with long circulation in the blood stream. PEGyla-
tion reduces serum protein adherence and creates a stealth
surface to prolong the circulation time by avoiding uptake
by the reticuloendothelial systems.?” The concentrations of
the encapsulated drugs selectively increase at the tumor sites
by EPR effects.”** In this study, we successfully developed
THA/MPEG-PCL nanoparticles used for intravenous injec-
tion. We further characterized the formulation in detail and
evaluated the anticancer activity both in vitro and in vivo.
We formulated three different theoretical dosages of THA-
NPs using a dialysis method and demonstrated that all dos-
ages exhibited excellent physical characteristics with the
formation of monodispersed spherical particles. Stable DL
characteristics for targeting drug delivery were also obtained,
as shown in Table 1.

Surface charge is an important feature in determining
whether the nanoparticles will cluster in the blood flow or
adhere to or interact with oppositely charged cell membranes.
Nanoparticles with a slightly negative surface charge may
minimize nonspecific interactions with these components
through electrostatic interactions. The zeta potential of THA-
NPs was —17.80 mv, and the average diameter of the nano-
particles indicated that the particles may avoid renal filtration,
hence facilitating effective targeting of the tumor through
the EPR effect. THA indicated a pattern of steady, slow and

sustained release from THA-NPs. This slow release rate of
THA may in turn result in a consistent plasma concentration.
An in vitro cytotoxicity assay exhibited that THA-NPs can
reduce the viability of A549 cells more significantly than
free THA. However, blank MPEG-PCL NPs did not show
distinct cytotoxicity characteristics against A549 cells in a
broad concentration range (0—1,000 pg/mL) for 24 h, indicat-
ing that blank MPEG-PCL nanoparticles exhibit low toxicity
and may therefore be considered a safe drug delivery carrier.
Because the use of blank MPEG-PCL nanoparticles resulted
in a negligible cytotoxicity to A549 cells, the enhanced
viability inhibition of THA-NPs might be attributed to an
increased number of nanoparticles entering A549 cells via
passive endocytosis. This finding was in accordance with
fluorescent intensity analysis results obtained.

We also evaluated the anticancer effect of THA-NPs on
mouse xenograft models of lung cancer in vivo. In animal
models, transplantation procedures, including subcutaneous
xenograft (SX) and orthotopic xenograft (OX) methods, are
widely used to investigate pathology, diagnosis, and therapy
for different cancer types. As different research studies have
shown, OX models are similar to the primary site of tumors
in the human body, providing a microenvironment equivalent
or similar to that in the human body. This microenvironment
promotes tumor invasion or metastasis. However, OX models
are technically challenging and labor intensive. Preclinical
testing most commonly relies on subcutaneously implanted
human xenografts, which lack the ability of metastatic
development due to the fact that the technique of subcuta-
neous injection is fairly straightforward. Unfortunately, SX
models do not represent the most advantageous models and
frequently fail to represent in situ (orthotopic) lung cancer.
In our study, we selected an SX model to evaluate the anti-
cancer effects of THA-NPs.*#! Compared to equivalent doses
of THA, the use of THA-NPs resulted in a longer median
survival time in mice as is shown in Figure 4B (P<<0.05).
This further illustrates that THA encapsulated in THA-NPs
was more effective than free THA in the treatment of lung
cancer-bearing mice. In our study, ¥F-FDG PET/CT was
used for monitoring early therapy response. '*F-FDG is taken
up by cells through glucose transporters and is subsequently
phosphorylated by hexokinase. The compound then remains
trapped in the cells and cannot be further metabolized.
Therefore, a higher FDG uptake in tumors may indicate a
poor therapeutic response and overall treatment prognosis.
On the contrary, tumors with a lower ®F-FDG uptake may
suggest a better treatment response. Thus, compared with
the control group, a lower *F-FDG uptake observed in the
treatment groups might suggest that THA was effective on

International Journal of Nanomedicine 2018:13

submit your manuscript

2473

Dove


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

Chen et al

Dove

suppressing the tumor metabolism. The lowest FDG uptake
was observed in THA-NPs group, suggesting that THA-NPs
were more effective than THA on suppressing the tumor
metabolism.

THA has been identified to exhibit anti-angiogenesis,
anti-inflammation, anti-proliferation, and apoptosis promot-
ing properties.*** Despite the fact that the THA anticancer
effects may not be explained by a single mechanism, our
study clearly demonstrated a variety of anti-tumor effects
resulting in cell cycle arrest, apoptosis, proliferation sup-
pression, and microvessel inhibition. Apoptosis represents
a type of programmed cell death and plays a vital role in the
enhancement of drug treatment. Previous studies have shown
that THA can inhibit the growth of tumor cells through the
inhibition of cell cycle progression. The susceptibility of
cancer cells to apoptosis may be increased by downregulating
the anti-apoptosis protein and cytokines.*#* Our results also
demonstrated that THA may increase the accumulation of
cells in the G /G, phase cell cycle, and may further accelerate
cell apoptosis. Tumor growth and systemic metastasis highly
depend on angiogenesis.*! Of the secreted angiogenic factors,
VEGF is perhaps the most specific factor for endothelial cells.
VEGEF triggers signaling pathways that result in endothelial
cell migration, proliferation, differentiation, promoted vascu-
lar permeability, and the release of endothelial cell precursors
from the bone marrow when bound to its receptor.*® In addi-
tion, angiogenesis plays an essential role in tumor vascular
targeting therapy. TNF-o., an important inflammatory factor,
has been shown to be overproduced in numerous malignan-
cies. High levels of pharmacological TNF-a induce vasculo-
toxic tumor-regressing effects. However, pathophysiological
doses of endogenous TNF-o accelerate angiogenesis, tumor
genesis, and growth. Previous studies have shown that the
anti-inflammatory, anti-angiogenic, and anti-tumor effects
of THA may be due to its ability to block the production of
TNF-0.% THA is thought to inhibit angiogenesis by reduc-
ing levels of VEGF as well as TNF-o. Ki 67, a cell nuclear
antigen, is associated with cancer cell proliferation. CD31
is an endothelial cell surface molecule that can be used to
visualize the microvascular density. Our results exhibited a
remarkable suppression of both CD31 and Ki 67 as well as
TNF-a and VEGF in the THA-treated groups. Compared to
the THA group, the THA-NPs group exhibited an improved
suppression of these factors, suggesting that THA-NPs is a
potent inhibitor of angiogenesis and proliferation.

In summary, we have successfully prepared injectable
THA-NPs. Our findings indicate that the use of THA-NPs
may exhibit superior anticancer characteristics with potential
applications in anticancer treatment. In particular, the material

may be useful as a chemoradiation sensitizer for the com-
bination with chemotherapy or radiotherapy in the future.
However, we also recognize limitations in this study. The
EE of THA-NPs was not as good as we anticipated it to be.
Furthermore, more detailed studies on drug distribution and
side effects in vivo have to be performed to draw definitive
conclusions on the applicability of THA-NPs. Further studies
to obtain more conclusive data are currently underway in
our laboratory and representative results on these topics will
be published shortly.

Conclusion

In this study, a drug delivery system based on NPs with
loaded THA was successfully developed and its anti-tumor
effect was evaluated both in vivo and in vitro. The obtained
nanoparticles exhibited a spherical morphology, monodis-
persity, and negative zeta potential. In vitro drug release
experiments demonstrated that THA was released from the
nanoparticles both long-term and with a sustained-release
pattern. THA-NPs exhibited a concentration-dependent
cytotoxicity against A549 cells and also increased the
cellular uptake via passive endocytosis in vitro. Based on
tumor volume measurements, the medium survival time
and PET/CT imaging on the A549 xenograft mice indi-
cated that THA-NPs featured a superior in vivo anti-tumor
activity. Furthermore, a potentially promising therapeutic
applicability was demonstrated due to the material’s abilities
to induce cell apoptosis, cell cycle arrest at G1 phase, and
inhibition of cell proliferation and microvessel generation.
In summary, THA-NPs may find potential applications in
pulmonary carcinoma therapy as well as therapeutic resis-
tance and radiotherapy sensitization.
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