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ABSTRACT: Atherosclerosis is the leading cause of vascular pathologies and acute
cardiovascular events worldwide. Early theranostics of atherosclerotic plaque formation is
critical for the prevention of associated cardiovascular complications. Osteopontin (OPN)
expression in vascular smooth muscle cells (VSMCs) has been reported as a promising
molecular target for the diagnosis and treatment of atherosclerotic plaques. The PPARδ
agonist GW1516 has been shown to inhibit VSMC migration and apoptosis. However,
GW1516 has low aqueous solubility and poor oral bioavailability, which are major obstacles
to its broad development and application. In this study, GW1516@NP-OPN, which is anti-
OPN-targeted and loaded with the PPARδ agonist GW1516, was synthesized using a
nanoprecipitation method. The uptake of GW1516@NP-OPN was examined using
fluorescence microscopy and flow cytometry assay in VSMC in vitro models. Using the
Transwell assay and acridine orange/ethidium bromide staining methods, we observed that
the inhibition of VSMCS migration and apoptosis was significantly higher in cells treated
with GW1516@NP-OPN than those treated with free GW1516. The western blot assay further confirmed that GW1516@NP-OPN
can increase FAK phosphorylation and TGF-βprotein expression. The effect of NPs was further tested in vivo. The atherosclerotic
lesion areas were greatly decreased by GW1516@NP-OPN compared with the free drug treatment in apolipoprotein E−/− mice
models. Consequently, our results showed that GW1516@NP-OPN stabilizes the PPARδ agonist aqueous formulation, improves its
anti-plaque formation activities in vivo and in vitro, and can therefore be recommended for further development as a potential anti-
atherosclerotic nanotherapy.

1. INTRODUCTION
Atherosclerosis, a chronic and complex cardiovascular
pathology, is the leading cause of cardiovascular-related deaths
worldwide.1 Most of the early stage atherosclerotic patients can
demonstrate only few clinical symptoms before the plaque
becomes vulnerable and leads to sudden death.2,3 Although the
use of statin lipid-lowering therapeutic drugs was proven
effective in these patients, statin therapy can also result in
significant side effects including liver damage and myopathy.4

Therefore, the question how to improve atherosclerosis-
targeting therapy for early stage plaque patients and decrease
potential therapy side effects remains a great challenge for
healthcare systems and scientists around the world.
Higher expression levels of osteopontin (OPN) have been

found in vascular smooth muscle cells (VSMCs) in
atherosclerotic plaques.5,6 Notably, VSMC migration and
apoptosis are critical markers of atherosclerosis progression.7−9

VSMC-targeting strategies represent an effective method for
selective delivery of anti-atherosclerotic drugs.10 Recent studies
have shown that some small molecules can inhibit the
progression of atherosclerotic plaque via correction of the
abnormal VSMC behavior in plaques. For instance, the
activation of the peroxisome proliferator-activated receptor δ

(PPARδ) was shown to inhibit both the VSMC migration in
plaques and VSMC apoptosis induced by the oxidized low-
density lipoprotein (LDL). The mechanism is mediated by the
transforming growth factor beta/focal adhesion kinase (TGF-
β/FAK) signaling pathway.11−13 It has been confirmed that
GW1516, the most efficient agonist of PPARδ, activates strong
anti-atherosclerotic effects in mice in vivo.14 However, the
efficiency of this agent is hindered by its low bioavailability and
adverse side effects in other tissues such as which induced
cancer in several organs in rodents, and its development in
clinical research is limited.15,16 Therefore, the development of
a novel drug delivery method with lower systemic toxicity is
required. Accordingly, nanomedicine was explored in this
study that aims to improve the anti-atherosclerosis drug
delivery system.
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Emerging nanotechnology employs methods that can
integrate diagnostic procedures and treatment of a specific
disease at the molecular level. Nanodrugs were suggested as a
more advantageous tool considering their easier and more
efficient absorption by target cells, lower toxicity, and
improved bioavailability.17 Recently, specific strategies were
proposed on how to encapsulate the PPARγ agonist in lactic-
co-glycolic acid polyethylene glycol nanoparticles.16 In the
current study, the PPARδ agonist GW1516 was encapsulated
in polymeric nanoparticles (NPs) constructed of poly ε-
caprolactone coupled to PEG (PCL-PEG) and coupled with
the anti-OPN IgG antibody (GW1516@NP-OPN) by a
coprecipitation method. Furthermore, in this study, various
characteristics of nanoparticles were described including the
size, surface charge, and encapsulation efficiency. GW1516
release from NPs into physiological medium, its uptake by
VSMCs, and the encapsulated agent’s anti-atherosclerotic
behaviors were evaluated using the apolipoprotein E−/−

(ApoE−/−) mice model in vivo and in VSMCs in vitro.

2. METHODS
2.1. Materials and Animals. GW1516 and Cy 5.5 were

purchased from Selleckchem (Boston, USA). Poly(ε-capro-
lactone)-poly(ethylene glycol) and maleimide-functionalized
poly(ε-caprolactone)-b-poly(ethylene glycol) were purchased
from Xi’an Ruixi Biological Technology Co., Ltd. (Xian,
China). The mouse aortic smooth muscle (MOVAS) cells
were bought from Honsun Biologicals (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were procured from HyClone (Logan,
UT, USA). Polyclonal rabbit anti-FAK and anti-phospho-
FAKY 397 antibodies were provided by BD Transduction
Laboratories (San Diego, CA, USA). Polyclonal antibodies
specifically for TGF-β1, OPN, MMP-2, MMP-9, and GADH
were from Biosynthesis Biotechnology Co. Ltd. (Beijing,
China). Acridine orange/ethidium bromide (AO/EB), detec-
tion reagents, annexin V-FITC/PI, and western blot reagents
were bought from Amersham Life Science/Beijing Solarbio
Science and Technology Co. Ltd. (Beijing, China). These
chemicals were of analytical grade or high-performance liquid
chromatography (HPLC) grade, and, therefore, were used
without further purification. Mice with ApoE−/− gene knock-
out (with the background of C57/B) were purchased from
Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China). The mice handling procedures were approved by the
Ethics Committee of Chinese PLA General Hospital (Beijing)
and were designed in agreement with the Guidance for Caring
and Using Laboratory Animals Published by the US National
Institutes of Health.19

2.2. Preparation of GW1516@NP-OPN. To prepare
GW1516-PCL-PEG NPs, we used the classical coprecipitation
method, which was described previously.20 According to the
protocol, 4 mg of polymer mPEG-PCL, 1 mg of polymer mal-
PEG-PCL, 0.5 mg of entrapped GW1516, and 80 μg of Cy5.5
were combined in 1 mL of tetrahydrofuran and methanol (v/v,
1:1) for dissolution.21 These materials were then mixed under
ultrasonic vibration for 30 s and added dropwise to 10-fold
volume of deionized water under intense agitation. After a
period of overnight stirring, the NP suspension was filtered
through a 220 μm microporous membrane to eliminate
residual molecules. Anti-OPN antibodies were conjugated
with GW1516@NP according to the methods described
previously.22 Accordingly, 2 μL of 2-mercaptoethylamine•HCl

was added to 20 μL of OPN antibody, and the reaction system
was catalyzed by 5 mM EDTA. Following this, the mixture had
been shaken for 90 min at room temperature to generate free
sulfhydryl groups in the antibody. Afterward, the solution was
left to stir for 12 h at room temperature and allowed the
antibody to join the GW1516@NP. Following this, high-speed
centrifugation was used to remove the unattached antibody.
2.3. Characterization of GW1516@NP-OPN. Briefly, the

solution was diluted with deionized water and then 10 μL of
the sample was dripped on to a carbon-coated copper mesh.
After water evaporation, the sample was counterstained with 5
μL of 1% phosphotungstic acid solution for 60 s and dried by a
42 °C constant temperature dryer. Finally, transmission
electron microscopy (TEM) (JEM-2100) was used to measure
the morphology and dimensions of GW1516@NP-OPN. A
Zetasizer Nano ZS dynamic light scattering (DLS) instrument
(Malvern Zetasizer 2000, Malvern, UK) was used to assess the
hydrodynamic dimensions, polydispersity, and ζ potential of
GW1516@NP-OPN and GW1516@NP in aqueous solu-
tions.23

2.4. Measurements of the Encapsulation Efficiency,
Loading Content, and Drug Release In Vitro. The actual
quantity of GW1516 in NPs was tested spectrophotometri-
cally. To measure the encapsulation percentage (EP %) and
loading efficiency (LE %), a standard curve of GW1516
content in methanol was established first. Afterward, 10 mg of
dried NPs was mixed with 15 mL of methanol and the mixture
had been sonicated for 5 min. After filtering the solution
through a filter (0.22 μm) to remove the polymer precipitates,
the drug content of the filtered sample was measured using
spectrophotometry. The EP % and LE % were calculated using
eqs 1 and 2 below, respectively.24

EP (amount of drug(mg) measured in the drug

loaded NPs/amount of drug(mg) initially used for

preparing NPs) 100%

=

× (1)

LE (amount of drug(mg) measured in the drug

loaded NPs/amount of drug loaded NPs (mg))

100%

=

× (2)

The drug release from GW1516@NP-OPN and drug-free
NP (control) was measured. NPs were diluted in 9 mL of PBS
(0.1% sodium dodecyl sulphate) (pH value = 7.4) and
incubated in a vibrating water bath at the speed of 130 rpm at
37 °C. After incubation for 0−50 h, the samples were
centrifuged at 20,000 g for 15 min and mixed with the 9 mL of
PBS (0.1% SDS). Following this, the concentration of drug in
the supernatant was measured by a spectrophotometer, and the
cumulative amount of GW1516 release from the control or
GW1516@NP-OPN was plotted as the release ratio versus
time of release.
2.5. Cell Culture-Based In Vitro Experimental

Procedures. 2.5.1. Cell Culture. Primary mouse vascular
aortic smooth muscle (MOVAS) cells were cultured in DMEM
medium supplemented with FBS (10%) and penicillin−
streptomycin (1%). The cells were cultivated in culture bottles
at 37 °C in standard cell culture incubators with CO2 (5%).
The culture medium was replaced daily, and cells were sub-
cultured at 100% confluence. The cells were treated with ox-
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LDL at the final concentrations of 60 and 150 μg/ml. Cells
between 4th and 10th passages were used in these experiments.

2.5.2. Immunofluorescence Analysis. The NP-treated cells
were incubated with ox-LDL at the final concentration of 60
μg/mL for 24 h. After trypsinization and centrifugation, the
cells were fixed with paraformaldehyde (4%) and washed three
times with ice-cold PBS supplemented with Triton X-100
(0.2%). Following this, the cells were incubated with primary
anti-OPN antibodies in PBS (with 0.1% BSA) for 1 h, washed
three times in PBS, and incubated with secondary FITC-
conjugated antibodies at 37 °C for 1 h. Cell nuclei were stained
with DAPI. The expression of the target protein was analyzed
using a confocal microscope (CLSM 510; Carl Zeiss;
Germany).23

2.5.3. NP Cellular Uptake and Their Targeting Efficiency.
MOVAS cells were cultured at an initial concentration of 104
cells/well in confocal dishes and incubated for 24 h with ox-
LDL at the final concentration of 60 μg/ml, Following this, the
medium was replaced with a medium that contained
GW1516@NP or GW1516@NP-OPN. Four hours later, the
medium was removed and the cells were fixed with
paraformaldehyde (4%). The cell nuclei were stained with
DAPI for 10 min. Following this, the cells were washed with
PBS three times and tested using a two-channel confocal
microscope (LSM 510; Carl Zeiss; Germany) pre-set for DAPI
and Cy5.5 (466 nm excitation, 650−700 nm detection). To
validate NP cellular uptake and targeting efficiency, an
excitation wavelength of 650−700 nm was used to perform
flow cytometry (Gallios; Beckman Coulter; CA, USA) with 104
MOVAS cells.25

2.5.4. Transwell Cell Migration and Scratch Test. The cells
were cultured in six-well plates and incubated with GW1516,
GW1516@NP-OPN, GW1516@NP, and drug-free NP. The
final concentration of GW1516 was 100 nmol/ml in all
treatments. A 100 μL cell suspension (5 × 105cells/ml in
DMEM without FBS) in 1 mL medium containing 60 μg/mL
ox-LDL was added to the upper chamber (pore size, 8 μm)
and lower chamber of a Transwell system supplemented with
DMEM containing 20% FBS. The medium and unmigrated
cells in the upper chamber were discharged after 6 h. After
washing the upper chamber with PBS three times, 2 mL of 4%
paraformaldehyde was used to fix the cells in the lower
chamber for 15 min. Crystal violet solution (0.1%) was used
for staining the cells for 30 min. An OLYMPUS CX 31
microscope was used for cell counting.26

The wound scratch test was conducted as described
previously.27 The cells were incubated with GW1516@NP-
OPN or drug-free NP for 24 h, seeded, and left to grow until
cells reached 100% confluency; a scratch was done using a
pipette tip. PBS was used to wash off the detached cells. Ox-
LDL was used to stimulate the cells for 12 h. During the test,
cells were incubated in serum-free medium. The wound at the
beginning and at the end of the experiment was photographed
using a light microscope. Five fields were randomly selected
under the microscope for counting.

2.5.5. Apoptosis Flow Cytometry Assay. The cells were
cultured in 60 mm culture dishes and treated with GW1516,
GW 1516@NP-OPN, GW1516@NP, or control NP for 24 h.
Following this, cells were incubated with ox-LDL (150 μg/
mL) or nLDL with or without the above-mentioned NP
reagents for 24 h. Apoptosis was detected using the Annexin V-
FITC PI kit (Solarbio, Beijing, China) as described
previously.28

2.5.6. Acridine Orange/Ethidium Bromide Staining. Cells
were grown in 48-well plates and treated with the indicated
doses of nanodrug and ox-LDL. The treated cells were washed
with PB and the mixture of acridine orange/ethidium bromide
as described previously (100 μg/mL of AO and EB).29 The
mixture was added gently by pipetting. Cells were assessed
under the fluorescence microscope.

2.5.7. Western Blot Analysis. Western blot analysis was
conducted according to the previously described protocol.30

All proteins were extracted using radioimmunoprecipitation
assay (RIPA) buffer (100 μL) and phenylmethylsulfonyl
fluoride (PMSF, 1 μL). The extracted proteins were quantified
using the BCA protein assay (Pierce Biotechnology; MA,
USA). The samples were separated using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. The membranes were
sealed with 5% (w/v) bovine serum albumin (BSA) at room
temperature for 30 min.18,31,50 The Sealed membranes were
incubated with appropriate primary and secondary antibodies.
The super-signal west picochemiluminescent substrate kit
(Pierce Biotechnology; MA, USA) was used for blot
development. ImageJ software (National Institutes of Health;
USA) was used for image analysis.
2.6. Animal Experiments. 2.6.1. Atherosclerosis Mice

Model In Vivo. To test the NP ant-atherosclerotic effects in
vivo, ApoE gene knockout mice were used. To develop
atherosclerosis, mice were fed with high-fat (0.2% cholesterol
and 21% fat) diet for 16 weeks. Control group mice were kept
on normal diet (CHD). Each group consisted of five mice.22

All animal experimental procedures were designed according
the Guidance for Caring and Using of Laboratory Animals
(published by the US National Institutes of Health) and
approved by the Ethics Committee at the Chinese PLA
General Hospital (Beijing).32

2.6.2. Fluorescence Imaging with GW1516@NP-OPN In
Vivo. GW1516@NP-OPN was injected into mouse tail veins.
The same amount of Cy 5.5 GW1516@NP was administered
to the control group mice. At 675 nm excitation, the 695 nm
emission from the bilateral carotid arteries was collected at 2,
6, 18, and 36 h after injection with the IVIS Lumina XR
System (Caliper Life Sciences, Hopkinton, USA). The animals’
carotid arteries and aorta were excised after fluorescence
imaging. Following this, Living Image software (4.4) (Caliper
Life Sciences, Hopkinton, USA) was used to analyze signal
intensities as described previously.33

2.6.3. Immunohistochemistry Analysis. Isolated aortas and
carotid arteries were fixed with 4% paraformaldehyde after
washing with PBS. The harvested and fixed tissues were
embedded in paraffin compound and then sectioned with a
cryostat. The slides were then stained with hematoxylin/eosin
(Sigma), Sirius red, OPN, and Masson as described
previously.34 The visualization and morphometric analysis of
digitized images were conducted using ImagePro software
(ImagePro Plus 7.0, Silver spring, USA).
2.7. Statistical Analysis. All data were presented as mean

± standard deviation (SD), and results were analyzed by SPSS
25 software. To compare multiple group means, we performed
one-way ANOVA with a Tukey HSD test, if equal variances
were assumed or Dunnett’s C Post Hoc test, if equal variances
were not assumed. The comparison between two groups were
performed using a two-tailed unpaired Student’s t-test,
assuming a Gaussian distribution. P < 0.05 was considered as
statistically significant.
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3. RESULTS
3.1. NP Characterization. The design and preparation of

GW1516@NP-OPN are shown in (Figure 1A). NPs self-
assembled from PCL-PEG were designated GW1516@NP;
subsequently, hybrid NPs self-assembled from Cy5.5 and
antibody of OPN were designated GW1516@NP-OPN. The
appearance of GW1516@NP-OPN dispersed in water is
shown in (Figure 1B). The optimized TEM image (Figure
1C) shows that GW1516@NP-OPN was homogeneously
dispersed in aqueous solution with a well-defined spherical
shape. The size ranges of the GW1516@NP-OPN shown in
TEM were 80−110 nm. The DLS results indicated that the
mean diameters of both the NP types were 142.5 ± 3.06 nm
(GW1516@NP-OPN) and 102.0 ± 2.75 nm (GW1516@NP),
respectively, with a relatively narrow size distribution indicated
by PDI values of 0.25 and 0.17 (Figure 1D). Notably, we can
see that the hydrodynamic diameter of the nanoparticles is
significantly larger than that obtained from TEM observation.
Link to antibodies of OPN appeared to contribute to the
inequality in size of GW1516@NP-OPN based on the
observation that targeted NPs were larger than the non-

targeted NPs. According to research, another important
parameter, that is, poly dispersity index (PDI), that is close
to 1.0, often indicates that the nanoparticles have a very wide
size distribution, which displays that the colloidal system is
heterogeneous.35 The PDIs of both GW1516@NP and
GW1516@NP-OPN were less than 0.3, evidenced as colloids
of monodisperse systems. The ζ potentials for GW1516@NP-
OPN and GW1516@NP were −18.1 ± 0.46 mV and 0 mV,
respectively (Figure 1E), suggesting that GW1516@NP-OPN
had superior stability compared to non-targeted nanoparticles
due to the existence of electrostatic repulsion that might
prevent particle aggregation.
3.2. Encapsulation Percentage, Loading Efficiency,

and Drug Release. EP % and LE % of GW1516@NP-OPN
and GW1516@NP with different weight ratios of PCL-PEG to
GW1516 (5:1 & 10:1) were calculated in the process of
nanoprecipitation (Figure 2A). Generally, the nanoparticles
show low EP % but high LE % with a decreased weight ratio
(increased GW1516 concentration). Both groups of nano-
particles showed slightly higher LE % with the weight ratio of
5:1. The GW1516@NP-OPN group was shown to reach

Figure 1. Characterization of nanoparticles. (A) Chemical structure of GW1516@NP-OPN. (B) Appearance of GW1516@NP-OPN suspension.
(C) TEM image showing the representative photograph of GW1516@NP-OPN; bar = 100 nm. (D) Hydrodynamic diameters (E) and ζ potentials
for GW1516@NP-OPN and GW1516@NP.

Figure 2. (A) EP % and LE % of GW1516@NP-OPN and GW1516@NP with different weight ratios of PCL-PEG to GW1516 (5:1 and 10:1). (B)
In vitro release profile of GW1516 from NPs. Values are presented as mean ± SD (n = 3).
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8.06% ± 0.61 in LE %, and the GW1516@NP group was 8.5%
± 0.95 in LE %. The degree of EP % reduction in the OPN-
targeted group was not found significant when the weight ratio
of GW1516 to PCL-PEG changed from 10:1 to 5:1. Therefore,
the ratio 5:1 was selected for NP production in further
experiments.
The drug release from the nanoparticle system is a complex

process, which could be attributed to drug diffusion in nano-
micelle construction, which is affected by constituents and
surface properties of the nano-micelles and the physicochem-
ical properties of the drugs. According to the data shown in
(Figure 2B), in vitro GW1516 release from the nanoparticles
exhibits typically biphasic release patterns. GW1516 release
from GW1516@NP-OPN and GW1516@NP shows an initial
burst of 22.87 ± 2.00 and 27.53 ± 1.67% in the first two h,
respectively. Following this, the drug release was slower
reaching a plateau. The total amounts of drug released by
GW1516@NP-OPN and GW1516@NP were 68.50% ± 2.53
and 81.51% ± 1.55 after 100 h, respectively. As shown in the
figure, the drug release of the OPN-targeted NP group was
slower than that of the non-targeted NPs. Suggestively, anti-
OPN antibody conjugation may result in higher micelle
density.36

3.3. Cellular Uptake and Targeting Efficiency of
GW1561@NP-OPN. To assess the NP improved efficiency
in the treatment of arteriosclerosis, the in vitro MOVAS cell
model was used. NP uptake examination was conducted to
evaluate intracellular levels of GW1516@NP-OPN. MOVAS
cells were pre-treated for 24 h with ox-LDL (60 μg/mL) and
then incubated with GW1516@NP-OPN NPs or GW1516@
NP for 4 h. Cellular uptake was evaluated using a confocal laser
scanning microscope (CLSM) and flow cytometry assays. Our

data indicates that GW1516@NP-OPN uptake was signifi-
cantly higher than that of the non-targeted NPs (Figure 3A).
Accordingly, the fluorescence intensity of intracellular Cy5.5
was significantly higher for GW1516@NP-OPN compared
with the non-targeted NP (Figure 3B). The mean fluorescence
intensities of intracellular GW1516@NP-OPN was approx-
imately 1.7-fold higher (p < 0.05) than those of GW1516@NP
(Figure 3C).
3.4. GW1561@NP-OPN Inhibited Ox-LDL-Induced

MOVAS Cell Invasion and Migration Capacity. Transwell
migration chambers were used to evaluate GW1561@NP-
OPN capacity to inhibit the invasion of MOVAS cells induced
by ox-LDL. First, MOVAS cells were pre-treated with ox-LDL
(60 μg/mL) for 24 h. Afterward, cells were treated with
GW1516@NP-OPN for 24 h and left to migrate across a
transwell membrane. Following this (12 h later), cells were
stained using crystal violet solution for 30 min and counted
using a light microscope. The migrated cells were counted in
five randomly selected fields. We observed less MOVAS cells
penetrating the filters after GW1516@NP-OPN treatment
compared with free GW1516 and GW1516@NP (Figure
4A,B). To further assess the migration of MOVAS in vitro, a
scratch assay was used. After 0 or 12 h, the cell migration
images were obtained near the scratched edge. After 12 h
exposure, the wound gap in the cultures exposed to GW1561@
NP-OPN was significantly wider than that in the cultures
treated with free GW1516 or GW1516@NP controls (Figure
4C,D).
3.5. GW1516@NP-OPN Inhibits Ox-LDL-Induced

Apoptosis in MOVAS Cells. To test whether GW1516@
NP-OPN can more effectively inhibit ox-LDL-induced
MOVAS cell apoptosis, the cell death was examined using

Figure 3. Intracellular uptake of GW1516@NP-OPN and non-targeted NPs by MOVAS cells in vitro. (A) To determine the uptake of the NPs,
MOVAS cells were pre-treated for 24 h with ox-LDL (60 μg/mL) and then incubated with GW1516@NP-OPN or GW1516 @NP for 4 h. The
DAPI channel shows blue fluorescence; middle column Cy 5.5 shows red fluorescence; merged channel shows DAPI and Cy 5.5 combined images;
scale bars = 50 μm. (B) Flow cytometry analyses of MOVAS cells pre-treated for 24 h with ox-LDL (60 μg/mL) and with GW1516@NP-OPN or
GW1516@NP for 4 h. (C). Mean Cy 5.5 fluorescence intensities of the NP uptake by MOVAS cells were measured using flow cytometry. The
values are presented as means ± SD (n = 3); *p < 0.05.
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flow cytometry method dual staining assay with AO/EB
staining and annexin V-FITC/PI. First, the cell apoptosis was
tested using dual detection of AO/EB, in which apoptotic cells
are marked by orange chromatin fragments.37 Activation of
apoptosis was detected in the control and the ox-LDL + NP-
treated groups. However, the GW1516@NP-OPN treatment
indicated significantly lower quantity of apoptotic cells (Figure
5A,B).
Annexin V-FITC/PI staining data show that GW1516@NP-

OPN could induce lower levels of apoptosis in MOVAS cells
treated with ox-LDL (150 μg/mL) for 24 h compared to the
effects induced by GW1516@NP and GW1516 (Figure 5C),
demonstrating the early apoptotic cells in the top right
quadrant and the late apoptotic cells - in the bottom right
quadrant. Ox-LDL (150 μg/mL) induced apoptosis in 24.5 ±
0.75% of the control cells. In cells treated with GW1516@NP-
OPN, the apoptotic cell percentage was significantly lower
(5.7% ± 1.10%) (Figure 5D).
3.6. Effect of GW1516@NP-OPN on the Expression of

Proteins That Can Modulate Ox-LDL-Induced Migration
and Apoptosis in MOVAS Cells. It has been demonstrated
that ox-LDL can increase syntheses of MMP-2 and MMP-9 in
VSMCs, cause transformation of VSMCs phenotype, and
stimulate VSMCS migration.38,39 In this study, treatment with
drug alone or non-OPN-targeted NP accelerated the matrix
metalloprotease MMP-2 and MMP-9 protein expressions,

while GW1516@NP-OPN produced the lower degree effect
(Figure 6A). Moreover, PPARδ was shown to mediate ox-
LDL-induced apoptosis in VSMCs via activation of TGF-β/
FAK signaling axis.14 According to previously published data,
dephosphorylation of FAKY397 was associated with initiation of
apoptosis.40 Therefore, western blotting method was used to
assess FAK phosphorylation levels in cells treated with ox-
LDL. It is shown in (Figure 6B) that Ox-LDL can markedly
suppress FAK phosphorylation. Notably, GW1516@NP-OPN
reversed the negative effect of ox-LDL on FAK phosphor-
ylation. The effect is more substantial than that of GW1516@
NP or GW1516.
It has been also shown that ligand-activated PPARδ

regulates ox-LDL-induced apoptosis at least in part via its
influence on the dephosphorylation of FAKY397 downstream of
the TGF-β signaling pathway [12]. In our experiments,
GW1516@NP-OPN more substantially increased TGF-β
expression levels in cells treated with ox-LDL compared to
GW1516@NP-OPN or GW1516 (Figure 6C).
3.7. Fluorescence Imaging of GW1516@NP-OPN

Effects In Vivo and Ex Vivo. ApoE−/− atherosclerotic and
control mice were injected intravenously with GW1516@NP-
OPN or GW1561@NP, and Cy5.5 near-infrared (NIR)
fluorescence (NIRF) images were obtained at different time
points in vivo. The arterial fluorescence signal was significantly
higher in mice injected with GW1516@NP-OPN compared

Figure 4. Transwell invasion chamber and scratch tests were used to evaluate the effect of GW1516@NP-OPN on the invasion and migration of
MOVAS cells treated for 24 h with ox-LDL (60 μg/mL). (A) Transwell migration assay showing that GW1516@NP-OPN slowed down the
invasion of MOVAS induced by ox-LDL compared to the effects induced by of GW1516@NP or GW1516; scale bars = 100 μm. (B)
Quantification of the Transwell invasion chamber assay shown as bar graphs; #p < 0.05 vs the ox-LDL + GW1516 group and *p < 0.05 vs the ox-
LDL + GW1516@NP-OPN group. (C). Scratch test data indicates that anti-OPN-GW1516@NP induces the slower migration of MOVAS cells
treated with ox-LDL for 24 h compared to the effects induced by GW1516@NP or GW1516; scale bars = 100 μm. (D) Quantification of scratch
test data shown as bar graphs. Data are expressed as a percentage of control. Values are expressed as means ± SD (n = 3). *P < 0.05 indicates that
there is a statistically significant difference between effects produced by ox-LDL + G1516@NP and ox-LDL + GW1516@NP-OPN treatments in
MOVAS cells. #P < 0.05 indicates that there is a statistically significant difference between effects produced by ox-LDL + GW1516 and ox-LDL +
GW1516@NP treatments in MOVAS cells.
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with GW1516@NP-injected mice (Figure 7A). Following this,
Cy5.5 NIRF imaging was performed again with freshly isolated
aortic tissues ex vivo. The ex vivo NIRF confirmed the data
observed in vivo (Figure 7B).
3.8. Effects of GW1516@NP-OPN on the Regression

of Atherosclerosis In Vivo. Effects of GW1516@NP-OPN
on atherosclerosis development were analyzed in ApoE−/−

mice fed with high fat diet for 16 w. The mice were randomly
divided into five groups and treated with PBS, free GW1516,
GW1516@NP, or GW1516@NP-OPN (all injections con-
tained 3.3 mg/kg GW1516). Injections were introduced
through the tail vein four times weekly for 2 weeks. Animals
were sacrificed and whole aortas were excised for plaque area
analysis using H&E, Sirius red, OPN, and Masson staining.
H&E, Sirius red, OPN, and Masson staining of aortic sections
show that the lesions were significantly smaller (decreased
plaque size observed in Figure 8A, P < 0.05 GW1516@NP-
OPN groups vs PBS group. The red dotted line and the blue
dotted line represent the vascular intima and the fibrous cap,
respectively. The plaques were located between red and blue
lines.) with a smaller OPN content. Then, we examined the
effect of GW1516 on the increasing of TGF-β within
atherosclerotic lesions. As revealed by western blot results,
GW1516@NP-OPN markedly increased the expression of
TGF-β in the plaque area (P < 0.05, Figure 8C), indicating the
in vivo targeted delivery of the loaded drug GW1516 to
atherosclerotic lesions.

4. DISCUSSION
The formation of foam cells and the thinning of the fibrous cap
of the plaque play a major role in atherosclerotic plaque
rupture, which is a major cause of heart attack and stroke. The
migration and apoptosis of VSMCs are the risk factors for
them.41 The ability to reduce the biological changes of VSMCs
is an attractive approach to combat the initiation and
progression of atherosclerotic plaque. Previous studies have
shown that peroxisome proliferator-activated receptor delta
(PPARδ), a ligand-activated transcription factor, was activated
with synthetic agonists, which could inhibit VLDL-induced
triglyceride accumulation and inflammation.42 Similarly,
Hwang JS et al. reported that PPARδ activation inhibited ox-
LDL-induced apoptosis of VSMCSs.14 However, whether
PPARδ can play a beneficial role in atherosclerosis by
regulating the migration and apoptosis of oxidized low-density
lipoproteins is not yet fully known and the effect of treatment
is also affected by pharmacokinetic profiles and drug
efficiencies. Nanotechnology provides new opportunities and
advanced strategies for the diagnosis and treatment of a variety
of diseases including infectious diseases, malignancies, and
cardiovascular pathologies.43,44 In the previous work, due to
the overexpression of OPN in activated VSMCs, compared
with small molecules, the ICG/SRT@HSA-pept NMs we
formulated has the functional advantage of targeting drug
delivery to plaques, so the therapeutic effect is more
significant.45 In this study, we designed and constructed
targeted nanoparticles combined with PPARδ receptor agonist

Figure 5. Effects of GW1516@NP-OPN on apoptosis was tested in ox-LDL-stimulated MOVAS cells using flow cytometry and AO/EB staining.
(A) MOVAS cells were treated with PBS, ox-LDL (150 μg/ml), ox-LDL + GW1516, ox-LDL + GW1516@NP-OPN, ox-LDL + GW1516@NP, or
ox-LDL + NP. Morphological apoptosis was observed using AO/EB staining (marked by yellow-orange colors); scale bars = 100 μm. (B) Bar
graphs showing the quantified data for AO/EB staining. (C) Percentage of early apoptotic cells was 6.76% in the group treated with GW1516@NP-
OPN. (D) Quantification of flow cytometry data shown as bar graphs. All data are presented as means ± SD of three experiments. *P < 0.05
indicates a statistically significant difference between ox-LDL + GW1516@NP and ox-LDL + GW1516@NP-OPN treatment groups. #P < 0.05
indicates a statistically significant difference between ox-LDL + GW1516@NP-OPN and ox-LDL + GW1516 treatment groups.
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(GW1516@NP-OPN) that demonstrated effective inhibition
of migration and apoptosis in ox-LDL-induced smooth muscle
cells. Collectively, the targeting nanoparticles functioned as
efficient theranostic nanomedicines for atherosclerotic plaques.

Our data supports that NPs have a high potential of
achieving an improved therapeutic effect of PPARδ receptor
agonist GW1516 in the treatment of atherosclerosis. The
targeted NPs we designed have many advantages of specific

Figure 6. GW1516@NP-OPN modulates expression levels of migration and apoptosis-related proteins in MOVAS cells. MMP2/MMP9 and TGF-
β/FAK expression was tested using western blotting. MOVAS cells was treated with ox-LDL (150 μg/mL for 24 h). The treated cells were
incubated with PBS, GW1516, GW1516@NP-OPN, GW1516@NP, and NPs for 24 h. The expression levels of MMP-2, MMP-9 (A), TGF-β/FAK
(B), and (C) were tested and visualized in total cell lysate using specific antibodies as described in the Methods section. Data are presented as mean
± SD of three experiments. *P < 0.05 indicates a statistically significant difference between ox-LDL + GW1516 and ox-LDL + GW1516@NP-
OPN@NP. #P < 0.01 indicates a statistically significant difference between ox-LDL and ox-LDL + GW1516. (D−F) are the quantitative results of
(A−C).

Figure 7. In vivo and ex vivo near-infrared fluorescence (NIRF) imaging of atheroma burden in ApoE−/− mice after the intravenous injection of
GW1516@NP-OPN or GW1516@NP. (A) In vivo NIR fluorescence imaging of atheroma in ApoE−/− mice 0, 2, 6, 8, 18, and 36 h after
intravenous injections of GW1516@NP-OPN or GW1516@NP (n = 5 per group). (B). Deposition of GW1516@NP-OPN in an artery confirmed
using ex vivo NIR fluorescence imaging. (C) is the quantitative result of B. (D) is the quantitative result of A.
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physicochemical properties, including a smaller size, increased
stability, and effective long circulation, compared to simple
small molecules. It could prolong drug retention time in the
aorta. The hydrodynamic size of GW1516@NP-OPN is about
40 nm larger than that of GW1516@NP. The incorporation of
the antibody of OPN slightly increased their PDI. The targeted
NP ζ potential is within the range of 0 to −18 MV (Figure
1D,E). The results are in agreement with previous findings.46 It
has been shown that micellar PEG has no charge or is
negatively charged after connecting to antibodies.47,48 The
DLS results revealed that the drug loading and the linked
antibody did not induce any aggregated precipitates. We found
that the formula is not only stable for two weeks at 4 °C but
also can be stored as a lyophilized powder at −20 °C for
several months. Moreover, the attachment of antibodies to
GW1516@NP-OPN had a slight effect on the EP and LE %,
which is supported by the results of previously published data
(Figure 2A).49 One possible explanation for the difference in
size and drug loading after linking antibodies is that the
antibody is on the surface of the PEG hydrophilic chain, which
makes the structure looser, larger in size, and smaller in drug
loading.25 All PEGylated nanoparticles show similar release
characteristics, that is, the drug is the initial fast release to
sustained release from the nanoparticles. The testing of
GW1516 release from NPs revealed that the drug release
rate of the OPN-targeted NP was slower than that of the non-
targeted NPs (Figure 2B). The drug release rate may depend
on the nature of the interstices in the nanoparticle structure.

The smaller the interspace, the smoother the surface of the NP,
and the lower the volume of drug that can be released. Our
experimental results may be mediated by a covalent binding of
micelles to antibodies. The binding may change the hydro-
philic end structure and increase the size of interspaces.25

According to previous studies, targeted modified nano-
medicines have more efficient pharmaceutical benefits with
reduced toxicities.51 The secreted protein OPN is highly
expressed in smooth muscle cells in the middle and late stages
of atherosclerosis and promotes the phenotypic transition of
smooth muscle cells, making OPN an ideal molecular target
that can effectively identify secreted VSMCs in atherosclerotic
lesions.51 Our group previously synthesized multiple OPN-
antibody-linked NPs for the targeted imaging of vulnerable
atherosclerotic plaques.45,46 In the next step, we performed in
vitro and in vivo imaging experiments for verifying the targeted
properties. As was revealed in the results of flow cytometry and
immunofluorescence, GW1516@NP-OPN presented higher
selectivity toward VSMCs stimulated by ox-LDL (Figure
3A,B). An ex vivo fluorescence imaging study present obvious
accumulations in atherosclerotic lesions in the ApoE−/− mice
which were injected with targeted nanomaterials (Figure 7).
Unfortunately, there is no immunofluorescence experiment to
further verify the colocalization of nanomaterials with OPN.
In the next step, we applied the GW1516@NP-OPN in

VSMCs treated with ox-LDL and HFD ApoE−/− mice for
therapeutic purposes. Previous studies have shown that the
stimulation by ox-LDL has been proved to be implicated in

Figure 8. GW1516@NP-OPN inhibited the progression of atherosclerosis in ApoE−/− mice models in vivo. (A) H&E, Sirius red, OPN, and
Masson staining demonstrate the atherosclerotic lesions directly. GW1516@NP-OPN-treated mice displayed the most favorable plaque
phenotypes, in which the lesions had significantly smaller plaque sizes (P < 0.05) with smaller OPN contents (P < 0.05). (C) GW1516@NP-OPN
markedly increased the expression of TGF-β in the plaque area vs free GW1516 (P < 0.05). (B) is the quantitative analysis of A and (D) is the
quantitative analysis of C. Data are presented as mean ± SD (n = 5); scale bars = 200 μm.
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VSMC apoptosis and migration. Although, PPARδ activation
reduces ox-LDL induced apoptosis in VSMCs by modulating
the TGF-β/FAK pathway in addition to inhibiting the
migration, which affects cellular ROS production [14]. As
shown by the vitro results, free GW1516 treatment inhibited
cell migration and apoptosis in ox-LDL-induced VSMCs and
then, GW1516@NP-OPN further diminished cell migration
and apoptosis in ox-LDL-induced VSMCs compared with free
GW1516. The migration ability of cells was assessed using the
transwell system and scratch assays (Figure 4). Moreover, the
flow cytometry analysis and the AO/EB staining assay revealed
that compared with the free GW1516, GW1516@NP-OPN
further reduced the rate of apoptotic cells induced by ox-LDL
(Figure 5). In addition, the expression of MMP-2 and MMP-9
was detected in the present study, and the results found that
GW1516@NP-OPN remarkably decreased the protein con-
centrations of MMP-2 and MMP-9 (Figure 6). Both MMP-2
and MMP-9 are important members of the MMP family. In
addition to affecting the extracellular matrix to increase plaque
instability, they could also mediate inflammatory cells, which is
associated with cell migration. Notably, we also found that ox-
LDL treatment significantly decreased protein concentrations
of P-FAK and TGF-β1 in VSMCs; however, free GW1516
treatment increased their expression in ox-LDL-induced
VSMCs and then, GW1516@NP-OPN further promoted the
expression of P-FAK and TGF-β1 in ox-LDL-induced VSMCs
compared with free GW1516 (Figure 6). At the same time, we
verified that the therapeutic effect of the GW1516@NP-OPN
could decrease plaque sizes and enhance stability (decreased
necrotic core areas and OPN contents) more effectively in the
histological results (Figure 8). In this context, the GW1516@
NP-OPN-mediated delivery of GW1516 can facilitate the
targeted delivery and improve the therapeutic efficacy of
GW1516. This may be attributed to the targeted and long
circulation properties of nanomedicines. To this end, we
performed additional pharmacokinetic in vivo experiments to
demonstrate the long circulation characteristics of GW1516@
NPs-OPN compared to free drug GW1516. The results reveal
that compared to free GW1516, the delayed Tmax demonstrates
an obvious sustained release of GW1516 in GW1516@NP-
OPN. The increase in Tmax indicates that GW1516@NP-OPN
is eliminated more slowly in mice and has the long circulation
effect. It is due to the fact that the free drug relies on the carrier
for transport, the drug is released for a certain time and the
PEG on nanoparticles improves the time in the blood
circulation. It shows from the side that GW1516@NP-OPN
prolongs the effective treatment time of GW1516 in mice to a
certain extent (Figure S1).
However, to confirm the observed effects, it is required to

verify these protein expression levels using PPARδ signaling
inhibitors in future studies with NP. Other limitations of our
study include the low number of mice tested in vivo, the
limited testing of NP toxicity, and of NP signaling mechanisms
in vitro. Additionally, further testing of nanoprobe colocaliza-
tion within atherosclerotic plaques using immunological
section analysis and confocal microscopy is required. Further
studies are warranted to address these issues. In addition to the
above-mentioned deficiencies in this study, it also includes the
macrophage content and VSMC content of plaques were not
analyzed. However, there is no denying that compared to
administration of free agents, nanomedicines offer significant
advantages in terms of stability, drug delivery efficiency,
pharmacokinetics, targeting, safety, and versatility. In previous

research, countless smart nanomedicines capable of precise
functions have been created, relying on disease-specific tissue
microenvironments and external stimuli. For example, in
atherosclerotic plaques with elevated reactive oxygen species,
we can make nanomaterials that release drugs in an intelligent
response. In addition, we could use ultrasound, light, and so
forth to trigger nanomedicines externally in local atheroscler-
otic plaque. We found that more and more chemo-physical
strategies to increase the functionality of nanomedicine.52

5. CONCLUSIONS
In summary, the novel GW1516@NP-OPN can be efficiently
absorbed by VSMCs and effectively diminish the development
of atherosclerosis in cellular models in vitro and in mouse
atherosclerotic plaque formation models in vivo through the
TGF-β/FAK signaling axis, to inhibit the migration and
apoptosis of VSMCs and the MMP activity. Thus, application
of NPs indicates a promising advantage of this approach for
targeted drug delivery in atherosclerosis treatment.
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