Theranostics 2016, Vol. 6, Issue 2 272
Eﬁ, ) IVYSPRING .
v§ INTERNATIONAL PUBLISHER 7'19““)05“05

2016; 6(2): 272-286. doi: 10.7150/ thno.13350

Research Paper

In vivo MR and Fluorescence Dual-modality Imaging of
Atherosclerosis Characteristics in Mice Using Profilin-1
Targeted Magnetic Nanoparticles

Yabin Wang!- 2#, Jiangwei Chen?#, Bo Yang!#, Hongyu Qiao?, Lei Gao!, Tao Su?, Sai Ma?, Xiaotian Zhang?,
Xiujuan Li%, Gang Liu?, Jianbo Cao?, Xiaoyuan Chen?, Yundai Chen!*™, Feng Caol 24

LS

Department of Cardiology, Chinese PLA General Hospital, Beijing, 100853, China

Department of Cardiology, Xijing Hospital, Fourth Military Medical University, Shaanxi, 710032, China
Center for Molecular Imaging and Translational Medicine, Xiamen University, Xiamen, 361005, China
Laboratory of Molecular Imaging and Nanomedicine (LOMIN), National Institute of Biomedical Imaging and Bioengineering (NIBIB), National Institutes of

Health (NIH), Bethesda, MD 20892-2281, USA

# Contribute equally to this work

P4 Corresponding authors: Feng Cao, Department of Cardiology, Chinese PLA General Hospital, Beijing, 100853, China. E-mail:wind8828@gmail.com.
Co-corresponding to Yundai Chen, cyundai@126.com.

© Ivyspring International Publisher. Reproduction is permitted for personal, noncommercial use, provided that the article is in whole, unmodified, and properly cited. See
http:/ /ivyspring.com/terms for terms and conditions.

Received: 2015.07.27; Accepted: 2015.10.29; Published: 2016.01.01

Abstract

Aims: This study aims to explore non-invasive imaging of atherosclerotic plaque through magnetic
resonance imaging (MRI) and near-infrared fluorescence (NIRF) by using profilin-1 targeted
magnetic iron oxide nanoparticles (PF;-Cy5.5-DMSA-Fe;O,-NPs, denoted as PC-NPs) as multi-
modality molecular imaging probe in murine model of atherosclerosis. Methods and Results:
PC-NPs were constructed by conjugating polyclonal profilin-1 antibody and NHS-Cy5.5 fluores-
cent dye to the surface of DMSA-Fe;O -nanoparticles via condensation reaction. Murine ather-
osclerosis model was induced in apoE™ mice by high fat and cholesterol diet (HFD) for 16 weeks.
The plaque areas in aortic artery were detected with Oil Red O staining. Immunofluorescent
staining and Western blot analysis were applied respectively to investigate profilin-1 expression.
CCK-8 assay and transwell migration experiment were performed to detect vascular smooth
muscle cells (VSMCs) proliferation. In vivo MRI and NIRF imaging of atherosclerotic plaque were
carried out before and 36 h after intravenous injection of PC-NPs. Oil Red O staining showed that
the plaque area was significantly increased in HFD group (p<0.05). Immunofluorescence staining
revealed that profilin-1 protein was highly abundant within plaque in HFD group and co-localized
with a-smooth muscle actin. Profilin-1 siRNA intervention could inhibit VSMCs proliferation and
migration elicited by ox-LDL (p<0.05). In vivo MRI and NIRF imaging revealed that PC-NPs ac-
cumulated in atherosclerotic plaque of carotid artery. There was a good correlation between the
signals of MRI and ex vivo fluorescence intensities of NIRF imaging in animals with PC-NPs injection.
Conclusion: PC-NPs is a promising dual modality imaging probe, which may improve molecular
diagnosis of plaque characteristics and evaluation of pharmaceutical interventions for athero-
sclerosis.
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Introduction

Atherosclerosis and its cardiovascular complica-
tions are the leading causes of morbidity and mortal-
ity worldwide. Most of the major cardiovascular dis-

eases may be ascribed to rupture of vulnerable ather-
osclerotic plaque and secondary thrombosis for-
mation [1, 2]. Occurrence of vulnerable plaque is a
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complicated biological process, including endothelial
dysfunction, macrophage infiltration, inflammatory
factors expression, intra-plaque neovascularization,
intima-media remodeling and so on [3]. How to dy-
namically monitor changes of biomarkers for vulner-
able plaque remains a crucial problem.

Molecular imaging, which can non-invasively
monitor development of lesions on cellular and pro-
tein levels, enables more accurate diagnosis of ather-
osclerotic plaque [4, 5]. It is also able to provide more
comprehensive and dynamic evaluation of therapeu-
tic efficacy for diseases. It has been reported that elas-
tin-targeted MRI contrast agent (BMS-753951) is ca-
pable of noninvasively detecting plaque development
and vascular remodeling, identifying in-stent reste-
nosis in pig coronary arteries [6]. Although novel
noninvasive molecular imaging for atherosclerotic
plaque has been under development, accurate as-
sessment of plaque characteristics and vulnerability is
still in its infancy. It is necessary to further enhance
the sensitivity and specificity of molecular imaging
for atherosclerosis.

Acquiring more specific biomarkers aimed at
different composition of plaque is critical to the con-
struction of multimodal molecular imaging platform.
Profilin-1, a type of small actin-binding protein, is
involved in the modulation of cytoskeleton polymer-
ization and reorganization. Recent research shows
that profilin-1 overexpression triggers the occurrence
and development of cardiovascular diseases such as
atherosclerosis, hypertension and cardiac hypertro-
phy, mainly through regulating vascular smooth
muscle cells (VSMCs) proliferation and migration
[7-9]. Therefore, profilin-1 is recognized as a promis-
ing potential molecular target of atherosclerosis,
which may reflect VSMCs features under pathological
conditions. To date, there is hardly any molecular
probe targeted at activated VSMCs in plaque.

In the present study, we aimed to utilize profil-
in-1 as molecular target, apply DMSA-Fe;O4 nano-
particles as probe carrier to targeted profilin-1 for
multimodality MRI/NIRF imaging. We further eval-
uated the ability of profilin-1-Cy5.5-DMSA-Fe;04-NPs
(PC-NPs) to target VSMCs in vitro and to assess ath-
erosclerotic plaque characteristics after atorvastatin
administration in mice atherosclerotic model through
MRI and NIRF imaging in vivo.

Materials and Methods

Study design

12-week-old male apoE~/- mice (Jax West Labor-
atories, West Sacramento, CA, USA) were first fed
standard laboratory chow diet for one week. There-
after, all animals were randomly allocated into three

groups with n=20 each, (1) Control group: mice kept
on a standard laboratory chow diet (TD.88137, Harlan
Laboratories Inc., Madison, WI) for 16 weeks; (2) High
fat and cholesterol diet (HFD) group: mice were fed
with a western type diet (containing 15% fat and
0.25% cholesterol) for 16 weeks; (3) HFD+Atorvastatin
group: mice were fed with a western type diet and
atorvastatin (5 mg/kg body weight/day by oral ga-
vage) for 16 weeks. All animal procedures were con-
ducted in conformity with the National Institutes of
Health Guideline on the Use of Laboratory Animals
and all experiments were performed in accordance
with the Helsinki declaration.

Synthesis of Fe3;O04-DMSA nanoparticles

To prepare for Fe;O; nanoparticles firstly, iron
(II)  chloride (FeCl36H>O)(1.0 molL™") and
FeSO4 7H,0 (0.5 mol L) were firstly diluted in 100
ml of deionized water in a three-neck flask, followed
by adding concentrated NH; H>O solution with stir-
ring at 70°C under a nitrogen atmosphere until a pH
of 11.0. The temperature was kept at 70°C and the
reaction was continued for 5min, and Fe;O4 nanopar-
ticles were acquired. After that, Oleic acid (OA, 6 ml)
was slowly added to the reaction solution. After
30min of reaction, the temperature was raised to 85°C
for 1 h, and then cooled down to room temperature.
Black precipitates were collected by magnetic separa-
tion and carefully washed with deionized water and
ethanol several times. The obtained Fe3;O4-OA nano-
particles were dissolved in 100 ml of hexane.
Fe304-OA (240mg) and meso-2,3-Dimercaptosuccinic
acid (DMSA, 120 mg) were dissolved in 120 ml of
mixed solution of acetone and hexane (volume ratio of
1:1) with stirring at 60°C for 4 h. Then DMSA-Fe;O,
nanoparticles were collected by magnetic separation
and washed with deionized water several times, and
then dissolved in 20 ml of deionized water.

Characterization of Fe;O4-DMSA nanoparti-
cles

DMSA-Fe;04 nanoparticles were firstly prepared
in PBS buffer. The iron oxide core size of DMSA-Fe;O,
nanoparticles was measured by transmission elec-
tronmicroscopy (TEM, JEM-200CX, JEOL, Japan). The
average hydrodynamicparticle size and zeta potential
(€) values of the nanoparticles were characterized us-
ing a Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK) equipped with a 4 mW He-Ne
laser (A = 633 nm) at room temperatures ranging from
22°C to 27°C. The magnetic properties of the samples
were performed by a vibrating sample magnetometer
(VSM, Model LS7400, Lakeshore, USA) with a maxi-
mum applied field of 10,000 Oe at room temperature.
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Serum lipid profiles analysis

The serum was separated after blood sample
coagulation. Then, serum levels of triglycerides (TG),
total cholesterol (TC), low-density lipoprotein cho-
lesterol (LDL-C) and high-densitylipoprotein choles-
terol (HDL-C) were detected by ELISA using auto-
matic biochemical processer.

Tissue collection and morphological analysis

After euthanasia, the total length of carotid ar-
tery and descending aorta was taken out entirely,
opened longitudinally with the intima towards the
outside. Then, tissues were stained in pre-warmed Oil
Red O solution for 10 min and differentiated in 85%
propylene glycol for 5 min at room temperature (RT).
To further assess the atherosclerotic plaque, mice ca-
rotid artery and descending aorta were removed and
frozen in Optimum Cutting Temperature (OCT)
compound. Consecutive frozen aortic sections (10 pm
thickness) were prepared and stained with Oil Red O
for 10 min, followed by counterstaining with hema-
toxylin for 1-3 min at RT. Image ] software was used
to quantify the lesion areas of the entire vascular in-
tima.

Immunofluorescence staining

Atherosclerotic tissues obtained from mice ca-
rotid artery and descending aorta were prepared as 5
pm thick serial OCT embedded cryosections. The
frozen sections were immersion-fixed in 4°C acetone
for 20 min, washed in PBS three times, and blocked
with 2% BSA at RT for 45 min. Thereafter, the sections
were incubated separately with rabbit anti-mouse
profilin-1 antibody (1:200, Abcam, Cambridge, UK),
goat anti-mouse a-smooth muscle actin (a-SMA) an-
tibody (1:200, Abcam, Cambridge, UK) overnight at
4°C, followed by incubation with TRITC rabbit an-
ti-goat IgG (1:200; Abcam, Cambridge, UK) and FITC
goat anti-rabbit IgG (1:200; Santa Cruz Biotechnology,
CA, USA) secondary antibodies for 1 h at 37°C in a
humidified box. Then, the sections were washed in
PBS three times and counterstained with DAPI
(1:1000; BioworldBiotechnology, Minnesota, USA).
Tissue slides were visualized with a confocal micros-
copy (Olympus FV10i, Tokyo, Japan).

Western blot analysis

Tissue protein samples and cells samples were
extracted from the aorta of mice and in vitro VSMCs
respectively. The protein were subjected to 10%
SDS-PAGE and transferred to nitrocellulose (NC)
membranes (Millipore, Billerica, MA, USA) using a
semi-dry electroblotting system. After blocking with
5% skim milk in PBS, the membranes were incubated
with diluted polyclonal rabbit anti-mouse profilin-1

(1:1000) and a monoclonal anti-B-actin antibody
(1:1000, Abcam, Cambridge, UK) at 4°C overnight.
After washing and further incubation with appropri-
ate secondary antibodies conjugated with horseradish
peroxidase (dilution: 1:5000 in TBST) at 37°C for 60
min, bands were visualized using an enhanced chem-
iluminescence system (ECL; Amersham). Densitome-
try analysis of Western blots was carried out using
VisionWorks LS, version 6.7.1(Caliper Life Sciences,
Hopkinton, USA).

Smooth muscle cell culture

The mouse aorta smooth muscle cell line
(MOVAS) was purchased from American Type Cul-
ture Collection (ATCC) center (Menassas, VA, USA).
MOVAS were cultured in Dulbecco's Modified Eagle
Medium (DMEM) (Sigma-Aldrich, USA), containing
1% penicillin-streptomycin and 10% fetal bovine se-
rum (FBS) (Sigma-Aldrich, USA).Cells were incubated
in humidified 5% CO,, 37 °C incubator (Thermo, MA,
USA) and measured by a hemocytometer. Cells were
co-stained by alpha-SMA (Abcam, Cambridge, UK)
and DAPI (Bioworld Biotechnology, Minnesota,
USA), and imaged with an Olympus BX51 fluorescent
microscope (Olympus, Tokyo, Japan).

The siRNA targeting of profilin-1 siRNA
transfection

Profilin-1 siRNA and control siRNA were pur-
chased commercially from Genechemistry (Shanghai,
China). The sequence of the mouse profilin-1siRNA
(5" to 3’) was as follows (RNA): 5'-CGTTACGGACGC
GGCCATCG-3; 5-CAGCGTGCGTGATGTTGACG
A-3’. Control siRNA: 5-TTC AAG UCC UCG ACG
ACU UUG-3; 5-CTC AAA GUC GUC CAG CAG
UUG-3. MOVAS were seeded onto 60-mm dishes 24
h before transfection and then transiently transfected
with 100 nM Profilin-1siRNA or control siRNA per
dish at 90% confluence using the lipofectamine 2000
(Invitrogen Life Technology, USA) according to the
manufacturer’s protocol. Successful knockdown of
the target proteins was confirmed by Western blot
analysis.

Cell viability assay

The cell viability of MOVAS was detected by
using cell counting kit-8 (CCK-8, Beyotime institute of
biotechnology, Jiangsu province, China). Cells were
seeded in 96-well plates (2000 cells/well) and incu-
bated with fresh medium at a 37°C and 5% CO; at-
mosphere for 24h. Then, the fresh medium was re-
placed by fresh medium containing ox-LDL
(20pg/ml) or profilin-1 siRNA. After 48h, cells were
washed with PBS for 3 times and incubated in 100 pl
DMEM (Sigma-Aldrich, St. Louis, MO) containing 10
pl CCK-8 solution for 2h. The absorbance at 450nm
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was measured by using ELISA reader. The fresh me-
dium without cells was served as blank controls re-
spectively. Following subtracting the blank cell ODyso,
the treated cell proliferation rate was calculated as a
percentage of the absorbance to control cell absorb-
ance.

Transwell migration assay

The effects of ox-LDL on MOVAS migration
were investigated by a transwell migration chamber
(8.0 pm; Millipore, Billerica, MA, USA). 1.0x10° cells
were seeded in upper chamber of transwell insert
containing serum-free cell culture medium (400 pl).
The same medium with ox-LDL (20 pg/ml) as a
chemoattractant was added to the lower chamber. The
chamber was cultured at 37°C in 5% CO, humidified
atmosphere for 4 h. Non-migrating cells on the upper
surface of chamber were wiped out and washed with
phosphate-buffered saline (PBS). The rest of the cells
were fixed in 4% paraformaldehyde and then stained
by crystal violet solution (Beyotime Institute of Bio-
technology, Beijing, China). The cells were counted
under a microscope at per five independent HPF
(x200).

In vitro cytotoxicity assay

To assess cytotoxicity of DMSA-Fe;O, nanopar-
ticles, MOV AS and RAW 264.7 cells were seeded on a
96-well plate at 70% confluence, and then various
concentrations of Fe;O; nanoparticles and
DMSA-Fe;04 nanoparticles were separately added
into different wells, followed by incubation for 24 h at
37°C in 5% CO» humidified atmosphere. MTT assay
was performed to estimate the number of viable cells
after nanoparticles’ treatment.

Construct profilin-1-Cy5.5-DMSA-Fe;O4 na-
noparticles (PC-NPs) and
IgG-1-Cy5.5-DMSA-Fe3;O4 nanoparticles
(IC-NPs)

Polyclonal profilin-1 antibody was conjugated to
DMSA-Fe;04 nanoparticles at room temperature as

el q L
Precipitation |\

Fe30, NPs DMSA-Fe,0, NPs

Scheme 1. Schematic diagram of profiling-1-Cy5.5-DMSA- Fe3O4 nanoparticles

NHS activated '
DMSA-Fe;O, NPs

described before. Firstly, pH of the reaction system
(FesO4-DMSA nanoparticles solution) was adjusted to
6.0, 7.0, 8.0, 9.0 using different doses of boric ac-
id/borate buffer (0.02 M, pH=9.0) respectively. Then,
EDC (0.01 ml, 10 mg/ml) and sulfo-NHS (0.005 ml, 10
mg/ml) were dissolved in DMSA-Fe;O4 nanoparticles
solution (1.0ml, 1.0mg/ml) and stirred for 15 min at
RT. Then, 50 pg of profilin-1 antibody (0.1mg/ml, pH
7.4) was added into the solution. After stirring for
another 4 h at RT, the compounds were centrifuged
(15,000 x g, 30 min) to remove the uncoupled mono-
clonal antibody. The profilin-1 antibody was suc-
cessfully conjugated with Fes;O4-DMSA nanoparticles,
which was confirmed by UV (ultraviolet)-Vis absorp-
tion spectroscopy (Shimadzu, Kyoto, Japan). The
conjugation efficiency was calculated by measuring
the ratio of labeled proteins to DMSA-Fe;O4 nanopar-
ticles concentration using acid (BCA) Protein Assay
(Beyotime Institute of Biotechnology, Beijing, China).
Cy5.5-NHS (GE Healthcare, USA) was combined to
react with PF; labeled DMSA- Fe;O, nanoparticles in a
3:1 dye to protein molar for 2 h at RT with shaking.
Unconjugated dye was removed by size exclusion
chromatography on a 10DG desalting column (Bio-
Rad, California, USA) as described previous-
ly[10](Scheme 1). IC-NPs were constructed by conju-
gating IgG antibody to the surface of DMSA-Fe;O;4
nanoparticles, and other steps were the same as men-
tioned above.

Biodistribution of PC-NPs

To investigate tissue biodistribution of PC-NPs
in vivo, probe at a dose of 2 mg/kg Fe was intrave-
nously injected into apoE~/- mice from the tail vein. At
12, 24, 36 hour post-injection, mice were euthanized
and major organs, i.e. liver, lung, kidney, heart, bone,
muscle, were collected for fluorescent imaging analy-
sis ex vivo under the IVUS Imaging System (Xenogen
Imaging Technologies, Alameda, CA), using the fol-
lowing parameters: exposure time (10s), f/stop (2),
binning (4), and field of view (12.8).

EDC Coupling
Profilin-1 antlbody

NHS Cy5.5

7>

Cy5.5-Profilin-1-DMSA-Fe;0,
NPs
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MR imaging with PC-NPs in vivo

ApoE/- mice were anesthetized with 1.5%
isoflurane and underwent MR imaging of the carotid
arteries using a 94 T small animal MRI system
(BrukerBiospec, Billerica, MA, USA) with 30mm
birdcage coil. T-weighted MRI was operated before
and at 24, 36 and 48 hour post-administration of
PC-NPs at a dose of 2mg/kg Fe using the following
3D Flash (Fast low-angle shot) sequence parameters:
repetition time [TR]/echo time [TE] =14.7/4.6 ms; flip
=30°; field of view=2.5 cm x 2.5 cm; matrix=256 x 256,
slice thickness=0.5 mm. MR images were analyzed
using OsiriX image analysis software. The aortic wall
was identified and signal intensities of regions of in-
terest (ROI) were obtained with a custom-made
Matlab (MathWorks, Natick, MA), and were analyzed
by two observers who were blinded to histopatho-
logical data. Contrast to noise ratio (CNR) of each ROI
was calculated as the average signal intensity divided
by the standard deviation of the noise level. Relative
enhancement ratios with respect to the average CNR
(CNRchanges) were calculated and plotted as a per-
centage decrease in CNR over the time by the fol-
lowing formula: %CNRehanges = (CNRpost-CNRpre) /
CNRprex100%. CNRpre was obtained from images be-
fore PC-NPs administration, while CNRpost represents
SNRs calculated from images acquired 36 h after in-
jection.

Fluorescence imaging with PC-NPs in vivo and
ex vivo

Fluorescence imaging was acquired after intra-
venous injection of PC-NPs at a dose of 2mg/kg Fe
(IVIS Lumina XR system (Caliper Life Sciences, Hop-
kinton, USA), using the following parameters: expo-
sure time (60s), {/stop (2), binning (4), and field of
view (12.8). Then, Fluorescence imaging was contin-
uously observed for the following three days. After
final in vivo fluorescence imaging, the animals were
euthanized, and the carotid arteries and aorta of ani-
mals were carefully excised and washed with saline
three times. Then quantification of in vivo and ex vivo
NIRF signal intensities of entire carotid arteries were
analyzed as previous method[11] with Living Image
version 4.4 software (Caliper Life Sciences, Hopkin-
ton, USA).

Immunohistochemistry analysis

Sections obtained from the carotid arteries were
stained with hematoxylin and eosin for morphometric
analysis. Perl’s blue staining was applied to identify
the probe deposit. All images were reviewed under
light microscope and Perl’s positive cells were
counted by a blinded manner.

After Cy5.5 fluorescence imaging ex vivo per-

formed, the carotid tissues were snap frozen in liquid
nitrogen and stored at -70°C. Aixal sections (10pm
thickness) acquired were prepared for immunofluo-
rescent staining of smooth muscle cells marker
a-SMA. All images were reviewed under confocal
laser scanning microscope (Olympus, Tokyo, Japan)
by a blinded manner.

Statistical analysis

All values are expressed as meanstSEM. Results
were analyzed byl-sample t test versus 100, unpaired
Student t tests, or for multiple comparisons ANOVA
and the Student-Newman-Keulspost test. A least
squares method and a linear regression model are
used to analyze the correlation between MR signals
and fluorescence imaging data. Significant differences
were accepted when p<0.05.

Results

Serum lipid profile

After being fed with standard laboratory chow
or western type diet, there was no significant differ-
ence in body weight of all groups. Compared with the
control group, LDL-C and TC levels were significantly
increased in the HFD group (LDL-C: 12.56 + 0.73 mM
vs. 2.08 £ 0.08 mM, p < 0.05; TC: 26.47 + 0.75 mM wvs.
2.40 £ 0.32 mM, p < 0.05). Administration of atorvas-
tatin reversed serum LDL-C and TC levels (p<0.05). In
addition, serum level of HDL-C was decreased in
HEFD group, in contrast to control group (HDL-C: 0.84
t 0.05 mmol/L vs. 144 + 0.03 mmol/L, p<0.01).
However, atorvastatin did not affect HDL-C level
(Figure 1A).

Atherosclerotic plaque formation

Atherosclerotic plaque formation was evaluated
by quantitative analysis of the plaque area in the total
aorta with Oil O Red staining. The plaque area was
significantly increased in HFD group, compared with
control group (the ratio of plaque area to whole artery
area: 85.33% * 0.05% in HFD group vs. 18.02% =+ 0.03%
in control group, p<0.01). However, atorvastatin sig-
nificantly =~ decreased  atherosclerotic ~ lesions
(HFD+Atorvastatin group: 54.05% + 0.06% vs. HFD
group: 85.33% £ 0.05%, p<0.05). Oil red O-stained
frozen cryosections of carotid arteries further verified
that the atherosclerotic plaque was attenuated after
atorvastatin treatment (Figure 1B).

Profilin-1 is widely expressed in atherosclerosis
plaque

Western blot analysis revealed that profilin-1
protein was highly expressed in arterial wall of the
HFD group in contrast to that of the control group
(p<0.05). Nevertheless, atorvastatin treatment mark-
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edly reduced profilin-1 expression (p<0.05) (Figure
2A). Moreover, the results of immunofluorescence
co-staining further revealed that profilin-1 protein
was highly abundant within plaque, compared with
control group. Majority of profilin-1 protein was
co-localized with a-SMA (VSMCs marker) and there
was still some present in extracellular space (Figure
2B).

Profilin-1 silencing inhibits ox-LDL-induced
MOVAS proliferation and migration

To further analyze the correlation between pro-
filin-1 expression and MOV AS proliferation as well as
migration, CCK-8 and transwell assays were per-
formed. CCK-8 assay results showed that ox-LDL
(20pg/ml) induced VSMCs proliferation, which was
able to be reversed by profilin-1 siRNA intervention
(p<0.05). Likewise, transwell migration analysis re-
vealed that profilin-1 siRNA was also able to abrogate
ox-LDL-elicited MOVAS migration (p<0.05) (Figure
3A and 3B). Immunofluorescence analysis revealed
that ox-LDL (20 pg/ml) markedly promoted profilin-1
expression in the cytoplasm of MOVAS (p<0.01)
(Figure 4A).

Consistent with immunofluorescence results,
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Western blot analysis also showed ox-LDL promoted
profilin-1 expression in MOVAS (p<0.05). In addition,
ox-LDL also increased MEK and ERK1/2 phosphor-
ylation (p<0.05). However, profilin-1 siRNA interven-
tion attenuated profilin-1 expression, as well as MEK
and ERK1/2 phosphorylation induced by ox-LDL
(p<0.05) (Figure 4B).

Characterization of Fe;O4-DMSA nanoparti-
cles

To construct profilin-1 targeted molecular im-
aging probe, DMSA-Fe;O, nanoparticles were first
prepared and characterized. The TEM image of
DMSA-Fe;O4 nanoparticles (DMSA-Fe;O4-NPs) is
shown in Figure 5A; as mearsured, the nanoparticles
display mono-dispersion with average sizes of 7 nm
in dry state (Figure 5B). As shown in Figure 5C, the
average hydrodynamic size of nanoparticles is 30.2
nm. Moreover, the particles carry a negative zeta po-
tential of - 42.7mv. The hysteresis curves of
DMSA-Fe;04-NPs have been portrayed in Figure 5D,
and the saturation magnetization value (M) is 56.4
emu gl In addition, the relativity (12) of
DMSA-MNPs is calculated to be 134.5 mM-s! (Figure
5E).

* 20.
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Figure 1. Atorvastatin decreased serum lipid level and atherosclerotic lesion formation induced by high-fat diet in apolipoprotein E-deficient
(apoE--) mice. Serum LDL, total cholesterol and HDL were measured in apoE-- mice fed on a high-fat diet for 16 weeks. (B) Oil Red O staining of the total length
of carotid artery from different mice after 16-week HFD feeding, and subsequently quantitation of mean Oil Red O stained plaque area (n=5 per group; *p<0.05 vs.
control group, #p<0.05 vs. HFD group). (C) Tissue sections made of the atherosclerotic lesion-prone aortic root were stained for Oil Red O.
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Figure 2. Atorvastatin attenuated profilin-1 expression in atherosclerotic plaque of apoE-- mice. Western blot analysis was performed to assess
profilin-1 expression in plaque (n=5 per group; *»<0.05 vs. control group, #<0.05 vs. HFD group). (B) Confocal microscopy of plaque from aortic vessel wall of
apoE-- mice with profilin-1(green), alpha-smooth muscle actin (alpha-SMA)(red). The nuclei were stained with 4,6-diamino-2-phenylindole (DAPI) (blue). The
co-localization of green and red signals appeared as orange colors. Scar bar: 100 pm.
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Figure 3. Effect of profilin-1 siRNA on VSMCs proliferation and migration induced by ox-LDL. (A) Morphology and immunofluorescence staining of
VSMC:s. (B) After 24 hours, VSMCs proliferation was detected by CCK-8 assay (n=5 per group; *p<0.05 vs. control group, #p<0.05 vs. ox-LDL group). (C) After 24
hours, VSMCs migration was measured by transwell experiment. Ox-LDL (20ug/ml) was included in the lower chamber as chemo-attractant (n=5 per group; *p<0.05
vs. control group, #p<0.05 vs. ox-LDL group).
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In vitro stability and biocompatibility of phagocytosis experiment revealed that much more

DMSA-Fe;O, Fe304 nanoparticles were phagocytized by macro-

To detect the stability of DMSA-Fe:O.NP phages than DMSA-Fe;04-NPs. MTT assay showed

|, 1O detect the stablity o HELaTINES, WE T that DMSA-Fe;04-NPs exerted no significant effect on

laid nanopartlcl.e solution for two weeks at room ;¢ 1ar smooth muscle cell and macrophage viability

temperature. It is observed that there was some pre- posed up to 24 hours, even at concentrations as high
cipitation in Fe;Os-NPs solution, while none in the ¢ mg,/ml (Figure 5G)
DMSA-Fe304-NPs solution (Figure 5F). Macrophage ' '
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Labeling efficiency and in vivo tissue distribu-
tion of PC-NPs

UV (ultraviolet)-Vis absorption spectroscopy
results showed that PC-NPs had an absorption band
in the range of 250-300 nm, whereas unlabeled
DMSA-Fes04-NPs did not have (Figure 6A). It sug-
gests that profilin-1 antibody was successfully conju-
gated with DMSA-Fe;04-NPs. To further measure the
average number of profilin-1 antibodies per
DMSA-Fes04-NP, BCA protein assay and orthophe-
nanthroline photometric method were performed
respectively to analyze protein and iron content of
PF1-DMSA-Fe304-NPs. The data reveals that per
DMSA-Fe304-NP is labeled with nine profilin-1 anti-
body molecules (Figure 6B and 6C).

In order to study the tissue distribution of
PC-NPs in vivo, NIR fluorescence was performed in
normal C57BL/6] mice after intravenous injection of
100 pl PC-NPs (0.04 mg Fe). As shown in Figure 6D,

PF;-DMSA-Fe;04-NPs accumulated mainly in liver
and kidneys at 24 h post-injection, while almost
cleared from all organs at 48 h post -injection.

Fluorescence imaging of PC-NPs in vitro, in vivo
and ex vivo

In vitro fluorescence imaging results showed that
the highest cell binding of PC-NPs to MOVAS was
observed in MOVAS pretreated with ox-LDL
(20pg/ml) for 4h. However, when the MOVAS were
co-cultured with unconjugated DMSA-Fe;O4-NPs, the
binding rate decreased significantly. Likewise, when
MOVAS were co-cultured directly with PC-NPs but
without ox-LDL pretreatment or with Profilin-1
siRNA intervention, the cell binding rate was also
significantly reduced (Figure 7A). In addition, being
different from the targeting ability of PC-NPs to
VSMCs, it did not exhibit specific binding to ox-LDL
pretreated macrophages (Figure 7B).
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induced by ox-LDL in vitro. (n=5 per group; p=NS).

Cy5.5 NIR fluorescence images in vivo were ac-
quired 36 h after intravenous injection of PC-NPs or
IC-NPs. The results revealed that fluorescence signal
at the carotid artery were significantly higher in the
HFD + PC-NPs injection group, compared with the
HFD + IC-NPs injection group (p<0.05). Atorvastatin
treatment was able to significantly attenuate fluores-
cence signal of the carotid artery (p<0.05) (Figure 9A).
Then Cy5.5 NIR fluorescence imaging was performed
again after opening the neck of apoE~/- mice. The re-
sults showed significantly higher NIRF signal in the
carotid arteries of PFi-DMSA-Fe;Os-NPs group,
compared with other groups (p<0.05) (Figure 9B). Ex
vivo NIRF imaging also confirmed this (Figure 9C).

MRI of atherosclerotic plaque with PC-NPs in
vivo

To observe atherosclerotic plaque in apoE~- mice
through MRI, in vivo 94T MR imaging were per-
formed before and 36h after injection of PC-NPs. As
revealed in Figure 8A, apoE/- mice exhibited in-
creased wall thickness and pronounced plaque for-

mation compared to controls. Although there were
almost no signal changes in carotid arteries wall on
Tr-weighted MRI after administration of IC-NPs, a
significant T>-weighted MRI signal attenuation was
observed 36 h post PC-NPs injection in HFD mice
group compared with other groups. There was no
significant T» signal change observed in HFD +
Atorvastatin treatment group and IC-NPs injection
group.

To analyze signal intensity changes at the carotid
artery in a more quantitative way, we defined a con-
trast to noise ratio (CNR). As shown in Figure 8C,
CNR value was attenuated significantly in HFD +
PC-NPs injection group, compared to HFD + IC-NPs
injection group (31.70% * 3.21% vs. 9.47% =+ 0.92%,
p<0.05). However, atorvastatin treatment abrogated
CNR changes in arterial wall post PC-NPs injection. In
addition, NIR fluorescence images of PC-NPs in vivo
exhibited correlations with in vivo MRI signal changes
(CNRchanges). The correlation coefficients were 0.9338
(R2=0.8719) for fluorescence imaging intensity with in
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0iv0 CNRchanges (Figure 9C). It's notable that ex vivo
fluorescence images of PC-NPs also have good corre-
lations with in vivo MRI signal changes (CNRchanges)
(Figure 9D).

Histology verification

Perl’s staining further confirmed that more na-
noparticles deposited in atherosclerotic lesions of
HFD + PC-NPs injection group than those in other
groups (Figure 10A).

Immunofluorescent staining a-SMA of carotid
arteries tissue showed that there was better
co-localization of PC-NPs with immunofluorescent
a-SMA signal, in contrast to other non-targeted
probes (Figure 10B).

Discussion

Molecular imaging is a promising technique for
the visualization atherosclerosis development and its
characteristics non-invasively, which may predict
vulnerability of plaque [12]. However, its clinical ap-
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plication is still limited, mainly due to the lack of
proper contrast agents with fine biocompatibility and
specificity. It is well recognized that acquiring specific
biomarkers to construct targeted probe is key to mo-
lecular imaging of atherosclerosis. It is reported that
actin-binding protein profilin-1 plays important roles
in the occurrence and development of cardiovascular
diseases including atherosclerosis, hypertension and
diabetic complication [7, 8]. In the present study, we
observed that profilin-1, an actin-binding protein as-
sociated with VSMCs proliferation and migration,
was highly expressed in atherosclerotic plaque. Then,
we constructed PC-NPs as molecular imaging probe
and used it to in vivo visualize atherosclerotic plaque
in apoE~/- mice through NIR fluorescence and MR
imaging. It is likely that increased accumulation of
PC-NPs in atherosclerotic lesions led to significant
signal changes in T>-weighted MRI and NIR fluores-
cence imaging of plaque compared to other
non-targeted nano-probes.
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Figure 8. Magnetic Resonance Imaging of ApoE-- Mice with Profilin-1-Cy5.5-DMSA-Fe3:04 nanoparticles in vivo. Representative in vivo MR images
obtained before and 36 h after administration of profilin-1-Cy5.5-DMSA-Fe3O4 nanoparticles in apoE-- mice. (B) Standard curve generated by quantifying MRI 1/T>
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+ atorvastatin treatment + profilin-1-Cy5.5-DMSA-Fe304 nanoparticles)
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Figure 9. In vivo and ex vivo near-infrared fluorescent imaging of carotid atheromata of apoE-- mice after the intravenous injection of probes.
(A) In vivo fluorescence imaging of apoE-- mice after intravenous injection of profilin-1-Cy5.5-DMSA-Fe304 nanoparticles. (n=5 per group; *»<0.05 vs. HFD +
1gG-Cy5.5-DMSA-Fe304 nanoparticles, #p<0.05 vs. HFD + atorvastatin treatment + profilin-1-Cy5.5-DMSA-Fe3O4 nanoparticles). (B) In vivo fluorescence imaging of
apoE-- mice after opening the neck. (n=5 per group; *p<0.05 vs. HFD + IgG-Cy5.5-DMSA-Fe3O4 nanoparticles, #p<0.05 vs. HFD + atorvastatin treatment + profil-
in-1-Cy5.5-DMSA-Fe304 nanoparticles). (C) Ex vivo fluorescent imaging confirmed that profilin-1-Cy5.5-DMSA-Fe304 nanoparticles deposited in carotid artery. (n=5
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In recent studies, it is well established that pro-
filin-1, an actin-binding protein, plays pivotal roles in
cellular functions including proliferation, survival,
migration and membrane trafficking [13]. Its overex-
pression can trigger smooth muscle cell dysfunction,
which consequently results in vascular disorders and
cardiovascular diseases. On the other hand, the si-
lencing of profilin-1 protein may exert protective roles
from pathological conditions (e.g. hypertension, ath-
erosclerosis and diabetes) [14]. In this research, we
found that profilin-1 was mainly expressed in vascu-
lar smooth muscle cells of atherosclerotic lesions.
Then, we exposed VSMCs to ox-LDL for 24 hours in
order to elucidate the relationship between VSMC
migration and profilin-1 expression. The data illus-
trated that exposure of VSMCs to ox-LDL contributed
to a significant increase in cell proliferation and mi-
gration, which was mediated by profilin-1. These re-
sults were consistent with previous studies, demon-
strating that profilin-1 can serve as a target protein of
atherosclerosis [7, 8]. Thus, we chose profilin-1 as a
molecular target for visualizing atherosclerotic lesions
in vivo.

It is necessary to synthesize contrast agent with
good biocompatibility and low cytotoxicity for clinical
available imaging. Of all non-invasive clinical imag-
ing modalities, MRI is more attractive because of its
lack of radiation, and its ability to facilitate deep tissue
imaging and to provide high spatial resolution [15,
16]. Ultra-small super-paramagnetic iron oxide na-
noparticles (USPIO) were frequently applied as probe
carrier in MRI to enhance image contrast in the detec-
tion of atherosclerotic plaque [17]. Segers FM et al
found that scavenger receptor-Al-targeted molecular
imaging of USPIO-based contrast agents hold great
promise for detection of inflammatory plaques [18]. In
present study, we utilized DMSA-Fe;04-NPs, a type
of USPIO, as the core of contrast agent. TEM images
indicated that DMSA-Fe;O,-NPs didn't aggregate
during the conjugation process. The data of diameter
distribution = analysis = suggested  that  the
DMSA-Fe3;04-NPs belonged to ultra-small nanoparti-
cles, which contributed to the decreased uptake by the
reticulo-endothelial system. Cellular uptake experi-
ments also confirmed that phagocytosis of
DMSA-Fe;04-NPs by macrophages were less than
conventional Fe3O4-NPs. The hysteresis curves
showed that DMSA-Fe;O04-NPs were super paramag-
netic material with saturation magnetization of 56.4
emu g'. Following characterization of NPs, MTT as-
say indicated that DMSA-Fe;O4-NPs exhibited no
significant cytotoxicity. Based on these, it can be con-
cluded that synthesized DMSA-Fe;O4-NPs with fa-
vorable properties such as decreased phagocytosis,
increased circulation and the lack of cytotoxity, were

suitable for serving as the MRI contrast agent. MRI,
however, has its shortcomings of not being able to
distinguish well between tissues of similar densities.
In contrast, near-infrared fluorescence (NIRF) imag-
ing can overcome those deficiencies, since it includes
high-sensitivity, relatively simple operation and in-
expensive equipment [19]. Multimodality-based mo-
lecular imaging is the future direction for observing
the structural and functional alterations of lesions in
vivo. Therefore, to track progression of atherosclerosis
in living subjects with more sensitivity and accuracy,
we conjugated fluorescent dye Cy55 to
DMSA-Fe;04-NPs in order to construct a du-
al-modality contrast agent. In addition, to further
improve the specific target of the contrast agent, pro-
filin-1 antibody was functionalized to the surface of
Cy5.5-DMSA-Fe304-NPs through a condensation
reaction between amino group of profilin-1 antibody
and carboxylic acid on surface of IC-NPs. UV-visible
absorbance indicated that profilin-1 antibody was
successfully conjugated on to the surface of IC-NPs.
In order to image plaque progression and char-
acteristics, we applied atorvastatin treatment in ani-
mals, followed by a dynamic monitoring of the ath-
erosclerosis plaque by PC-NPs MR/NIR imaging.
Firstly, in vitro binding study indicated that PC-NPs
exhibited higher specific binding efficiency to
ox-LDL-induced MOVAS than nonspecific probe.
However, the binding ability of PC-NPs was attenu-
ated in VSMCs after profilin-1 siRNA treatment,
which was mainly due to silencing of profilin-1 ab-
rogating proliferation and profilin-1 expression of
VSMCs. Then, in vivo NIR fluorescence imaging re-
sults suggest that PC-NPs showed preferential accu-
mulation at the plaque than non-targeted IC-NPs.
Atorvastatin therapy inhibited plaque progression,
which contributed to less localization of IC-NPs in
lesions. However, in vivo Cy5.5 fluorescence signals
may not actually come from carotid arteries due to the
noise from adjacent anatomical structures (e.g.
skin/hair/nerve/vein/fat/ muscles/ cartilages).
Therefore, in order to figure out the accurate loaction
of in vivo fluorescence signals, we performed in vivo
and ex vivo NIR fluorescence imaging of carotid ar-
teries after the open-neck surgery on apoE-/-mice. All
of these results confirm Cy5.5 fluorescence signals
came from carotid arteries. Furthermore, PC-NPs
preferentially localized in the plaque of carotid arter-
ies, compared with other non-targeted probes groups.
Furthermore, it is worth to note that MRI
emerges as a promising non-invasive method for im-
aging of atherosclerosis [20], which can provide image
of artery vessel wall with excellent spatial resolution,
in contrast to fluorescence imaging [21, 22]. In the
present study, PC-NPs also can serve as MRI contrast
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agent, in addition to NIRF probe. Therefore, localiza-
tion of targeted PC-NPs in atherosclerotic lesions was
further confirmed by MRI of carotid artery of apoE-/-
mice. T2-weighted images of 9.4T MRI showed that
the signal intensity of carotid artery was significantly
attenuated at 36 h post PC-NPs injection, in compari-
son to probe pre-injection. Wei C et al. reported that
HDL nanoparticles labeled with collagen-specific
EP3533 peptides could be used to noninvasively vis-
ualize intra-plaque macrophages and collagen content
in mouse atherosclerotic plaques. The different trends
of macrophage and collagen contents were correlated
with the changes of in vivo MR signals of aortic walls
after the injection of EP3533-HDL contrast agents [23].
This correlation suggests that MR signals in aortic
vessel can likely reflect different composition of the
plaque. Therefore, we further quantitatively evaluat-
ed MRI T2-weighted signal attenuation in carotid ar-
tery in vivo by calculating contrast to signal ratio
(CNR). It is confirmed that there exists a positive cor-
relation between the concentration of
DMSA-Fes04-NPs solution and the degree of sig-
nal-attenuation. These data also suggest that PC-NPs
exhibited preferential localization to atherosclerotic
lesions, which was further confirmed by Perl’s stain-
ing of carotid artery ex vivo. MR and NIR signals al-
teration after using PC-NPs contrast agent is capable
of representing vascular smooth muscle cells content
in the atherosclerotic lesion.

Compared with other dual-modality probes (e.g.
PS-25 FMT-CT probe, collagen-specific EP3533,
VCAM-1-specific ?mTc-labeled probe)[23-25], our
PC-NPs exhibit proper size distribution, ability to
penetrate into inflamed plaques, minimal uptake into
circulating leukocytes and blood background fluo-
rescence as well as specific targted to activated
VSMCs.

Despite of these advantages, our probe has some
limitations. For instance, PC-NPs have longer plasma
half-time which leads to the delay for ideal imaging
time to get maximum plaque signal. Therefore, we
should improve PC-NPs’s design with faster kinetics
property and clinically that is desirable injec-
tion-imaging interval time. Secondly, the probe of
PC-NPs without anti- atherosclerotic drug or siRNA
can only be utilized in the diagnosis of plaque instead
of diagnosis and therapy integration. Thirdly, alt-
hough MR and NIR dual-modality imaging of ather-
osclerotic lesions can be achieved using PC-NPs con-
trast agent, image fusion of the same tissue with MRI
and NIREF still needs to be studied further.

In summary, we have demonstrated that
PC-NPs, profilin-1-targeted probe with favorable bi-
ocompatibility, can be used for dual MR and optical
imaging of atherosclerotic plaque in mice. Further-

more, this targeted probe is also helpful to evaluate
therapeutic efficacy of atherosclerosis dynamically
and non-invasively. By combining the imaging of
VSMCs with PC-NPs and macrophage with other
available probes such as scavenger recep-
tor-Al-targeted iron oxide nanoparticles [18], the
characteristics and vulnerability of plaque can be
comprehensively assessed in vivo during the devel-
opment of lesions.
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