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Background: The early detection of atherosclerotic lesions is particularly important for risk prediction of acute cardiovascular events.
Macrophages apoptosis was significantly associated with the degree of AS lesions and especially contributed to plaque vulnerability. In
this research, we mainly sought to explore the feasibility of a home-made AV-nanobubbles (NBay) for visualization of apoptotic
macrophages and assessment of atherosclerosis (AS) lesions by contrast-enhanced ultrasound (CEUS) imaging.

Methods: NB,y were prepared by “Optimized Thin-Film Hydration” and “Biotin-Avidin-Biotin” methods. Then, the characterization
and echogenicity of NB,y were measured and analyzed in vitro. The targeting ability of NB,y to ox-LDL—-induced apoptotic
macrophages was observed by laser scanning confocal microscope. The ApoE’~ mice mode fed with high fat diet were observed
by high-frequency ultrasound, microanatomy and oil red O staining. CEUS imaging in vivo was performed on AS plaques with NBay
and NB¢y,; injection through the tail vein in turn in ApoE "~ mice. After CEUS imaging, the plaques were confirmed and analyzed by
histopathological and immunological assessment.

Results: The prepared NB sy had a nano-scale size distribution with a low PDI and a negative zeta potential. Moreover, NB sy showed
an excellent stability and exhibited a significantly echogenic signal than saline in vitro. In addition, we found that NB Ay could target
apoptotic macrophages induced by ox-LDL. Compared with NB¢, CEUS imaging of NB,y showed strong and sustained echo
enhancement in plaque area of aortic arch in vivo. Further research showed that NB Ay sensitive plaques presented more significant
pathological changes with several vulnerable plaque features and abundant TUNEL-positive area.

Conclusion: NB,y displayed a sensitive indicator to evaluate apoptotic macrophages, indicating a promising CEUS molecular probe
for AS lesions and vulnerable plaques identification.
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Introduction
Numerous studies have demonstrated that acute cardiovascular events were directly associated with rupture of athero-
sclerosis (AS) vulnerable plaques.' > Therefore, it is significant to predict the AS lesions severity and particularly the
vulnerability of plaques at early stages, which may have a positive impact on prevention of acute events as soon as
possible. At present, the attention of the scientific community has focused on the development of higher sensitivity and
specificity new tools on this issue.*°

Apoptosis was a key process in the pathogenesis of AS diseases’ ° and a decisive factor in the progression of stable
plaque lesions to vulnerable plaque lesions.'® Several cell types that co-inhabit the atheroma can undergo apoptosis,

including macrophages, smooth muscles cells, and endothelial cells."' '* As the main innate immune cells, macrophages

International Journal of Nanomedicine 2022:17 4933—4946 4933
Received: 19 July 2022 © 2022 Ma et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 3 October 2022
Published: 19 October 2022

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-0769-8328
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Ma et al Dove

Graphical Abstract

DSPE-PEG2000 Nanobubble (NB) NBjy NBay

DPPC
@ av
BQg %9 —_—— (;aans Cg, irradiation
% Thin-Film Hydration Biotin-Avidin {ﬁ;@_‘j&
Method e N ﬁ
bridging System &:34 &

0o % o ’ . . -y
o ©
Endothelial cells Q \o © @&Q . l} Vascular smooth
= [o] muscle cells
Macrophage © &
(% )
l ' 6
r > 6 \ Lipid core

Foam cells

Stable plaque \ Vulnerable plaque ,

Apoptotic macrophage
L] p p
ol . . .

were the first inflammatory cells invaded in AS lesions and could be recruited in large numbers during the development
of atherosclerotic plaques.'*'® The intraplaque macrophages undergo apoptosis during all stages of AS lesions.'”
Numerous apoptosis of macrophages promotes thinning of the fibrous cap and the development of the necrotic core.'®
Therefore, we reasoned that noninvasive detection of apoptosis could be used to identify AS lesions severity and
instability or vulnerability of atherosclerotic plaques.

Currently, molecular imaging can show specific biological pathways or cellular processes for a better understanding
of the molecular events responsible for plaque destabilization.'*?° Ultrasound molecular imaging technology presented
great potentials to characterize and image the occurrence and development of diseases on the molecular level.”' > In
particular, the development of a wide range of imaging contrast agents, functionalized with targeting ligands such as

antibodies, peptides or aptamers,”**

could be promising for probing the molecular biomarkers of the atherosclerotic
processes, promoting the translational potential of novel technologies. During apoptotic cell death, the phosphatidylserine
(PS) exposed on the surface of cell membrane.” Annexin V can selectively bind to the externalized PS with high affinity
(Kd in the range of 0.1~2 nm).?® AV as an imaging agent for vulnerable atherosclerotic plaques has been reported in MRI,
SPECT and other molecular imaging modes,?’® but not in ultrasound imaging. In this study, we used AV-nanobubbles
(NB4v) for the assessment of apoptosis in atherosclerotic lesions and analysis of its ability to identify vulnerable plaques

in an experimental mice model.

Materials and Methods

Materials and Reagents

1.2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Sigma-Aldrich (St.Louis, US) and 1.2-dis-
tearoyl-sn-glycero-3-Phosphoethanolamine-N-[biotinyl (Polyethylene Glycol) 2000] (DSPEPEG2000-Biotin) was from
Avanti Polar Lipids, Inc. 1, 1’-Dioctadecyl-3, 3, 3’, 3'-tetramethylindocarbocyanine perchlorate (Dil) in powder form was
purchased from Molecular Probes (Eugene, OR, USA). Cell proliferation and toxicity detection kit was obtained from 7
sea Pharmaceutical Co. Ltd. High oxidized low-density lipoprotein (LDL) was purchased from Yiyuan Biotechnology
(Guangzhou, China), and mouse tissue factor ELISA kit was purchased from Jiangsu Jingmei Biotechnology Co. Ltd.
Hoechst 33,342 was purchased from beyotime Technology (Shanghai, China) and chloroform was purchased from Kehao
Co. Ltd. Cell counting kit-8 (CCK-8) was purchased from boster Bioengineering Co., Ltd. (Wuhan, China). Fetal bovine
serum (FBS), Dulbecco’s modified Eagle’s medium/high glucose (DMEM/high glucose), phosphate buffered saline
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(PBS) and penicillin-streptomycin (double antibody) were purchased from GE Healthcare Life Sciences (hyclone).
DAPI, anti-CD68 mouse mAb, anti-alpha smooth muscle actin mouse mAb and Cy3 labeled goat anti-mouse IgG
(secondary antibody) were provided by Servicebio. All other chemicals were analytical grade and did not require further
purification when used. Homozygous apolipoprotein E knockout mice (4poE ") mice (SPF grade, 6-8 weeks of age)
were purchased from Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China). Murine macrophage cell line
(RAW264.7) was purchased from ATCC.

Preparation of NBAy

The Nanobubbles (NB;) were prepared with optimal thin-film hydration method as previously reported.*” In order to get
bubbles of uniform size, the synthesised NBs were filtered through fixed aperture (nuclear pore membrane) filter. Then
NBav were obtained by coupling the Bio-AV molecules to the surface of NBs with the “biotin-avidin-biotin” method.
Briefly, 2.5 uL of Bio-AV (0.5 mg/mL) was firstly conjugated to 7.5 uL of streptavidin (0.5 mg/mL, Invitrogen) by
incubation and slight oscillation at 4 °C for 20 min. Excessive streptavidin allows conjugated streptavidin-Bio-AV with
free sites to bind NBs. Subsequently, the mixture was incubated with 500 pL of diluted NB (8.0 + 0.8x10® bubbles/mL)
at room temperature for 30 min. Finally, the resulting solutions were placed on ice to induce stratification, and the
targeted NB oy suspensions were acquired by isolating the upper-middle layer. Theoretically, there would be two hundred
AV molecules on the surface per NBAy. NB 4y was sterilized by COg irradiation for 15 min and then stored at 4 °C for
the following experiments.

Characterization of NBay

The morphology of NB oy was observed by scanning electron microscopy (SEM, S-4800, HITACHI, Japan) and the images
were captured by software (HITACHI S-4800, PC-SEM). During the NB,y preparation, the lipid dye Dil (5 pM) was
dissolved in the lipid solution for better observation. All other procedures remained the same. The obtained NB Ay were
examined under a fluorescence microscope (Olympus CKX53, Japan), and images were captured (Camera: Olympus CCD
DP74).

The characterization of NBay, such as size distribution, zeta potential, polydispersity index and stability of NB 4y,
were measured as described below. The diluted NBay (4.5 = 1.0x10® bubbles/mL) solutions were kept at 4 °C, and then
the size distribution was analyzed after 0, 12, 24, 36, 48, 60 and 72 h, respectively, by a NanoPlus-3 zeta/nano particle
analyzer (Micromeritics Instrument CORP, USA). Furthermore, 1mL of NB4y stock solution was diluted with a 9 mL
mixture of PBS (0.01 M) and fetal bovine serum (10%, FBS, HyClone, USA), and then size was measured after 0, 20, 40,
60, 80, 100 and 120 min at 37 °C. The zeta potential of NBy was also measured with this analyzer. All the experiments
were repeated three times.

Echogenicity of NBay in vitro

To characterize the echogenicity of NB Ay in tissue, a custom-designed tank was included in which the cylindrical tank
consisted of agar-based material that can produce a reference echo signal mimicking tissue. This tank (3 cm in diameter,
3 cm in height, 0.5 cm in thickness) was fabricated with an agarose gel (1% agarose, 99% H,0). 2 mL of NB4y
suspension was injected into the tank and then measured using a VisualSonics Vevo 2100 Ultrasound System
(FUJIFILM, Toronto, Canada). A MS250 linear array ultrasound probe was placed perpendicular to the gel tank
(mechanical index, MI <0.1) for echogenicity. Equal volumes of saline were included as control. Quantitative analysis
of the echo intensity was performed by Image J software.

Targeted Binding of NBAy to Apoptotic Macrophages in vitro
RAW264.7 cells were cultured in Dulbecco’s modified Eagle medium/high glucose (DMEM/high glucose) containing
10% heat inactivated fetal bovine serum and 1% penicillin/streptomycin in a 37 °C incubator containing 5% CO,.

To establish apoptotic model of macrophages in vitro, RAW246.7 cells were inoculated with 2.5x10° cells/mL in 6-well
plates (2 mL per well) for routine culture for 24 h, and then replaced with the same amount of serum-free medium for another
12 h. Next, these cells were treated with high ox-LDL at different concentrations (50 pg/mL, 75 pg/mL, 100 pg/mL) or control
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PBS buffer solution for 12 h, respectively. After that, the cells were randomly divided into two parts. One part of cells were
collected and then stained according to the apoptosis detection kit of manufacturer’s instructions (Key GEN Biological
Technology Co., Nanjing, China). The ratio of apoptosis was measured by flow cytometry and analyzed quantitatively using
Flow Jo software. The other part of cells were used for immunofluorescence assay. Briefly, 100 uL Dil-labeled NB 4y were
added into cells for 0.5 h and then washed with PBS twice. The cell nucleus was labeled with DAPI. The fluorescent imaging
was viewed by a confocal laser scanning microscope (SP8, leica, Germany). The quantitative assay was performed from five
random view fields of fluorescent images and the number of macrophages targeted by NB oy from per 10 cells from these five
random view fields.

Animal Model of AS Plaque

All animal experiments were performed under protocols approved by the Animal Care and Use Committee of Fourth
Military Medical University and comply with the NIH Guide for the Care and Use of Laboratory Animals (8th edition,
2011). Twenty male ApoE ™~ mice aged 6-8 w (24.82 + 0.26 g) were fed in separate cages at 20 + 2 °C with 45% relative
humidity and a daily 12/12 light/dark cycle. After one week of normal diet, the mice were switched to be fed with high
fat diet (MD12015, containing 21% milk fat, 0.15% cholesterol, Jiangsu Medicience Ltd.) for at least 8 weeks to induce
the formation of atherosclerotic lesions. C57 mice fed with similar diet were used as control group.

For observation of AS plaques of 4poE " mice, high-frequency ultrasound imaging was performed. In brief, the
ApoE~~ mice were anesthetized with isoflurane and then imaged by Vevo 2100 high-frequency ultrasound imaging
(Visual Sonics, Canada) with 18-38 MHz high-frequency linear array probe (MS 400). The evaluation of plaque was
performed every two weeks to observe the thickness and echo intensity of the intima-media of the arteries, the presence
of plaques, echo and shape of plaques (especially aorta and carotid artery).

For assessment of lipid deposition, the mice (n = 3) were anesthetized with intraperitoneal injection of 100 uL 4%
pentobarbital sodium and then killed by dragging the neck. The heart and aorta, including partial carotid artery, were
exposed and cleaned from surrounding adipose tissues. Aortic arch bifurcation images were captured by a digital camera
equipped with a sterecomicroscope. Subsequently, the aorta-to-iliac bifurcation was isolated and stained with oil-red-O
according to the routine protocol. The area of lesions and the size of lipid core were measured by Image J software.

Contrast-Enhanced Ultrasound (CEUS) Imaging of NBay

The ApoEf/ ~ mice fed with high fat diet (n = 5) more than 8w were kept in a supine position and anesthetized with
isoflurane (2% induction, 1.2% maintenance) before ultrasonic imaging. Then, the anesthetized mice were placed on
temperature-controlled heating pads to maintain normal body temperature, and depilated from neck to the lower
abdomen. CEUS imaging was performed by Vevo 2100 high-frequency ultrasound apparatus with a MS250 scanning
probe (13~ 24 MHz). First, the optimal imaging view of atherosclerotic plaque was selected by two dimensions mode.
Then, the imaging modality was switched to ultrasound contrast enhanced mode, simultaneously the imaging parameters
were adjusted to maximize visualization of the contrast signal. The atherosclerotic mice (n = 10) received 150 mL NB 4y
injection via tail vein in random order. Real-time imaging was performed from 10s to 10 min after injection. During
CEUS imaging, the heart rate of mice was maintained at 360—420 beats/min and the respiratory curve was kept stable.
The contrast intensity was recorded synchronously and all the images of artery plaque in the areas of interest (AOI) were
stored without delay. Twenty-four hours after injection of NB,y, the same mice received equal volume of control NBs
(NB¢y) for observation the artery plaque in AOI again. All of the other parameters were held constant. Contrast
intensities of AOI in all images were analyzed at defined time points using software program (Vevo Lab). Quantitative
analyses of the mean grayscale intensities were performed with software (Image J). Finally, AS plaques were grouped
according to imaging performance of NB sy and NB¢y.

Analysis of Apoptosis ex vivo

After CEUS imaging, the mice were processed for analysis of apoptotic area in atherosclerotic plaques. The ApoE "/~
mice were randomly sacrificed. Then, the arteries in AOI were sliced and stained for the TdT-mediated dUTP-biotin nick
end-labeling (TUNEL) assay (Roche Diagnostics Corp.) by immunofluorescence examination. The C57 mice fed with
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high fat diet were control groups. TUNEL positive cells were viewed by a confocal laser scanning microscope (Carl
Zeiss, Germany). The immunofluorescent intensity was analyzed with ImagelJ software.

Histopathological and Immunological Staining

In order to verify the results of CEUS imaging and further analyse the plaque characterization, the histopathological and
immunological assay of AOI plaques were performed. The mice after CEUS were anesthetized with injection of 100 puL
4% pentobarbital sodium and then perfused with PBS. According to the ultrasonic localization and CEUS imaging
results, the place of AS plaque areas with different imaging performance were prepared for arterial pathological
specimens. The aorta and carotid in AOI were dissected and post-fixed at 4% paraformaldehyde for 24 h.

For histopathological assay, the samples were embedded in paraffin and sectioned at 8 pm. The histological changes
were analyzed by H&E staining. Masson’s trichrome was used for collagen staining. The area of lipid deposition in
lesions was stained with Oil-red-O. All the slides were scanned by a Pannoramic Scanner (P250, 3D HISTECH,
Hungary). The percentage of lesion area in histopathological image was calculated with computer-assisted morphometric
analysis system Imagel.

For immunofluorescence assay, the aorta and carotid in the AOI were extracted for frozen section to detect the content
of macrophages and smooth muscle cells. The sections were incubated with anti-o-SMA antibody and anti-CD68
antibody (1:200, Abcam), respectively, for 24 h at 4 °C, and then washed, followed by incubation with corresponding
secondary antibodies for 30 min at 37 °C. DAPI was used to restain the nuclei. The fluorescent imaging was viewed by
a confocal laser scanning microscope. The entire process was conducted in the dark. Quantitative analyses of the mean
fluorescence intensities were performed with software (Image-Pro Plus). In all above-mentioned experiments, the plaque
of aorta and carotid arteries outside the AOI were used as control group. The artery of C57 mice were set as negative
control. All of the other operation procedures were held constant.

Statistical Analysis

All quantitative data were expressed as mean + SD (standard deviation) from at least three independent experiments
unless otherwise stated. The statistical significance was determined with Student’s #-test or one-way ANOVA using
GraphPad Prism 6.0 software (GraphPad, San Diego, CA). Data with uneven variances were corrected by Welch test. The
level of statistical significance was set at P < 0.05.

Results

Characterization of NBay

As shown in Figure 1A, the lipid membranes after oscillatory shedding were thin and translucent. The NB sy suspension was
visibly creamy white and stratified after standing (Figure 1B). The NB 4y were monodisperse spherical particles with a diameter
of about 500 nm by SEM (Figure 1C). NB4y labeled with Dil presented scattered red fluorescent spots under fluorescence
microscope (Figure 1D). The results of particle size analyzer showed that NB 4y had a size distribution of 519.9 £ 9.4 nm with
a polydispersity index (PDI) of 0.142 + 0.038 and Zeta potential of —22.04 + 2.1 mV (Figure 1E and F). Under 4°C, the particle
size of NB sy did not change significantly within 48h, and then gradually increased at 60h (627.47 +20.81 nm) (Figure 1G). After
120 min of storage at 37 °C, the particle size stabilized within ~650 nm. Therefore, NB oy prepared within 48 h was selected for
subsequent experiments (Figure 1H). As illustrated in Figure 11, the experimental setup is a custom-designed agarose mold,
which was used as model simulating tissue in vitro. The NB 4y exhibited a significant echo signal (Figure 1J) with intensity of
120.10 + 2.13 (gray-scale), which was higher than that of saline (8.66 = 0.25, P < 0.01, Figure 1K and L), indicating that the
NB v can be used for subsequent in vivo ultrasound molecular imaging studies.

Targeting of Macrophage Apoptosis by NBay in vitro

To induce apoptosis in vitro, RAW246.7 cells were exposed to the different concentrations of ox-LDL for 12 h. The ox-LDL
treatment has been shown to markedly induce apoptosis of RAW246.7 cells (Figure 2A), with the apoptotic proportion of
28.22 + 1.10% (50 pg/mL), 56.77 = 1.90% (75 pg/mL) and 65.52 + 1.50% (100 pg/mL), compared with 2.05 £+ 0.50% in the
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Figure | Characterization of NBay. (A) The thin and translucent lipid membrane prepared by optimized film hydration method. (B) Milky white NBay suspension (left
panel) and stratified NBay suspension after dilution (right panel). (C and D) Morphology of NBay under SEM and Fluorescence microscopy. (E and F) The average particle
size, PDI and Zeta potential of NBay (G and H) Size distribution of NBay at 4 °C and 37 °C. (I) Cylindrical agarose experimental device for simulating tissue echo in vitro.
(J and K) The echogenicity images of NBay and saline in vitro. (L) Quantitative analysis of echo intensity (gray-scale). *P < 0.05, **P < 0.01.

control group (P < 0.05, Figure 2C). The apoptosis rate of RAW264.7 cells induced by the 100 pg/mL concentration of ox-
LDL was slightly higher than that of 75 pg/mL concentration group, no significant difference between them (P > 0.05,
Figure 2C). Therefore, ox-LDL was used at 75 pg/mL of concentration in the following experiments.

To explore the targeting capability of NB Ay on the apoptotic cells in vitro, the RAW264.7 cells were induced by 75
pg/mL ox-LDL for 12 h. As shown in Figure 2B, under confocal laser microscope, a large number of Dil-labeled NB 4y
accumulated on the cell surface, while nothing was observed in the control group (P < 0.01, Figure 2D). These results
indicated that the NBy could recognize the apoptotic macrophages in vitro.

Atherosclerotic Plaque Model

The two-dimensional ultrasonography was used to show the AS plaques. After 4-6 weeks of high fat feeding, the artery
of ApoE~~ mice showed echo-enhanced arterial intima-media membrane, and appeared in the atherosclerotic plaque
after 8—10 weeks. Figure 3A-D showed the representative images of normal and obvious plaques in longitudinal and
transverse views of major artery, such as brachiocephalic artery, aortic arch, carotid artery and its branches. Compared
with the control arteries, the atherosclerotic arteries presented intima-media thickness or different echogenic and sizes
plaques in the lumen (Figure 3A-D). Among them, the atherosclerotic plaques of brachiocephalic artery (Figure 3B) and
aortic arch (Figure 3C and D) were the most easily displayed.

From the gross view of anatomical microscope, a large number of milky lipids were observed on the arterial wall of
ApoE~" mice, especially at the lesser curvature of the aortic arch and the beginning of the carotid artery (Figure 3E), but
few in control mice. The difference was statistically significant (48.23 + 1.58% vs 4.764 + 0.43%, P < 0.001, Figure 3F).
In addition, the results of oil-red O staining of arteries ex vivo showed that ApoE '~ mice fed with high-fat diet had
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Figure 2 NB,y targeted macrophage apoptosis induced by ox-LDL in vitro. (A) Flow cytometry analysis of the percentage of apoptotic macrophages induced by different
concentrations ox-LDL. (B) Representative images of targeted binding of NBay to macrophages induced by ox-LDL. NBay were labeled with Dil. Nuclei were stained with
DAPI. Scale bar = 20 um. (C) Quantification of the apoptotic index. *P < 0.05. (D) Quantitative assay of the number of macrophages targeted by NB4y from per 10 cells from
five random view fields. ***P < 0.0001.

a large number of red stained positive lipid distribution in the aorta and its branches (Figure 3G), and the positive area
was significantly higher than that in the control group (56.67 + 1.62% vs 9.17 £ 0.61%, P < 0.001, Figure 3H).

CEUS Imaging in vivo

As shown in Figure 4A, the transverse view of the aortic arch was used to observe the echo enhancement and residence
time of plaques (areas of interests, AOI) after NB sy and NBcy injection. Specific results are as shown in Figure 4B,
within 10s after injection of NB¢y; and NBay, obvious echo filling could be seen in the vascular lumen. The change of
the echo signal for NB oy was consistent with that for NB¢y; at 10s injection in plaque area (130.67 vs 126.00, t = 3.8829,
P =0.018, Figure 4C). After 1~5 min injection, the echo of NB(y, in vessel lumen and plaque gradually decreased, but
strong echo of NB4y still existed in the plaque area. After 10 min injection, the echo of NB¢y, in lumen and plaque area
both disappeared, but the echo signal intensity in plaque area of NB 4y still existed and far higher than that of NBc¢y
(72.67 £ 10.2 vs 22.00 £ 5.2, t = 18.17, P < 0.001, Figure 4D). According to the results of CEUS imaging, plaques with
different performance of CEUS in NB 4y and NB(, were included in the group of NB Ay sensitive plaques, and that with
similar performance of CEUS were incorporated in the group of NB 4y insensitive plaques.

Histopathological Results

Normal vascular endothelium is tightly and neatly arranged, but atherosclerotic vessels presented significant morpholo-
gical changes, as seen from a large amount of vacuolar adipose tissue with disordered structure by HE staining,
particularly the NB4y sensitive plaques (Figure 5A). Oil red O staining showed increment of atherosclerotic burden
with abundant red stained lipid distribution in atherosclerotic arteries (Figure 5B). Compared with the NB 4y insensitive
plaques, the NB 4y sensitive plaques has a larger area of Oil-Red-O lipid-positive areas (Figure 5D, P < 0.05). Compared
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Figure 3 Atherosclerotic plaque model. (A) Longitudinal view of carotid artery. Control C57 mice (left panel) and atherosclerotic plaque in ApoE ™'~ mice (right panel, red
arrow). (B) Longitudinal view of brachiocephalic artery. Control C57 mice (left panel) and atherosclerotic plaque on anterior and posterior wall (right panel, red arrow). (C)
Transverse view of aorta. Control C57 mice (left panel) and atherosclerotic plaque on the side of small Bend (right panel, red arrow). (D) Longitudinal view of aorta arch.
Control C57 mice (left panel) and atherosclerotic plaque on the side of small Bend (right panel, red arrow). (E) The gross view of arteries under anatomical microscope in
control C57 mice (left panel) and ApoE '~ mice (right panel). Red arrows indicate plaques. (F) Percentage of the atherosclerotic area from (E). (G) Representative images of
Qil-red O staining of arteries in control C57 mice (left panel) and ApoEfl* mice (right panel). White arrows indicate red dyed lipids. (H) Quantitative analysis of the
atherosclerotic lesion area of (G). **P < 0.001.

with control plaque, atherosclerotic vessels showed lesser blue stained collagen fibers with more significant performance
in the NB 4y sensitive plaques (Figure 5C and E, P < 0.01).

Immunofluorescence Results

Figure 6A and B showed the immunofluorescence results of CD68 and a-SMA, which were specific markers of
macrophages and smooth muscle cells, respectively. As expected, we found that reduced a-SMA expression and more
CD68 positive cells near the vascular lumen within the NB4y sensitive plaques. By comparison, NB 4y insensitive
plaques did not find the above significant features. Further quantitative analysis revealed that the percentage of CD68
positive cells in NB 4y sensitive plaques was significantly higher than that in NB vy insensitive plaques (14.73 £ 2.34% vs
7.30 = 0.81%, P < 0.05, Figure 6D), but the percentage of a-SMA positive cells was opposite between them (4.80 +
0.40% vs 11.50 = 1.50%, P < 0.05, Figure 6C). In addition, abundant TUNEL-positive cells were observed in NB Ay
sensitive plaques and a significant difference with that of control mice was observed (P < 0.05, Figure 6E and F).
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Discussion

At present, the mechanisms underlying the transition of atherosclerosis stable plaques to clinically significant lesions are
currently not fully clear, which involve a complex interplay of several biological processes, including inflammation,
matrix remodeling, angiogenesis and apoptosis.?*** In plaques, several biological processes occurred simultancously,
such as lipid accumulation, cell proliferation, apoptosis, extracellular matrix degradation, and repair. The balance among
these processes is essential for plaque progression and clinical outcome. According to a new clinical study, only
apoptosis (particularly of macrophages and SMCs) was significantly associated with a younger physical plaque age.’
As was proved by many researches, apoptosis was a prominent feature of advanced atherosclerotic plaques.®>'** These
findings support the importance of apoptosis in plaque progression, unravelling its potential use for diagnostic and
therapeutic strategies for patients with fast-progressing plaques.

As we know, several kinds of cells undergo apoptosis during plaque formation, including smooth-muscle cells and
endothelial cells. However, macrophages are implicated in all stages of atherosclerotic lesion development and play
a critical role in the initiation and development of AS.**~* As mentioned before, macrophage apoptosis is a key cellular
event in the development of early atherosclerotic lesions into vulnerable plaques, which determines the vulnerability of
plaques to a certain extent,®>> and provides a more specific potential target for ultrasonic molecular imaging in the
pathological process of plaques. Detection of macrophage apoptosis may help identify AS lesions severity.””® Annexin
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Scale bar = 200 um. *P < 0.05, **P < 0.01.

V-PS conjugates serve as an indicator of the early stages of apoptosis.>>” In this research, we prepared nanoscale
bubbles carrying apoptosis molecular probe AV by optimized film hydration and “biotin-avidin” methods, as previously
reported.”> The NB 4y has a diameter of 519.9 + 9.4 nm with a very low PDI value and excellent stability under 4 °C and
37 °C. In addition, we found that NB4y could target apoptotic macrophages induced by ox-LDL and exhibited a high
echogenicity signal intensity in vitro. These results confirmed that NB oy may potentially be used as a targeted ultrasound
contrast agent for in tissue applications.

Studies have shown that neovascularization within plaque is fragile and permeable probably due to the lack of mural
cells and poorly formed endothelial cell junctions.**™*' The normal vascular physiology results in tight (<2 nm)
endothelial junctions, which will restrict nanoscale particle distribution, whereas a dysfunctional endothelium leads to
large gaps that allow macromolecules and nanoparticles to extravasate from the bloodstream at local sites and remain
retained locally owing to impaired lymphatic drainage.>*** Our home-fabricated NB sy has an appropriate range to easily
penetrate into the vascular wall and accumulate in vulnerable lesions through enhanced permeability and leakage of
inflammatory endothelium. The leakage of NB Ay into atherosclerotic lesions through endothelium gap can be considered
as a non-specific targeting process (passive targeting), whereas PS externalized on the surface of apoptotic cells targeted
by ligand AV is an active effect. Taken together, these may be the reason for obvious sensitivity and specificity of NB sy
than common NB(, in the diagnosis of vulnerable plaque. As expected, we found that NB,y could exactly displayed
a potential indicator to evaluate the AS lesions and vulnerable plaques via CEUS molecular imaging in vivo.

Many research reported different imaging modalities for identification and visualization of AS lesions or plaque

vulnerability,'***

such as micro-CT imaging,** intravascular ultrasound (IVUS) imaging,*’ optical coherence tomogra-
phy (OCT) imaging,*® contrast-enhanced MRI,*’ as well as CEUS.**° However, these researches mainly focused on
monitoring the outcomes of plaque formation, such as assessment of plaque neovascularization, macrophage distribution,
vascular plaque burden and atherosclerotic plaque composition. In contrast, the purpose of our research emphasized on
the feasibility of NB4y to monitor early plaque vulnerability for prediction of AS severity as soon as possible. In our

study, plaques with strong echo signal of CEUS imaging were defined as NB sy sensitive plaques because of the presence
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Figure 6 Immunofluorescence examination of atherosclerotic plaques. (A and B) Representative images of plaques as labeled with a-SMA and CDé8 antibody in ApoEf/f
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control group. (F) Quantitative analysis results of Tunel positive cells. Data were expressed as mean * SD (n = 3). Scale bar = 100 um. *P < 0.05.
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of numerous apoptotic macrophages in these plaques and active targeting effect of NB oy on these apoptotic cells. What
needs to be emphasized is that these NB sy sensitive plaques does not mean that the AS lesion has developed into a very
severe degree. The fact is that it still takes time from vulnerable plaques to plaques prone to rupture or rapidly form
a thrombus leading to acute cardiovascular events.

Moreover, we quantitatively analyzed the content of lipid and collagen in plaques by oil red O staining and Masson
staining. Poor clearance of apoptotic macrophages may lead to the accumulation of cell debris in the lipid-rich core of
atherosclerotic plaques. Therefore, lipid-associated oil Red O staining could reflect the number of apoptotic macrophages
and the vulnerability of AS plaques. In addition, CD68 and a-SMA, specific markers of macrophage and smooth muscle
cells, were also identified as core parameters of vulnerability plaque assessment. We found that NB sy sensitive plaques
presented several instability features, including large necrotic nucleus, decreased collagen content, more macrophage
infiltration, and thin plaque fibre cap. These results further confirmed our result of CEUS imaging, indicating that NB sy
as an ultrasonic targeted molecular imaging probe has great feasibility in diagnosing plaque vulnerability. Of course,
prospective outcome studies in a larger group of animals were needed to establish the value of this imaging method. With
the intensive studies on macrophage apoptosis and AS vulnerable plaques, the development of nano-scale ultrasound
contrast agents for the targeted diagnosis of AS lesions and vulnerable plaques can provide a reference for pre-clinical
ultrasound imaging strategies used early screening, early diagnosis and early treatment of AS lesions.

In this study, the ApoE "~ atherosclerotic plaque model was established by high-fat and high-cholesterol feeding
alone and then verified by high-frequency ultrasound imaging and histology. High-frequency ultrasound showed that 6-8
weeks old ApoE ™"~ mice fed with high-fat and high cholesterol diet had enhanced intimal echo after 4-6 weeks, slightly
stronger plaque echo protruding from the intimal surface after 8—10 weeks, and plaque echo widely distributed in various
sections of the aorta and major branches (innamial artery and common carotid artery) that could be detected by
ultrasound. At present, in view of the advantages and disadvantages of different modeling methods of AS plaque, our
study adopted a simple high-fat and high-cholesterol diet to establish AS plaque model, which greatly reduced the
accidental death of mice caused by mechanical injury such AS arterial ligation.

Conclusion

In summary, this study provides a tool of ultrasound molecular imaging for assessment of atherosclerotic lesions and
identification of vulnerable plaques in vivo by targeting apoptotic macrophages with NB,y in AS mouse models,
suggesting that NB,y can be used as a molecular probe for identification of AS vulnerable plaques.
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