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A B S T R A C T   

Due to the high risk of tearing and rupture, vulnerable atherosclerotic plaques would induce serious cardio-
vascular and cerebrovascular diseases. Despite the available clinical methods can evaluate the vulnerability of 
plaques and specifically treat vulnerable plaques before a cardiovascular event, but the efficiency is still low and 
undesirable. Herein, we rationally design and engineer the low-intensity focused ultrasound (LIFU)-responsive 
FPD@CD nanomedicine for the highly efficient treatment of vulnerable plaques by facilely loading phase tran-
sition agent perfluorohexane (PFH) into biocompatible PLGA-PEG-PLGA nanoparticles (PPP NPs) and then 
attaching dextran sulphate (DS) onto the surface of PPP NPs for targeting delivery. DS, as a typical macrophages- 
targeted molecule, can achieve the precise vaporization of NPs and subsequently controllable apoptosis of RAW 
264.7 macrophages as induced by acoustic droplet vaporization (ADV) effect. In addition, the introduction of DiR 
and Fe3O4 endows nanomedicine with near-infrared fluorescence (NIRF) and magnetic resonance (MR) imaging 
capabilities. The engineered FPD@CD nanomedicine that uses macrophages as therapeutic targets achieve the 
conspicuous therapeutic effect of shrinking vulnerable plaques based on in vivo and in vitro evaluation outcomes. 
A reduction of 49.4% of vascular stenosis degree in gross pathology specimens were achieved throughout the 
treatment period. This specific, efficient and biosafe treatment modality potentiates the biomedical application in 
patients with cardiovascular and cerebrovascular diseases based on the relief of the plaque rupture concerns.   

1. Introduction 

Cardiovascular disease (CVD) is now one of the leading causes of 
death worldwide [1,2], and the majority of cardiovascular events, such 
as stroke and myocardial infarction, are caused by the rupture of 
vulnerable atherosclerotic plaques [3]. A large proportion of ruptured 

plaques exhibit less than 60% blood vessel stenosis, and an assessment of 
the risk of plaques based on the degree of blood vessel stenosis is still 
insufficient [4]. The current clinical treatments for atherosclerotic pla-
ques mainly include lifestyle changes, cholesterol-lowering drugs, blood 
pressure surveillance, antithrombotic drugs, and surgical interventions 
[5–7]. Effective clinical methods and protocols have not been developed 
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specifically for treating high-risk vulnerable plaques. 
Macrophages have been selected as the therapeutic targets for 

atherosclerosis because they are closely related to plaque inflammation 
[8–10]. Compared with stable plaques, vulnerable plaques contain a 
significantly increased number of lipid-containing macrophages, which 
have been used as therapeutic targets to achieve the specific treatment 
of vulnerable plaques at risk of rupture [11–13]. Currently, most of the 
strategies used to induce apoptosis in macrophages are drug interven-
tion. For example, statins [14] and methotrexate [15] have been loaded 
into nanoparticles (NPs) and delivered to plaque macrophages, but these 
drug-based methods exert relatively slow effects and poor controlla-
bility, which were mainly reflected in the lack of local specificity, the 
inability to achieve precise treatment and the possibility of systemic 
toxicity. Alternatively, Kalas W et al. used photosensitizers-loaded li-
posomes to achieve the photodepletion of macrophages [16], but the 
tissue-penetration capability of light waves was relatively low. Thus, the 
curative effect on deep tissue-seated lesions was limited. Moreover, the 
potential toxicity of photosensitizers hinders their further clinical 
translation [17,18]. It is highly necessary and urgent to develop alter-
native and efficient protocols with easy-performing, accurate, biosafe, 
and effective features. 

On this ground, we herein propose a new treatment strategy for 
vulnerable plaques by employing acoustic droplet vaporization (ADV) 
caused by low-intensity focused ultrasound (LIFU) irradiation [19–21]. 
The concept of ADV was proposed by Kripfgans et al. [22] in 2000. It 
refers to the liquid fluorocarbon NPs in the acoustic field, which undergo 
regular compression and expansion under the action of ultrasonic 
waves. The internal pressure changes cyclically with the variation of 
external sound pressure. When the internal pressure drops below the 
external pressure (the vapor pressure of water), the liquid-gas phase 
transformation of liquid fluorocarbon emerged. ADV is implemented 
mainly by liquid fluorocarbons, such as perfluorhexane (PFH), per-
fluoropentane (PFP), etc., which are wrapped in various materials and 
transformed into gaseous phase after ultrasonic activation, thus 
providing a long cycle and triggering contrast agent. The liquid core 
underwent a phase change to gas during the ultrasound (US) activation, 
which features stronger tissue penetration than conventional light [23], 
aiming to induce the apoptosis of macrophages in vulnerable plaques to 
achieve the specific and efficient treatment of these plaques. Previously, 
our research group discussed the mechanism and efficacy of ADV caused 
by LIFU irradiation for the treatment of another vascular disease, 
thrombosis [24,25]. During ADV, a series of active dynamic processes, 
such as oscillation, expansion, contraction, and even the collapse of tiny 
bubbles in the liquid, are generated by the action of sound waves, 
thereby inducing some specific phenomena such as chemical reactions, 
luminescence, and subharmonics [26,27], which potentially result in 
damage inside the thrombus, leading to the thrombus loosening and 
improving the efficacy of subsequently administered thrombolytic 
drugs. In theory, ADV is potentially useful for treating vulnerable pla-
ques by damaging the ultrastructure of macrophages, however, tears 
inside the plaque and the loose plaque structure induced by ADV 
without appropriate adjustments would elevate the risk of plaque 
rupture and thromboembolism and aggravate the progression of the 
disease [28,29]. As noted above, ADV is a double-edged sword for 
vulnerable plaques, therefore the determination of the appropriate 
treatment conditions is highly critical. 

Perfluorocarbon (PFC) phase-transition emulsion droplets are 
promising materials in the field of biomedicine due to the easily 
controllable transformation of these liquid droplets into microbubbles 
using localised heat or via acoustic droplet vaporization [27], and the 
accompanying ADV effects have also been broadly used in the treatment 
of various diseases, such as tumors and thrombus [24,30]. Among PFCs, 
perfluorohexane (PFH, bp ~ 56 ◦C) features higher stability in vivo than 
perfluoropentane (PFP, bp ~ 29 ◦C) due to the higher boiling point [31]. 
In addition, various molecular bioimaging technologies play an 
increasingly prominent role in the diagnosis of cardiovascular diseases 

[32–34]. Among them, near-infrared fluorescence (NIRF) possesses high 
sensitivity but insufficient spatial resolution features. On the contrary, 
magnetic resonance (MR) is a non-invasive technique with superior 
tissue penetration depth and detailed soft tissue contour capability, but 
its sensitivity needs to be improved. Therefore, multimodal molecular 
imaging combined with NIRF imaging and MR imaging is expected to 
complement each other and realize early and accurate diagnosis of 
atherosclerotic plaques, which benefits the acquiring of more detailed 
information for clinical intervention. Furthermore, dextran sulphate 
(DS) can recognize and bind to type A scavenger receptor (SR-A), which 
is only expressed on activated macrophages [35], therefore DS can assist 
NPs to target macrophages in vulnerable plaques. 

Herein, PLGA-PEG-PLGA was selected as the carrier of the composite 
nanosystem. MR contrast agent Fe3O4 (F), the phase transition material 
PFH (P), and the NIRF contrast agent 1,1′-dioctadecyl-3,3,3′,3′-tetra-
methylindotricarbocyanine iodide (DiR) (D) were co-loaded into the 
nanosystem. DS, which specifically targets SR-A expressed on the sur-
face of macrophages, was attached onto the surface of the PPP NPs via 
electrostatic absorption with the assistance of chitosan (CS) (C), 
achieving the precise construction of LIFU-responsive and theranostic 
nanomedicine FPD@CD NPs for vulnerable plaques. We conducted a 
detailed study to explore the optimal treatment conditions for ADV 
including LIFU irradiation intensity and plaque stability. The mecha-
nism of ADV in the treatment of vulnerable plaques, the treatment 
condition-induced effects, the specific changes in plaque, the distribu-
tion, and in vivo biological safety were explored systematically. The 
preparation process of the final FPD@CD nanomedicines and the effect 
of ADV on RAW 264.7 cells and vulnerable atherosclerotic plaques were 
illustrated in Scheme 1. The successful implementation of this research 
provides a new, non-invasive, time-space controllable treatment para-
digm for vulnerable plaque under the monitoring of NIRF and MR, 
which features high clinical translation potential for the treatment of 
patients with cardiovascular and cerebrovascular diseases. 

2. Materials and methods 

2.1. Materials 

PLGA-PEG-PLGA (lactide:glycolide = 75:25, with a molecular 
weight of 16,000 Da for PLGA and 2000 Da for PEG) was purchased from 
Daigang Bio Engineer Co., Ltd. (Shandong, China). Iron oxide NPs 
(Fe3O4, 10 nm) modified with oleic acid were obtained from Ocean 
Nano Technology Co., Ltd. (Springdale, AR, USA). PFH was obtained 
from J&K Scientific Co., Ltd. (Beijing, China). CS with a molecular 
weight of 50,000 Da was received from Macklin Biochemical Co., Ltd. 
(Shanghai, China). DS with a molecular weight of 5000 Da was provided 
by Aladdin Reagent Co., Ltd. (Shanghai, China). 4′,6-diamidino-2-phe-
nylindole (DAPI), 1,1′ -dioctadecyl-3,3,3′,3′ -tetramethylindocarbocya-
nine perchlorate (DiI), DiR, calcein-AM and propidium iodide (PI) were 
obtained from Sigma-Aldrich Chemical Co., Ltd. (St. Louis, MO, USA). 
The Cell Counting Kit-8 (CCK-8) assay kit was purchased from Dojindo 
Laboratories (Kumamoto, Japan). The F4/80 antibody was purchased 
from Bioss Biotechnology Co., Ltd. (Beijing, China). Enzyme-linked 
immunosorbent assay (ELISA) kits, TdT-mediated dUTP nick-end la-
beling (TUNEL) apoptosis assay kits were purchased from Boster Bio-
logical Technology Co., Ltd. (Wuhan, China). 

2.2. Preparation of Fe3O4-PFH-DiR@CS-DS NPs 

The preparation method of FPD@CD NPs is similar to that in our 
previous article [21]. A solvent evaporation method was used to prepare 
the FPD NPs first. After CH2Cl2 (2 mL) was added to dissolve 
PLGA-PEG-PLGA (50 mg), the Fe3O4 NPs (200 μL, 25 mg mL− 1) and DIR 
(0.1 mg) were added. DS was attached to the surface of the FPD NPs via 
electrostatic absorption with the assistance of CS. Specifically, we first 
prepared FPD@C NPs. DS (10 mg) was added to the FPD@C dispersion 
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under an ice rocker with vigorous stirring for 1 h to prepare the 
FPD@CD NPs. The NPs were labeled with DiI when PLGA-PEG-PLGA 
was dissolved in CH2Cl2 for confocal laser scanning microscopy 
(CLSM) and immunofluorescence. We finally prepared various FPD, 
FPD@C, FPD@CD, FD@CD NPs, and DiI-labeled NPs for different 
purposes. 

2.3. Characterization of the Fe3O4-PFH-DiR@CS-DS NPs 

The sizes, polydispersity indexes (PDIs), zeta potentials, and encap-
sulation rates (%) of Fe3O4 of the FPD, FPD@C, FPD@CD, and FD@CD 
NPs were determined. The three-dimensional structure of the FPD@CD 
NPs was characterized using scanning electron microscopy (SEM, 
S–3400 N, Hitachi, Ltd., Tokyo, Japan). The dispersion of the DiI- 
FP@CD NPs was observed using CLSM (A1R, Nikon, Tokyo, Japan). 
The internal structure of the NPs was observed using a high-resolution 
transmission electron microscopy (HRTEM, JEM 2100, JEOL Ltd., 
Tokyo, Japan), FPD or FPD@CD (100 μL, 5 mg mL− 1) was diluted in 
double-distilled water (5 mL), and 1 drop was extracted with a syringe 
and deposited on a 200-mesh copper grid. Elemental mapping images 
and energy-dispersive spectroscopy (EDS) line-scan measurements were 
applied to verify the distribution of iron (Fe), fluorine (F), and sulfur (S) 
elements in the FPD@CD nanosystem. The mean particle sizes of the 
FPD@CD NPs dissolved in PBS were measured with prolonged durations 
(1, 2, 3, 4, 5, 6, and 7 days) using a laser particle size analyzer. The 
appearance of the FPD@CD NPs solution (5 mg mL− 1) was observed 
with the naked eye. At the same time, we evaluated the in vitro US/ 
NIRF/MR imaging capabilities of FPD@CD NPs (Supporting information 
for detailed methods). 

2.4. Cell experiments 

2.4.1. Cell culture 
RAW 264.7 cells were obtained from the Key Lab of Lipid and 

Glucose Metabolism of Chongqing Medical University. The cells were 

cultured with DMEM supplemented with 10% fetal bovine serum and 
1% penicillin-streptomycin in a humidified atmosphere containing 5% 
carbon dioxide (CO2) at 37 ◦C. An incubation with lipopolysaccharide 
(LPS) (100 ng mL− 1) for 24 h at 37 ◦C was performed to activate mac-
rophages and increase their metabolic and phagocytic activity before 
each cell experiment. All cell culture reagents were provided by Invi-
trogen (Carlsbad, CA, USA). 

2.4.2. In vitro cellular uptake 
RAW 264.7 cells were incubated with DiI-FP@CD NPs (1 mg mL− 1) 

for various times (0.5, 2, and 4 h). The cells were washed three times 
with PBS, fixed with 4% paraformaldehyde for 15 min, and stained with 
DAPI for another 10 min. Images were collected by CLSM. Fluorescence 
quantitative maps were calculated using ImageJ software (National In-
stitutes of Health, Bethesda, Maryland, USA). For SEM and transmission 
electron microscopy (TEM, H-7600, Hitachi, Ltd., Tokyo, Japan), the 
cells were washed 3 times with PBS and digested with trypsin after 
incubating with FPD@CD NPs (1 mg mL− 1) for 0.5, 2, and 4 h. Cell 
suspensions were then placed in 1.5-mL pointed Eppendorf (EP) tubes, 
centrifuged (1000 rpm, 5 min) to produce pellets, fixed with a 2.5% 
glutaraldehyde fixative solution, dehydrated, and dried with a critical 
point drier. 

2.4.3. In vitro cytotoxicity assay and assessment of the ADV effect 
RAW 264.7 cells were seeded in 96-well plates (1 × 104 per well) and 

incubated with FPD@CD NPs (0, 0.25, 0.5, 1.0, 2.0, 4.0 mg mL− 1). After 
4, 12, and 24 h of incubation, a standard CCK-8 assay was used to 
evaluate the viability of the cells. 

Then, RAW 264.7 cells were randomly divided into six groups (the 
control group treated with fresh culture medium, the group subjected to 
LIFU only, the group treated with FPD@CD NPs only, the group treated 
with FPD@C NPs combined with LIFU, the group treated with FD@CD 
NPs combined with LIFU and the group treated with FPD@CD NPs 
combined with LIFU). The cells in six groups were incubated with the 
various NPs (1 mg mL− 1) for 4 h. Groups combined with LIFU were then 

Scheme 1. Schematic illustration of the preparation of the FPD@CD NPs and the effect of ADV on RAW 264.7 cells and vulnerable atherosclerotic plaques.  
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exposed to LIFU irradiation (2.5 W cm− 2, 10 min, 1 MHz, 50% duty 
cycle; The W cm− 2 represents the spatial average temporal intensity and 
the peak negative pressure of LIFU used in this study is − 0.52 MPa. The 
ultrasonic probe acts on the bottom of the well plate through the 
mediation of medical ultrasonic coupling agent. Finally, a CCK-8 assay 
was implemented to evaluate the viability of the cells. Cells in every 
group were also harvested for the detection of apoptosis by flow 
cytometry. 

RAW 264.7 cells that had been incubated with FPD@CD NPs (1 mg 
mL− 1) for 4 h were exposed to LIFU at different power intensities (0, 0.5, 
2.5, and 4 W cm− 2 for 10 min, 1 MHz, 50% duty cycle) to further explore 
the effect of ADV caused by different power intensities of LIFU irradia-
tion. These cells were then incubated with calcein-AM (0.5 mL) diluted 
in PBS at a ratio of 1:1000 and PI solution (0.5 mL) diluted in PBS at a 
ratio of 1:500 for 15 min for live-dead cell staining. CLSM was selected 
to collect images. The cell apoptosis/necrosis ratio (%) was determined 
using ImageJ software. To observe the morphology, internal micro-
structure of the cells, and behavior of NPs after irradiation with LIFU at 
different power intensities by SEM and TEM, scraping the cells gently 
with a cell scraper, placing the cell suspension in a 1.5-mL pointed EP 
tube and the sample was centrifuged (1000 rpm, 5 min). The superna-
tant was aspirated, and 1 mL of a 2.5% glutaraldehyde fixative solution 
(4 ◦C) was slowly added. Then, the cells were fixed, dehydrated, and 
dried with a critical point drier. 

2.4.4. In vitro measurement of cytokine levels using ELISAs 
The expression and secretion of inflammatory factors (TNF-α, IFN-γ, 

IL-10, and TGF-β) by macrophages were detected. RAW 264.7 cells were 
plated in 96-well plates and randomly divided into four groups. Fresh 
culture medium was added to the control group (100 μL per well). The 
FPD@C, FD@CD, and FPD@CD NPs (1 mg mL− 1, 100 μL per well) were 
suspended in medium and incubated with cells in the other 3 groups for 
4 h. All cells in four groups were then irradiated with LIFU (2.5 W cm− 2, 
10 min, 1 MHz, 50% duty cycle). The TNF-α, IFN-γ, IL-10, and TGF-β 
concentrations in the culture medium were measured using ELISAs ac-
cording to the manufacturer’s instructions. 

2.5. Animal experiments 

2.5.1. Establishment of the optimal animal model of plaques 
This study was approved by the Institutional Animal Care and Use 

Committee at Chongqing Medical University (Chongqing, China), and 
all experiments were conducted in accordance with the institutional 
guidelines on the humane care and use of laboratory animals. Normal 
age-matched wild-type C57BL/6 mice were provided by Chongqing 
Medical University as the control group and fed a normal diet. Male 
apoE− /− mice of the C57BL/6J lineage, which were purchased from 
Beijing Hua Fukang Biotechnology Co., Ltd, were used to establish the 
model of atherosclerotic plaques. 

For the selection of an optimal plaque model, the apoE− /− mice (n 
= 9) were sacrificed by air embolization after being fed a high- 
cholesterol diet (D12108C high-fat rodent diet with 1.25% cholesterol, 
FBSH, Shanghai, China) for 8, 10, or 12 weeks. Digital images of aortic 
vessels were obtained. The aortas were collected and fixed with 4% 
paraformaldehyde, and then they were embedded in paraffin and sliced 
(5 μm). Macrophages in the plaques were detected using immunohis-
tochemical staining with an F4/80 antibody. Images were captured by 
an optical microscope. The ratio of plaque area to vessel lumen area was 
quantitatively analyzed using ImageJ software. In subsequent animal 
experiments, we all selected apoE− /− mice with the optimal plaque 
model for the experimental group. 

2.5.2. Ex vivo plaque binding assay 
Normal C57BL/6 mice and apoE− /− model mice were selected to 

verify the targeting of the FPD@CD NPs to plaques ex vivo. After air 
embolization, the left ventricle of the mouse heart was immediately 

perfused with normal saline. We dissected the thoracic cavity and peeled 
off the thoracic aorta (from the root of the aorta to the diaphragm of the 
descending aorta). The FPD@C and FPD@CD NPs (5 mg mL− 1) were 
incubated with the isolated aorta on a shaker for 4 h at 37 ◦C. Then, the 
isolated aortas were washed with PBS three times, further embedded in 
paraffin and sliced serially (5 μm), stained with a Prussian blue staining 
solution (20% hydrochloric acid and 10% potassium ferrocyanide so-
lution mixture, 1:1 volume ratio) for 1 h, counterstained with a nuclear 
fast red solution for 5 min, and washed with distilled water, dehydrated 
and sealed. Images were acquired with an optical microscope. For 
immunofluorescence staining, aortas incubated with DiI-FP@CD (5 mg 
mL− 1) on a shaker for 4 h at 37 ◦C were embedded in optimal cutting 
temperature compound (OCT) in blocks and placed in a − 80 ◦C freezer. 
The sections were cut with a cryotome (5 μm) and stained with the F4/ 
80 antibody. Nuclei were counterstained with DAPI. Images were 
captured with a Nikon Eclipse 80i inverted microscope (Nikon, Tokyo, 
Japan). 

2.5.3. Effect of ADV on plaques ex vivo 
The isolated aortas were rinsed with PBS three times after incubating 

with FPD@CD NPs (5 mg mL− 1) on a shaker at 37 ◦C for 4 h, and then 
transferred to the agarose mold contained normal saline (37 ◦C). The 
samples were irradiated with LIFU at an power intensity of 0.5, 2.5, and 
4 W cm− 2 for 30 min (1 MHz, 50% duty cycle), respectively. All aortas 
were fixed with 4% paraformaldehyde, embedded in paraffin, and used 
to generate H&E-stained sections (5 μm). Isolated aortas sections (5 μm) 
were also obtained for TUNEL assays. Images were captured by an op-
tical microscope and an inverted fluorescence microscope. 

2.5.4. In vivo NIRF/MR imaging and plaque binding assay 
NIRF and MR imaging were performed on apoE− /− model mice. For 

NIRF imaging, FPD@CD (targeted group) and FPD@C (non-targeted 
group) NPs (200 μL, 8 mg mL− 1) were administered intravenously via 
the tail vein (n = 30). Three mice from each group were randomly 
selected at each time point (0, 0.5, 2, and 4 h, 0 h indicates the time pre- 
injection), sacrificed by air embolization, and NIRF images of the iso-
lated aortas were acquired. Twenty-four hours after the injection, 3 mice 
from each group were sacrificed, and fluorescence images of the major 
organs (heart, liver, spleen, lung, and kidney) were also acquired. The 
fluorescence intensity was analyzed using Living Image 5.0 software. 

For MR imaging, DiI-FP@CD (targeted group) and DiI-FP@C (non- 
targeted group) NPs (200 μL, 1 mg mL− 1) were injected into the model 
mice (n = 12) and images were captured using a Bruker 7.0-T MRI 
scanner. The oblique sagittal-sectional T2*-weighted images of the 
heart, ascending aorta, and aortic arch region were captured before the 
injection. The cross-sectional T2*-weighted images of the ascending 
aortas were captured at 0, 0.5, 2, and 4 h post-injection. The imaging 
parameters for the T2*-weighted gradient-echo were as follows: echo 
time (TE), 20 ms; repetition time (TR), 400 ms; flip angle (FA), 25◦; field 
of view (FOV), 20 × 20 mm; and slice thickness, 1 mm. Changes in the 
T2* signal and the area in which the signal decreased were observed at 
each time point. 

After in vivo MRI scans, mice in the two groups were sacrificed by air 
embolization and the thoracic aortas were removed. Frozen pathological 
sections (5 μm) were cut for immunofluorescence staining to observe the 
targeting of the DiI-FP@CD NPs and DiI-FP@C NPs to the macrophages 
in the plaque. The sections were stained with the F4/80 antibody to 
detect macrophages, and nuclei were counterstained with DAPI. 

2.5.5. Effect of ADV on plaques in vivo 
ApoE− /− model mice (n = 30) were housed in a specific pathogen- 

free room and fed a normal diet throughout the experimental period. 
The animals were divided into the treatment group and control group. 
They were treated every 5 days for a total of 4 times. The specific steps 
are described below. The mice in both groups were anesthetized and 
fixed to an aseptic operating board in the supine position, and the hair 
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on the chest and abdomen was removed. FPD@CD NPs (200 μL, 5 mg 
mL− 1) were administered intravenously. At 4 h post-injection, all the 
mice in the treatment group were irradiated with LIFU (2.5 W cm− 2, 30 
min, 1 MHz, 50% duty cycle) (probe diameter size 2 cm) above the 
cardiac region. All the mice in the control group were not subjected to 
LIFU irradiation. 

Before each treatment (0, 5, 10, 15, and 20 d), the procedures 
described below were performed on the 3 mice randomly selected from 
all the remaining mice in each group to evaluate the body weight of the 
mice, the levels of inflammatory factors, and the efficacy of plaque 
therapy. Blood samples were drawn from the venous plexus using a 
capillary glass tube with an inner diameter of 1 mm. Then, blood sam-
ples were collected into 1.5-mL centrifuge tubes containing EDTA and 
centrifuged (3000 rpm, 10 min) to separate the red blood cells. The 
supernatant was extracted to purify the plasma and to determine the 
concentrations of soluble TNF-α, IFN-γ, IL-10, and TGF-β in the plasma 
using commercial ELISA kits. The plaque shape, size, and distribution of 
the entire aorta were observed intuitively through gross pathological 
specimens. The whole aorta was longitudinally cut and stained with oil 
red O, and photos of the stained specimens were digitalized for data 
analysis. The results are presented as the percentage of positive oil red O 
staining area in the total aorta, which was equivalent to the degree of 
vascular stenosis. 

2.5.6. In vivo biocompatibility evaluation 
The FPD@CD NPs (200 μL, 10 mg mL− 1) were intravenously injected 

into normal C57BL/6 mice (n = 15). Every three mice were euthanized 
at different time points (0, 5, 10, 15, and 20 d post-injection), and blood 
(0.8 mL) was collected for biochemical assays and haematological 
analysis. Blood biochemical parameters, including the ALT, AST, BUN, 
CREA, and UA levels, as well as haematological parameters, including 
the WBC and RBC counts, HGB level, MCV, and PLT counts, were 
measured. The major organs of the mice (heart, liver, spleen, lung, and 
kidney) were harvested and fixed with 4% paraformaldehyde for H&E 
staining. 

2.6. Statistical analysis 

Statistical analyses were conducted using the Statistical Package for 
the Social Sciences (SPSS; IBM, Armonk, NY, USA). Data were presented 
as the means ± standard deviations. Student t-tests and one-way 
ANOVA were used for statistical evaluations. Differences were consid-
ered significant at *P < 0.05, **P < 0.01 and ***P < 0.001. 

3. Results and discussion 

3.1. Characterization of the Fe3O4-PFH-DiR@CS-DS NPs 

It has been demonstrated that PEGylation could protect the particles 

Fig. 1. Characterization of the NPs. SEM and enlarged SEM image (inset) of the FPD@CD NPs (A). CLSM image of DiI-FP@CD NPs (B). HRTEM images of the FPD 
(left panel) and FPD@CD NPs (right panel); red arrows indicate a distinct ring shape on the surface of the FPD@CD NPs (C). The corresponding elemental mapping of 
Fe, F, and S and a merged image from HRTEM; red arrows indicate the S element (purple) (D). EDS line-scan mapping of the FPD@CD NPs (E). The size distribution 
and digital photos of the FPD@CD NPs dispersed in PBS (5 mg mL− 1) within 7 days (F). 
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from rapid phagocytosis by the reticuloendothelial system (RES) in vivo 
and prolong the half-life of particles in plasma [36–38]. The neovascular 
structure formed in atherosclerotic plaques is incomplete [39,40], and 
the long-lived circulating NPs of a suitable size are more likely to 
accumulate in the plaque after transporting through the neovascular 
structure and penetrating the atherosclerotic plaque. Therefore, 
PLGA-PEG-PLGA was selected as the carrier material. The sizes, PDIs, 
zeta potentials, and encapsulation rates of Fe3O4 in the FPD, FPD@C, 
FPD@CD, and FD@CD NPs were listed in Table S1. The FPD@CD NPs 
displayed a typical spherical shape with a smooth surface and uniform 
particle size (size of 255.9 ± 2.94 nm and a PDI of 0.097 ± 0.016), as 
revealed by SEM (Fig. 1A). The DiI-FP@CD NPs exhibited strong red 
annular fluorescence, homogeneous size, and high dispersion, as 
detected using CLSM (Fig. 1B). HRTEM images of FPD and FPD@CD NPs 
(Fig. 1C) showed their individual nanostructures, where oleic 
acid-modified iron oxide was distributed uniformly inside the whole 
NPs. A distinct ring shape on the surface of the FPD@CD NPs was 
observed with the conjugation of CS-DS. The elemental mapping images 
(Fig. 1D) of Fe (blue) and F (yellow) revealed the co-existence of Fe3O4 
and PFH. The S element (purple) of dextran sulfate (DS) was annular on 
the surface of the spherical shell, which was highly consistent with the 
distribution of DS in the distinct ring shape observed using HRTEM. EDS 
linear-scanning measurements across the NPs revealed the quantitative 
relationship of the Fe, F, and S elements in this composite nanosystem 
(Fig. 1E). The mean particle size of the final NPs showed an ignorable 
change in PBS, and no aggregation or precipitation phenomenon 
emerged within 7 days (Fig. 1F), revealing the excellent long-term sta-
bility of the obtained NPs. 

The phase transition process was observed by US (Fig. S1A) and 
optical imaging (Fig. S1B). With the extension of the irradiation dura-
tion of LIFU, the phase transition became more obvious. The optical 
images showed the maximum volume of FPD@CD NPs at 10 min, 
approximately in the range of 2–3 μm. However, part of the NPs 
ruptured and the concentration of NPs was slightly lower at 20 min, 
which is consistent with the results of US imaging. In the PFH group 
(FPD@CD), the acoustic intensity of the B-mode and contrast-enhanced 
ultrasound (CEUS) images increased gradually, reached a maximum 
value at 10 min, and decreased at 20 min (Fig. S1C). In contrast, no 
significant difference in quantitative results was observed for the 
acoustic intensity of B-mode and CEUS images in the non-PFH group 
(FD@CD) before and after LIFU irradiation (0, 2, 5, 10, and 20 min) 
(Fig. S1C). The temperature of NPs was monitored throughout this 
process (Fig. S1D), which exhibited a slight increase with the extension 
of time, and the highest temperature as measured was 32 ◦C in the 
FPD@CD group, which is lower than the protein denaturation-caused 
temperature [41]. Thus, thermal damage caused by high temperatures 
is not a concern in this case. ADV effect is a transient phenomenon when 
pressure reaches a certain threshold for individual NP [22]. During the 
cumulative observation time, the countless NPs are constantly under-
going vaporization in which it is a continuous effect. With the prolon-
gation of time, the number of phase-transition NPs increased, so we 
could observe the change of the US imaging intensity at the macroscopic 
level. Based on the fact that ultrasonic irradiation could be accompanied 
by a small amount of heat, the temperature was monitored. Due to the 
insufficient changes in temperature, the thermal effect is not the main 
mechanism for vaporization ultimately. 

The NIRF images of FPD@CD with different concentrations in vitro 
displayed that the fluorescence intensity increased as the concentration 
elevated from 0 to 8 mg mL− 1. When the concentration was 8 mg mL− 1, 
the fluorescence intensity reached a maximum value of 7.8 × 109 (a.u.). 
A self-quenching effect and a resulting reduction in the fluorescence 
intensity were observed accompanying with a further increase in con-
centration (Fig. S1E). For MR imaging, the T2* signal intensity decreased 
gradually with the elevated concentration of FPD@CD NPs (Fig. S1F). In 
addition, a strong linear correlation was observed between the trans-
verse relaxation rates (R2*) and concentration. Based on these results, 

the FPD@CD NPs could serve as the desirable MR contrast agents to 
effectively reduce the T2*-weighted signal intensity. 

3.2. In vitro results 

3.2.1. In vitro cellular uptake 
With the prolonging of the incubation time (from 0.5 h to 4 h), more 

red-stained DiI-FP@CD NPs accumulated around the blue-stained nu-
cleus of RAW 264.7 cells (Fig. 2A). The fluorescence quantitative maps 
exhibited the strongest red fluorescence intensity around the nucleus at 
4 h. SEM images (Fig. 2B) displayed the surface morphology of RAW 
264.7 cells. Spherical FPD@CD NPs adhering to the cell membrane 
surface were observed clearly. At 0.5, 2, and 4 h, the pores in the cell 
membrane due to endocytosis of NPs were detected. Moreover, TEM 
images (Fig. 2C) showed that the endocytosed FPD@CD NPs containing 
dense iron oxide particles were mainly located in the cytoplasmic 
endocytic vesicles. The number of endocytosed NPs gradually increased 
and reached a maximum at 4 h, but no DiI-FP@CD NPs were observed in 
the nucleus, which is consistent with the CLSM results. 

3.2.2. In vitro cytotoxicity assay and assessment of the ADV effect 
The in vitro toxicity of FPD@CD NPs on RAW 264.7 cells and the 

effect of ADV were explored by a standard CCK-8 assay. The cell viability 
was still 84% after incubation with 4 mg mL− 1 FPD@CD NPs for 24 h 
(Fig. 3A). Different from FPD@C and FD@CD NPs with negligible killing 
effect, the LIFU-irradiated FPD@CD NPs generated strong cytotoxicity, 
where the cell viability was only 29% (Fig. 3B). No evident decrease in 
cell viability was observed in the other groups, which were all higher 
than 70%. Similar results were obtained by flow cytometry analysis 
(Fig. 3C). In the FPD@CD combined with LIFU group, the apoptosis rate 
of the RAW 264.7 cells reached 77.76%, which were all less than 28% in 
the other groups. When treating RAW 264.7 cells in vitro with NPs 
possessing both targeting and phase transition capabilities, LIFU irra-
diation must be applied at the same time to exert a significant effect on 
cell activity. This strategy ensures that the ADV caused by the PFH phase 
transition specifically occurs in macrophages with NPs. On the contrary, 
the untargeted areas didn’t display a significant decrease in cell activity 
with LIFU irradiation, ensuring the safety of in vivo applications. 

At present, the main anti-inflammatory treatment strategies for 
atherosclerotic plaques focus on blocking monocyte recruitment, 
increasing macrophage migration, and promoting macrophage 
apoptosis [42]. A. Bulgarelli et al. [43] confirmed that intravenous in-
jection of methotrexate (MTX) 4 times a week inhibited atherosclerosis 
in a plaque model of New Zealand rabbits fed a high-fat diet by pro-
moting the migration of macrophages to the intima and apoptosis of 
macrophages. However, this method by using drugs to induce the 
apoptosis of macrophages suffers from a slow effect. The systemic 
treatment with MTX potentially causes adverse effects due to its 
non-targeted features, such as bone marrow suppression, neutropenia, 
and infection, which limit its clinical application [44]. Many studies are 
currently focusing on the specific delivery of drugs in cells to resolve this 
issue [45,46]. For example, some researchers loaded MTX into a nano-
system formed by lipids and polymer chains. When it was endocytosed 
by macrophages, it exerted effects inside the macrophages [15]. How-
ever, these nanosystems might be trapped in the lysosomes and were 
unable to be released to exert their functions [47]. Comparatively, the 
physical effects of ADV adopted in this study were not restricted by 
endocytotic vesicles or lysosomes. TEM images (Fig. 4A) showed that the 
FPD@CD NPs in the vesicles of macrophages underwent the 
liquid-to-gas phase transition and the size increased hundreds of times 
from the original nanometer level to the micrometer level at 0.5 W cm− 2 

and 2.5 W cm− 2. It is noted that the effect of ADV depends on the LIFU 
intensity. Using live-dead cell staining (Fig. 4B), it can be found that only 
a small number of macrophages were apoptotic/necrotic (less than 18%) 
upon exposure to 0.5 W cm− 2 LIFU irradiation. At 2.5 W cm− 2, more 
macrophages had undergone apoptosis/necrosis (87%). When the 
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irradiation power intensity increased to 4 W cm− 2, the apoptosis/nec-
rosis rate increased to 100% (Fig. 4A and C). 

As shown in TEM images (Fig. 4A), a large number of iron-containing 
NPs encapsulated by endocytic vesicles without a phase transition were 
observed in the cell cytoplasm without LIFU irradiation, and the mito-
chondria were naturally granular or rod-shaped. TEM images of NPs 
treated with different power densities induced extensive swelling of 
mitochondria and decreased mitochondria cristae, which was particu-
larly obvious in the 2.5 W cm− 2 group. The changes in the mitochondrial 

morphology suggest mitochondrial swelling, which is the most common 
change of the damaged cells. After exposure to 2.5 W cm− 2 LIFU irra-
diation, the apoptotic macrophages with nuclear pyknosis were also 
observed. However, the collapse of organelle structure, nuclear frag-
mentation, and the outflow of cell contents were observed after the 
treatment with 4 W cm− 2 LIFU. Similar findings were observed by using 
SEM observation (Fig. 4D), and changes in the degree of cell injury from 
mild to severe were recorded after exposure to LIFU power intensities of 
0, 0.5, 2.5, and 4 W cm− 2. The shrunk cell membrane and the altered cell 

Fig. 2. In vitro cellular uptake. CLSM images 
and the fluorescence quantitative maps of 
RAW 264.7 cells incubated with the DiI- 
FP@CD NPs for 0.5, 2, and 4 h (A). SEM 
images (B) and TEM images (C) of RAW 
264.7 cells incubated with the FPD@CD NPs 
for 0.5, 2, and 4 h. The following line of the 
image was a higher magnification view of 
the detailed structures shown in the red box 
in the above line of the image. The red ar-
rows in the following line of images repre-
sented DiI-FP@CD NPs containing dense 
iron oxide particles.   
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morphology were observed after the treatment at 2.5 W cm− 2 and 4 W 
cm− 2. Comparatively, the fragmentation and decomposition of cells 
were observed at 4 W cm− 2 LIFU irradiation. The aforementioned dif-
ferences in the therapeutic effects could result in the distinct outcomes 
of vulnerable plaques. Therefore, the most critical factor for the treat-
ment of vulnerable plaques with ADV is the induction of the controllable 
apoptosis of macrophages. In this work, 2.5 W cm− 2 was a suitable 
irradiation power intensity of LIFU at the cellular level. 

For clinical purposes, apoptosis is preferable to necrosis because it 
causes less inflammation, and necrosis often leads to the expansion of 
the necrotic core and the rupture of the plaque [48]. Phagocytic cells 
(mainly macrophages) effectively clear apoptotic macrophages, and a 
reduction in the number of macrophages without the increase of 
inflammation is an important factor to ensure efficacy. Higher per-
centages of apoptotic/necrotic macrophages in the plaque could disrupt 
the phagocytosis and clearance function of the lesion. This may result in 
the release of a large number of inflammatory substances and promote 

plaque rupture and severe clinical consequences [49]. 

3.2.3. In vitro measurement of cytokine levels using ELISAs 
Monocyte-derived macrophages participate in inflammatory re-

sponses by secreting various types of proinflammatory factors, resulting 
in further inflammatory reactions in atherosclerotic plaques [50]. Thus, 
macrophages-targeted therapies attenuating the inflammatory response 
in plaques have been suggested as a possible solution to AS treatment. 
ELISAs were used to verify the pro/anti-inflammatory effect of FPD@CD 
NPs. When the cells in four groups were irradiated with LIFU at 2.5 W 
cm− 2 for 10 min, significantly lower levels of TNF-α and IFN-γ (pro-in-
flammatory cytokines) in the FPD@CD group than those in the control, 
FPD@C and FD@CD groups (P < 0.05) were observed (Fig. S2). While 
the levels of IL-10 and TGF-β (anti-inflammatory cytokines) were 0.091 
and 0.094 ng mL− 1, respectively, which were significantly higher than 
the other groups (P < 0.05). The induction of macrophage apoptosis 
could be a stable and effective treatment for vulnerable plaques by 

Fig. 3. In vitro cytotoxicity assay and assessment of the effect of ADV on RAW 264.7 cells. Relative viability of RAW 264.7 cells after an incubation with various 
concentrations (0, 0.25, 0.5, 1.0, 2.0 and 4.0 mg mL− 1) of the FPD@CD NPs for 4, 12, and 24 h (A). Relative viability of RAW 264.7 cells after different treatments 
(B). Flow cytometry analysis of cell apoptosis after different treatments (C). (**P < 0.01). 
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alleviating levels of inflammation. 

3.3. Animal experiment results 

3.3.1. Establishment of the optimal animal model of plaques 
Considering the differences in the composition of early and old 

plaques, we first verified the morphology and macrophage content of the 
aortic plaques of the apoE− /− mice fed with a high-cholesterol diet for 
different durations. Digital images (Fig. S3A) exhibited a difference in 
the appearance of the aorta after different durations of consumption of a 
high-cholesterol diet. At the 8th week, the surface of the aorta was 
smooth and transparently red, and plaques were not observed with the 

naked eye. At the 10th week, the white plaques were observed from the 
surface of red blood vessels, and most plaques appeared at the aortic 
arch and three bifurcations. At the 12th week, many white plaques on 
the surface of blood vessels were observed with the naked eye, and the 
walls of the vessels became thicker and uneven. Immunohistochemical 
staining (Fig. S3B) showed the plaque area at different time points after 
the initiation of a high-cholesterol diet. In the 400-fold magnified im-
ages, the proportion of the plaque area to lumen area at the 10th week 
was approximately 26%. At the 8th and 12th weeks, the proportions of 
the plaque area were 7% and 81%, respectively (Fig. S3C). The positive 
nuclear staining results signified the highest ratio of macrophages on the 
plaque at 10 weeks, approximately 76.5% (Fig. S3D). The above data 

Fig. 4. Effect of ADV on RAW 264.7 cells in 
vitro by LIFU irradiation at different power 
intensities. TEM images of RAW 264.7 cells 
treated with the FPD@CD NPs and exposed 
to LIFU at 0, 0.5, 2.5, and 4 W cm− 2. The 
black box shows a higher magnification 
image of a representative mitochondrion in 
the cell. The following line of the TEM image 
is a higher magnification view of the 
detailed structures shown in the red box in 
the above line of image, and red patterns 
represented FPD@CD NPs that had already 
or hadn’t undergone phase transitions (A). 
CLSM images of RAW 264.7 cells stained 
with calcein-AM and PI after treatment with 
the FPD@CD NPs and exposure to LIFU at 0, 
0.5, 2.5, and 4 W cm− 2 (B). The apoptotic/ 
necrotic ratio (%) of RAW 264.7 cells with 
different treatments (C). SEM images of 
RAW 264.7 cells treated with the FPD@CD 
NPs and exposed to LIFU at 0, 0.5, 2.5, and 
4 W cm− 2 (***P < 0.001).   
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indicate that the mice fed with the high-cholesterol diet for 10 weeks 
were a suitable animal model for analysis. Therefore, 10 weeks high- 
cholesterol diet mouse models were chosen in the follow-up ex vivo 
and in vivo experiments. 

3.3.2. Ex vivo plaque binding assay 
Prussian blue staining was used to assess the targeting ability of 

FPD@CD NPs to the plaque by identifying iron co-localization. 
Considerable Prussian blue deposition was observed in the FPD@CD 
group of apoE− /− model mice compared with the other groups 
(Fig. 5A). At the same time, immunofluorescence staining (Fig. 5B) 
exhibited the presence of plaques, the colocalization of the DiI-FP@CD 
NPs (red fluorescence) with macrophages (green fluorescence), and 
the targeted penetration of NPs into the plaque. The colocalization rate 
quantified by Image J was approximately 86.5%. All results revealed 
that FPD@CD NPs featured the macrophages-targeted ability and plaque 
penetration characteristics ex vivo. 

3.3.3. Effect of ADV on plaques ex vivo 
H&E and TUNEL staining (Fig. 6A) were further performed to eval-

uate the therapeutic efficacy of ADV on plaques ex vivo. When the LIFU 
power intensity was set to be 0.5 W cm− 2, H&E staining revealed an 
ignorable change in the plaque morphology, and no apoptotic macro-
phages emerged in the TUNEL staining. Upon irradiation at 4 W cm− 2, 
H&E images exhibited fissures and holes of various sizes in the plaque 
area and discontinuity of the fibrous cap, which would inevitably cause 
plaque rupture and lead to serious clinical outcomes. The TUNEL 
staining revealed numerous apoptotic cells (green fluorescence). How-
ever, when the LIFU power intensity was 2.5 W cm− 2, H&E images 
revealed a negligible change in the morphology and structure of the 
plaques, and the fibrous caps of plaques remained intact and continuous, 
but a considerable number of apoptotic cells (green fluorescence) were 
observed. The TUNEL staining ratios (%) were also quantified (Fig. 6B). 
The above results demonstrated that different irradiation power in-
tensities induced varied effects on plaques ex vivo, among which 2.5 W 
cm− 2 was a suitable power intensity. 

3.3.4. In vivo NIRF/MR imaging and plaque binding assay 
The fluorescence intensity at the aortic arch was assessed to validate 

the active-targeting efficiency in vivo. It was subsequently found that this 
parameter increased in the targeted group (FPD@CD) from 0 to 4 h, and 
the strongest fluorescence signal of 6.6 × 109 (a.u.) was observed in the 
aortic arch region at 4 h (Fig. 7A and B). The fluorescence intensity at 
the aortic arch in the non-targeted group (FPD@C) showed an ignorable 

change, and only a weak fluorescence signal was observed at 4 h. We 
harvested the major organs from the two groups at 24 h after the in-
jection. The NPs in both groups mainly accumulated in the liver and 
spleen (Fig. 7C) due to phagocytosis by the RES and the corresponding 
fluorescence intensities were quantified (Fig. 7D). 

Fig. 7E showed T2*-weighted MR images of oblique sagittal sections 
of the heart, ascending aorta, and aortic arch region of the apoE− /−
model mice. Cross-sectional T2*-weighted MR images of the plaque 
layer of the ascending aortas in the two groups (Fig. 7F) showed a 
uniform, thin, high-T2* signal vascular wall and irregular, high-T2* 
signal plaques attached to the wall. Over time, a decrease in the T2* 
signal was observed of the ascending aortic plaques in the targeted 
group, indicating that the number of DiI-FP@CD NPs targeted to plaques 
increased at several time points (0, 0.5, 2, and 4 h). In the non-targeted 
group, no significant change in the area of high-T2* signal plaques was 
observed. The area change rates of high-T2* signal in the plaque area of 
the two groups from 0 h to 4 h were displayed in Fig. S4. Immunoflu-
orescence staining images (Fig. 7G) in the targeted group displayed the 
colocalization of the DiI-FP@CD NPs (red fluorescence) with macro-
phages (green fluorescence). However, few DiI-FP@CD NPs (red fluo-
rescence) were observed in the non-targeted group. 

Macrophages are related to the stability of plaques, and plaques with 
a high macrophage content are often unstable [9,51]. Previous studies 
[15,52] have demonstrated the passive targeting effects of circulated 
NPs on plaques because of the low shear stress in the plaque area. In 
addition, many macrophages are located at the edge of the plaque, 
particularly vulnerable plaques, which promote the rapid endocytosis of 
NPs [53]. Based on this passive targeting effect, DS has been introduced 
to develop the macrophage-specific delivery nanosystem because of its 
target characteristic. We have observed from in vitro, ex vivo, and in vivo 
experiments that the NPs were effectively endocytosed by macrophages 
through this passive and active targeting effect, and their signals were 
amplified with NIRF and MR for the specific visualization of macro-
phages and assessment of plaque vulnerability. 

3.3.5. Effect of ADV on plaques in vivo 
According to the results obtained from the cells and ex vivo plaque 

models, LIFU irradiation was acted on the mouse aortic plaque model at 
the power intensity of 2.5 W cm− 2. A schematic is shown in Fig. 8A. 
Representative images of oil red O staining of gross pathology specimens 
(Fig. 8B) from the treatment group and control group captured at 0, 5, 
10, 15, and 20 days showed that the 20-day LIFU treatment resulted in 
the desired targeted inhibition of atherosclerotic plaque progression in 
vivo. As shown in Fig. 8C, a 49.4% reduction in the degree of vascular 

Fig. 5. Ex vivo plaque binding assay. Images of Prussian blue-stained sections of isolated aortas (from normal C57BL/6 mice or apoE− /− model mice) incubated with 
the FPD@C and FPD@CD NPs (5 mg mL− 1) for 4 h (A). Images of immunofluorescence staining for the merge signals, DiI-FP@CD NPs (red), F4/80-stained mac-
rophages (green), and DAPI-stained cell nucleus (blue) (B). 
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Fig. 6. Effect of ADV on plaques ex vivo. H&E staining and TUNEL staining in vulnerable plaques subjected to LIFU irradiation at different power intensities (0.5, 2.5, 
and 4 W cm− 2) for 30 min. Red arrows show pores of various sizes in the plaque area and the discontinuity of the fiber cap (A). TUNEL staining area (%) in different 
groups (B). (**P < 0.01, ***P < 0.001). 

Fig. 7. In vivo NIRF/MR imaging and plaque 
binding assay. NIRF images (A) and fluo-
rescence intensity (B) of the aortic arch from 
apoE− /− mice at 0, 0.5, 2, and 4 h post- 
injection in the targeted group and non- 
targeted group. NIRF images (C) and fluo-
rescence intensity (D) of the major organs 
from the two groups at 24 h post-injection. 
Oblique sagittal-sectional T2*-weighted im-
ages of the heart, ascending aorta, and aortic 
arch region of the apoE− /− model mice. 
The red dotted line is the scanning location 
line (E). Cross-sectional T2*-weighted im-
ages of the plaque layer of the ascending 
aortas of the apoE− /− mice in the targeted 
and non-targeted group at 0, 0.5, 2, and 4 h. 
The red dotted line represents the high-T2* 
signal vascular wall, and the yellow dotted 
area represents the irregular and low-T2* 
signal area in the vascular lumen (F). Images 
of immunofluorescence staining in the two 
groups were obtained after MR imaging in 
vivo (G). (**P < 0.01).   
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stenosis (61.7% at day 0 vs.12.3% at day 20) in gross pathology speci-
mens was observed throughout the treatment period. In the control 
group, no trend of a reduction in the degree of vascular stenosis was 
observed within 20 days. The body weight of the mice was also recor-
ded, and no abnormalities were observed during the 20 days in both 
groups (Fig. 8D). In addition, the levels of TNF-α and IFN-γ in the plasma 
decreased, while the levels of IL-10 and TGF-β increased over time in the 
treatment group throughout the course of treatment (Fig. 8E). The use of 
ADV to induce macrophage apoptosis as a treatment for vulnerable 
plaques features some advantages compared with conventional clinical 
treatment methods. Drugs must be taken for a long time, and their ef-
fects on plaques are not clear, thus, their ability to reduce and reverse 
plaques is difficult. Compared with the interventional and surgical 
treatment, the developed strategy in this work is less invasive, even for 
the plaques located in the small blood vessels, which is still effective. 

3.3.6. In vivo biocompatibility evaluation 
The toxicity of FPD@CD NPs in vivo was also investigated system-

atically. No deaths were observed over 20 days. When comparing the 
biochemical analyses and hematological parameters (0, 5, 10, 15, and 
20 d post-injection), all indicator values were within the normal range 
(Figs. S5A and S5B). The histological results of the major organs, 
including the heart, liver, spleen, lung, and kidney, exhibited no adverse 
effects (Fig. S5C). Based on these biosafety evaluation results, it can be 
demonstrated that the prepared NPs were safe at the tested dose (10 mg 
mL− 1) in mice, and no cases of infection, inflammation, or liver or 
kidney dysfunction were observed. 

4. Conclusions 

In summary, LIFU-responsive nanomedicine for stabilizing vulner-
able atherosclerotic plaques was rationally designed and successfully 

Fig. 8. Effect of ADV on plaques in vivo. A schematic of the LIFU treatment (A). Representative images (0, 5, 10, 15, and 20 d) of oil red O staining in gross specimens 
of the treatment group (FPD@CD NPs with LIFU irradiation) and control group (FPD@CD NPs without LIFU irradiation) (B). The degree of vascular stenosis in gross 
specimens from the two groups (C). Body weight of the apoE− /− mice in two groups (D). The levels of pro-inflammatory factors (TNF-α and IFN-γ) and anti- 
inflammatory factors (IL-10 and TGF-β) in the treatment group were measured at different time points using ELISAs (E). (*P < 0.05 and **P < 0.01). 
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constructed in this work. PFH, Fe3O4, and DiR were co-loaded into the 
hollow PLGA-PEG-PLGA NPs, and the targeting agent DS was attached 
to the surface of the NPs. The final FPD@CD NPs exhibited superior 
targeting performance to vulnerable plaques through passive and active 
effects. Controlled apoptosis rather than necrosis of macrophages was 
induced through the regulation of LIFU intensity, which might be 
attributed to mitochondrial damage. In the treatment of vulnerable 
plaques in vivo, the introduced ADV effect could stabilize and reduce the 
plaque, which could be visualized and evaluated with NIRF and MR 
imaging. Therefore, the ADV effect caused by LIFU irradiation per-
formed conveniently and generated little trauma. This treatment not 
only reduced the risk of plaque rupture but also decreased the stenosis of 
blood vessels and restored hemodynamics to a certain extent, avoiding 
acute cardiovascular and cerebrovascular events, which represents 
major benefits for patients with cardiovascular and cerebrovascular 
diseases. 
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P. Cormode, G.J. Strijkers, E.S. Stroes, F.K. Swirski, M. Nahrendorf, E.A. Fisher, Z. 
A. Fayad, W.J. Mulder, Inhibiting macrophage proliferation suppresses 
atherosclerotic plaque inflammation, Sci. Adv. 1 (3) (2015). 

[13] Y. Ma, Y. Ma, M. Gao, Z. Han, W. Jiang, Y. Gu, Y. Liu, Platelet-mimicking 
therapeutic system for noninvasive mitigation of the progression of atherosclerotic 
plaques, Adv. Sci. 8 (8) (2021) 2004128. 

[14] R. Duivenvoorden, J. Tang, D.P. Cormode, A.J. Mieszawska, D. Izquierdo-Garcia, 
C. Ozcan, M.J. Otten, N. Zaidi, M.E. Lobatto, S.M. van Rijs, B. Priem, E.L. Kuan, 
C. Martel, B. Hewing, H. Sager, M. Nahrendorf, G.J. Randolph, E.S. Stroes, 
V. Fuster, E.A. Fisher, Z.A. Fayad, W.J. Mulder, A statin-loaded reconstituted high- 
density lipoprotein nanoparticle inhibits atherosclerotic plaque inflammation, Nat. 
Commun. 5 (2014) 3065. 

[15] C. Stigliano, M.R. Ramirez, J.V. Singh, S. Aryal, J. Key, E. Blanco, P. Decuzzi, 
Methotraxate-loaded hybrid nanoconstructs target vascular lesions and inhibit 
atherosclerosis progression in ApoE(-/-) mice, Adv. Healthcare Mater. 6 (13) 
(2017). 
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