
 

 

 

Construction of CNA35 Collagen-Targeted Phase-
Changeable Nanoagents for Low-Intensity Focused
Ultrasound-Triggered Ultrasound Molecular Imaging of
Myocardial Fibrosis in Rabbits
Citation for published version (APA):

Zhou, Q., Zeng, Y., Xiong, Q., Zhong, S., Li, P., Ran, H., Yin, Y., Reutelingsperger, C., Prinze, F. W., &
Ling, Z. (2019). Construction of CNA35 Collagen-Targeted Phase-Changeable Nanoagents for Low-
Intensity Focused Ultrasound-Triggered Ultrasound Molecular Imaging of Myocardial Fibrosis in Rabbits.
ACS Applied Materials & Interfaces, 11(26), 23006-23017. https://doi.org/10.1021/acsami.9b05999

Document status and date:
Published: 03/07/2019

DOI:
10.1021/acsami.9b05999

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 22 May. 2023

https://doi.org/10.1021/acsami.9b05999
https://doi.org/10.1021/acsami.9b05999
https://cris.maastrichtuniversity.nl/en/publications/107d1995-0695-4383-ac94-c7ecf7300eda


Construction of CNA35 Collagen-Targeted Phase-Changeable
Nanoagents for Low-Intensity Focused Ultrasound-Triggered
Ultrasound Molecular Imaging of Myocardial Fibrosis in Rabbits
Qin Zhou,† Yalin Zeng,† Qingsong Xiong,† Shigen Zhong,‡ Pan Li,‡ Haitao Ran,‡ Yuehui Yin,†

Chris Reutelingsperger,§ Frits W. Prinze,∥ and Zhiyu Ling*,†,‡

†Department of Cardiology, Second Affiliated Hospital of Chongqing Medical University, Chongqing 400010, P. R. China
‡Institute of Ultrasound Imaging, Chongqing Key Laboratory of Ultrasound Molecular Imaging, The Second Affiliated Hospital of
Chongqing Medical University, Chongqing 400010, P. R. China
§Department of Physiology, Cardiovascular Research Institute Maastricht, Maastricht University, P.O. Box 616, 6200 MD,
Maastricht, The Netherlands
∥Department of Biochemistry, Cardiovascular Research Institute Maastricht, University of Maastricht, P.O. Box 616, 6200 MD,
Maastricht, The Netherlands

*S Supporting Information

ABSTRACT: Myocardial fibrosis plays an important role in
the development of heart failure and malignant arrhythmia,
which potentially increases the incidence of sudden cardiac
death. Therefore, early detection of myocardial fibrosis is of
great significance for evaluating the prognosis of patients and
formulating appropriate treatment strategies. Late gadolinium-
enhanced magnetic resonance imaging is considered as the
currently effective strategy for noninvasive detection of
myocardial fibrosis, but it still suffers from some critical
issues. In this work, multifunctional CNA35-labeled perfluor-
opentane nanoparticles (CNA35-PFP NPs) have been
elaborately designed and constructed for molecular imaging
of fibrotic myocardium based on ultrasound imaging. These as-constructed CNA35-PFP NPs are intravenously infused into
rabbit circulation with an animal model of myocardial infarction. Especially, these targeted CNA35-PFP NPs with nanoscale size
could efficiently pass through the endothelial cell gap and adhere to the surface of fibroblasts in the fibrotic myocardium.
Importantly, followed by low-intensity focused ultrasound irradiation on the myocardium, these intriguing CNA35-PFP NPs
could transform from liquid into gaseous microbubbles, which further significantly enhanced the ultrasound contrast in the
fibrotic area, facilitating the detection by diagnostic ultrasound imaging. Therefore, this work provides a desirable noninvasive,
economical, and real-time imaging technique for the assessment of cardiac fibrosis with diagnostic ultrasound based on the
rational design of liquid-to-gas phase-changeable nanoplatforms.

KEYWORDS: myocardial fibrosis, CNA35, fluorocarbon nanoparticles, ultrasound molecular imaging, diagnosis, nanomedicine

1. INTRODUCTION

Myocardial fibrosis refers to the pathological process in which
collagen fibers are excessively accumulated in the myocardium
to alter the structure of normal myocardial tissue.1 Myocardial
fibrosis is involved in various diseases such as myocardial
ischemia, cardiomyopathy, and myocarditis.2,3 The solid
evidences have demonstrated that myocardial fibrosis can
lead to serious diseases such as heart failure, malignant
arrhythmia, and sudden cardiac death.4−6 Therefore, it is
highly important to confirm the degree and location of
myocardial fibrosis in evaluating the prognosis of patients and
developing treatment options. Currently, the golden standard
for diagnosing myocardial fibrosis is myocardial biopsy, but
this invasive procedure is cumbersome and needs a long

recovery time. Especially, the extent and location of the fibrosis
cannot be clearly determined by this approach. Another
approach for noninvasive detection of myocardial fibrosis is
based on the late gadolinium-enhanced magnetic resonance
imaging (MRI),7 which can show the location and extent of
myocardial fibrosis. However, MRI has a poor spatial
resolution and is also susceptible to metallic implants.
Moreover, MRI is contraindicated in patients with renal
insufficiency and claustrophobia.8 Therefore, it is still highly
urgent and necessary for developing an efficient and non-
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invasive method for qualitative and quantitative diagnosis of
myocardial fibrosis.
As a new emerging imaging technique, ultrasound molecular

imaging combines the unique intrinsic advantages of ultra-
sound imaging with the capability of molecular imaging.9,10

The principle is based on the specific molecular markers that
can be attached to the surface of nanosized contrast agents of
ultrasound, so these nano-contrast agents are capable of
targeting the specific antigen or antibody of the disease-related
cells or tissues.11−13 After the nano-contrast agents accumulate
to the specific location by intravenous injection, low-intensity
focused ultrasound (LIFU) is used to induce the nano-contrast
agents undergoing liquid−gas phase change and converting
into microbubbles, which can be easily detected by diagnostic
ultrasound.14−16 This diagnostic-imaging approach provides a
novel noninvasive, economical, real-time imaging technique for
inspecting the specific molecules in the disease tissue.17−19

Recently, several molecular probes have been designed for
ultrasound molecular imaging in animal models with liver
tumors, retinoblastoma and liver fibrosis, but the rational
design of phase-changeable nano-contrast agents on the
ultrasound molecular imaging of myocardial fibrosis is still
highly challenging.20−24

Type I collagen is the main collagen component in fibrotic
myocardial tissue, accounting for 80−85% of the total collagen
content.25−27 Extensive research studies have demonstrated
that type I collagen is excessively expressed in myocardial
fibrosis caused by various diseases.28−30 Detection of type I
collagen can be used to assess the content of myocardial
fibrosis. Recently, a fluorescent probe CNA3531−33 has been
used for type I collagen labeling. It is a 35 kDa protein
extracted from the surface of Staphylococcus aureus, which
specifically bind to type I collagen. Especially, CNA35 has been
further developed as a molecular probe to fabricate a targeted
contrast agent of MRI and computed tomography (CT) for
the imaging of myocardial fibrosis.34,35 For instance, Chris
Reutelingsperger et al.36 developed 99mTc-(CO)3 His-CNA35
to localize tumor vascular collagen for molecular imaging of
tumor vasculature. On the basis of the fast development of
ultrasound molecular imaging and type I collagen-based
targeting design, it was hypothesized that liquid−gas phase-
changeable fluorocarbon nanoparticles carrying type I collagen-
binding CNA35 could pass through the myocardial endothe-
lium and then bind to the fibrotic myocardium (Figure 1).
After the liquid−gas phase change as induced by LIFU
irradiation, these fluorocarbon nanoparticles could be con-
verted into microbubbles, which could be detected by
diagnostic ultrasound, achieving the goal of real-time molecular
imaging of cardiac fibrosis with ultrasound. Therefore, the
specific goal of this work is to develop CNA35-labeled
perfluoropentane nanoparticles (designated as CNA35-PFP
NPs) and evaluate their specific functionality of selective,
noninvasive, and real-time imaging of cardiac fibrosis with
diagnostic ultrasound.

2. MATERIALS AND METHODS
2.1. Fabrication of Fluorocarbon Nanoparticles (PFP NPs)

and CNA35-Labeled Perfluoropentane Nanoparticles (CNA35-
PFP NPs). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 10
mg; Avanti Polar Lipids, Alabaster, AL, USA), 4 mg of 1,2-
dioctadecanoyl-sn-glycero-3-phosphoethanolamine (DSPE; Avanti
Polar Lipids, Alabaster, AL, USA), 3 mg of 1,2-distearoyl-sn-glycero-
3-phosphorylglycerol (DSPG; Avanti Polar Lipids, Alabaster, AL,
USA), and 3 mg of cholesterol (Sigma, St. Louis, MO, USA) were

dissolved with 10 mL of trichloromethane (Chongqing Chuandong
Chemicals, Chongqing, China), and then the organic solvent was
removed with a rotary vacuum evaporator (RE-52A, Yarong,
Shanghai, China). After adding 200 μL of liquid perfluoropentane
(PFP; Elf Atochem, France) to the liquid membrane solution,
fluorocarbon lipid nanoparticles were prepared by pulse vibration for
6 min with a sonicator (VCY-500, Shanghai Yanyong Ultrasonic
Instrument Co., Ltd., Shanghai, China). Finally, nanosized and
uniform contrast agents were obtained by centrifugation in a
refrigerated centrifuge (5804R; Eppendorf, Hamburg, Germany) at
4 °C (6000 rpm, 5 min three times). After each time of centrifugation,
the perfluoropentane nanoparticles (PFP NPs) were washed and
collected with 4 mL phosphate-buffered saline (PBS) for further
study.

To fabricate CNA35-labeled perfluoropentane nanoparticles
(CNA35-PFP NPs), the typical carbodiimide method was used.
DSPE-PEG2000-NH2 (4 mg, Xi’an Ruixi Biotechnology Co., Ltd.
Xian, China) was used to replace DSPE during the process of
nanoparticle synthesis, which was mixed with a small amount of DiI
(Beyotime Biotechnology, Shanghai, China). The other steps were
the same as described above. CNA35-FITC (200 μL, 1.85 mg/mL,
kindly provided by C.R., Department of Biochemistry, University
Maastricht, The Netherlands) was mixed with 2 mL of as-prepared
phase-changeable nanoparticles. The suspension was incubated in an
ice bath for 24 h, and then concentrated by centrifugation and washed
with 4mL PBS for three times. This whole process was conducted in
the dark to avoid the loss of fluorescein isothiocyanate (FITC)
fluorescence activity.

2.2. Characterization of PFP NPs. The diameter and
distribution of the nano-contrast agents were observed with an
optical microscope (Olympus, Tokyo, Japan) and a confocal laser
scanning microscope (A1R-Si; Nikon, Tokyo, Japan). The morphol-
ogy and microstructure of the nanoparticles were observed by
transmission electron microscopy (TEM) (H-7500; Hitachi, Tokyo,
Japan).The average diameter and zeta potential of the nanoparticles

Figure 1. Schematic illustration of the design of CNA35-PFP NPs
combined with LIFU to detect myocardial fibrosis. Nanoscale
CNA35-PFP NPs could pass through the myocardial vascular
endothelium and target the fibrotic myocardium. Under the external
LIFU irradiation, CNA35-PFP NPs could phase-transform into
microbubbles and enhance ultrasound molecular imaging of
myocardial fibrosis.
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were measured by a dynamic light scattering analyzer (Malvern
Instruments, Malvern, UK). Flow cytometry was used to assess the
connectivity of CNA35 and PFP NPs.
2.3. Phase Transition and Ultrasound Imaging of CNA35-

PFP NPs. To investigate the phase-transition behavior of CNA35-
PFP NPs, we performed both heating and focused ultrasound
irradiation to induce the phase transition. The CNA35-PFP NPs were
heated at 37, 40, 45, and 50 °C for 1, 5,, and 10 min using a constant
temperature water bath heater. Esaote Mylab90 (Genoa, Italy)
ultrasonic diagnostic system (probe LA523, frequency 5−9 MHz) was
used to compare the gray-scale changes between the B-mode and
contrast-enhanced ultrasound (CEUS) group. The phase-transition
process of the nano-contrast agents was observed under a microscope.
In addition, the phase transition of CNA35-PFP NPs was induced

in vitro by low-intensity focused ultrasound (LIFU; LMSC051 ACA;
Institute of Ultrasound Imaging, Chongqing Medical University,
Chongqing, China). First, these CNA35-PFP NPs were diluted and
added into a perforated agar gel phantom (3% agar content), and the
surface of the LIFU probe was coated with an ultrasonic coupling
agent and the focus of the LIFU was positioned at the center of the
nano-contrast agents. Then, the sample was irradiated by LIFU for 1−
4 min at the power of 1−4 W/cm2. The ultrasound images before and
after each LIFU irradiation were recorded for further analysis.
2.4. Animal Model Establishment. New Zealand white rabbits

(provided by the Animal Center of Chongqing Medical University)
were chosen to establish an in vivo myocardial infarction model. All
experimental procedures were conducted in accordance with local
guidelines on the ethical use of animals and the National Institutes of
Health “Guide for the Care and Use of Laboratory Animals” (NIH
publication no. 80-23, revised 1996). The animal experiments were
approved by the Animal Experimental Committee of Chongqing
Medical University. Female New Zealand white rabbits (average
weight of 2 kg) were randomly selected and anesthetized by
intravenous injection of 3% pentobarbital sodium (1 mL/kg).
Lidocaine (2 mg/kg) was injected via the ear vein for preventing
malignant arrhythmias before surgery. A median sternotomy was
performed to expose the heart. Myocardial infarction was induced by
ligation of the middle segment of the left anterior descending
coronary artery with a 5−0 silk suture. ST-segment elevation of the
precordial leads in the ECG was considered successful. One month
after operation, myocardial tissue of the infarct-related area was
collected for pathological examination.
2.5. Ex Vivo Localization, Imaging, and Quantitative

Analysis of CNA35-FITC. Frozen sections (10 μm) of an infarcted
myocardium and a normal myocardium (n = 5 for each group) were
used to compare the collagen expression. The nucleus and collagen
fibers were localized using 4′,6-diamidino-2-phenylindole (DAPI) and
CNA35-FITC, respectively. CNA35-FITC (10 μL) was added to the
sections, which was further incubated for 15 min at room temperature
and then washed with PBS three times to remove the unbound
CNA35-FITC. An antifluorescent quencher was added to cover the
sections with a coverslip for sealing. The stained sections were
observed with a fluorescence confocal microscope. Picrosirius red
(PSR) was used to stain the same sections after CNA35-FITC
imaging and the results were compared with the fluorescent images.
The corresponding myocardial fraction was manually selected

under the microscope field for analysis. The percentage of collagen in
each field was calculated using ImageJ software (1.48 V, NIH,
Bethesda, MD, USA). All measurements were performed five times
per image and the average of the results was calculated.
2.6. In Vitro and in Vivo Safety Evaluation of CNA35-PFP

NPs. To investigate the safety of CNA35-PFP NPs, an in vitro
cytotoxicity test and an in vivo safety evaluation on healthy rabbits
were performed. For in vitro safety evaluation, rat primary cardiac
fibroblasts (CFs) were isolated from neonatal Sprague Dawley rats as
we described previously.37 CCK-8 assay was used to examine the cell
viability of CFs after incubation with various concentrations of
CNA35-PFP NPs (0.6, 1.25, 2.5, and 5 mg/mL) for 24 h. For the in
vivo safety test, 4 mL of CNA35-PFP NPs were injected from the ear
vein into five normal rabbits. Forty-eight hours after injection, the

rabbits were sacrificed and the heart, lung, liver, kidney, and spleen
were collected for histological evaluation.

2.7. In Vivo Detection of Type I Collagen Fibers Targeted by
CNA35-FITC-PFP NPs-DiI. Ten rabbits with myocardial infarction
were randomly divided into two groups (n = 5 for each group) 4
weeks after induction of myocardial infarction. In group one, 4 mL of
diluted PFP NPs-DiI was injected through the ear vein. In the other
group, 4 mL of FITC-labeled CNA35 nanoparticles (CNA35-FITC-
PFP NPs-DiI) were also injected by intravenous injection. Ten
normal rabbits used as controls were also randomly divided into two
groups and received PFP NPs-DiI or CNA35-FITC-PFP NPs-DiI
injection, respectively. One hour after injection, the hearts were
harvested in the dark, and the left ventricle frozen sections were
prepared. The sections were stained with DAPI and analyzed by
fluorescence confocal microscopy to localize targeted CNA35-FITC-
PFP NPs-DiI.

2.8. In Vivo Phase Transition of CNA35-PFP NPs and
Ultrasound Molecular Imaging of Myocardial Fibrosis. Ten
more rabbits with myocardial infarction were subject to ultrasound
molecular imaging procedures. Echocardiography was performed with
a commercially available echocardiographic system (Esaote MyLab
90, Genoa, Italy) equipped with a LA523 probe. The chamber size,
wall thickness, amplitude of wall motion, and the echo intensity of
anterior wall were recorded. The location of the infarcted area was
observed according to the wall motion and wall thickness. Ten rabbits
were randomly divided into two groups; PFP NPs or CNA35-PFP
NPs were injected through the ear vein, respectively. Five minutes
after injection, the rabbits in both groups received LIFU irradiation
directed to the infarcted area for 3 min. Ultrasound images at baseline,
5 min after the nanoparticles injection, and after LIFU irradiation
were recorded and compared.

2.9. Statistical Analysis. The imaging signal of the corresponding
regions in B-mode and contrast mode was calculated with an
ultrasound imaging analyzer (DFY-II; Institute of Ultrasound
Imaging, Chongqing, China).16,38 All data were recorded as mean ±
standard deviation. Data analysis was performed using Stata for
Windows version 15.0 (Stata Corp LLC, College Station, TX, USA).
Statistical images were analyzed with GraphPad Prism for Windows
version 6.0 (GraphPad, Inc., San Diego, CA, USA). The t-test was
used to compare the thickness of the infarcted myocardium and
noninfarcted area. Also, Student’s t-test was performed to determine
differences of fibrosis between the control group and the experimental
group. One-way ANOVA was used to test the differences of mean
gray-scale values of ultrasound molecular imaging in myocardial
infarction rabbits that had received CNA35-NP/CNA35-PFP NPs at
baseline, 5 min after injection, and after LIFU irradiation. A two-sided
probability value p < 0.05 was considered a statistically significant
difference.

3. RESULTS AND DISCUSSION
3.1. Characterization of PFP NPs and CNA35-PFP NPs.

In this work, we successfully synthesized CNA35-labeled
perfluoropentane nanoparticles (CNA35-PFP NPs) carrying a
CNA35 molecular probe by a carbodiimide method.
Myocardial fibrosis is a common pathological change in most
myocardial diseases.39,40 A normal myocardium is gradually
replaced by fibroblasts and collagen fibers of which type I
collagen fibers are the main components. As a molecular probe,
the ability of CNA35 to target type I collagen in the
myocardium has been demonstrated in basic research and
animal studies.36,41,42 The liquid fluorocarbon/phospholipid
film-forming material is doped with a phospholipid carrying an
amino group at the terminals. In the experimental procedure,
we dissolved 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride and N-hydroxysuccinimide in a certain ratio in
2-(N-morpholino)ethanesulfonic acid (pH = 5.2) solution, and
the mixture activated the carboxyl group at the end of CNA35-
FITC. During the co-incubation, the amino termini of the
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nanoparticles were bound to the carboxy terminus of CNA35-
FITC. In the preparation of nanoparticles, we labeled the
nanoparticles with DiI, a red fluorescent lipid dye, allowing to
determine colocalization of CNA35-FITC with the DiI-stained
nanoparticles. As observed by an optical microscope, PFP NPs
were evenly distributed on the slide glass, and the individual
size was uniform. After the modification of FITC and DiI, the
final CNA35-FITC-PFP NPs-DiI shows both green fluores-
cence (FITC, Figure 2a) and red fluorescence (DiI, Figure 2b)

under the observation of confocal laser scanning microscopy.
The merged fluorescence images further demonstrate the
successful construction of CNA35-FITC-PFP NPs-DiI with
surface CNA35 targeting modification (Figure 2c).
Recently, with the extensive application of the CEUS

technique in clinical practice, ultrasound molecular imaging
and therapeutic research have received increasing attention.43

As an emerging noninvasive method, ultrasonic molecular
imaging has an important clinical application prospect because
of its simplicity, targeting, and real-time feature.44 At present,
micron-scale ultrasound microbubbles are mainly used as
tracers of blood flow in clinic practice,45 but they have some
shortcomings in practical application, such as short in vivo
circulation time, vulnerable to the blood flow shear stress, and
difficulty in traversing the endothelium because of the
dimension limitation. In this work, the average size of a single
PFP nanoparticle under TEM observation was approximately
250 nm (Figure 2d).The average hydrodynamic particle size of
PFP NPs and CNA35-PFP NPs were respectively determined
to be 255.86 ± 3.13 and 295.62 ± 4.19 nm as tested by
dynamic light scattering (Figure S1a). The nanosized CNA35
nanoparticles hypothetically pass the vascular endothelium and
target fibrosis in the ischemic myocardium, allowing molecular
imaging of fibrotic lesions.
In addition, the mean zeta potential of PFP NPs and

CNA35-PFP NPs were −1.73 ± 0.46 and 1.79 ± 0.13 mV,
respectively (Figure S1b and Table S1). Flow cytometry was
further used to determine the connection rate of CNA35 onto

PFP NPs, where as high as 86% connection rate was recorded
to guarantee the further efficient targeting detection of type I
collagen fibers (Figure 3).

3.2. In Vitro Phase Transition and Ultrasound
Imaging of CNA35-PFP NPs. As shown in Figures 4 and
5, both thermal effect and LIFU irradiation could induce
liquid−gas phase transition of as-synthesized CNA35-PFP
nanoagents. It has been found that the initial CNA35-PFP NPs
were difficult to be distinguished under optical microscopic
observation because of the small particle size. Importantly, the
increased temperature triggered the phase change from liquid
NPs to gaseous microbubbles as demonstrated by the presence
of large microbubbles under the optical microscopic
observation (Figure 4a). For ultrasound imaging, such a
liquid−gas phase-changeable process significantly enhanced
the echo intensity in the agar gel model filled with CNA35-
PFP NPs under B-mode and CEUS mode (Figure 4b), which
was also based on the increased temperature that triggered the
gaseous change of the encapsulated PFP component within the
targeted nanoagents, demonstrating the temperature-sensitive
ultrasound-imaging performance.
In this work, lipids with desirable elasticity were used as

nanoparticles’ shells, which could reduce the ultrasonic power
required to achieve a phase transition and effectively prevent
damage to the body caused by excessive irradiation power. It
has been demonstrated that PFP is an idea material for
microbubble construction and its boiling point of the phase-
changeable PFP is 29 °C,46−49 which can be gasified at room
temperature. However, the nanoparticles’ phase-changeable
temperature was elevated after being encapsulated by the lipid
shell. The study of Rapoport et al.50 showed that the
temperature threshold of the phase transition of liquid
fluorocarbon was related to the diameter of the particles.
The smaller the size of the particles, the higher the temperature
required for the phase transition. At normal body temperature
of around 37 °C, only when the diameter reached 4 μm did the
phase transformation of the encapsulated PFP occur. In the
heating-phase change experiment, no significant phase
transition of the nanoagents was observed when the nano-
particles were heated to 37 °C for 10 min. We further tested
the stability of the nanoparticles in vitro by heating at 37.5 °C
for 30 and 60 min. No obvious phase change was observed
even when heated at 37.5 °C for 60 min (Figure S2),
indicating that these nanoparticles were stable in the human
body.
Importantly, the introduction of LIFU irradiation could also

trigger the liquid−gas phase change of CNA35-PFP NPs as
demonstrated by the post-generation of large amounts of
microbubbles with large particle size (Figure 5a) at the
irradiation power density of 1−2 W/cm2. The irradiation with
LIFU at different power densities and durations also revealed
that the echo intensity of CNA35-PFP NPs increased with
time at the power density of 1−2 W/cm2. When the power
density was set as 3 W/cm2, the echo intensity reached its peak
after 3 min of LIFU irradiation, and then decreased at the 4th
min. In the group of 4 W/cm2, the time of the echo intensity
reaching its peak was 2 min, which began to decrease at the 3rd
min. Comparatively, the echo intensity at the 2nd min in the 4
W/cm2 group was lower than that in the 3 W/cm2 group at the
3rd min (Figure 5b). This result demonstrates that these as-
fabricated CNA35-PFP NPs are featured with an LIFU-
sensitive phase-changeable property and corresponding ultra-
sound-imaging performance. Quantitative analysis demonstra-

Figure 2. (a−c) Fluorescent images of CNA35-FITC-PFP NPs-DiI
showing different fluorescences originating from the (a) FITC
component and the (b) DiI component, and (c) is the merged
image of (a,b) images (100×). (d) TEM image of PFP NPs. Scale bar:
100 nm.
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ted that ultrasound imaging of fluorocarbon nanoparticles was
more obvious when exposed to 3 W/cm2 for 3 min, indicating
that most of the nanoparticles experienced a phase transition.
This phenomenon is consistent with the experimental results
of Zhu et al.,51 which proves that these nanoparticles could
undergo phase transformation under certain conditions to

achieve the desirable imaging results. Therefore, we chose
LIFU power density of 3 W/cm2 and irradiation time of 3 min
for in vivo assessment.

3.3. Fibrosis Modeling after Acute Myocardial
Infarction in Rabbits. A myocardial infarction model was
successfully established by ligating the anterior descending

Figure 3. Analysis of CNA35-PFP NP connectivity by flow cytometry, including (a) negative control group, (b) PFP NPs-DiI group, (c) CNA35-
FITC-PFP NPs group, and (d) CNA35-FITC-PFP NPs-DiI group. The connection rate was determined to be 86%.

Figure 4. In vitro phase transition and ultrasound imaging of CNA35-PFP NPs. (a) Optical microscopic distribution image of CNA35-PFP NPs
phase transformation by heating at 45 °C (100×). (b) CEUS imaging effect of each group in ultrasonic mode (B-mode and CEUS mode) after
heating in a water bath.
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coronary artery. A postoperative electrocardiogram showed
that the ST segment of the chest lead was significantly elevated
(Figure 6). One month after the operation, the echocardio-
gram showed that the anterior wall myocardium became
thinner and the amplitude of motion was weakened. A
pathological examination indicated myocardial infarction with
fibrosis (Figure 7).
3.4. Ex Vivo CNA35-FITC-Targeted Binding Ability,

Imaging Effect, and Quantitative Analysis. In the ex vivo
experiment, the frozen sections of the myocardial fibrosis
model and normal rabbit myocardium were selected. Both two
groups were stained with CNA35-FITC and DAPI. After
repeated washing, they were observed under a fluorescence
confocal microscope. Type I collagen labeled with CNA35-
FITC showed the green fluorescence under confocal laser
scanning microscopy (CLSM) observation, whereas the nuclei
labeled by DAPI showed the blue fluorescence (Figure 8a).
The ex vivo green fluorescence signal of the fibrotic
myocardium in the myocardial infarction group was signifi-
cantly enhanced as observed by CLSM, whereas only a small
amount of green fluorescence was observed in the healthy
rabbit myocardium. The results were consistent with the
results of Sirius red staining (Figure 7). Hematoxylin and eosin
(HE) staining, Masson staining, and Sirius red staining were

performed on the sections, respectively. Significant fibrosis was
observed in the stained myocardial tissue (Figure 8a). The

Figure 5. LIFU-triggered in vitro phase transition and ultrasound imaging of CNA35-PFP NPs. (a) Optical microscope graphics of phase-
transformation after LIFU-irradiated treatment of CNA35-PFP NPs at 3 W for 3 min (100×). (b) Ultrasound imaging of CNA35-PFP NPs after
irradiation by LIFU under different conditions. (c) Gray-scale values of B-mode imaging of CNA35-PFP NPs after LIFU irradiation under different
conditions. (d) Gray-scale values of CEUS-mode imaging of CNA35-PFP NPs after LIFU irradiation under different conditions as shown in the
corresponding figure.

Figure 6. (a) Preoperative and (b) postoperative electrocardiogram of
rabbit acute myocardial infarction modeling. The postoperative
electrocardiogram showed that the ST segment of the V1 lead was
successfully increased.
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results of the corresponding semiquantitative analysis of each
group were in accordance with CLSM characterization (Table
S2, Figure 8b).In this ex vivo experiment, we confirmed that
CNA35 could well accumulate at the site of myocardial
fibrosis. Comparatively, there was no apparent accumulation in
the nonfibrotic region, which provides a basis for the
subsequent in vivo experiments.
3.5. Cytotoxicity and in Vivo Safety Evaluation of

CNA35-PFP NPs. The cultured CFs were identified by
positive staining for vimentin and negative staining for CD31
and troponin I (Figure 9a−c). After incubation with CNA35-
PFP NPs for 24 h, no significant cytotoxicity was observed in
all concentrations of CNA35-PFP NPs (Figure 9d). Mean-
while, no damage in any of the organs was observed under a
light microscope after 48 h of CNA35-PFP NP injection
(Figure 10), indicating the relatively high biocompatibility of
as-synthesized nanoprobes.
3.6. In Vivo Binding Assay of Type I Collagen Fiber-

Targeted CNA35-FITC Nanoagents. For in vivo evaluation,

PFP NPs-DiI or CNA35-FITC-PFP NPs-DiI was injected
through the ear vein in rabbits with myocardial infarction or
normal controls (the control group and the myocardial
infarction group received PFP NPs-DiI or CNA35-FITC-PFP
NPs-DiI injection). Then, the heart was taken out in the dark
to prepare frozen sections. Myocardial tissues were observed
under a laser confocal microscope. The results showed that the
green fluorescent collagen fibers and red fluorescent lipid
phase-changeable nanoagents were observed in the myocardial
fibrosis model group after the injection of CNA35-FITC-PFP
NPs-DiI. However, in myocardial infarction rabbits injected
with non-collagen targeted nanoparticles (PFP NPs-DiI) and
normal rabbits injected with CNA35-FITC-PFP or NPs-DiI,
neither green nor red fluorescence imaging was observed under
laser confocal microscopy (Figure 11), indicating that CNA35-
PFP NPs are featured with an intriguing targeting capability to
myocardial type I collagen with high stability in vivo. This
result further demonstrates that the nanoagents as-prepared
herein are able to cross the vascular endothelium to reach the
fibrotic area.

3.7. In Vivo Ultrasound Molecular Imaging of
Myocardial Fibrosis. For rabbits with myocardial infarction,
the infarcted area was observed in the left ventricle anterior
wall and/or anteroseptal wall by echocardiography. The
thickness of the infarcted myocardium was thinner than that
of the noninfarcted area (0.093 ± 0.012 cm vs 0.31 ± 0.034
cm, **p < 0.05), and the echo intensity seemed higher in the
infarcted segments. As reported by Danila et al.,35 strong blood
pool enhancement was observed only 5 min after CNA35-
AuNP administration. According to Danila’s report, we
performed ultrasound observations 5 min after the injection

Figure 7. (A) Myocardial collagen fibers stained with CNA35-FITC
and evaluated by fluorescence confocal microscopy showing green
fluorescence. Their distribution was consistent with (B) the results of
Sirius red staining.

Figure 8. Staining results of myocardial fibrosis in myocardial infarction and normal group myocardial tissue, including (a) HE staining, Masson,
Sirius red, and CNA35-FITC staining (scale bar: 500 μm). Significant collagen fibrosis was observed in the infarcted myocardium. (b)
Semiquantitative analysis of the staining results of Masson staining, PSR staining, and CNA35-FITC in the control group and experimental group
(n = 5), **p < 0.05.
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of PFP NPs or CNA35-PFP NPs; no obvious enhancement
was found in the infarction-related myocardium in both
groups. After LIFU irradiation to the heart at the power of 3
W/cm2 for 3 min, also no contrast-enhanced effect was
observed by echocardiography in rabbits that received non-
collagen I-targeted nanoparticles (PFP NPs) (non-targeting
group). However, in rabbits that received CNA35-labeled
perfluoropentane nanoparticles (CNA35-PFP NPs) (targeting
group), significant ultrasound signal enhancement in the

infarcted area was observed 3 min after LIFU irradiation
(Figure 12a), indicating that only collagen-targeted nano-
particles could reach and accumulate at the fibrotic
myocardium. It also demonstrates that phase transition
occurred in vivo after LIFU irradiation.
These experimental results confirmed that CNA35 NPs

could cross the vascular endothelium, bind to myocardial
fibrosis in a targeted manner, and enhance the ultrasound-
imaging signal. Nanoparticles without CNA35 modification
could not target the fibrotic myocardium, causing difficulty in
inducing the contrast-enhanced effect for ultrasound imaging.
In addition, no ultrasound enhancement was observed in the
CNA35 NP group before LIFU irradiation, indicating that
these nanoagents could hardly spontaneously produce a phase
transition in vivo where LIFU triggering was necessary. This
result was consistent with the results as observed in vitro.
The gray-scale values of each group at baseline, and before

and after LIFU irradiation were statistically analyzed at B-
mode and contrast mode. After LIFU irradiation, the gray-scale
values in the CNA35-NP group were significantly higher than
those before LIFU irradiation and at baseline (**p < 0.05).
Images at the same view were also observed in contrast mode,
further eliminating interference from echoes in other parts
(Figure 12b,c). The results of Sirius red staining were
consistent with those obtained by ultrasonic imaging (Figure
12d).
This work validated the specific capability of CNA35-PFP

NPs to diagnose myocardial fibrosis by ultrasound imaging, but
this ability depends on the microcirculation at the infarction
site. However, we performed the imaging study 30 days after
myocardial infarction, which might provide enough time to
form collateral circulation, and the nanoparticles could get to
the fibrotic myocardium through the collateral pathways. In
addition, we tested targeting of CNA35-PFP NPs in an animal
model of myocardial infarction. It has not been revealed
whether the target imaging effect could be observed in animal
models with diffuse scarring. Future studies on different types
of myocardial scarring in different animal models might refine
these results. Furthermore, although no LIFU treatment-
related death was observed in this work, the potential side
effects such as arrhythmias and cardiac edema need to be
further investigated.

4. CONCLUSIONS
In this work, we successfully constructed CNA35-labeled
perfluoropentane nanoparticles (CNA35-PFP NPs) carrying a
CNA35 molecular probe by the typical carbodiimide method.

Figure 9. Ex vivo cytotoxicity study with cultured rat primary CFs. (a)
Cultured CFs isolated from neonatal Sprague Dawley rats. (b,c) CF
identification with negative staining for CD31, troponin I, and
positive staining for vimentin. (d) Compared to control, no significant
cytotoxicity was observed after being co-incubated with all
concentrations of CNA35-PFP NPs for 24 h.

Figure 10. HE staining of the main organs including heart, lung, liver, kidney, and spleen under a light microscope 48 h after CNA35-PFP NP
injection. No damage in any of the organs was observed (400×).
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Figure 11. In vivo fluorescence imaging of PFP NPs and CNA35-PFP NPs. (a) The control group and (b) the infarct group were injected with
PFP NPs-DiI and CNA35-FITC-PFP NPs-DiI. After 1 h, the myocardial tissue was collected to prepare frozen sections and observed under a
fluorescence confocal microscope. DAPI was used for nuclear localization. Green indicates fibrous collagen tissue, red indicates PFP NPs, and blue
indicates the nucleus (400×).

Figure 12. Ultrasound molecular imaging of CNA35 collagen-targeted fluorocarbon nanoparticles for myocardial fibrosis: (a) injection of PFP NPs
and CNA35-PFP NPs, respectively, in B-mode (left) and contrast mode (right) before and after LIFU ultrasound focusing images, (b) changes in
gray-scale values of each group in B-mode (c), and CEUS mode (d). Collagen area of infarction group stained by PSR (0.6×).
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These targeted nanoagents conjugated with CNA35 are
featured with attractive characteristics such as small nanoscale
size, strong penetrability, and high specificity. On the basis of
the ex vivo and in vivo evaluations, these phase-changeable
nanoparticles conjugating with CNA35 could efficiently pass
the vascular endothelium and specifically accumulate into the
myocardial fibrous tissue. The fibrotic tissue can thus be
visualized noninvasively using ultrasound imaging in combi-
nation with LIFU irradiation. This is the first time to realize
the in situ ultrasound molecular imaging of myocardial fibrosis.
On the basis of the results of this work, the precise targeted
therapy for the myocardial cardiac might be facilitated by this
intriguing ultrasound-imaging technique. Therefore, the as-
constructed phase-changeable CNA35-PFP NPs in this work
could potentially act as the highly promising molecular probe
in the diagnosis and treatment of cardiac fibrosis.
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