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Due to the elevated fatality rate of cardiovascular diseases, myocardial fibrosis emerges as a prominent
pathological alteration in the majority of heart ailments and their associated pathologies, thereby
augmenting the likelihood of sudden cardiac death. Consequently, the prompt and obligatory identification
of myocardial fibrosis assumes paramount importance in averting malignant incidents among patients
afflicted with cardiac disorders. Herein, with higher expression osteopontin (OPN) found in cardiac fibrosis
tissue, we have developed a dual-modality imaging probe, namely OPN targeted nanoparticles (OPN@PFP-
DR NPs), which loaded perfluoropentane (PFP) for ultrasound (US) and 11-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (DiR) for near-infrared fluorescence (NIR) of molecular imaging, to

investigate the molecular features of cardiac fibrosis using US and NIR imaging. Subsequently, the
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Accepted 28th May 2024 OPN@PFP-DIR NPs were administered intravenously to a mouse model of myocardial infarction (MIl). The
US and NIR molecular imaging techniques were employed to visualize the accumulation of the

DOI: 10.1039/d4na00042k nanoparticles in the fibrotic myocardium. Hence, this research presents a valuable noninvasive, cost-

rsc.li/nanoscale-advances effective, and real-time imaging method for evaluating cardiac fibrosis, with promising clinical applications.
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Introduction

Cardiac fibrosis, characterized by the excessive accretion of
extracellular matrix proteins in the myocardium, is a noteworthy
pathological modification observed in diverse heart diseases and
associated conditions, including myocardial ischemia, inherited
cardiomyopathies, and myocarditis."* Furthermore, cardiac
fibrosis has been closely linked to the progress of malignant
arrhythmias, heart failure, and sudden death.** Consequently, it
is of paramount significance to actualize early and precise
detection of myocardial fibrosis through application of proactive
theragnostic tools, thereby circumventing the high risks of
unfavorable outcomes associated with cardiovascular disease.
Currently, computed tomography (CT), ultrasound (US), and
magnetic resonance imaging (MRI) are the most routine
methods for clinical diagnosis of myocardial fibrosis.*®
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However, these conventional methods possess inherent limi-
tations and drawbacks although they do have various advan-
tages. For example, positron emission tomography (PET) and
single-photon emission computed tomography (SPECT) have
lower spatial resolution compared to other modalities, require
daily probe production, and involve the use of ionizing radia-
tion, rendering them less suitable for longitudinal patient
monitoring.®™* Despite being regarded as the gold standard for
the noninvasive identification of myocardial fibrosis, late
gadolinium enhancement cardiac magnetic resonance (LGE-
CMR) is hindered by its inadequate spatial resolution and
vulnerability to metallic implants."”*** Traditional US contrast
agents are confined to the vascular space, while optical imaging
is constrained to superficial or semi-invasive applications due
to its reliance on light penetration into the tissue.*' Signifi-
cantly, these conventional imaging techniques exhibit reduced
sensitivity in detecting disease at its early stages and cannot
distinguish between active fibrogenesis and stable scars.
Moreover, these methods primarily emphasize the morpholog-
ical alterations in fibrotic myocardium.'*"” Biopsy, although
utilized, is an imperfect method for identifying activated
molecular pathways and carries inherent risks.*®**® Therefore, it
is imperative to create new sophisticated imaging strategies,
which are economical, non-ionizing, extremely sensitive, and
capable of providing high-resolution images to achieve timely
detection of myocardial fibrosis and its early warning signs.
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Molecular imaging technology represents a novel avenue for
the prompt identification of myocardial fibrosis.*® Unlike tradi-
tional imaging methods, molecular imaging technology stands
out for its capacity to detect initial indications of the condi-
tion”*** and holds the potential for precise early diagnosis of
myocardial fibrosis. Particularly noteworthy is the emergence of
US molecular imaging as a viable clinical technique, given its
simplicity, precise targeting, and real-time visualization of lesion
structure. This technique shows promise surmounting the limi-
tations associated with existing PET/PECT, CT, and MRI imaging
methods.?®*** Nevertheless, its main drawback lies in its inade-
quate sensitivity.>® Near-infrared fluorescence imaging (NIR) has
emerged as a prevalent technique for assessing pathophysiolog-
ical microenvironments, owing to its noninvasive detection, easy
operation, and real-time monitoring capabilities,*** whereas
albeit with the disadvantage of limited penetration depth, while
this limitation can be mitigated by integrating with US molecular
imaging, thereby effectively compensating for the restricted
penetration depth. Hence, the incorporation of NIR with US
molecular imaging through the development of a US/NIR
multimodal molecular probe can provide facilitating rapid,
high-resolution imaging with a deep penetration depth, therefore
enabling the effectively evaluation of myocardial fibrosis. In
addition, targeted delivery is of utmost importance in improving
the specificity and sensitivity of molecular probes. Osteopontin
(OPN), a phosphorylated glycoprotein, demonstrates significant
expression in fibrotic myocardium, while its presence in normal
tissues is either absent or minimal.**° This unique attribute
renders OPN an ideal contender for the early detection of
myocardial fibrosis. Leveraging the abundant expression of OPN
in myocardial fibrosis, along with the advantageous features of
deep tissue penetration in US molecular imaging and high
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sensitivity of NIR. Phase change material perfluoropentane (PFP)
allows ultrasonic molecular imaging without the large particle
size and short halflife of conventional microbubble contrast
agents.***? As for NIR imaging, DiR (1,1’-dioctadecyl-3,3,3',3'-tet-
ramethylindotricarbocyanine iodide) is a common photosensi-
tizer. DiR's water-insoluble nature and rapid elimination from
the bloodstream following systemic administration, however,
severely restrict its use in imaging and therapeutic proce-
dures.*®** Therefore, the development of effective tools for
improving the delivery of PFP and DiR is essential for the
successful US/NIR imaging.

Our research aims to design a dual modal imaging system
utilizing US/NIR technology to specifically target OPN with PFP
coated phase change nanoparticles as the carrier and DiR as the
fluorescent agent, to enable early detection and assessment of
myocardial fibrosis at the molecular level (Fig. 1), thereby
facilitating prevention of sudden death and identification of
potential drug targets.

Materials and methods

Reagents and materials

PLGA-COOH (50:50, My, = 10000) was obtained from Jinan
Daigang Biomaterial Co., Ltd (China). Perfluoropentane (PFP), 2-
(N-morpholino) ethane sulfonic acid (MES), 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), and various fluorescent dyes,
including 4’,6-diamidino-2-phenylindole (DAPI) and 1,1'-dio-
ctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil),
1,10-dioctadecyl-3,3,30,30-tetramethylindotricarbocyanine iodide
(DiR), were all obtained from Sigma-Aldrich Chemical Co. (USA).
Osteopontin (OPN) and FITC-OPN peptide were purchased From

UsS

NIR

(A) Synthetic procedures for OPN-targeted nanoparticles (OPN@PFP-DiIR NPs) which loaded perfluoropentane (PFP) for ultrasound (US)

and 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine iodide (DiR) for near-infrared fluorescence (NIR) of molecular imaging, via two step
emulsion method and carbodiimide method. (B) Enhanced dual-modal imaging performed by OPN@PFP-DIiR NPs via intravenous injection.
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QYAOBAO Biochem Ltd in China. Except where otherwise stated,
all reagents and solvents were analytical grade and bought from
Chengdu Kelong Chemical Reagent Factory in Sichuan, China.

Preparation of OPN-targeted and DiR loaded PFP
nanoparticles (OPN@PFP-DiR NPs)

Targeting OPN@PFP-DiR NPs were synthesized using a previ-
ously established method with minor modifications.**** To
begin, a solution consisting of 50 mg PLGA-COOH and 1 mg DiR
fluorescent dye in 2 mL dichloromethane (CH,Cl,) was
prepared. And subsequently 200 pL PFP was gradually intro-
duced to the above solution, which was then subjected to
emulsification using an ultrasonic probe operating at 100 W for
a duration of 2 min (with a vibration cycle of 5 s on/5 s off to
prevent phase transition). The emulsified solution described
above was then added to a total volume of 20 mL, consisting of
19 mL PVA (2% w/v) solution and 1 mL 2% didodecyl dime-
thylammonium bromide (DDAB) solution, and then homoge-
nized (FJ300-SH, Shanghai, China) for 5 min in preparation for
another emulsion. The emulsion, containing 15 mL of a 2% (w/
v) isopropyl alcohol solution, was stirred using a magnetic
stirrer (HJ-1, Ronghua, China) for 6 h to remove CH,Cl, and
eliminate foam. Following this, the prepared solution was
centrifuged at a speed of 10000 rpm for 5 min at 4 °C. The
supernatant was thrown away, and the precipitate was washed
three times to acquire non-targeting PFP-DiR NPs.

OPN peptides were conjugated to the surface of PFP-DiR NPs
using the typical carbodiimide method. The prepared PFP-DiR
NPs were dispersed in 5 mL of MES buffer (0.1 mol L™, pH =
5.5) along with 46 mg EDC and 23 mg NHS for agitation and
incubated for a duration of 30 min. After undergoing centrifu-
gation three times for 5 min at 10 000 rpm, and the supernatant
was discarded each time and 1 mL fresh MES buffer
(0.1 mol L™, pH = 5.5) solution was added in order to extract
the residual EDC and NHS. The aforementioned solution was
subsequently supplemented with 1 mL OPN peptides solution
(1 mg mL ™), subsequently subjected to an incubation period of
2 h with continuous shaking. Furthermore, following three
consecutive centrifugations for 5 min at 10 000 rpm, and the
supernatant was disposed of and 1 mL fresh MES buffer
(0.1 mol L™, pH = 8.0) solution was added each time to extract
the remaining OPN peptides. OPN@PFP-DiR NPs were har-
vested, and all of the procedures mentioned above were done at
a temperature of 4 °C.

Characterization of OPN@PFP-DiR NPs

To gain a deeper apprehension of the characterization of
prepared nanoparticles, the morphology was detected using the
transmission electron microscope (TEM, Hitachi H7600, Japan)
and scanning electron microscopy (SEM, Hitachi S4800, Japan).
A laser particle size analyzer (NanoBook90Plus PALS, Broo-
khaven, USA) was utilized to measure the particle size and zeta
potential of the nanodroplets at a temperature of 4 °C. The
efficiency of OPN conjugation with non-targeted PFP-DiR NPs
was ascertained by measuring the fluorescence of FITC-labeled
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OPN and DiR-labeled PFP-DiR NPs using an inverted fluores-
cence microscope (CKX41, Olympus, Japan).

The phase transition behavior of OPN@PFP-DiR NPs was
investigated using both heating and focused ultrasound irra-
diation to induce the phase transition. Initially, OPN@PFP-DiR
NPs were subjected to heating at temperatures of 25 °C, 40 °C,
45 °C, and 50 °C for 4 min utilizing a heater with a constant
temperature. Furthermore, the in vitro generation of phase
transition of OPN@PFP-DiR NPs was achieved through the
application of low-intensity focused ultrasound (LIFU,
LMSC051 ACA; Chongqing Medical University, China) at varying
frequencies. The process of phase transition of the nano-
contrast agents was observed using an inverted fluorescence
microscope.

Evaluation of NIR and US molecular imaging ability in vitro

The in vitro NIR molecular imaging was conducted using the
Xenogen IVIS Spectrum imaging system (PerkinElmer, USA)
with a 745 nm excitation wavelength. The samples were diluted
to varying concentrations of DiR, ranging from 8 ug mL™" to 80
pg mL™', and subsequently introduced into the 96-well plates
using air-free water as a control. The mean fluorescence inten-
sities were quantified.

In order to assess the US molecular imaging capability of
OPN@PFP-DiR NPs in vitro, the samples were subjected to
different LIFU frequencies (1Wcm ™2, 2Wcem ™2, 3 W em ™2, and
4 W cm™?) and durations (1 min, 2 min, 3 min, and 4 min). The
US images were obtained using the ultrasonography instrument
Vevo 2100 Imaging System, (Fuji Film Visual Sonics, Canada)
and the mean echo intensities within the region of interest
(ROI) have been quantified.

In vitro cell viability

To assess the cytotoxicity in vitro, H9C2 and rat primary cardiac
fibroblasts (CFs) cells were cultured in 96-well plates at a density
of 5000 cells per well for a duration of 24 h. Subsequently, 100
uL of OPN@PFP-DiR NPs with varying concentrations were
incubated for an additional 24 h. The viability of the cells was
measured using the cell counting kit-8 (CCK-8) kit from Beyo-
time Biotechnology, China.

Establishment of MI model mice and evaluation of cardiac
fibrosis

Myocardial infarction (MI) was induced by permanent left
coronary artery ligation in C57BL/6 mice using an established
protocol,*” all animal experiments used in this institute strictly
follow “The NIH Guidelines On The Use Of Laboratory Animals”
and are approved by the Animal Welfare and Ethics Committee
of the Laboratory Animal Centre of the Air Force Medical
University (License number: IACUC-20240006). All animals
underwent anesthesia using 2% isoflurane and were induced by
ligating the left anterior descending (LAD) coronary artery with
8-0 silk. Electrocardiogram (ECG) and echocardiography were
employed for the evaluation of the model establishment.
Myocardial tissue from the infarct location was removed for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pathological analysis two weeks following surgery, validating
the presence of the formation hallmarks of cardiac fibrosis.

Ex vivo localization of FITC-PN@PFP-DiR NPs

Frozen sections (10 pm) of both infarcted and normal myocar-
dium (n = 5 for each group) were utilized for the ex vivo local-
ization of FITC-OPN@PFP-DiR NPs. The localization of the
nucleus and fibrosis tissue was achieved through the use of
DAPI and OPN-FITC, respectively. A 10 pL volume of OPN-
FITC(1 mg mL™") was applied to the sections, followed by
a 15 min incubation at room temperature and subsequent
washing with PBS three times to eliminate any unbound OPN-
FITC. The sections were then examined with a confocal laser
scanning microscope (CLSM, Nikon A1R, Japan). After being
sealed with an antifluorescent quencher and covered with
a coverslip. Following OPN-FITC imaging, the same sections
were stained with Picrosirius red (PSR), Masson staining and
Hematoxylin & Eosin (H&E) staining, and the resulting fluo-
rescent pictures were compared. The fibrosis content was
calculated using the Image-Pro Plus (IPP) 6.0 imaging software.

Evaluation of NIR and US molecular imaging ability in vivo

For in vivo NIR molecular imaging, mice were randomly
assigned to three groups and administered intravenous injec-
tions of 100 pL saline, non-targeted PFP-DiR NPs and targeted
OPN@PFP-DiR NPs (with a concentration of 100 pg mL™" DiR)
respectively. The major organs, including the heart, liver,
spleen, lung, and kidney, were extracted following the sacrificial
procedure of the mice after 24 h following the injection. The
fluorescence signal was then quantified using the Living Image
Software (PerkinElmer, USA).

With the same group as NIR molecular imaging, MI mice
were administered non-targeted PFP-DiR NPs or targeted
OPN@PFP-DiR NPs intravenously via the tail vein for in vivo US
molecular imaging. Subsequently, a 3 W cm™> LIFU irradiation
was applied for 10 min. Following LIFU sonication, US images
were recorded and compared.

In vivo biocompatibility evaluation

So as to ascertain the biosafety and biocompatibility of the
OPN@PFP-DiR NPs in vivo, all normal mice were randomly
divided into test and control groups. An intravenous adminis-
tration of OPN@PFP-DiR NPs was received by the test group,
whereas the control group was injected with saline. After
a period of 48 h, the major organs (heart, liver, kidney, spleen,
and lung) were afterward harvested for histopathological
examination.

Statistical analysis

Quantitative data were presented as mean =+ standard deviation
(SD). Statistical analysis was performed using GraphPad Prism
9.5 (GraphPad, Inc., San Diego, CA, USA). All experiments were
performed using n = 3 biological replicates. Student's t-test was
performed to assess differences between the two groups. One-
way ANOVA or two-way ANOVA was used for multigroup

© 2024 The Author(s). Published by the Royal Society of Chemistry
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comparisons. P values < 0.05 were considered statistically
significant (NS, no significance, *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001).

Results and discussion
Synthesis and characterization of OPN@PFP-DiR NPs

Using two-step emulsification and carbodiimide technique, we
effectively constructed OPN-targeted phase changeable fluo-
rescent nanoparticles (OPN@PFP-DiR NPs). The emulsion
formed by OPN@PFP-DiR NPs exhibited light blue (Fig. 2A). The
OPN@PFP-DiR NPs had uniform diameters, regular and
spherical forms, and no discernible aggregation or adhesion, as
shown by TEM and SEM images (Fig. 2B and C). As we known,
larger particles are more probable to be engulfed by the retic-
uloendothelial systems, which shortens the time that blood
circulates and causes particle accumulation.**** Smaller parti-
cles, on the other hand, have the benefit of more readily
accessing the interior region of the target, but if the particles get
too small, phase transitions become more challenging.*
Considering these factors, we developed OPN@PFP-DiR NPs
with dimensions of 187.7 + 9.5 nm (Fig. 2D), exhibiting high
water monodispersity and homogeneity (PDI = 0.08 £ 0.02),
and a zeta potential of 3.4 + 1.9 mV (Fig. 2E). Furthermore, it
was observed that the size of OPN@PFP-DiR NPs did not exhibit
significant variation following 30 days storage period at 4 °C, as
depicted in Fig. 2F. This exceptional stability of OPN@PFP-DiR
NPs during storage ensures their suitability for future experi-
mental applications.

Considering that PFP-DiR NPs lack inherent targeting
capabilities of cardiac fibrosis tissue, their accumulation at the
heart is solely facilitated through enhanced permeability. To
address this limitation, OPN peptide, which possesses a high
binding affinity to cardiac fibrosis locations, was conjugated
onto the surface of the PFP-DiR NPs. The evaluation of OPN
conjugation efficiency entailed an investigation into the corre-
lation between FITC-labeled OPN peptides and DiR-labeled
PFP-DiR NPs. This association was visually validated by the
amalgamation of orange images showcased in Fig. 2G, which
depicted a seamless connection between PFP-DiR NPs nanop-
robes (red) and OPN peptides (green). These findings indicated
that the NHS/EDC linker played a role in the covalent attach-
ment that demonstrated a high degree of controllability for the
immobilization of biomolecules on the surface and offered
enough stability for the surface active agent. Another piece of
evidence indicating the successful conjugation is that the
surface zeta potential of nanoparticles exhibited a noticeable
change following the conjugation reaction, from —7.7 2.7 mV
to 3.4 + 1.9 mV (Fig. 2E). The aforementioned properties of
prepared nanoparticles demonstrated that OPN@PFP-DiR NPs
were successfully fabricated.

Further investigation is warranted to investigate the thermal
effect and LIFU irradiation as pivotal factors in inducing phase
transition of as-synthesized OPN@PFP-DiR NPs, with the aim of
enhancing the comprehension of this phenomenon. Due to
their small size, the initial OPN@PFP-DiR NPs posed challenges
in differentiation into microbubbles. However, significant

Nanoscale Adv, 2024, 6, 3590-3601 | 3593
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Fig.2 Characteristics of the OPN@PFP-DiR NPs. (A) Macroscopic views of free DiR and OPN@PFP-DiR NPs at the same PLGA concentration in
PBS representative SEM images (B) and TEM images (C) of OPN@PFP-DIiR NPs. (D) The size distribution of the different PLGA NPs. (E) Size
changes of OPN@PFP-DiR NPs at 4 °C after long-term storage. (F) Zeta potential of different PLGA NPs (G) Fluorescence images showed
preferential connection between FITC-labeled OPN peptide and DiR-labeled PFP-DiR NPs.

microbubbles observed in Fig. 3A and B and video S17 indicated
that elevated temperature and LIFU frequency facilitated the
transition from liquid NPs to gaseous microbubbles. At an
elevated temperature of 50 °C, a significant proportion of the
particles demonstrated a gradual expansion, concomitant with
the emergence of larger bubbles. This observation provides
empirical support for the influence of external temperature on
the phase change process of OPN@PFP-DiR NPs. Likewise, an
escalation in LIFU frequency led to a proportional increase in
the production of bubbles. This occurrence can be attributed to
the rising temperature caused by LIFU, which triggers a gaseous
transformation of the enclosed PFP component within the
particular nanoagents, thus illustrating the temperature-
responsive characteristic of US imaging.** It is noteworthy
that, consistent with previous investigations, adjacent bubbles

3594 | Nanoscale Adv., 2024, 6, 3590-3601

exhibited a tendency to amalgamate and generate larger entities
during the microbubble formation process.**

NIR and US imaging of the NPs in vitro

In vitro NIR and US imaging characteristics of OPN@PFP-DiR
NPs were examined. DiR is a widely used fluorescent dye.*>*
The fluorescence of OPN@PFP-DiR NPs with varying DiR
concentrations was examined to describe their fluorescent
characteristics. Self-quenching was found when the DIiR
concentration above 40 pg mL ™", which was consistent with the
other NIR dyes® (Fig. 3C and D). Additionally, the potential of
OPN@PFP-DiR NPs for US imaging was investigated by quan-
tifying the ultrasound values derived from PFP. The impetus of
LIFU at different power densities and durations resulted in
a progressive amplification of echo intensity ranging from 1 to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Optical microscopic image of OPN@PFP-DiR NPs phase transformation by heating from 25 to 50 °C. (B) Optical microscope graphics
of phase-transformation after LIFU-irradiated treatment of OPN@PFP-DiR NPs at different frequency (1 W cm™2,2Wem™2 3Wcem™2and 4 W
cm™) for 3 min. (C and D) NIR images and intensities of OPN@PFP-DIR NPs with different concentrations of DiR. (E and G) US molecular imaging
of OPN@PFP-DIR NPs after irradiation by LIFU for 3 min under different condition (LW cm™2, 2 W cm™2,3Wcm~?and 4 W cm ™). (F and H) Gray-
scale values of CEUS-mode imaging of OPN@PFP-DiR NPs after LIFU irradiation under different frequency and duration time, as shown in the
corresponding figure.
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2 and

2

3 W cm ? for 3 min. After reaching its peak at 3 W cm™~
then decreasing at the 4W cm ™~ (Fig. 3E and F). In the 3 W ecm™
group, the echo intensity demonstrated a linear signal
enhancement over time, reaching its maximum after a 4
minutes exposure to LIFU (Fig. 3G and H). These findings offer
substantiation for the effectiveness of LIFU in stimulating the
phase transition of PFP-based NPs, thereby establishing the
groundwork for ultrasound imaging of cardiac fibrosis.

Cardiac fibrosis after myocardial infarction

The ligation of anterior descending coronary artery was per-
formed to successfully establish a model of myocardial infarc-
tion. Following two weeks, the presence of ST-segment elevation
in the ECG confirmed the successful establishment of the MI
model (Fig. 4A). Furthermore, echocardiography was conducted
to assess the cardiac function of MI mice (Fig. 4B). There was
a notable increase in the left ventricular internal diameter in
diastole (LVIDd) (Fig. 4C). Additionally, the results revealed
a significant reduction in both the ejection fraction (EF) and
fractional shortening (FS)(Fig. 4D and E). All the above-
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mentioned discoveries suggested the successful construction
of MI-model mice for in vivo cardiac fibrosis.

Ex vivo OPN-FITC targeted ability and quantitative analysis

H&E (Fig. 5Aa), Masson (Fig. 5Ab) and PSR (Fig. 5Ac) staining,
were performed on cardiac tissue slices, among them, hema-
toxylin stains for cell nuclei, eosin stains for extracellular matrix
and cytoplasm, Masson staining for keratin and muscle fibers,
collagen and bone, and cell nuclei, and PSR staining for
collagen. The results showed that the model group had mark-
edly worsened cardiac fibrosis and myocardial cell injury
compared with control group. Meanwhile, frozen slices of the
mouse myocardium with and without myocardial fibrosis were
used in the ex vivo experiment. FITC labeled OPN exhibited
more green fluorescence signal under CLSM while the
myocardium of the normal mouse demonstrated a very minor
quantity of green fluorescence (Fig. 5B) and then the semi-
quantitative analysis of Masson and PSR staining conducted by
each group yielded results that were consistent with the char-
acterization of OPN expression obtained through CLSM

MI model |

MI model
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Fig.4 Ml model mice were successfully constructed. (A) ECG before (left) and after (right) modeling. (B) Echocardiograms before (left) and after
(right) modeling. Cardiac function indicators including left ventricular internal dimension in diastole (LVIDd) (C), ejection fraction (EF%) (D) and

fractional shortening (FS%) (E) were determined by echocardiography.

3596 | Nanoscale Adv., 2024, 6, 3590-3601

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00042k

Open Access Article. Published on 03 June 2024. Downloaded on 3/20/2026 7:44:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

b

H&E

Control

i

Control MI model

MI model

DAPI OPN-FITC

Control

MI model

Masson

View Article Online

Nanoscale Advances

PSR

60— kk*kk * kK
s04 ™1 . ok ok
o] F o

Area (%)

T T
Masson PSR

FITC-OPN

mm Control 3 Ml model

Fig. 5 The staining outcomes of myocardial fibrosis in myocardial infarction and normal group, myocardial tissues were assessed using various
techniques, including (A) HE staining (Aa), Masson staining (Ab), and Sirius red staining (Ac). Notably, the infarcted myocardium exhibited
significant collagen fibrosis. (B) FITC-OPN staining was employed to compare myocardial tissue between the myocardial infarction and normal
groups. (C) A semiquantitative analysis was conducted to evaluate the staining results of Masson staining, PSR staining, and FITC-OPN staining,

comparing the control group with the experimental group.

(Fig. 5C). Through this ex vivo investigation, we were able to
validate the accumulation of OPN at the site of myocardial
fibrosis. Conversely, no notable accumulation was observed in
the nonfibrotic region, establishing a foundation for forth-
coming in vivo investigations.

NIR and US imaging of the OPN@PFP-DiR NPs in vivo

Subsequently, dual-modal imaging characteristics of NIR/US of
the OPN@PFP-DiR NPs were assessed in vivo. All procedures

© 2024 The Author(s). Published by the Royal Society of Chemistry

were performed under anesthesia using 2% isoflurane. MI mice
were intravenously administered with saline, PFP-DiR NPs and
OPN@PFP-DiR NPs, each with an equivalent dosage of DiR.
After 24 h, the mice were autopsied to collect major organs for
ex vivo fluorescent imaging. The infarcted hearts that received
OPN@PFP-DiR NPs exhibited a stronger fluorescent signal
compared to those that received PFP-DiR NPs consistent with
quantitative results, respectively (Fig. 6A and B), which vali-
dated the notable heart targeting ability of OPN@PFP-DiR NPs.
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Fig. 6 The performance of in vivo NIR and US imaging is evaluated. (A) NIR images are obtained. Representative ex vivo fluorescent imaging of
mouse organs (heart, lung, liver, kidney, and spleen) at 24 h post-intravenous injections of OPN@PFP-DiR NPs and PFP-DiR NPs. (B) Quantitative
analysis of fluorescent intensities (n = 3 per group). The utilization of B-Mode and CEUS imaging (C), as well as (D and E) the assessment of echo
intensities before and after LIFU irradiation (3 W cm’z, 10 min) for both PFP-DiR NPs and OPN@PFP-DiR NPs.

In contrast, a higher level of nanoparticle accumulation was
observed in the livers of animals administered with PFP-DiR
NPs in comparison to other organs, indicating a notable elim-
ination of nanoparticles by the liver macrophages. Because the
liver has a far more abundant aggregation of nanomaterials
than the myocardial site, NIR imaging at the heart site is
therefore not very visible. This also explains why, similar to the
earlier study,*** ex vivo imaging is a common technique for
fluorescence imaging.

Through intravenous injection of targeting OPN@PFP-DiR
NPs and non-targeting PFP-DiR NPs in MI model, the in vivo
confirmation of the cardiac fibrosis-targeting US imaging
capacity of OPN@PFP-DiR NPs was accomplished considering
its exceptional performance during in vitro US imaging. As
shown in Fig. 6C, echo intensity analysis demonstrated that the
acquired images had superior gray scale intensity at a frequency

3598 | Nanoscale Adv, 2024, 6, 3590-3601

of 3 W cm 2. This finding provides evidence that the frequency
of LIFU is critical in boosting phase transition. Therefore,
a frequency of 3 W cm™? was chosen for subsequent research
due to its suitability for ultrasonography with OPN@PFP-DiR
NPs and its ability to prevent thermal injury to the skin. The
post-injection imaging performance of all groups with LIFU
impetus was researched. Prior to LIFU irradiation, no ultra-
sound enhancement was observed in the PFP-DiR NPs and
OPN@PFP-DiR NPs group, indicating that these nanoagents
had limited ability to spontaneously undergo a phase transition
in vivo. However, LIFU-triggered OPN@PFP-DiR NPs exhibited
significantly enhanced capability for US molecular imaging.
Furthermore, it was observed that the echo intensity values were
considerably higher in the OPN@PFP-DiR NPs + LIFU group
compared to the PFP-DiR NPs + LIFU group (Fig. 6D), indicating
successful cardiac accumulation. These experimental outcomes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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confirm that OPN@PFP-DiR NPs have the ability to traverse the
vascular endothelium, specifically bind to myocardial fibrosis,
and enhance US imaging signals. Conversely, nanoparticles
lacking OPN modification were unable to target the fibrotic
myocardium, resulting in the aforementioned challenges.
Meanwhile, PFP has a boiling point of 29 °C, theoretically
making it liquid at room temperature but gaseous at body
temperature.*>*> However, the temperature at which the nano-
particles undergo phase change was increased upon their
encapsulation by PLGA shell. Previous research has demon-
strated that smaller particle sizes necessitate higher tempera-
tures for phase transition.*® Consequently, the encapsulated
PFP does not undergo phase transformation at the average body
temperature of approximately 37 °C. Additional investigation is
necessary to optimize the nanodroplets in order to decrease
their vaporization threshold within living organisms. This
optimization would specifically enhance the vaporization of
nanodroplets in targeted tissues, as their current imaging
enhancement is comparatively inferior to that of microbubbles,

despite the administration of higher quantities of
nanodroplets.
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Toxicity of and safety evaluation of NPs in vitro and vivo

Even though numerous studies have shown that PLGA-based
nanoparticles with adequate surface modification have low
cytotoxicity.”*” Till, careful evaluations are required because
cytotoxicity is not only controlled by the chemical composition
of the particle, but also by the surface physicochemical features,
which control how nanoparticles interact with cells.*® As
depicted in Fig. 7A, no significant cytotoxicity was detected in all
concentrations of OPN@PFP-DiR NPs following 24 h incuba-
tion. Meanwhile, no damage was seen in any of the organs after
48 h after OPN@PFP-DiR NPs injection (Fig. 7B), confirming the
comparatively great biocompatibility of as-prepared nanop-
robes. Taken together, these findings clearly provide significant
promise for enabling low-dose, very effective targeted delivery to
myocardial fibrosis. Further research is necessary to determine
the exact mechanism underlying the preferential binding and
internalization of OPN peptide in cardiac fibrosis. Furthermore,
we will plan additional experiments to investigate the dual
mode of imaging features of OPN@PFP-DiR NPs in larger
animals. The goal of this work is to break through the current

= HoC2
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=1 Cardiac fibroblasts (CFs)

Relatively cell viability (%)
[+23
o
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Fig. 7 The in vitro and in vivo toxicity and safety assessment of nanoparticles (OPN@PFP-DiR NPs). (A) Morphology of normal H9C2 cells and
cardiac fibroblasts (CFs) after co-incubation with OPN@PFP-DiR NPs. Scale bars, 200 pm. (B) The cytotoxicity of NPs on cells was evaluated after
a 24 hours incubation period. (C) The main organs, namely the heart, lung, liver, kidney, and spleen, were subjected to HE staining under a light
microscope 48 h following the injection of OPN@PFP-DIiR NPs. No observable damage was detected in any of the organs.
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barrier in the clinical and experimental translation of targeted
therapy for pathological cardiac diseases.

Conclusion

In conclusion, an OPN targeting nanoparticles (OPN@PFP-DiR
NPs) has been successfully developed to enable dual-modality
imaging capabilities, facilitating the direct visual diagnosis of
cardiac fibrosis at the molecular level. Drawing inspiration from
that OPN is prominently expressed in cardiac fibrosis tissue,
OPN-modified nanoprobes exhibited exceptional targeting
abilities specifically for cardiac fibrosis in a MI model. The
encapsulated PFP can undergo a transformation into micro-
bubbles due to LIFU-induced thermal effect, thereby endowing
the nanoprobes with significantly enhanced US molecular
imaging capacity for cardiac fibrosis imaging. Through in vitro
and in vivo experiments, we further validated that nanoprobes
presented to a fluorescence imaging potential, enabling real-
time NIR and US molecular imaging monitoring and allowing
precise detection of early-stage cardiac fibrosis. Together, this
work addresses the obstacles related to the detection of cardiac
fibrosis in clinical practice, and render the OPN@PFP-DiR NPs
highly promising for molecular diagnosis of cardiac fibrosis
and noninvasive evaluation of early clinical cardiovascular
events, thereby advancing the field of precision medicine.
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