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Ultrasound (US) imaging, due to its capabilities of real-time imaging, portability, low cost and favorable
safety, is frequently used as a diagnostic modality for the visualization of different diseases. US imaging is
currently the first step in estimating the severity of oncological diseases, cardiovascular conditions, and
for accurate assessment and diagnosis. Novel contrast agents have propelled US imaging into a new
realm in the cellular and molecular fields and improved its sensitivity and specificity for detecting earlier
stages of diseases. Selecting nanoparticles with appropriate structure and performance and a promising
feature of binding to the target is a powerful strategy for the targeted imaging and early detection of
disease. Here, we update the classification of the most attractive ultrasound contrast agents (USCAs),
especially with regards to their advantages and disadvantages for application in US imaging. We also
discuss how various technical detection modes of ultrasound imaging and quantitative analysis are
affected by disease diagnosis. The clinical translations of US diagnostic strategies have prompted us to
explore nanoparticle-based USCAs against various diseases. We also looked into the applications of
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1. Introduction

Diagnostic imaging tasks are the first step in estimating the
severity of a disease and for making an accurate assessment.
The late diagnosis of malignant diseases and heart problems
can lead to increased cost of cancer care and higher mortality
rate." Different types of imaging modalities (e.g., positron
emission tomography (PET), single-photon emission computed
tomography (SPECT), magnetic resonance imaging (MRI), com-
puted tomography (CT), and US) have been used for the early
detection of diseases in the clinical setting.>* In this regard,
one of the frequently used imaging modalities that can evaluate
both cardiovascular diseases and oncologic conditions is ultra-
sound (US) imaging."® Among the different imaging modali-
ties, US imaging has assumed a critical role compared to the
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other modalities due to its real-time and portable imaging
capabilities. As a low-cost method with good safety (non-
ionizing radiation) and due to its non-invasive and highly
penetrating nature, it is more frequently used compared to
the other modalities.”®

In US imaging, ultrasound waves propagate through differ-
ent tissue interfaces. Depending on the acoustic impedance
changes between interfaces, the intensity of the produced
echoes from the boundaries of structures and from the under-
lying texture will change.” However, while US imaging has a
crucial role in assessing the extent of cancer lesions and
cardiovascular pathologies, this technique cannot detect the
diseases at early stages. In this regard, US imaging using
nanoparticles (NPs) as contrast agents can provide early-stage
diagnosis and improve imaging sensitivity and specificity.
Moreover, US contrast imaging optimizes therapeutic strategies
and reduces the mortality rate and the cost of care.™

Technically, ultrasound contrast agents (USCAs) increase
the difference in acoustic impedance between tissues or within
vascular/tissue interfaces, enhancing the reflected acoustic
echoes. The acceptance criteria for USCAs are excellent acoustic
impedance changes, appropriate stability, a proper size that
can enable extravasation of the vascular space, good compati-
bility, and the necessary safety protections for live tissues.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a) Liquid core

Fig. 1 Classification of USCAs based on core type.

Various parameters can affect the acoustic echo intensity of
USCAs, including the particle size, core material, substances,
and shell thickness.'"

Although numerous NPs are utilized for many applications,
including in diagnosis, targeted therapy, drug delivery,"”>* we
focus here on the use of diagnostic micro/nanomaterials as
USCAs, which can allow cardiovascular and oncologic detection.
Generally USCAs are divided into three classes based on the
type of their cores; gas, solid, and liquid (Fig. 1). In the
following, some properties of the most recent USCAs in these
classes are summarized.

2. Ultrasound contrast agents (USCAs)

2.1. USCAs with a gas core

USCAs with a gas core induce high acoustic impedance differ-
ences within tissue interfaces, and they can generate the high-
est acoustic intensity among the other classes. The utilization
of gas-core USCAs for the induction of ultrasound contrast
started in 1980, in which microbubbles (MBs) were produced by
agitating normal saline serum using two syringes connected to
a three-way stopcock. The designed MBs enabled a rigorous
acoustic intensity when employing an echocardiogram device
from a cardiovascular system. USCAs in this field are divided
into microbubble (MB) or nano-bubble (NB) groups based on
their size. MBs are often stabilized by lipid, synthetic polymer,
or protein coatings."®

Notwithstanding that the echo intensities of MBs are stronger
than NBs, they suffer from poor stability in the bloodstream, a
complex structure, and a shorter circulation lifetime due to their
rapid detection and elimination by the reticular endothelial
system (RES). Also, MB gas-core USCAs cannot be actively targeted
for extravascular lesions because of their large sizes. These
features have mainly restricted their applications to vascular
space imaging, evaluating cardiac chambers, or targeting the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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intravascular markers of cancer.'® Even so, some targeted MBs
have entered the primary clinical phases; some of the latest
successes are presented in the applications section briefly.

It is worth noting that there is in fact a strong correlation
between the particle size and acoustic echo reflectivity. On the
other hand, NB gas-core USCAs can escape from the RES,
penetrate the tumor tissue through the endothelial gap, and
accumulate at the target site. Several microbubble USCAs,
e.g., Definity, Echovist, and Sonovue, have been approved for
clinical applications. USCAs with a gas core can be covered by
lipid or polymer shells. These USCAs are either composed of
gas or converted to gas by a unique reaction. They have some
advantages like a high biocompatibility, favorable biodegrada-
tion, easy large-scale fabrication, simple surface modification,
and satisfactory acoustic echogenicity.’” This type of USCAs
includes nano-bubbles (NBs), echogenic liposomes (ELIPs), gas
vesicles (GVs), and gas-producing nanoparticles (GPNPs).

The structures of NBs consist of a gas core with a coating
layer, including lipid, protein, polymers (e.g., poly-lactic-co-
glycolic acid (PLGA), poly-lactic acid (PLA), and polyethylene
glycol (PEG)), to optimize the stability of the NBs’ structure.
Furthermore, several strategies, such as employing a heavy gas
core and conjugation with a targeting agent, have been imple-
mented to maximize the stability of NBs."®'® Due to their small
size, they can be actively targeted in the extravascular space to
detect cancer, though they have a relatively short half-life and
lower stability. In one study, Yang et al. engineered nano-sized
bubbles conjugated with affibody to detect human epidermal
growth factor receptor 2 (HER2) overexpressing breast cancer
cells using a conventional ultrasound scanner. The in vitro and
in vivo images revealed that the NBs-affibody could be used as
targeted USCAs in breast cancer diagnosis.”® Also, several target-
ing moieties have been conjugated to NBs, including prostate-
specific membrane antigen (PSMA), anti-vascular endothelial
growth factor (VEGFR) antibodies, and ovarian cancer antigen
(CA-125), to create novel targeted ultrasound contrast agents.”' >
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Fig. 2 Biotinylated nano-bubbles for the in vivo US imaging of rabbit
kidney (a) without NB injection and (b) after the injection of anti-VEGFR-2-
conjugated NBs. Visualization of the abdominal aorta (c) without NB
injection and (d) after the injection of the targeted NBs. Adapted with
permission from ref. 22. (e) Comparison of the intravascular ultrasound
(IVUS) images of the left carotid of swine after an injection of saline and (f)
after an injection of targeted ELIPs. Adapted with permission from ref. 25.

For example, anti-VEGFR-2 armed NBs were fabricated to selec-
tively target the aorta atherosclerotic plaque in animal models
(Fig. 2a-d).

ELIPs are nanoscaled sacs with polar lipid bilayer shells in
which air is entrapped inside their core or between phospho-
lipid bilayers. They are used to enhance the ultrasound signal
intensity. Due to their small size, liposomes can escape the
vessel space and accumulate inside the tumor tissue. Further-
more, they can even be actively targeted by special binding
moieties to connect to the surface, which subsequently
enhances the acoustic signal. As mentioned above, the core
between the liposome walls is filled with gas. ELIPs, as ultra-
sound contrast agents, enhance the ultrasound image contrast
more than that of solid cores while their induced contrast is
less than that of MBs. For bubble entrapment within the
liposome structure, special engineering is required to obtain
a better echo intensity from the liposomes>*>® (Fig. 2e and f).

Gas vesicles (GVs) are another type of novel gas-core ultra-
sound contrast agents. These vesicles are gas-filled protein
shell enclosures with cylindrical shapes of a size in the range
of 44-600 nm that have high gas permeability and are resistant
to water penetration. These GVs may emanate from natural

3728 | Mater. Adv., 2022, 3, 3726-3741
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biological structures containing genetically encoded gas nano-
structures formed by cyanobacterial and haloarchaeal host
organisms or from Escherichia coli that can produce appropriate
in vitro and in vivo acoustic echoes. These vesicles are often
coated with gas vesicle protein A or B (GPA/B) or an external
scaffold protein called gas vesicle protein C (VGC).>*™°

GPNPs contain reactive compounds inside their base or
shell, which release their compositions at temperatures higher
than 42 °C. Following decomposition, they generate oxygen (O,)
or carbon dioxide (CO,) gasses when reaching the target site.
The released gas is used as an ultrasound contrast agent that
enhances the acoustic intensity. Kang et al. developed a US
contrast platform based on poly vanillin oxalate (PVO) NPs,
which generate CO, through hydrogen peroxide (H,O,)-triggered
bubbles. These theranostic NPs significantly increased the ultra-
sound echo intensity due to accumulation at the liver target site.*
In another study, Min et al offered a new strategy for CO,-
producing bubbles as theranostic ultrasound contrast agents
entitled gas-NPs with high performance for tumor investigation.
These contrast agents have a higher echo intensity that requires
employing a high-frequency ultrasound scanner with novel gas-
generating NPs both in in vitro and in vivo settings.*' In another
report, H,O, was converted to oxygen (O,) bubbles by decorating
magnetic nanoparticles (MNPs) on black phosphor sheets, which
increased the acoustic intensity during US imaging. This acoustic
enhancement appeared to be due to the overexpression of these
reactive radicals at the tumor site rather than the normal tissues
in the presence of magnetic nanoparticles (MNPs) through an
active or inactive targeting mechanism. As a reminder, the
intensity and efficiency of gas production depend on the tem-
perature, hydrogen peroxide concentration, and acidic
environment.*> Some of the most critical studies on USCAs
containing a gas core are summarized in Table 1.

2.2. USCAs with a liquid core

Generally, in terms of echogenicity and stability, liquid-core
USCAs have advantages over gas-core USCAs and disadvantages
over solid-core USCAs. Liquid-core USCAs provide poor contrast
enhancement because of their weak acoustic scattering inside
the arteries due to their low impedance. In this regard, liquid-
based materials, such as perfluorocarbon (PFC), including
perfluoro-pentane (PFP), perfluorooctyl bromide (PFOB), and
per-fluoro-hexane (PFH), if they accumulate in the target tissue/
cells or change phase from liquid to a gas by applying thermal
energy, either or both, have produced an impressive echo in
preclinical experiments.*®

Nanodroplets (NDs) as USCAs consist of a liquid core with a
low boiling point, and include perfluorocarbon (PFC), perfluor-
ooctyl bromide (PFOB), and perfluoro-pentane (PFP) encapsu-
lated with an organic shell. These can be converted from a
liquid phase to the gas phase upon heating. They are also called
phase-change droplets (PCDs).*°

The NDs can be transformed based on activation or a
radiation source trigger through an ultrasound beam with a
frequency-dependent heat generation pulse duration and vari-
able temperature, which is the basis for acoustic droplet

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 USCAs containing gas cores
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Destructive
Shell Size Freq. threshold Half-life Lesion Advantages/
Core type materials (nm) US mode (MHZ) (MI1) in vivo detection disadvantages Ref.
Biotin— PEG;000 320 D Mode NA NA NA Atherosclerotic Long-term stability, 22
DSPE lipid plaque-aorta targeting VEGFR2
DSPE- MPEG 000 277 CHI Mode 12 0.1 30 min Prostate High stability, 33
C;Fg lipid cancer improved sensitivity
and specificity
for PSMA
C;3Fg PEG-lipid 533 B & CE 13-24 NA 10 min Breast cancer Long-term 34
Mode stability targeting
AS1411
DPPE- Lipid 1400 B Mode 20 NA 120 min — High stability, 35
DPPG high echo, no
toxicity
Raw bovin BSA 110 B & CHI 40 NA — Synovial No toxicity 36
milk HEPES Mode fluid knee
CaCO; PDA-BSA- 572 B Mode 40 NA 90 min NA High stability, 37
RBC high echo
CaCO; Polymer 380 B-Mode 40 NA 60 min Liver Hpg2 High stability 38
Pul-PCB
Bacteria- Protein 45-600 CHI 5-20 NA 20 min IVC liver High stability and 29
archaea Mode biocompatible

vaporization (ADV). Also, micron-sized bubbles could be
obtained from near-infrared (NIR) irradiation, which is the
basis for optical droplet vaporization (ODV). There are other
stimulation strategies for converting the liquid phase to gas,
including the use of magnets or magnetic, microwave, and
radiofrequency droplet vaporization (magnetic droplet vapori-
zation (MDV), microwave droplet vaporization (MWDV), and
radiofrequency droplet vaporization (RFDV)). In the MDV
method, the magnetic NPs can potentially generate heat under
a magnetic field induction and release the encapsulated mate-
rials inside the NPs, subsequently increasing the ultrasound
image contrast. Due to NIR’s lower penetration, the RFDV
stimulation amount is reduced compared to in ADV stimula-
tion by the US beam. ADV has a higher penetration depth, and
it is consequently more efficient in phase transformation.*' ™
Some of the USCAs containing solid cores are summarized in
Table 2.

2.3. USCAs with a solid core

Solid-core USCAs have been developed as suitable surrogates to
other USCAs for ultrasound contrast enhancement due to their

Table 2 USCAs containing liquid cores

unique properties. These properties include higher stability
and desirable acoustic impedance changes between the solid-
core materials and soft tissue. These features of solid-core
USCAs lead to more robust reflectivity production, an improved
signal to noise ratio (SNR), and more contrast enhancement.
Solid-core USCAs have high echo intensities, both intravascular
and within the soft tissues.***°

These NPs have various features and select properties, includ-
ing small size, multi-functionality, favorable stability, facile fabri-
cation process, highly targeted turnover, high abundance, and
versatile structures. Typically, solid-based ultrasound contrast
agents have a relatively lower acoustic intensity than organic
types, e.g., MBs. Solid-core agents have bases made up of different
materials, including silica, gold, carbon, magnetic, which are
reviewed in the following.>' Fig. 3 schematically illustrates the
different types of solid NPs that are currently employed as USCAs.

Silica-based NPs have drawn significant attention as USCAs
owing to their select properties, such as biocompatibility, unique
porosity structure, large pore volume, high specific surface area,
and controllable particle size, which has seen them proposed as
enhanced USCAs with broad applications. Silica-based NPs are

Destructive

Core Shell Size Freq threshold  Half-life Lesion

type material (nm) US mode (MHZ) Phase transition (MI) invivo  detection Advantages/disadvantage  Ref.

PFB  PEGs000 114 B Mode 4 Liquid to gas (ADV) 1.7 45 min  Fibrosarcoma High echo, minimal 44
side effects

PFP PEG-FA 47 B & CE Mode 5-12  Liquid to gas (ADV) 0.1 30 min  Prostate PSMA targeting, 33
long-term stability

PFH RBC-IR780 261 B & CE Mode NA Liquid to gas (ADV) — — — High stability 45

PFP PLGA-PVA 294 B &CE Mode 7.5 Liquid to gas (ODV) NA 4h Tissue tumor Dual modality (US-MRI), 46
minimal side effects

PFH PLGA-PVA 435 B Mode 30 Liquid to gas (ODV) NA 2h Lymph nodes High sensitivity/stability, 47
low toxicity

DFB PEG-GLC- 400 B Mode 8 Liquid to gas (ODV) 1.2 NA . Multimodal, high stability 48

CYN
© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 3726-3741 | 3729
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Fig. 3 Solid-based nanoparticles as USCAs in ultrasound imaging (a—d). (e) In vitro US images of mesoporous silica hanoparticles. In vivo US images
acquired in mice after the injection of silica—bismuth NPs (f) under the B fundamental imaging modeand (g) under the Doppler imaging mode.

easy to surface modify, which allows them to be synthesized and
designed in different ways and using different compositions,
including solid silica, mesoporous silica nanospheres (MSNs),
Stober silica nanospheres (SSNs), mesocellular foam (MCF),
rattle-type, hollow mesoporous silica nanoparticles (HMSNs),
exosome-like silica (ELS), and silica-based composites. A suitable
echo can be achieved in the solid form due to this type’s solid
nature, which allows higher impedance differences. In HMSNSs, a
desirable echogenicity can be produced. Furthermore, with a
unique rattle-type design, an increase in US echo over HMSNs
has been observed.>*>*

Carbon-based NPs in the form of multi-walled carbon nano-
tubes (MWCNTS) can effectively increase the US signal com-
pared to clinical contrast media (SonoVue) and graphene oxide.
This carbon design type has succeeded in extending the echo
time to show internal organs, both ex vivo and in vivo, during
US imaging. The excellent echo for such a design may be due to
the entrapment of small bubbles in the nano complex walls,
making a considerable impedance difference.*

Gold in certain forms and morphologies can have major diag-
nostic applications in US imaging, e.g., in echogenic enhancers.
For example, gold nanoshells (NSs) have excellent echo intensity
in both B and pulse inversion harmonic ultrasound imaging.

Table 3 USCAs containing solid cores

Also, the integration of gold with other materials, such as PFH
and PFOB, with unique light absorption properties enables laser
or high-intensity focused ultrasound (HIFU) conversion to heat
and MB production, facilitating US contrast enhancement.*>>®

Moreover, magnetic NPs can be excited by an external mag-
netic field. This process produces heat and then diffuses the
produced heat to the surrounding environment. The operation
mechanism in the presence of magnetic NPs inside a target site in
which a gas is trapped is such that when the area is exposed to a
magnetic field while performing simultaneous US imaging, due to
the release of gas inside the magnetic NPs under heating, a
suitable echo can be obtained.>” Selected categories of USCAs
containing solid cores are summarized in Table 3.

3. Ultrasound detection methods for
the qualitative and quantitative
assessment of contrast-enhanced
images

Both targeted and non-targeted USCAs can be detected with
various US imaging methods, including B-mode, Doppler (power

Core Shell Size Freq Destructive ~ Half-life Lesion Advantages/
type materials (nm) US mode (MHZ)  threshold in vivo detection disadvantages Ref.
Silica APTES-HER2 NA B Mode 10 — — Breast High stability, low 58
toxicity, biocompatible
Silica APTES-CYN 384 B & D Mode 5 1.3 60-120 min ~ Myocardium  Biocompatible, 59
biodegradable
Gold BSA-ICG 51 B Mode 33 — — — High stability 60
Carbon  Protein 279 B & CE NA — 20 min Breast Easy modification 54
Mode
Carbon Silica 20-30 B & THI 5-12.5 0.9 — — No toxicity 61
Mode
Iron PEG-PLGA 9-18 CE NA — 72 h Ovarian Biocompatible, 62
high stability, dual
modal (US-MR)
3730 | Mater. Adv., 2022, 3, 3726-3741 © 2022 The Author(s). Published by the Royal Society of Chemistry
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or color), harmonic imaging, pulse inversion and multi-pulse
imaging, and the contrast mode technique.®®

Typically the B-mode and power or color Doppler imaging
modalities are primary used in clinical practice. The B-mode is
the most common US imaging method, which shows the
organs in gray levels corresponding to the amplitude of the
returned acoustic intensity. Still, the Doppler mode mainly
demonstrates tissue perfusion, including allowing assessing
stenosis or a lack of flow of large arteries up to 200 pm in
diameter.®® In harmonic imaging, also called non-linear scat-
tering response, which employs a specific frequency (e.g., 1F),
the microbubbles contrasts will have non-linear contraction
and expansion. In contrast, the surrounding tissues have
regular oscillation, resulting in receiving waves 2F in frequency.
The harmonic signal can be amplified and detected using a
proper filtering technique (such as amplitude modulation and
pulse inversion). It has been shown that harmonic imaging,
contrast mode, and power Doppler imaging provide higher
resolution, a stronger SNR, and greater details of blood flow,
respectively.®’

However, these modes may not detect specific conditions,
including microcirculation within the vessels and tiny changes
of the tissues in the early stages. Using USCAs, ultrasound
sensitivity has improved its utility in diagnosing lesions,
quantifying microvascular blood volumes, and assessing he
blood flow to vital organs in humans.®® In this regard, several
techniques have been suggested; in the first method, there is
no need for continuous US imaging, and obtaining an image of
the target site at certain delayed phases is sufficient to prevent
signal interference between the target tissue’s circulatory sys-
tem. Also, ideally USCAs will have a desirable opportunity to
accumulate in the target tissue. The delay time depends on
the contrast agents’ core, shell, and target tissue structure.
Contrary to the above-mentioned method, continuous US
imaging of the target site should be performed by another
approach. However, the curves’ increase and decrease in signal
intensity can be investigated. Ultimately, the images are sub-
tracted from each other. There are several significant points in
contrast-enhanced ultrasound (CEUS) imaging, and in particu-
lar, choosing the best imaging protocol is always an essential
part of clinical imaging tasks, such as the optimal choice
of using plane waves or focused imaging, the values of the
focal depth, the F-number, mechanical index, dynamic range,
bandwidth, and number of angles, which all play drastically
important roles. Moreover, optimizing the structure of the
transducer, selecting the appropriate detection mode, and
choosing the proper qualitative and quantitative analysis
methods are recommended. Furthermore, early and delayed
phases should be evaluated in in vivo ultrasound experiments
using targeted USCAs.®’

Several models and methods have been developed for the
quantitative analysis of US images to improve their diagnostic
power. One of the most used quantification methods is the
analysis of the time-intensity curve (TIC). TIC is the curve that
shows changes in the echo amplitude over time and is extracted
from the administered USCA route. It can be used to evaluate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the wash-in and wash-out or increase and decrease in intensity
over time due to the transfer of USCAs through the elective
tissue. Generally, this method is known as temporal analysis.
On the other hand, other parameters, such as the blood
flow, contrast dose, area under the curve (AUC) for peak
enhancement (PE), and volume, may be extracted by using this
method.®”

Furthermore, CEUS imaging for probing tissue perfusion,
TIC, as well as statistics-based time-Nakagami curve (TNC)
approaches can be used for tissue perfusion quantification.
As the most recent development in this era, window-modulated
compounding (WMC) Nakagami parameter ratio imaging has
been used to overcome the inefficiencies of TNC in tissue
clutters and in the presence of sub-resolvable effects.®®

There is another quantitative analysis method named spatial
analysis. In this analysis method, informative parameters, like the
regional density uniformity and type of intravascular plaque
lesions, are extracted from the perfusion and distribution of
USCAs. The regional density uniformity can be used for detecting
whether the cancer is malignant or not. It is worth mentioning
that spatial analysis can be used with abnormal and very small
vessels, in which temporal analyses are inefficient.®® By inte-
grating temporal and spatial analyses, another methodology
known as spatiotemporal analysis can be seen. In this method,
more comprehensive information, including on the vascular
architecture, detailed perfusion, fractal dimensions, and nano
contrast dispersion, is obtained from an arbitrary region of
interest (ROI).*®

Furthermore, in a latest attempt, due to the need to assess
several parameters simultaneously, the multiparametric image
analysis method using machine learning has been developed.®’
A significant development in the quantitative analysis of CEUS
images has been obtained using radiomics methods to classify
and evaluate some malignancies. Also, machine learning was
applied in one study through a random forest classification
algorithm, using the labels extracted from histopathology data
from radical prostatectomy specimens as a reference to draw
benign and malignant ROIs.”®

4. Application trends of USCAs in the
diagnosis of diseases

In recent years, with the improvement of USCAs, more informa-
tion is available on pathological and physiological conditions.
Therefore, the US modality has found broad applications in
visualizing the body structure, including vessel evaluation and
assessments of pathologic conditions. Several studies have
focused on specific ultrasound contrast agents or a particular
disease, and have illustrated the improvement of contrast-
enhanced ultrasound imaging techniques for detecting parti-
cular cancer.”"”?

4.1. USCAs in cardiovascular imaging

USCAs have been developed for both clinical and preclinical
cardiovascular applications, with the major clinical applications

Mater. Adv,, 2022, 3, 3726-3741 | 3731
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TS-07-009
No prior ischemia

TS-07-009
30 min after ischemia

Fig. 4 USimages of LAD ischemia in canine heart. Short axis myocardial perfusion images (A) during ligation of the LAD suture and (B

TS-07-009
90 min after ischemia
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MB-PSGL-1
90 min after ischemia

MB-Control
90 min after ischemia

) after release of the

LAD suture (arrows indicate the location of the ischemic zone. (C) Phthalocyanine staining image of the perfused zones (dark) and ischemic regions
(bright red). TS-07-009 accumulation images in (D) the baseline heart, (E) at 30 min and (F) 90 min post LAD ischemia cessation. (G) Uptake of P-selectin-
conjugated MB (MB-PSGL-1) and (H) unarmed MBs (control group) 90 min post cessation of ischemia. Adapted with permission from ref. 78.

focused on the cardiovascular field using USCAs based on MBs.
Applications have been established for the delineation of valvular,
atrial, and ventricular cavities malfunctions, as well as for demon-
stration of endocardia boundaries in myocardial perfusion, and
for the visualization of inflammation, thrombosis, and ischemic
lesions. Some USCAs have been commercialized and used in the
clinic, including development as a myocardial contrast to display
tissue perfusion or for red blood cell (RBC) tracking. Injected MBs
represent the volume of blood entering the myocardium through
the microcirculation; thereby increasing the echo signal.”>””

Inflammation is a pathophysiological manifestation of
vascular disease, in which leukocytes are activated and trans-
ported to the extravascular space and accumulated in inflamed
tissues. Receptor mediators with integrin, P-selectin, and
E-selectin integrated MBs are used to display myocardial
inflammation, signs of ischemic lesion, or the presence of an
atheroma plaque. Furthermore, endothelial inflammation
occurs in the following conditions: atherosclerosis, ischemia,
and implant rejection, which can be detected by antibody
attached intercellular adhesion molecule-1 (ICAM1) and
P-selectins conjugated with MBs.”®”” Fig. 4 presents the ultra-
sound imaging of left anterior descending coronary artery
(LAD) ischemia in a canine heart using TS-07-009 (MBs con-
jugated with MFG01035 recombinant protein) and P-selectin
conjugated MBs (MB-PSGL-1). The results reveal that MB-PSGL-1,
with more selectivity to P-selectin than E-selectin, exhibited a
higher uptake at the ischemic sites than TS-07-009 with a similar
selectivity to P- and E-selectin (Fig. 4F and G).”®

Angiogenesis describes the formation of new capillaries
from pre-existing vessels and is prone to bleeding into the
atherosclerotic plaque, which can activate the platelets and
cause thrombosis. Briefly, hypoxia occurs when an atheroma
plaque grows up in the arterial wall, which is considered a
triggering factor for the development of angiogenesis, also

3732 | Mater. Adv., 2022, 3, 3726-3741

known as vasa-vasorum. Angiogenesis plays a vital role in
assessing atheroma plaque progression deposited between
the vascular walls; there is also a correlation between athero-
sclerosis and angiogenesis.””

In this regard, several markers activated on endothelial cells,
including integrin (o,f3) and vascular endothelial growth factor
(VEGFR-2) conjugated with MBs as contrast-enhanced ultra-
sound agents, have been developed. It has been shown that the
mean pixel intensity (MPI) of VEFR-2@ MBs as CEUS is higher
than targeted o,f; in the detection of angiogenesis.®°

The targeted ultrasound imaging of atherosclerosis has two
specific features compared to other endothelial lesions: first,
the loss of signal demonstration in the atheroma plaque
regions and second, the inability to identify atherosclerosis
using a low-frequency system (contrary to other lesions) in
inflammation and angiogenesis (in which this lesion requires
high-frequency devices, such as catheter-based intravascular
ultrasound (IVUS)).®" Several studies have explored athero-
sclerotic lesions, mostly with a focus on determining the
activated platelets and evaluating inflammation for the early
detection of plaque progression; therefore, they utilize the
glycoproteins on platelets bonded MBs to monitor plaque
progression or for an assessment of the response to treatment
intervention.®*® Conversely, other studies have applied inflam-
matory markers, such as vascular cell adhesion molecule-1
(VCAM1) and ICAM1, to identify the atheroma plaque situation.?*

In one study, magnetic nanoparticle microswarms (MNP
micSW) were used for the real-time investigation of swarm
formation in blood vessels under ultrasound Doppler imaging.
As shown in Fig. 4, the rotating micSW disrupted the normal
flow of blood cells. Moreover, US waves emitted to micSW,
providing an ultrasound Doppler imaging modality for medical
imaging-guided SW navigation in the blood vascular system

(Fig. 5).%°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A—C) Schematic of the US Doppler image-guided swarm (SW) formation and motion in blood vessels. (D) SW formation process, and the

magnetic and hydrodynamic interactions of the rotating NPs chains that cause the assembly of the nanoparticles to be a rotating microswarm (micSW).
Left (light microscope image) and right panels (B-mode US image) illustrating a micSW in water—glycerol solution and porcine whole blood, respectively.
(E) The US Doppler signal around a rotating micSW in blood. Blue dashed lines signify the theoretical position of the micSW in the B-mode US images

(right column). Adapted from ref. 85.

In clinical practice, Doppler ultrasound and echocardiogra-
phy have been used to demonstrate extensive or moderate deep
venous thrombosis (DVT) and intracardiac clots, respectively;
however, these techniques cannot display the microvascular
clots, especially in carotid and coronary arteries. On the other
hand, it is essential to distinguish acute thrombosis from
chronic thrombosis for providing proper treatment promptly.
The use of a targeted contrast agent in ultrasound is recom-
mended, such as for thrombosis using thrombin-responsive
NBs.®® The application of USCAs in cardiovascular imaging is
summarized in Table 4.

4.2. USCAs in cancer imaging

Ultrasound contrast agents as markers of vascularity and
microcirculation for the early recognition of oncologic cases
have been developed rapidly, typically employing different
targeted ligands. In this context, angiogenesis is an essential
process in demonstrating the severity of the invasion and
metastasis of tumors and for delineating the extent of tissue
adaptation to chronic ischemia. As mentioned in the previous
section, the following target moieties markers are used to
detect angiogenesis: VEGFR, o,, integrin, monoclonal anti-
body, and arginine-glycine-aspartic acid (RGD). The most
targeted uses of USCAs are related to breast, colon, prostate,

© 2022 The Author(s). Published by the Royal Society of Chemistry

and ovarian cancers, respectively (Table 5). Accordingly, based
on the type of ligand with a specific application, they are
divided into a number of separate categories representing the
oncologic applications, as discussed below.

4.2.1. Urogenital system cancers. The most common
malignancies in the urogenital system consist of kidney, blad-
der, prostate, and testicular tumors, which can be detected by
ultrasound imaging. Since the types of urogenital cancers are
different, the targeting ultrasound contrast agents used for
their detection are different; therefore, the description of the
diagnosis using CEUS is given separately. There are limited
studies on renal tumor detection by targeted ultrasound con-
trast agents. However, in one study conducted by Rojas and
coworkers, the response of the renal cell carcinoma (RCC) rate
to therapeutic strategies was assessed using VEGFR-1 targeted
MBs, which could detect disease progression in the early
stage."*°

Prostate cancer is the fourth most common cancer in men.
The diagnosis of this cancer in the first stage can reduce the
mortality rate. In early attempts, researchers focused on evalu-
ating prostate malignancy’s angiogenesis employing targeted
MBs that express VEGFR2, ICAM1, and o,f;-integrin. In the
next step, a new ligand PMSA aptamer was conjugated with NBs
in a mice model, which reduced previous studies’ limitations

Mater. Adv,, 2022, 3, 3726-3741 | 3733
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Table 4 USCAs in cardiovascular imaging
Lesion type Types of USCAs Size of USCAs Targeting moieties Lesion site Ref.
Inflammation MBs 2.2 pm P-selectin Abdominal aorta 87
3.4 pm E-selectin Myocardium 88
<8 pm P&E selectin Myocardium 78
1.5 pm VCAM1 Aorta 89
1 pum oyBs Carotid arteries 90
Atherosclerosis MBs <400 nm ICAM1-VEGFR Aorta 91
NA VCAM1 Thoracic aorta 92
10 pm Glycoprotein Carotid Arteries 93
NBs 200 nm VEGFR2 Abdominal aorta 22
Myocardial ischemia MBs 3.4 pm E-selectin Myocardium 88
<8 pum Dual(P&E) selectin Myocardium 78
HMSN 372.6 nm — Myocardium 59
Angiogenesis MBs 2.8 pm VEGFR2 — 94
NA oyBs Carotid 95
Thrombosis MBs 1.6 pm Thrombin — 96
NA E-selectin Iliac vein 97
PFP 256.6 nm Fibrin Inferior vena cava 98
Table 5 USCAs in cancer lesions imaging
Body system Organ Types of USCAs Targeting moieties Size Ref.
Urogenital cancers Renal MBs VEGFR2 — 99
VEGFR-FSHR — 100
Prostate NBs PSMA 533 nm 34
RGD 210 nm 101
ICAM1 683 nm 102
CDCP1 172 nm 103
Carbon PSCA 75 nm 104
PEG- PLA — 2.5 pm 105
MSN — 161 nm 106
Gynecological cancers Breast MBs B7-H3 1-4 pm 107 and 108
iRGD-o,35 1-4 pym 109
Gold-PLGA MBs VEGFR2-P53 277 nm 110
PFP-based NBs — 362 nm 111
PLGA-PEG NBs mADbcarx — 112
AnnexinV 635 nm 113
NBs Aptamer AS1411 533 nm 34
NB-Affibody HER2 478 nm 20
Au Poly Dopamine 27.5 nm 114
Ovarian NBs Pro GRP 378 nm 115
CA-125 75 nm 116
Pt(IV)/PLGA-PEG cRGD 43 nm 117
PLGA-SA/PFP SA 383 nm 118
NBs VEGFR2 — 119
Au Peptide-Gly3 230 nm 120
Cervix MBs anti-PD-L1 ab 939 nm 121
Respiratory cancers Larynx MBs RGD 2.3 pm 122
Lung NBs Liposome 378 nm 115
Gastrointestinal cancers Bowel MBs P&E selectin 1-3 pm 123
MBs VEGFR2 — 124
PFC-PDA — 255 nm 125
Liver BR55 VEGFR2 1-4 pm 126
MBs VEGFR2 1-4 uym 127
Nanogels — — 128
Pancreas MBs VEGFR2 1.6 um 129
VEGF — 130
Thy1 1-3 pm 131

and increased the ultrasound imaging specificity. In the clinical
phase, a group of researchers used BR55 (KBR integrated
with MBs to provide an appropriate assessment of prostate
cancer’s malignant stages by targeted ultrasound imaging."*
In another study, PSMA-targeted-NBs were developed as a
biomarker of PSMA-negative PC3flu and PSMA-positive PC3pip

3734 | Mater. Adv., 2022, 3, 3726-3741

for simultaneously imaging in a mouse model (Fig. 6). The
results proved the active targeting and tumor accumulation by
the PSMA-targeted-NBs.>"

4.2.2. Gynecological cancers. Gynecological cancers referred
to malignancies of women’s reproductive organs, including
ovarian, uterine, cervical-vaginal associated breast organs,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A) Comparison of ultrasound images of prostate cancer and kidney between PSMA-NB, NB, and Lumason USCAs in consecutive times.

(B) Quantitative analysis in terms of the time—intensity curve (TIC) using USCAs in the kidney (left) and for two types of prostate cancer (middle and right).

Adapted with permission from ref. 133.

which involve pathological conditions. Contrast-enhanced ultra-
sound imaging is one of the important modalities dedicated to
the early diagnosis of gynecological cancers. Breast cancer is the
most common cancer in women, mostly in women over 40 years
old.”®* Much literature exists on several types of research into
detecting breast lesion using various targeted ultrasound contrast
agents; examples of these targeted ultrasound contrast agents for
breast cancer applications both in vitro and in vivo include
integrin (o,,fB,) integrated iRGD-peptide targeted MBs, VEFR2
incorporated to MBs, Netrin bonded to MBs as single targeted
USCAs and VEGFR2, HER2@PLGA conjugated with NB as dual-
targeted USCAs and CD-276 (B7-H3) targeted MBs (Table 5).
Contrast-enhanced MBs conjugated with kinase insert domain
receptor (KDR), known as BR55, is expressed as VEGFR2. Even
the clinical application of this contrast agent in breast cancer
detection has been reported in humans, indicating that the
increase in signal ultrasound corresponds to an overexpression
in immunohistochemistry.'**

Since ovarian cancer may have no symptoms, it is hard to
diagnose this type of cancer in the early stages. However, it
remains the most lethal of all gynecological cancers. In the
evaluation of ovarian carcinoma, several targeted USCAs,
including CA-125 targeted NBs (o,f;) integrated Sonazoid
(MBs-based), have been developed, which accumulate in the
ovarian tumor and increase the ultrasound signal intensity
significantly. In the human phase, BR55 targeting KDR has
also been considered to detect ovarian cancer.'*®

© 2022 The Author(s). Published by the Royal Society of Chemistry

In one study, MUC16 conjugated bismuth-coated meso-
porous silica NPs (MSBi@MUC16-NPs) were used as dual
modal US/CT contrast agents for the targeted diagnosis of
cervical cancer in an animal model (Fig. 7). The results revealed
that by employing MSBi@MUC16-NPs, the ultrasound echo
intensity was enhanced for the targeted NPs, both at the
cellular level and in a HeLa tumor-bearing animal model."*”

4.2.3. Respiratory cancers/lesions. The applications of
ultrasound for respiratory lesions in specific anatomical struc-
tures (existence of gas and bone in the respiratory system,
whereby most of the transmitted echoes cannot pass and
penetrate through the organs and almost of the signal is thus
returned) compared to in abdominal-pelvis organs are usually
limited to the diagnosis of childhood pulmonary disease and
chest wall soft tissue lesions."*®'** Wang et al. investigated
small cell cancer lung (H446 cell lines) in a nude mouse model
bearing a small cell lung cancer (SCLC) tumor by using NBs-
encapsulated liposomes loaded with anti-pro-gastrin releasing
peptide targeted ultrasound contrast agents, which demon-
strated a significant increase in half-life circulation and ultra-
sound intensity compared with non-targeted NBs''” (Fig. 8).

4.2.4. Gastrointestinal cancers. These malignancies refer
to cancer of the alimentary path, including the esophagus,
stomach, small and large bowel, and accessory organs, such
as the liver, gallbladder, and pancreas. Using KDR-conjugated
MBs can delineate minute lesions, such as tiny polyps, diverticula,
intestinal perfusion, regional ischemia, and inflammation.

Mater. Adv., 2022, 3, 3726-3741 | 3735
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Fig. 7 US/CT targeted images of MSBi@MUC16 NPs in Hela tumor-
bearing BALB/c mice pre and post-injection of contrast agents. The
contrast enhancement of the tumor site is apparent due to a high uptake
of the targeted NPs. Adapted from ref. 137.

In multiple conditions, such as colitis, intestinal bowel dis-
eases (IBD), and complications after radiotherapy, endothelial
markers are overexpressed, such as P&L&E selectin and ICAM1.

View Article Online
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Several studies have recently been conducted to investigate the
rate of angiogenesis and tumor perfusion as a sign of the
response to treatment using MBs, targeting VEGFR2 by B and
three-dimensional (3D) ultrasound mode imaging.'*® Several
studies evaluated different tumors, such as hepatoblastoma
and hepatocellular carcinoma, and it was found that in the case
of hepatoblastoma, it is essential to consider cancer-related
angiogenesis using a targeted contrast agent. In this context,
Wu et al. were able to represent the enhanced echo intensity by
using endoglin integrated MBs associated with angiogenesis."*"
Sorafenib as a protein kinase inhibitor is used for the treatment
of hepatocellular carcinoma and renal cell carcinoma. As men-
tioned recently, to assess the response rate treatment related
to hepatocellular radiotherapy in this era, Baron et al. demon-
strated the successful early response to sorafenib as a chemo-
therapy drug to treat hepatocellular cancer in a mouse model
by decreasing the ultrasound signal echogenicity."**""** For
example, the UTMD treatment of liver tumors using VEGFR2-
conjugated MBs in animal models revalued a strip blood flow
signal for the intrahepatic tumor site.

Also, the CEUS of a tumor before UTMD indicated that the
echo of the tumor site was enhanced after the injection of
targeted MBs (Fig. 9).

One of the most common pancreatic cancers is ductal
adenocarcinoma; and though it does not have a good prog-
nosis, its detection and accurate staging can improve the
patient’s condition. In clinical practice, ultrasound imaging,
the initial technique in substantial clinical applications,
enabled pancreatitis detection, and allowed displaying the
lesions and appearance staging of the adenocarcinoma. Ultra-
sound of the pancreas can be performed in various ways,
including transabdominal, endoscopic ultrasound, intraopera-
tive ultrasound (IOUS), and contrast-enhanced ultrasound
(CEUS). Even by using targeted MBs conjugated with different
ligands, intraoperative ultrasound can facilitate the differential
diagnosis of pancreatic malignancy and tiny lesions of tumors.
To achieve this goal, for displaying angiogenesis of a tumor
and visualization of the neo-vasculature, several ligands

Fig. 8
(I) TIC related to normal and cancerous tissues. Adapted from ref. 115.

3736 | Mater. Adv, 2022, 3, 3726-3741

(A) The tumor size was 1.18 + 0.12 cm. (B—H) Quantitative analysis of the SCLC xenograft tumor in the early and late stage using targeted USCAs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 CDFl and CEUS images of intrahepatic tumors in mice after 7 days
of injection. (A and C) CDFI of the tumors before and after UTMD
treatment. There was a strip blood flow signal around the tumor site when
using CDFI. CEUS of tumor (B) before UTMD and (D) after UTMD (MBs in
the tumor disappeared). Adapted with permission from ref. 141.

(VEGFR-2, integrin, endoglin, and Thy-1) integrating MBs have
been tested in mice models or clinical trials.**?

5. Challenges and future outlook

There are still some fundamental challenges to designing ideal
USCAs. One controversial debate for utilizing USCAs is in
designing and controlling the USCAs’ size in the preparation
steps. When contrast agents enter the body, circulate through
the vascular and are distributed, they can interact with plasma
proteins, which can lead to a change in the surface charge of
the agents and also to their small size, giving rise to larger sizes.
In such a way, regardless of the basis of USCAs, whether
gas, liquid, or solid based, they are mainly eliminated by the
reticulo-endothelial system (RES). Even if they succeed in
avoiding clearance by the RES system, they cannot escape the
vascular space. This phenomenon will be more significant if
the ultrasound contrast materials are gas based or gas con-
vertible materials with a larger size. In this situation, their
circulation appears faster and they cannot extravagate into the
tumor site, and consequently, their ability to target tumors is
reduced significantly. As a reminder, some of the microbubbles
are destroyed over time by the high ultrasound acoustic
pressure.

In contrast, small-sized materials have a weak signal echo
intensity, and are almost entirely removed by glomerular filtra-
tion by the kidneys. Hence, it can be said that the both
clearance and distribution of USCAs are mainly determined
by their size, and ultimately both approaches (large and small
sizes) have confined limits in their detection capabilities.
Therefore, a balance must be struck between the signal inten-
sity and their size. It is expected in the near future, that some
effort will be focused on synthesizing nano-sized drug-delivery
systems engineered using gas-based USCAs to preserve the
appropriate signal echo intensity.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

With respect to the USCAs’ size, solid-based ultrasound
contrast agents tend to be ductile materials with favorable
degradability and greater resistance to acoustic output com-
pared to bubbles, which were the focus of the earliest attempts
to provide novel synthesis methods with a simplified design of
non-gaseous materials as ultrasound contrast agents, i.e., as an
alternative approach to gas-based USCAs. In this regard, the
most current research approach is the development of solid-
based USCAs by targeting different ligands to assist in reducing
the amount of contrast agents to be applied. In this manner,
researchers aim to pave the way toward the development of
theranostatic materials to facilitate the drug-delivery process
and to provide more effective treatment through ultrasound-
guided imaging. The optimization of the imaging platform is
required to increase the spatial resolution and enhance CNR,
followed by the development of further desirable therapeutic
strategies. With advances in technology in the fabrication and
design of transducers, novel image processing techniques, and
a fundamental change in pulse sequences, it is highly expected
that cardiovascular diseases and oncologic conditions will be
evaluated more accurately by ultrasound imaging and early-
stage disease detection will be achieved.
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