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1 Definition of the Topic

Magnetic resonance imaging (MRI) and ultrasound (US) are two prominent medical
imaging modalities. They are extensively and routinely used in various medical
fields, such as cardiology, embryology, neurology, and oncology. In this chapter we
describe the application of nanoparticles for MRI and US image enhancement.
Moreover, the utilization of nano-scaled compounds for multimodal MRI-US imag-
ing, allowing further increase of diagnosis certainty, is depicted.
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2 Overview

Imaging is a key method for obtaining medical diagnosis. To improve pathology
detection ability, intravenous injections of contrast media are often performed. Such
materials change a specific physical property of the tissue to which they reach,
resulting in improved image contrast.

The developments in the field of nanotechnology have created vast opportunities
for improved medical care, in the disciplines of diagnosis and treatment as well. The
extremely small nanoparticles’ (NPs) size and their high surface area to volume ratio
impact various physical properties. This includes mechanical, magnetic, and optical
characteristics, as well as allowing improved tumor targeting.

Here, we describe the utilization of NPs in two imaging modalities: US and MRI.
These two modalities provide a vast spectrum of clinical applications, are exten-
sively used, and are both non-ionizing in nature. The comparison and added value of
NPs over conventional contrast agents will be described herein with an up-to-date
review of relevant research. Finally, nano-scaled compounds allowing multimodal
MRI-US will be reviewed, and future perspective will be given.

3 Introduction

Imaging is a process in which a certain property of an object is mapped to create a
representative image. In medicine, several tissue properties are suitable for imaging
purposes, such as atomic number in X-ray computed tomography (CT), proton
density and spin relaxation in MRI, and acoustic impedance in US [1]. The image
can represent an integrated physical property along a certain dimension (e.g., chest
image in X-ray) or a cross-sectional slice (as in MRI and CT), depicting the inner
structure of the body. In addition, several imaging protocols and image reconstruc-
tion techniques allow the representation of three-dimensional (3D) images. In
several modalities, such as single photon emission computed tomography
(SPECT), positron emission tomography (PET), and X-rays, the acquisition proce-
dure involves the use of ionizing radiation. The two modalities discussed here, MRI
and ultrasound are both non-ionizing in nature and considered hazardless.

The use of diagnostic imaging is highly common in the clinic [2], since correct
and early detection of pathology has immense impact on prognosis. An essential
factor for pathology detection is the existence of sufficient contrast between normal
and abnormal tissue. To increase the differentiation ability, contrast agents are
frequently used. In certain modalities, administration of contrast materials may
reach 50% of all imaging sessions [3]. A common target for contrast enhancement
is blood vessels. After an injection of a contrast media intravenously, veins/arteries
are highlighted, allowing an improved examination of their condition. Under such
conditions, blockages or impaired vessels are more easily detected, as poor contrast
agent uptake is clearly visible. Contrast agents are used also in cardiology [4] and
gastrointestinal tract disorders detection where contrast agents can also be
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administered orally [S]. The utilization of contrast agents is naturally of great
importance in tumor detection and characterization [6].

The term NPs commonly relate to particles with two or three dimensions of
1-100 nm in size [7, 8]. Nonetheless, this term is also often used for defining size
ranges of 10-1000 nm size range [9], 1-50 nm diameter [10], and even less than
1 micron [11]. The remarkable developments and rapid expansion of the field of
nanotechnology have brought staggering opportunities to medical imaging.

The prominent advantages that NPs hold include:

1. Increased passive tumor accumulation ability. Tumor-related blood vessels are
commonly leaky, with pores of minimum 100 nm in size [12], and typically of
less than 780 nm in diameter [13]. This characteristic, known as the enhanced
permeability and retention (EPR) effect, does not occur in non-pathologic tissues
and consequently leads to NPs accumulation in tumors [14]. To achieve increased
tumor penetration using the above described mechanism, long circulation time of
the NPs is required. This can be obtained by various manners, e.g., by poly
(ethylene glycol) (PEG) encapsulation [15] and dextran coating [16].

2. Active targeting and efficient drug carrying ability. The high surface-to-volume
ratio of NPs can be utilized for efficient conjunction ability to targeting ligands
[17], including folic acid [18], insulin, and peptides. In addition, NPs can be
conjugated to drugs, with an increased loading capacity [19].

3. Tunable imaging parameters. The extremely small size of the NPs yields also
unique physical properties, e.g., by quantum mechanics-related effects
[20]. Moreover, by controlling the synthesis procedure to yield particles in
different sizes and morphologies, the imaging properties can be tuned to allow
superior contrast generation [21, 22].

Accordingly, nano-scaled contrast agents are vastly investigated in all imaging
modalities used in the clinic [23]. Prominent composites include gold nanoparticles
in CT [24], nanobubbles in ultrasound [25], radiolabeled nanoparticles for PET and
SPECT [26, 27], and iron oxide nanoparticles in MRI [28].

Another rapidly growing research trend is the exploitation of a single nano-
compound for imaging using two or more different modalities. Using such materials,
each imaging technique provides its added value, resulting in a more comprehensive
evaluation of the pathologic state, and increased diagnosis certainty. Moreover, using
a single contrast agent administration for several modalities prevents the physiolog-
ical stress stemming from multiple dosages [29].

Several review papers have been published covering topics such as nano-scaled
ultrasound contrast agents [30], nano-scaled MRI contrast agents [31], and multimodal
contrast agents [32]. This chapter provides a unique step-by-step explanation of the
physical background behind the mechanism of nanoparticles as contrast agents for MRI
and ultrasound. It is structured to gradually add the needed building blocks for intro-
ducing the reader to the current state-of-the-art research in the field of multimodal
MRI-ultrasound nano-agents. It is directed and oriented to provide a fundamental picture
of the MRI and US nano-imaging field and outlines recently published relevant work.
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4 Experimental and Instrumental Methodology
4.1 Magnetic Resonance Imaging (MRI)

MRI is an imaging method which utilizes magnetization properties of the studied tissue
to generate images. When subjected to a strong magnetic field, some atom nuclei react in
response to radio waves transmitted toward them at a specific frequency (termed the
“resonance frequency”) by absorbing them and then emitting detectable radio waves.
This phenomenon is termed “nuclear magnetic resonance (NMR).” In most medical
applications, imaging is based on the NMR of the hydrogen nucleus, i.e., a proton.

In order to explain MRI in simple terms, it is preferable to consider a voxel of
tissue. Within such a voxel, (which dimensions are typically about one cubic
millimeter), there are numerous hydrogen atoms. Each hydrogen proton can be
approximated by a positive electric charge which spins around the proton axis.
Resulting from this electric loop, a small magnetic field is generated around the
hydrogen proton. Each hydrogen proton has its “private” magnetic field aimed at an
arbitrary direction in space. Since magnetic fields are directional, they add up like
vectors. Thus, in such random distribution of the small magnetic fields of the
hydrogen protons, the resultant magnetization of the voxel is nearly zero (neglecting
the earth’s magnetic field). When placed within the strong magnetic field of the MRI
scanner (denoted as By) which strength is commonly between 0.1 and 7 [Tesla] (one
Tesla is about 20,000 times the magnetic field of the earth), these numerous magnetic
fields are aligned with the MRI field, somewhat similar to a compass needle aligning
with the magnetic field of earth. As a result, the voxel becomes “magnetized” with a
magnetic moment per volume denoted as M|, (see Fig. 8.1). This magnetic moment
linearly depends on the strength of the magnetic field By and the number of hydrogen
protons per volume (termed “proton density”).

Next, consider the magnetization vector M, of that voxel. This vector is positioned
along the z-axis of a stationary frame of reference, which aligns with the magnetic
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Fig. 8.2 (Left) When two orthogonal antennas transmit radio waves as explained in the text, a B;
field which rotates about the z-axis at the resonance frequency is generated. (Right) As a result, the
magnetization vector M, is tilted by an angle a from the z-axis

field of the MR], i.e., By. Two transmission antennas are then positioned along the
corresponding x and y axes. The first antenna transmits a field B, = By - cos (wgf)
while the second transmits a field B, = B, - sin (wo?). This results in a magnetic field
B, which is located at the x-y plane and rotates around the z-axis with an angular
frequency w, which equals to the resonance frequency. This causes a tilt of the voxel
magnetization vector M, by an angle a from the z-axis (see Fig. 8.2). The magnitude
of this angle depends on the strength of the field B, and the transmission duration.

When the B, transmission is stopped, the tilted magnetization vector M, retains its
rotation but also begins a realignment process with the z-axis. M, has two compo-
nents: M, which is aligned with the MRI magnetic field B, and M,, which rotates
perpendicularly to that field, i.e., in the x-y plane. The rotation frequency is the
resonance frequency w,. Next, the two transmission antennas are replaced by
receiving antennas with the same configuration as shown in Fig. 8.2. Since M,y is
actually a rotating magnetic field, it induces currents/voltage in the receiving anten-
nas. These are the signals from which the MRI image is generated.

The contrast in an MRI image is generated by the differences in the signals
emitted from the different voxels at a specific acquisition time. This specific time
point is designated as echo time (TE). The differences between different materials or
tissue types stem mainly from three characteristic properties: (i) proton density
which relates to the number of hydrogen protons in the voxel, (ii) spin-lattice
relaxation which relates to the realignment of the magnetization vector with the
z-axis (see Fig. 8.3) and is characterized by a time constant 77, and (iii) spin-spin
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Spin-Lattice relaxation

TE Time
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Fig. 8.3 (Top left) Spin-lattice relaxation. (Top right) The response of the vertical magnetization
component M, is time dependent and differs for each material. (Bottom left) Spin-spin relaxation.
(Bottom right) The response of the transverse magnetization component M,y is time dependent and
differs for each material

relaxation which relates to the dephasing of the transverse magnetization M,y
components (see Fig. 8.3) and is characterized by a time constant 7.

Images are generated by using special spatial encoding magnetic fields called
“gradients.” The process of image data acquisition is termed “pulse sequence.”
There are numerous pulse sequences; each sequence emphasizes a different property
of the tissue. If the image emphasizes the number of protons per volume, it is termed
“proton density weighted.” And similarly there are T1- or T2-weighted images.

Two exemplary preclinical MRI scanning systems are depicted in Fig. 8.4, along
with a typical mouse positioning MRI cradle.

4.2 Ultrasonic Imaging

Ultrasonic waves are actually sound waves which frequency exceeds 20 KHz (the
upper limit for the human ear). Commonly, the frequencies used for medical imaging
are in the lower MHz range, i.e., 1-10 MHz. These waves carry mechanical energy
which travels at the speed of sound through matter. Typically, in soft tissues, the
speed of sound is about 1500 [m/s]. The variations in the speed of sound can be used
to characterize and image different tissue types.
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Fig. 8.4 (Top left) Preclinical 1 T MRI system (Aspect, Israel), composed of a permanent magnet.
(Top right) Preclinical 9.4 T MRI system (Bruker, Germany). (Bottom) Bruker MRI compatible
mouse positioning bed. Anesthesia is provided using a chamber into which the mouse head is
inserted. The bed is heated to a user-defined temperature, and respiration can be monitored by
placing a sensor close to the mouse chest

Sound waves stem from a rapid change in the local pressure at their origin and
carry their energy as a perturbation in the medium pressure. Accordingly, their
amplitude is measured in pressure units, i.e., Pascal. When traveling through a
homogeneous medium, ultrasonic waves are attenuated exponentially with a char-
acteristic attenuation coefficient a. Thus, if the initial amplitude is Py, at a distance
x from the origin, the amplitude will be:

P(x)=Py-e™ 8.1)

The attenuation coefficient varies from one tissue type to another; therefore, @ can
be used for tissue characterization and as a source of contrast in imaging as well.
Importantly, the attenuation coefficient increases in the lower MHz range almost
linearly. Consequently, when the frequency is increased, the penetration range into
the tissue decreases rapidly.

Another important tissue property that is relevant to imaging is termed the
“acoustic impedance.” Marked as Z, it is defined by the multiplication of the tissue
density p by its speed of sound C, i.e.:

Z=p-C (8.2)

When traveling from one tissue to another, the ultrasonic waves encounter a
change in the acoustic impedance. As a result an echo is generated. The ratio
between the echo amplitude P and the amplitude of the impinging wave P;is called
the reflection coefficient R and is given by:

Py Z,-Z

R—_fk_22721
Py Zy+ 7y

(8.3)
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where Z; and Z, are the acoustic impedances of the first and second tissues,
respectively. As can be noted, the absolute value of R ranges between 0 and 1;
thus, if Z, > Z; = R = 1, such as the case for metal implants or bones relative to
soft tissues, strong echoes will be reflected. On the other hand, one can note that also
when Z, < Z; = R~ — 1, such as the case for air next to soft tissues or blood, the
reflection coefficient is high and strong echoes will be obtained. (The negative sign
merely indicates phase change.)

The amplitude Pt of the wave that travels through the boundary between the two
tissues into the second one is given by the transmission coefficient:

L (8.4)
Py Z,+ 7,

In most of the cases, ultrasonic imaging is based on measurements of the reflected
echoes. The basic principle is depicted schematically in Fig. 8.5. A transducer, which
is commonly made of a piezoelectric material, transmits a short ultrasonic wave into
the body. The wave travels at the speed of sound C. Whenever it encounters a change
in the acoustic impedance (Eq. 8.2), an echo is reflected (Eq. 8.3). The echo travels
back to the transducer. Its amplitude and time of arrival At are registered. The
distance S to the reflection point is estimated using the equation:

S=C-= (8.5)

To obtain a two-dimensional (2D) image, the acoustic beam sweeps through the
object. This is commonly done using a fan-shaped configuration as depicted in
Fig. 8.6. At every transmission angle, the echoes reflected from the object along
that beam are collected and stored. The time elapsed from the ultrasonic pulse
transmission to each detected echo is translated into distance using Eq. 8.5. The
2D location is determined by accounting for the transmission azimuth as well (see
Fig. 8.6). The amplitude of the echo is graphically presented by assigning a gray
level value to the relevant pixel. The stronger the echo the brighter is the pixel.



8 MRI and Ultrasound Imaging of Nanoparticles for Medical Diagnosis 341

Fig. 8.6 (Left) In order to
obtain a 2D image, ultrasonic
pulses are transmitted along
multiple directions through
the object. The echoes
reflected along each
transmission direction are
collected and registered.
(Right) An image is
reconstructed by depicting
each echo as a bright pixel at
the corresponding spatial
location

Echo Acquisition

Image Reconstruction

Transducer

Fig. 8.7 (Left) Mouse positioning and imaging setup (VisualSonics, CA). The limbs are positioned
atop electrodes, providing online ECG display. The surface is heated to a user-defined temperature,
and anesthesia is applied via a facial mask. The mouse-imaged area is shaved and depilated, and a
coupling gel is applied. (Right) A B-mode (reflected waves) ultrasound image of the mouse
abdomen scanned using Vevo 2100 high-frequency ultrasound scanner (VisualSonics, CA)

An example of murine in vivo ultrasound experimental setup, as well as a typical
pulse-echo (B-scan) image, is shown in Fig. 8.7.

Much less common is the use of through-transmission imaging. With this method,
the time required for the ultrasonic waves to travel from one side of the scanned object
to another and their amplitudes are registered. From this information two types of
images can be generated (see Fig. 8.8): (i) a projection image, which is actually an
acoustic shadow of the object, and (ii) a computed tomography (CT) cross-section,
which can be reconstructed when collecting projections around the object. The latter is
basically similar to X-ray CT images, but the reconstructions map the speed of sound
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Fig. 8.8 (Left) By measuring the travel times and amplitudes of through transmitted waves, an
acoustic projection (shadow) is obtained. (Right) By collecting projections from around the body, a
computed tomography (ultrasonic CT) images can be obtained

or acoustic attenuation coefficient. An exemplary dedicated breast scanning system
which is based on through-transmission ultrasound is depicted in Fig. 8.9.

5 Key Research Findings

This part will include three major subsections: (i) nanotechnology-based US imaging
tools for medical diagnosis, (ii) nanotechnology-based MRI imaging tools for
medical diagnosis, and (iii) nano-scaled compounds for multimodal MRI-US imag-
ing. Each subsection begins by describing the main principles of contrast agent
enhancement mechanisms relevant to the specific modality, including examples of
conventional contrast agents. Next, representative and up-to-date findings (mainly
from the years 2010-2016), related to nano-scaled contrast agents, will be described.

5.1 Nanotechnology-Based Ultrasound Imaging Tools
for Medical Diagnosis

5.1.1 General Principles of Ultrasound Contrast-Enhancing
Mechanism

The conventional contrast agents for ultrasonography are gas-filled microbubbles

(MBs), a few microns size. The core can be made of air or other gases such as

fluorocarbon and sulfur hexafluoride. The coating can be composed of albumin, a

phospholipid shell, a polymer, or other materials aimed to increase the bubbles’
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Fig. 8.9 Through-transmission ultrasound system components. (Left) The electronic boxes and
computerized elements. (Right) A patient is positioned atop a dedicated bed, with a hole through
which the breast is inserted. The examined breast is immersed in a water container, and ultrasonic
transducers perform 2D/3D acoustic projection or computed tomography scanning. Generously
contributed by Ilana Katz-Hanani from the Technion — Israel Institute of Technology

stability in the vascular system [33]. As the acoustic impedance of the MBs is
negligible compared to biological tissues, they are highly echogenic. In other
words, the impedance mismatch of the bubble with the blood causes an almost
complete reflection of the acoustic energy back to the ultrasonic transducer. More-
over, the bubbles resonate in response to ultrasonic irradiation and yield a nonlinear
effect generating subharmonic and higher harmonic signals. To further increase the
MBs signal-to-noise ratio (SNR), signal processing means can be implemented on
the acquired raw radiofrequency (RF) acoustic signals, for obtaining images
depicting specific harmonics only [34]. As the MBs are retained in the blood for
several minutes without crossing the endothelium [35], their main clinical applica-
tion is vascular imaging. In cardiology, MBs can assist in assessing the heart
function, improve the visualization of the cardiac chambers’ borders, detect throm-
bus or ischemia, etc. [36]. Vascular flow quantification may also be obtained by MBs
destruction. This can be achieved using a high mechanical index pulse transmission
[37] and analysis of the refilling rate. Difference in vascular flow characteristics can
also assist in tumor detection and evaluation, e.g., in the liver [38].

In attempts to reduce the size of ultrasound contrast agents for obtaining the
benefits of the nano-scale, as described in Sect. 3, five major research paths were
investigated. In the straightforward approach, a downscaled version of a micro-
bubble is synthesized, i.e., a gas-containing nanobubble. Another approach replaces
the gas core with a liquid. Although the liquid content, which is termed nanodroplet,
is less echogenic than gas, it can be vaporized into an increasingly echogenic
microbubble after tumor penetration. Two additionally attractive methods are the
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Fig. 8.10 Schematic illustration of nano-scaled ultrasound contrast agents. (a) Gas core nano-
bubble — gas (typically fluorocarbon) is trapped in a polymer or a lipid shell. (b) Nanodroplet — a
liquid core nanoparticle, which can be vaporized into a gas-containing microbubble. The shell may
be a phospholipid layer, as illustrated. (¢) Echogenic liposome. The echogenicity is assumed to
occur from air inside the liquid phase or the lipid bilayer. (d) Solid nanoparticle. (e) Gas-generating
nanoparticle

synthesis of echogenic liposomes and the utilization of gas-generating nano-scaled
substances. Finally, attempts to use solid nanoparticles as ultrasound contrast agents
were performed. The commonly used nano-structure shells were composed of either
a polymer or a single/double layer lipid. Figure 8.10 illustrates the main element of
each approach. In the following subsections, we shall further elaborate on each
contrast agent type and describe the representative works recently performed.

5.1.2 Gas Core Nanobubbles

As stated earlier, the intuitive way to obtain a nano-scaled US contrast agent is to
synthesize a smaller version of a microbubble. When studying the capabilities of
aptamer-conjugated nanobubbles (486 nm), ex vivo 40 dB enhancement was dem-
onstrated [39]. It shall be noted that a 40 MHz transducer was used and that the
nucleic acid ligands were designed to target human acute lymphoblastic leukemia,
while the echogenic core was composed of perfluoropropane (C;Fg) gas. The
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necessary question at this point is weather the abovementioned contrast is suitable
for in vivo applications and its comparability to conventional agents.

A comparative study between 435 nm C;Fg-filled nanobubbles and clinically
used microbubbles (SonoVue®, for which the average particle size is of 2.5 pm)
demonstrated higher contrast improvement and longer imaging duration when using
the nanobubbles [40]. This was demonstrated both in vitro and in vivo, using gastric
cancer xenograft in mice. A further support for the in vivo ability of C;Fg-filled
nanobubbles was demonstrated in [41], as bubbles of 200—650 nm generated
contrast improvement in an in vivo breast tumor mice model. Researchers from
the same group have also synthesized similar nanobubbles but with a more uni-
formly distributed size (478.2 £ 29.7 nm), conjugated to tumor targeting agents [42].

In another mice study [43], gas-containing polymer nanobubbles (521 nm) dem-
onstrated contrast in the kidney, liver, and tumor which was comparable to
SonoVue® microbubbles. Moreover, the improved contrast imaging duration was
longer in the NPs’ case. The NPs’ ability to load gene therapy agents and to
efficiently transfect them in vitro was better than that of compared liposomes.

Polymers offer a biodegradable, biocompatible, and stable shell choice for nano-
bubbles. Commonly, the FDA-approved polymer poly(lactic-co-glycolic acid)
(PLGA) is used [44]. In an in vitro study, 1D ultrasound scans (A-mode) at
10 MHz of PLGA air-filled nanocapsules (370 nm, 45 pg/ml) demonstrated 15 dB
signal enhancement [45]. In another study, perfluorocarbon gas-filled PLGA bubbles
(approximately 700 nm in diameter) generated contrast improvement when injected
to tumor-bearing mice, under harmonic imaging [46].

A formulation of smaller gas-filled nanobubbles (200 nm in diameter), composed of
C;Fg core, lipid-shelled nanobubbles, with the surfactant pluronic, was reported in
[47]. In a later comparative study [48], the echogenicity of these nanobubbles was
reported as comparable and in some cases superior to the clinically used Definity™
microbubbles.

A unique biological approach was suggested by Shapiro et al. [49], which derived
gas vesicles of 45-250 nm width and 100-600 nm length from bacteria and archaea
(Fig. 8.11). In vitro studies demonstrated these gas-filled substances’ ability to
enhance the ultrasonic signal in both the fundamental frequency and higher har-
monics. As with microbubbles, the vesicles were destructible using high pressure
pulses. Similar to other NPs, aggregation of the vesicles resulted in an increased
signal. In vivo mice studies using nontargeted intravenously injected vesicles dem-
onstrated increased liver and inferior vena cava contrast.

5.1.3 Nanodroplets

Nanodroplets are liquid core composites. Although they can be synthesized to a size
as small as 200 nm, their echogenicity is lower than gas core NPs [30], due to their
reduced compressibility. In order to increase contrast ability, after the NPs accumu-
late in a cancerous tissue, they can be phase-shifted by vaporization into
gas-containing microbubbles. It was demonstrated that acoustic radiation, generated
by a 5 MHz transducer, was able to transform decafluorobutane (DFB) nanodroplets
of 200—600 nm diameter, into microbubbles [50].
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Fig. 8.11 Transmission
electron microscopy (TEM)
image of purified gas vesicles
from Anabaena flos-aquae.
Generously contributed by
Prof. Mikhail Shapiro from
California Institute of
Technology

In another study, a liquid core of perfluorooctyl bromide (PFOB) was encapsu-
lated in a shell of PLGA, with a PEGylated phospholipid-modified surface [51]. In
this work, dosages of 50 mg/mL nanocapsules, 200 pL in volume and 200 nm in
size, were injected into gel-containing chambers, intravenously (IV) through the
retro-orbital sinus and intratumoral to tumor-bearing mice (human pancreatic cancer
cells). Although the in vitro and intratumor experiments demonstrated improved
contrast, the IV injections did not result in any improved tumor visualization. While
histological studies demonstrated some particles residing in the tumor, the lack of IV
injection-related contrast may stem from the relatively big particle size, preventing
the accumulation of high particle dosage in the tumor.

A recently developed method enabled the synthesis of a mixed solution
containing nanodroplets and gas core nanobubbles [52]. In vitro 15 MHz examina-
tion demonstrated that the solution resulted in an improved backscatter compared to
liposomes, and in vivo 40 MHz mouse aorta imaging demonstrated clearly visible
contrast improvement.

In various cases, the stimulator for the nanodroplets vaporization into micro-
bubbles is diagnostic ultrasound with sufficiently high mechanical index. A spatially
specific approach was recently suggested, in which low intensity focused ultrasound
was used [53]. The researchers showed that acoustic transmission of 1 MHz focused
ultrasound, applied for 2 min at 3.2 W/cm?® intensity, was able to phase change
nanodroplets into microbubbles located in a subcutaneously implanted mice tumor,
yielding visibly detectable image brightening. In addition, the conjugation of folate
to the nanodroplets (average diameter of 321 nm) resulted in significantly improved
tumor targeting ability.

5.1.4 Echogenic Liposomes (ELIPs)

Echogenic liposomes (ELIPs) are phospholipid vesicles that contain gas either in
their lipid section or in their liquid center [54, 55]. Compared to gas core NPs, they
are more stable and mechanical pressure durable [56]. In an in vitro study, the
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acoustic characteristics of ELIPs were examined using a broadband stationary pulse-
echo methodology [57]. The resulting contrast agent efficiency was at the same
range as commercially available microbubbles, when comparing the scattering-to-
attenuation ratio. It should be noted that the synthesized ELIPs’ solution contained a
large number of 65 nm in diameter particles, but the general size distribution was
rather wide, containing also particles with a diameter of a few microns.

In another study, a physiological flow phantom containing porcine plasma was
used to evaluate ELIPs suitability for blood pool contrast enhancement [58].
Acquired B-mode images indeed detected improved image contrast (mean digital
intensity of approximately 20 dB).

A vascular application was suggested for the ELIPs, by using their conjunction to
atherosclerosis-related inflammatory markers [59]. The concept was demonstrated in
an in vivo porcine study, in which the ELIPs yielded enhanced signal at the diseased
artery site, when imaged using intravascular ultrasound (IVUS). In a different study,
tissue plasminogen activator (tPA) was loaded into ELIPs, providing dual imaging
therapy capabilities [60]. An occlusive thrombus was produced in the aorta of
rabbits. The thrombus site was detected using real-time B-scan mode, following
the injection of the ELIPs. A 2-min ultrasound transmission with a mechanical index
of 0.4 was then performed to release the blood clots breakdown agents. Blood flow
velocity recovery was measured using pulsed Doppler. The loaded ELIPs demon-
strated a significant image brightening effect as well as faster and more efficient blood
flow velocity improvement (indicating the thrombolytic therapy effect).

5.1.5 Gas-Generating Nanoparticles

A different and unique method for generating NP-based US contrast is engineering
an agent capable of releasing gas either spontaneously, in a response to specific
pathology, or when sensing a clinically important molecule.

Polymeric NPs were demonstrated as potential candidates for such substances.
According to the study depicted in [61], carbonate dioxide nanobubbles were formed
on the surface of a polymeric nanoparticle. As reported, the bubbles have gradually
merged into microbubbles. This potentially should occur at the tumor site, post
penetration using the EPR effect. The gas-generating polymeric NPs were
200-500 nm in size, and increased echogenicity was demonstrated using subcuta-
neous injection to the lower backs of mice, as well as intratumoral injection. The
duration of ultrasound signal increase was around 12.5 min, followed by gradual
decrease.

In a selectively activated gas release study [62], the researchers synthesized a
500 nm silica core particle, coated by a layer of enzymes that catalyze the decom-
position of hydrogen peroxide (H,0,) to microbubbles. The clinical importance of
H,0, stems from its association with various diseases, including inflammation. The
nanospheres were injected near a subcutaneous abscess in rats and generated well-
detectable microbubbles.

Recently, a different group of researchers synthesized poly(vanillin oxalate)
particles of 550 nm diameter, capable of releasing CO, when triggered by H,O,
[63]. Since ischemia/reperfusion injury is also associated with H,O, production, the
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particles were able to detect the injury site by releasing echogenic bubbles in an
injured liver mice model. Moreover, the particles released vanillin that demonstrated
therapeutic ability.

In another recently published work, a pluronic-based nanocarrier, containing
calcium carbonate particles, was reported as suitable for ultrasonic tumor imaging
[64]. The complex size was characterized as 160 nm at physiological conditions and
was able to generate CO,. Imaging at 10 MHz frequency demonstrated in vitro
echogenicity as well as tumor enhancement in mice 1 h post intravenous injection.
Characterization of the gas formation in various pH conditions demonstrated
increased efficiency at acidic conditions, which are typical in some tumor cases.

5.1.6 Solid Nanoparticles

Although solid NPs are not expected to cause nonlinear ultrasound phenomena,
several attempts were made to examine their suitability to serve as US contrast
enhancers. Silica nanospheres of 100 nm were examined using 30 MHz B-scan
[65]. Agarose phantom experiments demonstrated the particles visualization, and IV
injections of the particles to mice yielded image brightening of the liver. This
brightening persisted for 1.5 h. Nevertheless, the average gray-scale change was
only around 30%, and the visual effect was rather mild.

Another solid NPs examined for ultrasonography are polylactic acid (PLA) NPs
(250 nm diameter) [66]. PLA is a biodegradable, FDA-approved material [67]. The
NPs were conjugated to breast cancer cells targeting agents. B-scan images of the
PLA-nanoparticles containing cells demonstrated image brightening; however, the
obtained effect was of less than 25%.

In a later study, the advantages of solid materials (increased durability over time
to ultrasonic radiation as opposed to collapsible bubbles) were incorporated with the
high echogenicity of gas-filled substances [68]. Silica and silica-boron perfluor-
opentane (PFP)-filled nanoparticles were synthesized, with 500 nm in diameter.
The NPs were injected into the thighs of rabbits, yielding a well-visualized signal
for 4 days. The authors suggested that the ability of the NPs to maintain their location
without collapsing for long time periods may be useful for marking and visualizing
the borders of breast cancer during surgical procedures.

In a later study by the same group of researchers, 500 nm iron-silica nanoshells
were filled with PFP [69]. The particles were visible for 10 days after intratumoral
injection in ex vivo breast tissue as well as in mice tumors.

Although the ability to maintain a fixed anatomical location for long time periods
is an advantage in the clinical case of surgical-related tumor delineation, it consti-
tutes a disadvantage for the application of systematically administering faster-
degrading contrast agents (e.g., for tumor detection). To address this issue, it was
suggested to use phosphate-based glass nanospheres (200-500 nm in diameter)
[70]. The particles were imbedded in matrigel and injected into mice flanks. The
resulting images demonstrated around fourfold signal increase by injecting 2 mg/mL
of the composite. In addition, phantom studies showed that the particles imaging life
was about 4 h.
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Multi-walled carbon nanotubes (20—30 nm diameter, 400 nm length) were inves-
tigated as harmonic imaging and B-scan ultrasound contrast agents [71]. The parti-
cles brightened the injection region in ex vivo porcine livers and hearts, as well as in
in vivo porcine bladder.

Additional studies in which solid-based NPs were investigated for ultrasound
imaging include iron oxide and copper oxide NPs. As these two cases involve MRI
imaging as well, they are described in the multimodal imaging section (5.3.2).

5.2 Nanotechnology-Based Magnetic Resonance Imaging Tools
for Medical Diagnosis

5.2.1 General Principles of MRI Contrast-Enhancing Mechanism

The prevailing mechanism for MRI contrast improvement using exogenous media is
relaxation time shortening. The inverse of the longitudinal (spin-lattice) relaxation
time r;:

ro= 1 [ms] ™ (8.6)

and the inverse of the transversal (spin-spin) relaxation time r;:

1
Fy = — [ms]f1

= (8.7)

can be empirically estimated with respect to various particle concentration, yielding
a quantitative estimate of the contrast agent ability to shorten the relaxation time
(occasionally termed as molar relaxivity), with the units of [mM~'s™'].

Anideal T1 contrast agent will have an r,/r ratio which is close to one [72] and a
high r; value. On the contrary, the higher the r,/r; ratio is, the more efficient the
contrast agent is for T2 imaging [73].

The most prevalent and routinely used contrast agents in clinical MRI are
gadolinium-based compounds which shorten the T1 relaxation time of nearby
water molecules. This effect thereby yields a brightened region which is termed as
“positive contrast.” Although the exact longitudinal relaxivity may be different for
various products, the characteristic value for these materials is 5 mM's7! [74]. A
known limitation of gadolinium-based agent injection is the possible clinical com-
plication, to which renal disease patients are susceptible. As gadolinium adminis-
tration to such population may cause nephrogenic systemic fibrosis, it should be
highly avoided [75].

Another paramagnetic metal that is used for positive contrast generation is
manganese. The application of manganese-based agents to the liver and to the
gastrointestinal tract was previously approved for clinical use [76].

Moving to the nano-scale, three main research paths are prevalent in the literature:
(1) the implementation of a gadolinium-based nano-composite, as discussed in Sect.
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5.2.2; (ii) the use of T1-related contrast agents which are manganese-based NPs, as
discussed in Sect. 5.2.3; and (iii) the use of iron oxide nanoparticles (IONPs) which
are the most popular NPs in MRI [77, 78], as discussed in Sect. 5.2.4.

Although not the focus of this section, it should be noted that several additional
nano-scaled materials, which are not based on the relaxation mechanism of MRI, are
increasingly developed. Two main examples are the utilization of non-proton-based
imaging. For example, in a mice study utilizing '°F MRI, perfluorocarbon nano-
emulsions were targeted to venous thrombosis, resulting in contrast to noise ratio
improvement [79]. In another example, nano-scaled chemical exchange saturation
transfer (CEST) agent dendrimers, 5 nm in size, presented a significant contrast
improvement for over an hour, after injection into mice brain tumors [80].

5.2.2 Gadolinium-Based Nanoparticles

As stated above, the intuitive approach for engineering a nano-scaled MRI contrast
agent would be to synthesize a nano-scaled version of a gadolinium-based composite.
PEGylated gadolinium oxide (Gd,O3) NPs of less than 10 nm were synthesized for
cell labeling [81]. Under a magnetic field of 1.41 7, the NPs presented a relatively high
7y relaxivity of 14.2 mM~'s ™', while characterized by a close to one (1.21) r»/r; ratio.
When brain cancer cells were labeled with the particles, their in vivo detection in mice
brains was feasible. The effect of coating on the longitudinal relaxivity of Gd,O3; NPs
was examined in [82]. It was found that polyvinyl pyrrolidone (PVP) coating yielded a
high value of 7, relaxivity, 12.123 mM~'s ™', whereas oleic acid-based coating yielded
only 0.5397 mM~'s™!. The PVP-coated Gd,O; NPs were later injected to tumor-
bearing mice. Although the tumor contrast improvement was not very dominant, the
liver blood vessels visualization improved, as well as the kidney contrast.

In another approach, gadolinium molecules were loaded into PEG-coated lipo-
somes of less than 100 nm [83]. The particles yielded an approximately 30% contrast
improvement in a murine tumor model, as well as improved liver positive contrast.
The synthesis of gadolinium-encapsulated carbon dots (12 nm) resulted in a longi-
tudinal relaxivity of 5.88 mM~'s™' at 7 T [84]. When conjugated to a targeted
ligand, the particles demonstrated tumor enhancement in a murine model.

Recently, a squared-shaped, PEG-coated, 24 nm, gadolinium-based nano-com-
posite was synthesized for gastrointestinal tract imaging [85]. It presented a high
longitudinal relaxivity value at 1.4 T (r; = 164 mM~'s™") and yielded distinct
brightening of a rabbit stomach for more than an hour, after oral administration.

5.2.3 Manganese-Based Nanoparticles

In 2007, MnO nanoparticles of various sizes were reported as possible MRI T1 contrast
agents [86]. The researchers synthesized particles of 7, 15, 20, and 25 nm in size and
found that the r; values increased as the particles became smaller (maximal value of 0.37
mM 's™! at 3 T for the 7 nm agent). After injecting the particles to mice, the kidney
contrast improved as well as the visualization of various brain structures. On a brain
tumor model, nontargeted MnO particles yielded image brightening in various brain
regions (attributed to impaired blood-brain barrier), whereas targeted MnO particles
resulted in specific contrast enhancement in the tumor.
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In a later study, the molar 1 relaxivity of MnO-based composites was increased
(0.99 mM~'s™" at 11.7 T), by using mesoporous silica coating [87]. The authors
hypothesized that the improved T1-related effect stems from the ability of water
molecules to penetrate the coating. These particles (diameter = 86 nm) were used to
label mesenchymal stem cells transplanted in mice brains and were ultimately
visualized as a white dot in a T1-weighted scan.

A further improvement in 7; value was later presented (3.55 mM ™ 's™ ), when
yolk/shell hollow particles of manganese-based and platinum particles (40—50 nm
core) were synthesized [88]. In vitro cell studies, however, revealed that the resulting
composites are more cytotoxic than solid MnO particles.

Recently, a nano-scaled composite containing manganese and graphene,
functionalized with dextran was synthesized [89]. It demonstrated a very high
relaxivity value of 92 mM 's~!. The blood vessels of mice were brightened for
about 2 h post the NPs injection on 7 T magnetic field.

1.—1
S

5.2.4 Iron Oxide-Based Nanoparticles

Iron oxide nanoparticles (IONPs) are characterized by an extremely high , molar
relaxivity value, rendering them excellent T2/T2* contrast agents. They are capable
of altering image contrast even in relatively small concentrations. The common
composites are magnetite (Fe;04) and maghemite (y-Fe,O3), but other variants are
also under research [90].

Feridex®, a dextran-coated iron oxide nano-agent, was the first FDA-approved
iron-based contrast agent [91] and was used for liver tumor detection. Iron is naturally
taken by the liver Kupffer cells and macrophages in general [92]. When a liver
pathology exists, the anomalous cell (as in a tumor or metastasis) does not contain
macrophage-related activity; therefore the healthy parts of the liver are darkened when
they absorb the IONPs, while the diseased region remains bright [93].

An important pathology that does involve macrophages’ activity is inflammation.
By injecting IONPs intravenously, their accumulation in inflamed regions can be
detected. The utilization of this concept was demonstrated in an inflammatory bowel
disease (IBD) rat model [94]. Using T2-weighed imaging after ultra-small (3—5 nm)
IONPs IV injection, inflamed colon regions were well visualized and corresponded
to histology findings. In a later work, IBD-induced mice were injected with
macrophage-labeled IONPs. The particles manifested as reduced signal regions
with an approximately 50% reduction at the intestine, and their visualization was
strongly correlated with clinical score [95]. Other macrophage-related applications
of IONPs include infection studies, renal inflammation, and heart conditions [96].

As stated earlier, the main and most significant effect of IONPs is T2/T2*
shortening, which stems from creating local field inhomogeneity. The IONPs
cause a susceptibility difference relative to their physiological surroundings. Such
effect is manifested as image darkening, also termed as negative contrast (see
Fig. 8.12). The disadvantage of this phenomenon is the difficulty in distinguishing
IONPs’ related dark regions, from natural image voids and artifacts. Nevertheless,
several approaches were investigated for achieving IONPs’ positive image contrast
(brightened regions). To begin with, the transverse and longitudinal molar relaxivity
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Fig. 8.12 An MRI image of
IONPs phantom. The three
equal-sized circles correspond
to the IONPs target cylinders
embedded in an agar
phantom: control (no IONPs)
region, 25 pg/mL IONPs
region, and 50 pg/mL IONPs
region. Note the substantial
image darkening associated
with the nanoparticles

values of the previously FDA-approved Feridex IONP-based contrast agents are
120 mM~'s " and 10.1 melsfl’ respectively [97]. As the r,/r ratio is higher than
10 in this case, the T2/T2* effect is mostly dominant. Ferumoxytol, on the other
hand, is an FDA-approved iron supplement for anemia patients, with relaxivity
values of ; = 38 mM 's™' and r, = 83 mM 's™! [98]. Given the smaller r,/r,
ratio in this case, the compound is useful for both Tl and T2 imaging, using
T1-weighted and T2-weighted pulse sequences, respectively. Ferumoxytol was
investigated for various angiography-related positive contrast applications [99]. It
was found to provide distinct image brightening, as long as the particles are diluted
enough, to prevent susceptibility-related, T2* artifacts (stemming from the high r,
value). The capability of ferumoxytol in improving cancer detection in children and
young adults was evaluated in a 22-subject human trial [100]. Whole-body diffu-
sion-weighted images were fused with T1-weighted images after the IONP admin-
istration, yielding tumor detection and staging abilities, comparable to those of
PET/CT.

Another approach for obtaining positive contrast using IONPs is using special
MRI pulse sequences that will selectively excite the water surrounding the IONPs
[101]. Using this approach, images depicting the IONPs’ location only (visualized as
white regions) can be obtained. Other proposed methods were based on post-
processing of phase images [102] and ultrashort echo time [103].

Recently, selective positive contrast imaging of IONPs was suggested, using
acoustically induced rotary saturation [104]. According to this approach, the imaged
area is acoustically vibrated or displaced, while applying a modified spin-lock
imaging protocol. The IONPs create a substantial susceptibility effect, yielding a
change in the local field; hence, if displaced at the relevant frequency (with respect to
the spin-lock frequency), they may produce a signal change, proportional to their
concentration. The concept was demonstrated in phantoms, with 10 nm maghemite
NPs. The minimal detected concentration was 20 pg/mL Fe, and the resulting images
contained color overlay of the IONPs only, atop T2-weighted conventional images.

To summarize this section, a list of related NPs and their effect is outlined in
Table 8.1.
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Table 8.1 Recently published examples of MRI NPs research
Clinical Core
Nanoparticle | application size
type (imaging target) | (nm) Additional study information References
Gadolinium- | Gastrointestinal | 24 Rabbit study [85]
based tract
Kidney and 2.9 Gadolinium oxide NPs [82]
liver
Tumor 12 Gadolinium-encapsulated [84]
carbon dots; mice study
Brain therapy - Gadolinium-functionalized [105]
monitoring nanographene oxide, mice study
Iron-based Tumor 5.14 Polymer-coated IONPs, mice [106]
angiogenesis study
Tumor necrosis Less Human study + mice study [98]
than 30
Tumor 128.4 Magnetite aggregates [107]
apoptosis
Ovarian cancer 9.2 Folic acid targeting, mice [108]
Atherosclerosis 24 Zinc-doped ferrite nanoparticles, | [109]
rat model
Inflammatory 3-5 Rat model [94]
bowel disease _ Mice [95]
Brain tumors 30 Human study [110]
Alzheimer’s Less Mice study [111]
disease than 100 | Curcumin-conjugated IONPs
Lymph node Less Human study [112]
than 59
Liver 22 FesC, [113]
ry A 973mM s 7!
Pancreatic 110-130 | Fe;04@SiO, modified with [114]
cancer anti-mesothelin antibody, mice
study
10.3 Mice study, milk protein-coated | [115]
particles
Manganese- Monitoring - Rats study [116]
based apoptotic area in
brain injury
Brain and 7-25 Mice study [86]
kidney r =012 —-037 mM's7!
Tumor 8 Mice study [117]
r ~ 0.6 mM~'s™!
100 Mice study [118]

r~102 mM's7!

(continued)
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Table 8.1 (continued)

Clinical Core
Nanoparticle | application size
type (imaging target) | (nm) Additional study information References
Others Liver 12 Combination of gadolinium, [119]
manganese and iron oxide, dual
T1 and T2 contrast, mice study
Cell labeling Around PLGA-perfluorooctyl bromide [120]
200 NPs, '°F-MRI, mice study
Venous Less Perfluorocarbon nanoemulsions, | [79]
thrombosis than 165 | "’F-MRI, mice study
Brain tumors 5 CEST contrast agent, mice study | [80]

5.3 Nano-Scaled Compounds for Multimodal MRI-Ultrasound
Imaging

Multimodal imaging, namely, the ability to image the same object with more than
one imaging modality, is a rapidly growing field of research. A prominent example
in terms of hardware is the usage of PET/CT scanners, which offers the ability to fuse
metabolic and highly specific functional images with high-resolution anatomical
images. In the field of nano-scaled contrast agents, the ability to use a single
composite for more than one modality can significantly improve diagnosis certainty.
As an illustration, consider IONPs which are administered to an MRI-scanned
patient. In case a relatively high concentration of the IONPs reaches a diseased
site, a dark image void may appear. To clinically ensure that the visualized darkening
is not the result of a random artifact, a second image obtained by a modality which is
based on a different physical process may provide a definitive answer. For example,
if the IONPs could also generate a well-discernible image contrast in US as well as
MRI, the patient could undergo two consecutive examinations if needed, confirming
the suspected diagnosis.

The main research conducted in engineering nano-scaled complexes, capable of
providing a dual-modal imaging by both MRI and US, can be divided into two main
categories: (i) embedding an MRI metal-based, relaxation time-altering nano-agents,
such as gadolinium-based, manganese-based, or iron-based, into a nano-scaled
ultrasound contrast agent, such as nanobubble, nanodroplet, and ELIP, and
(ii) attempting to find an “as-is” nano-agent which will be suitable for US imaging
as well as MRI, without any required modifications.

5.3.1 Metal in Bubble Dual-Modal Composites

Initially, extensive research was conducted in attempting to trap the most commonly
used MRI NPs — IONPs, in the most commonly used ultrasound contrast agent —
namely, microbubbles [121, 122]. The resulting composite dimensions were in many
cases larger than a micron. Although larger than the defined nano-scale, this type of
agents will be shortly described here due to their impact on later detected nano-based
complexes which provided dual-modal capability. One such example is the synthesis



8 MRI and Ultrasound Imaging of Nanoparticles for Medical Diagnosis 355

Control Fe;0,@PEG-PLGA MCs High

USI

MRI

Fig. 8.13 In vivo ultrasound images of mouse liver (top) and MRI images of mouse kidneys
(bottom), after injection of control saline (left) and Fe;04@PEG-PLGA microcapsules (right).
Generously contributed by Prof. Decheng Wu from the Institute of Chemistry, Chinese Academy
of Sciences

of IONPs in a fluorocarbon gas core, polymer-shelled microbubbles [123]. The
resulting complex size could be tuned between 450 and 1300 nm in size, but the
ultrasound contrast was found to degrade as the size was reduced. The suitability of
the composite for dual-modal imaging was demonstrated in rat livers. Although
deviating from the scope of this chapter, it should be noted that one of the advantages
of such bubble-based complexes is the capability to load them with therapeutic
materials. For example, various studies embedded antitumor medications in bubbles
[124]. Figure 8.13 depicts a representative example of iron oxide in microcapsules
multimodal ultrasound-MRI study [122]. As can be noted, the administered complex
agent results in both increased ultrasound echogenicity and MRI contrast alteration
(commonly T2/T2*-related image darkening).

As mentioned earlier, the main limitation in the aforementioned complexes is the
relatively large agent size, preventing efficient tumor accumulation. Several recent
works succeeded, nonetheless, to obtain smaller contrast agent sizes. Huang et al.
[125] synthesized bubbles with an approximate size of 200 nm. The outer shell was
made of polyacrylic acid (PAA) and pluronic F127. The inner volume contained
embedded iron oxide NPs and entrapped PFP gas. The nanobubbles demonstrated
increased B-scan ultrasound contrast in vivo (subcutaneous tumor-bearing mouse),
as well as MRI T2-shortening effect. The incorporation of IONPs to the nanobubbles
demonstrated an improvement in the US contrast, with respect to gas-only bubbles.
In addition, when a magnet was positioned next to the tumor, the nanobubbles
presented improved selective accumulation.
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In another work, IONPs were embedded in water instead of gas and encapsulated in
a methoxy PEG-PLA shell [126]. An in vitro study has demonstrated that the acoustic
attenuation increased with the IONPs concentration. By the same concept, other nano-
size ultrasound contrast-enhancing complex types can be used to trap a magnetic nano-
metal element, thus resulting in a multimodal imaging contrast agent. Based on the
nanodroplet mechanism (see Sect. 5.1.3), IONPs were embedded in a polymer shell
with a phase-changing liquid core [127]. As IONPs are sensitive to laser irradiation,
near-infrared energy was used to convert the liquid core into gas and resulted in an
acoustic contrast improvement, in addition to the T2-based MRI contrast. The concept
was illustrated on mice livers and tumors. In another study, SPIO containing nano-
droplets enhanced liver US-MRI signal, while the phase change from liquid core
nanobubbles to gas core microbubbles was triggered using ultrasound [128].

Another example of ultrasonic agent embedded with metallic MRI agent is the
combination of gadolinium with mesoporous silica NPs. The resulting 200 nm in
size compound, demonstrated multimodal enhancing abilities for stem cells
imaging [129].

5.3.2 Multimodal Solid Nanoparticles

Although the previously mentioned, bubble-like structure complexes resulted in
noticeable MRI and US contrast improvement, they suffer from two main shortcom-
ings: the complex size is typically larger than 100 nm, and the synthesis procedure
may be complicated. These reasons motivated several studies, in which the suitabil-
ity of the “as-is,” smaller than 100 nm, metallic nanoparticle with MRI and ultra-
sound imaging was examined. In a rat brain tumor model, animals were administered
with IONPs and imaged using MRI (resulting in T2 image darkening). Next,
ultrasound images of the ex vivo removed brains were taken, demonstrating brighter
tumors when SPIO was administered (with respect to control or gadolinium admin-
istration) [130]. In a later similar study, ex vivo rat brain imaging after IONPs
injection allowed improved visualization of the central nervous system (CNS)
lesions, which corresponded to the detected locations on MRI [131]. In a later
study, however, B-scan ultrasound of IONPs did not result in a satisfying and distinct
contrast improvement [132].

Another method, developed for improving the ultrasonic detection ability of
IONPs is magneto-motive ultrasound (MMUS) [133]. According to this approach,
a magnetic generator is placed under the imaged organ. After IONPs injection and
their arrival to the designated pathology-suspected area, the magnetic field vibrates
the particles, which in turn can be detected by ultrasound. In a consecutive study,
IONPs were detected in rats sentinel lymph nodes using MRI imaging in vivo and
MMUS postmortem [134].

A different approach was recently suggested for IONPs ultrasonic detection.
Since the underlying physical property of the conventional B-mode ultrasound
(backscatter) was not sufficient for the particles unequivocal detection [132], the
effect of the particles on other acoustic characteristics was examined [135]. The
study found that IONPs do not affect the acoustic attenuation in a clinically relevant
concentration range. However, they increased the speed of sound (SOS) of the
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examined object in a linear manner. This acoustic property can be imaged using the
through-transmission ultrasound method (see Sect. 4.2). In a set of in vitro and
ex vivo experiments, the feasibility of IONPs’ detection via SOS change was
demonstrated, while MRI of the same particles, with similar concentration, verified
multimodal contrast capabilities.

Another type of “as-is” solid NPs suitable for both MRI and through-transmission
ultrasound are copper oxide (CuO) NPs [136]. These 7 nm in diameter particles
yielded T1-based contrast improvement on an agar-based phantom at 9.4 T while
providing concentration-dependent through-transmission ultrasound enhancement.
In contrary to IONPs, the dominant physical property affected by the CuO presence

was the acoustic attenuation.

A summary of this section is outlined in Table 8.2.

Table 8.2 Recently published examples of multimodal US-MRI NPs studies

Nanoparticle
type

IONPs in
microbubble

IONPs
combined
with US
nano-agent

Gadolinium
combined
with US
nano-agent

Clinical
application
(imaging
target)
Liver

Liver, kidney,
and spleen
Tumor

Tumor lymph
node
General
imaging

(in vitro
study)

Liver and
tumor

Tumor

Liver

Stem cells

Tumor

Core size
(nm)
400-1300

3.7

micron

Larger
than a
micron

868

50-200

374

200

385

200

100-400

Additional study information

Rat study, polymer shell-
encapsulating fluorocarbon gas
and IONPs

Magnetite in PEG-PLGA
microcapsules, mice study
Maghemite in a polymer-based
microbubble

A chemotherapeutic drug was
also encapsulated

In vitro study, IONPs in liquid
core, PEG-PLA-based shell

IONPs embedded in the
polymeric shell of a phase-
changing liquid core, near-
infrared irradiation activated
IONPs in polymeric thermo-
sensitive nanobubble

IONPs embedded in a
nanodroplet, ultrasound shifted
to a microbubble

Cardiac tissue enhancement
after silica-Gd-nanoparticle-
labeled stem cell injection, mice
study

Hollow silica nanospheres
combined with gadolinium,
mice study

References
[123]

[122]

[121]

[124]

[126]

[127]

[125]

[128]

[129]

[137]

(continued)
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Table 8.2 (continued)

Clinical
application
Nanoparticle (imaging Core size
type target) (nm) Additional study information References
Multimodal Brain 62 Ex vivo rat brains imaged using | [130, 131]
solid NPs SPIO on B-mode ultrasound and
T2-weighted MRI
Kidney 87 Magneto-motive ultrasound of [133]
IONPs
Sentinel 31 and 67 | Magneto-motive ultrasound [134]
lymph nodes postmortem and MRI in vivo
In vitro and 7-10 Through-transmission [135, 136]
ex vivo ultrasound and MRI
studies
performed so
far
Others Human 170-213 | Perfluorocarbon NPs for '°F [138]
pancreatic MRI and US imaging
islets tracking
6 Conclusions and Future Perspective

The field of nano-scaled contrast agent development has attracted extensive and
international research efforts. Nevertheless, the only FDA-approved and commercially
available ultrasound/MRI nano-scaled contrast agent today is iron oxide [139]. Several
main limitations hamper the bridge-crossing between the preclinical vast research
effort and the clinical implementation: (i) the toxicity profile of the nano-agents has to
be thoroughly defined and biocompatibility well proven [140] for obtaining regulatory
approvals; (ii) for reproducibility, as slight changes in particle morphology may alter
its efficiency and physiological behavior, the manufacturing process needs to be
precisely repeated for each new batch [141]; and (iii) the targeting ability must be
sufficient, namely, great percentages of the injected dose ultimately arriving the target
site, allowing clear differentiation between healthy and pathological tissue.

Another obstacle, for de facto translation of a discovered nano-scaled contrast
agent into a routine clinical practice use, is the “proof-of-concept” approach. In other
words, the majority of studies provide an initial investigation of a newly developed
material by means of in vitro cell cultures and most typically murine studies.
However, once completed, no further investigations and consecutive research on
larger animals/clinical trials are commonly conducted.

In terms of ultrasound nano-agents, it shall be noted that the majority of studies
described relatively large materials, in many cases exceeding 500 nm. As the
probability of benefiting from the associated EPR effect increases for smaller NPs
[142], it is highly desirable to reduce the size of US-dedicated agents. In that sense,
solid nanoparticles could provide a possible solution.
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In summary, it should be noted that the fascinating multidisciplinary knowledge,
integrated in the field of nano-scaled contrast agents, requires expertise in various
fields. In the endeavor to obtain a major nano-progress, scientific multidisciplinary
teamwork plays a critical role [31].
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