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Preface

Recent advances in nanotechnology have produced a variety of functional nanopar-
ticles such as magnetic nanoparticles, quantum dots, metallic nanoparticles, silica
nanoparticles, liposomes, polymersomes and dendrimers, etc. A key feature of these
nanoparticles is that they are easier to accumulate in the tumor than in healthy tis-
sues. It has been found that the small size of nanoparticles can have a profound
impact on their mode of endocytosis, cellular trafficking, and processing. Due to the
unique attributes such as electronic, magnetic, optical, and structural properties,
nanoparticles have been shown to be capable of functioning either as carriers for
chemotherapeutic drugs to improve their therapeutic efficacy or as therapeutic
agents in photodynamic, gene, thermal, and photothermal therapy or as molecular
imaging agents to detect and monitor cancer progression.

The successful integration of diagnosis and therapy on a single agent using mul-
tifunctional nanoparticles has led to the birth of a new, highly interdisciplinary
research field named “nanotheranostics,” which has given hope in developing inno-
vative strategies to enable “personalized medicine” to diagnose, treat, and follow up
patients with cancer.

Nanotheranostic agents may offer us a powerful tool for the in vivo assessment
of drug biodistribution and accumulation at the target site, for the minimally inva-
sive in vivo visualization of the drug release from a provided nanovehicle, and for
the prediction and real-time monitoring of therapeutic outcome. Thus, constructing
compact nanoformulations with highly integrated modalities is of the essence in
nanotheranostics. Yet, it has been proven to be a big challenge to fuse multiple com-
ponents on a single nanoscale particle for combined diagnostics and therapy.

Although efficient cancer therapy is still problematic, currently nanotheranostics
is developing very fast with significant achievements, fostering a new avenue for
cancer therapy and diagnosis. To translate these applications into clinical use, the
nanotheranostic agents must be optimized by starting with small-animal models and
scaling up to nonhuman primate models. This should lay a solid foundation for the
long-term development of nanotheranostics into clinical medical practice.

A survey of the recent advances and basic principles of nanotheranostics with a
particular emphasis on the design and fabrication of various multifunctional
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nanoparticles for cancer imaging (diagnosis) and therapy is summarized in two vol-
umes of books entitled Advances in Nanotheranostics I: Design and Fabrication of
Theranostic Nanoparticles and Advances in Nanotheranostics II: Cancer
Theranostic Nanomedicine.

The volume, Advances in Nanotheranostics I: Design and Fabrication of
Theranostic Nanoparticles, has three parts: Part I, “Gold Nanostructure-Based
Theranostics”; Part II, “Theranostic Luminescent Nanoparticles”; and Part III.
“Dendrimers and Liposomes for Theranostics.” Part I includes three chapters, sum-
marizing synthesis, surface modification and functionalization of gold nanostruc-
tures, and their use as therapeutic components, imaging contrast agents and
theranostic platforms for imaging-guided therapy. Part II contains four chapters,
each focusing on one of the following: fabrication of lanthanide-doped upconver-
sion nanoparticles, quantum dots and organic dye-loaded nanoparticles, as well as
their applications for multimodal imaging, imaging-guided drug delivery, and ther-
apy. Part III consists of three chapters, reviewing dendrimers and liposome-based
nanodevices, nanoscale imaging agents, drug delivery systems, and theranostic
nanosystems for cancer treatment, respectively.

The volume Advances in Nanotheranostics I1: Cancer Theranostic Nanomedicine
has the following structure: Part I, “Magnetic Nanoparticles for MRI-based
Theranostics”; Part II, “Ultrasonic Theranostic Agents”; and Part I1I, “Nanoparticles
for Cancer Theranostics.” Part I contains three chapters, describing controlled syn-
thesis and surface modification of magnetic nanoparticles, molecular imaging of
tumor angiogenesis, and MRI-based theranostics with magnetic nanoparticles. Part
II consists of three chapters, summarizing ultrasound contrast agent-based multi-
modal imaging, drug delivery and therapy, and hollow mesoporous silica nanopar-
ticles for magnetic resonance/ultrasound imaging-guided tumor therapy. Part III
includes four chapters, demonstrating multifunctional nanoprobes for multimodal-
ity imaging and therapy of gastric cancer, nanoparticles for molecular imaging-
guided gene delivery and therapy, and silica nanoparticles and micelles for cancer
nanotheranostics, respectively.

It is hoped that these books will be of great interest for readers who want to fol-
low up the exciting new development in theranostic nanomedicine. Each chapter
was written by well-recognized experts in the related field. I would like to thank the
authors most sincerely for their excellent contributions and congratulate them for
the brilliant efforts that have resulted in these superb volumes. I also want to express
my thanks to Professor Min Wang at the Department of Mechanical Engineering,
University of Hong Kong, who is the Series Editor of Springer Series in Biomaterials
Science and Engineering, and Springer Beijing office for providing me such a won-
derful opportunity to edit these books, especially Ms. June Tang and Ms. Heather
Feng for their support in publishing these volumes.

Beijing, China Zhifei Dai
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Magnetic Nanoparticles for MRI-Based
Theranostics



Chapter 1
Design of Magnetic Nanoparticles for MRI-
Based Theranostics

Yanglong Hou, Jing Yu, and Xin Chu

1.1 Introduction

Magnetic resonance imaging is one of the most important noninvasive diagnosis
tools in medical science. Paramagnetic and superparamagnetic nanoparticles (NPs)
can enhance MRI as contrast agents. By integrating functionalities such as drug car-
riers, hyperthermia agents, or optical probes as nanoscale MRI contrast agents, mul-
tifunctional NPs can be prepared, which are helpful to diagnosis and treatment of
cancer and other diseases.

MRI has been the preferred tool for imaging the brain and the central nervous
system and for assessing cardiac function and detecting tumors. It is expected to
become a very important tool for molecular and cellular imaging due to its good
ability of soft tissue imaging with high resolution [1]. It is also useful for the early
detection of lesions. To make a diagnosis based on the MRI more accurate, we need
MRI contrast agents which can help to sharp images and enhance the details. The
most widely available MRI contrast agents are gadolinium chelates, within which
Gd-DTPA is the best well-known one and has been used in clinical application for
years. Superparamagnetic iron oxide (SPIO) is another kind of MRI contrast agents
which was the first nano-sized one. The mechanisms for these two kinds of contrast
agents are different.
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As an important part of nanomaterials, magnetic nanoparticles (MNPs) have
enormous potential for disease diagnosis and therapy. Due to their superior mag-
netic properties and high specific surface, MNPs are perceived as promising materi-
als for MRI contrast agents, biomedical drug carriers, magnetic hyperthermia, etc.
Based on the interaction between protons and surrounding molecules of tissues,
MRI is a promising tool for medical imaging diagnosis of cancer and is considered
as one of the most efficient imaging techniques in biomedicine. With strong magne-
tization, colloidal stable MNPs now attract much attention for their great potential
in MRI. In particular, they can be used as contrast agents in MRI by inducing hypo-
intensities on T;- and T,-weighted MRI maps. Drug loading and delivery is another
biomedical application of MNPs. Magnetic drug delivery is a method to target drugs
to the diseased area in the body. When drug is attached to a MNP and injected into
blood flow, it is captured in the diseased area by locating a magnet close to the target
location. In the action of magnetic field, the MNPs move irregularly in the target
area which accelerates the release of drugs. Apart from pharmaceutical therapy,
MNPs are also widely used in magnetic hyperthermia therapy. On account of excel-
lent magnetic properties, MNPs, especially ferromagnetic NPs, could induce strong
attractive forces between the dipoles of neighboring NPs and aggregate under a
static magnetic field.

1.1.1 The Principle of MRI

MRI is mainly based on nuclear magnetic resonance (NMR) effect. In short, when
the nuclei of protons are exposed to an external magnetic field, their spins align
either parallel or antiparallel to the magnetic field which called Larmor precession
(Fig. 1.1a). During their alignment, the spins process under a specified frequency,
known as the Larmor frequency (@). The Larmor precession can be described in
Larmor equation (y, gyromagnetic ratio; By, magnetic field):

w=yB,

When a “resonance” frequency in the radio-frequency (RF) range is introduced
to the nuclei, the protons absorb energy and are excited to the antiparallel state.
After the disappearance of the RF pulse, the excited nuclei relax to their initial,
lower-energy state (Fig. 1.1b). There are two different relaxation pathways. The
first, called longitudinal or T1 relaxation, involves the decreased net magnetization
(Mz) recovering to the initial state (Fig. 1.1c). The second, called transverse or T2
relaxation, involves the induced magnetization on the perpendicular plane (Mxy)
disappearing by the dephasing of the spins (Fig. 1.1d). Based on their relaxation
processes, the contrast agents are classified as T1 and T2 contrast agents, and T1*
and T2* are, respectively, described as their relaxation time. Commercially avail-
able T1 contrast agents are usually paramagnetic complexes, while T2 contrast
agents are based on iron oxide NPs, which are the most representative NP agents.
Because the values of T1* or T2* of normal tissue and lesions are not obviously
different, the T1 or T2 contrast agents are able to be used in MRIL.
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Fig. 1.1 Principle of magnetic resonance imaging. (a) Larmor precession, (b) magnetization of
spins changes after induction of RF pulse, (c¢) T, relaxation process, (d) T, relaxation process
(Reproduced with permission from Ref. [1]. Copyright 2009 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim)

1.1.2 The MRI Contrast Agents

To improve the MRI contrast, researchers expect to receive higher MR signal. The
MRI contrast agents are designed to meet this demand by shortening the relaxation
time. According to the patterns of MRI needed, MRI contrast agents can be divided
into two groups: T; and T, contrast agents.

T, contrast agents are also known as paramagnetic contrast agents. There are
several conditions which influence the MRI performance. The value of relaxation
effectiveness increases with the coordination number of water molecules. Because
a lot of paramagnetic metal ions are toxic, metal ions should be in a chelate form.
According to theoretical analysis, several factors can affect the relaxation results,
such as the exchange rate of coordination water, the distance of the coordination
water and the paramagnetic center, and the magnetic moment of paramagnetic cen-
ter. Accordingly, to achieve better relaxation effectiveness, T, contrast agents are
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commonly designed to meet the demand of higher exchange rate, shorter distance
between coordination water and paramagnetic center, and greater paramagnetic
moment. Usually, the contrast agents of water molecules and the distance between
water and paramagnetic center keep the exchange rate at a certain value. The con-
trolling of relaxation usually relies on the paramagnetic center. Because of unpaired
electrons in the ion is the source of the magnetic moment of ions, Mn?*, Fe** which
contains five unpaired electrons and Gd** which contains seven unpaired electrons,
are regarded as the optimal candidates for MRI.

Take gadolinium ion for example, it has big spin magnetic moment and sym-
metrical field, and its coordination number can reach 8 or 9, which can obtain higher
relaxation effectiveness and is expected to be used for imaging contrast agents.
However, free gadolinium ion and its most complexes are not compatible with
venous blood and easily to precipitate out. At the same time, gadolinium has a large
renal toxicity, which makes it hard to be used directly. Therefore, it is required to
develop the good stability and biocompatibility of gadolinium contrast agent.

In addition to gadolinium ion, bivalent manganese ion also has important appli-
cations in fabricating the paramagnetic contrast agents. Mn** contains five unpaired
d electrons. Its net magnetic moment is 5.9y, and the electron spin relaxation time
is 103-10" s, which is an appropriate electronic relaxation time [2]. The proton
relaxation enhancement can influence the surrounding water proton relaxation pro-
cess and shorten the relaxation time. Although manganese ion is an essential ele-
ment which the human body contains about 10-20 mg, hydrated manganese ion
cannot be directly used for imaging due to its unacceptable cardiac toxicity.

Different from the T, contrast agent, T, contrast agents mainly affect the proton
transverse relaxation (spin-spin relaxation) processes [3]. Usually, they are known
as superparamagnetic NPs. Generally speaking, the total magnetic moment is 657
times more than that of the proton magnetic moment paired electrons, and super-
paramagnetic particles tend to contain a large number of unpaired electrons. Under
the action of applied magnetic field, the contrast agent NPs will be arranged accord-
ing to the magnetic field direction, producing a larger net magnetic moment and
significantly affecting the uniformity of local magnetic susceptibility. After removal
of the external magnetic field, thermal disturbance makes the grain direction of the
magnetic moment of contrast agent randomly arranged. The protons near contrast
agent particles will soon step into the relaxation process of phases, which causes
organization imaging relaxation time significantly shortened and showing a strong
negative reinforcement effect [4—6]. According to the abovementioned mechanism,
MNPs with high magnetic properties are required for the T, MRI contrast agents.

Superparamagnetic iron oxide (SPIO) is the most widely used superparamag-
netic contrast agent. It has many remarkable advantages, such as good biocompati-
bility and degradability [7]. In addition to the essential trace element iron in the
nanometer iron oxide, it does not contain other metal ions. Many biological toxicity
tests show that nanometer iron oxide does not significantly affect the growth of
cells. And the nanometer iron oxide can be metabolized by red blood cell lysosomes
without harmful side effects to the human body. For the better application of MNPs
in MRI, high magnetism MNPs, especially SPIO, are designed to be synthesized.
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1.2 Chemical Preparation of MNPs for MRI Contrast
Agents

Based on the excellent magnetic performance and good biocompatibility, MNP con-
trast agents have a wide range of applications in MRI. To obtain MNPs with better
magnetic properties, the trend and degree of the influence on chemical growth of
MNPs have been studied extensively. According to La Mer theory, when the mono-
mer concentration is over the critical concentration, the explosive nucleation pro-
cess will occur in the process of crystal growth. At that moment, a large number of
precursors are participating in reaction and exhausted. Therefore, the key factor to
prepare high-quality monodisperse MNPs is to control the nucleation and growth
process properly. On account of the very high specific surface area, MNPs tend to
conglomerate to reduce the surface energy. Using appropriate surface ligands can
also reduce surface energy and prevent the conglomeration of MNPs which is a tool
for controllable growth [8].

Currently, various protocols are developed to synthesize MNPs. The typical
methods are coprecipitation method, polyol process, ultrasonic chemical method,
soft template synthesis method, and thermal decomposition method. This section is
an exhaustive introduction of these methods.

1.2.1 Coprecipitation Method

Coprecipitation method is a simple and convenient method for preparation of mag-
netic nanoparticles. By mixing the ferric iron salt solution with the ferrous iron salt
solution under a certain proportion, a certain pH value, appropriate reaction tem-
perature, and the existence of the precursor and stabilizer, researchers can get iron
oxide nanoparticles within a range of particle size and morphology. Coprecipitation
method only needs simple, mild conditions and the cost is low. The product has
good dispersion in water, easy for further modification. But the iron oxide NPs pre-
pared by this method always have irregular shape and wide size distribution. The
particle size is so big as to produce aggregation easily. At the same time due to the
low reaction temperature, the NPs are easy to be oxidized, which limits its applica-
tion prospect in the field of contrast agents [9].

1.2.2 Polyol Process

Polyol process is a kind of preparation methods of iron oxide NPs. By using high
boiling point polyhydric alcohol such as polyethylene glycol (PEG) as the solvent
and using simple inorganic salt such as ferric chloride or metal organic compound
like acetylacetone iron as precursor, this method can synthesize NPs with a
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Fig. 1.2 Magnetite nanoparticles prepared by polyol process. (a) TEM image, (b) HRTEM image,
(c) dynamic light scattering (DLS) of the aqueous dispersion of the magnetite nanoparticles
(Reproduced with permission from Ref. [10]. Copyright 2007 Royal Society of Chemistry)

relatively narrow size distribution under a series of chemical reactions at high tem-
peratures (Fig. 1.2). Polyol-prepared NPs tend to have very good water solubility,
stability, and biocompatibility. Thus, these NPs have a wide range of applications in
the field of nano contrast agents. Despite the reaction temperature of polyol method
can reach 200 °C, it is not high enough for producing inorganic oxide crystallization
process. Therefore, the products are often not well crystallized, and their magnetic
performance is not equal to that of block magnetic materials [10].

1.2.3 Ultrasonic Chemical Method

Ultrasonic cavitation can generate instantaneous local high-temperature and high-
pressure environment in solution and can be rapidly cooling. Such extreme condi-
tions have a unique role for chemical reaction promotion. Ultrasonic chemical
method is also a kind of preparation method of nanometer particles. For example,
using Fe(CO)s as precursor and polyvinylpyrrolidone or oleic acid as stabilizer, iron
oxide NPs are obtained through ultrasonic processing [11]. This method has also
been extended to other NP synthesis. The reaction process of ultrasonic chemical
method, however, is difficult to monitor and control. The morphology, homogene-
ity, and crystallinity of produced NPs are poor, so this method is rarely used in the
field of nano contrast agent [12].

1.2.4 Soft Template Synthesis Method

Magnetic nano contrast agents can also be synthesized through the use of micro-
emulsion or reverse micelles and other soft templates. By mixing incompatible two-
phase system like water oil with surfactant under certain condition, a
thermodynamically stable, uniform dispersion system can be formed, and the



1 Design of Magnetic Nanoparticles for MRI-Based Theranostics 9

micro-/nanoscale orderly assemblies can be obtained, such as microemulsion or
reverse micelles. The orderly structure can provide a chemical reaction with limited
reaction space, thereby restrict the growth and reunion of nanomaterials and lead to
the generation of NPs of high solubility. In addition, because of the different struc-
tures and concentrations of the surfactants used, the micelle is not limited to the
spherical shape. It can also be a rod or in other shapes, which lays a foundation for
obtaining specific morphology of NPs. Both metal materials such as copper, cobalt,
and silver and compound materials such as cadmium sulfide and iron oxide can be
synthesized through this method conveniently. However, for reactions at low tem-
perature, NPs prepared by this method have lower degree of crystallinity which
restricts their use in the field of nano contrast agents [13].

1.2.5 Thermal Decomposition Method

High-temperature thermal decomposition method is a kind of controllable prepara-
tion of NPs with high quality. In the presence of high boiling point solvent ligand
and metal precursors on the surface, NPs can decompose controllably at high tem-
perature and very uniform size, and controllable morphology can be obtained [14].
In the high-temperature thermal decomposition method, there are two kinds of reac-
tion precursor feeding modes: rapid injection and direct heating method [15]. When
adopting the first way of feeding, reaction solution containing surface ligands must
be heated to a certain temperature in advance. The metal precursor (usually have
lower decomposition temperature) or the solution can be syringed to join the reac-
tion system and realize the rapid and explosive NP nucleation. Then by controlling
the further reaction temperature and time, researchers can control the growth pro-
cess of NPs. Because most of the precursor in the process of injection has been
exhausted, it is difficult for the rest of the precursor to nucleate. So this method is
mainly used to implement the growth process of nanoparticles. In this system, all
NPs have similar growth curve and monodisperse feature.

The other way of feeding just needs to mix ligands, metal precursors, and reac-
tion solution at a certain proportion. By controlling the heating process, the reaction
temperature, and the reaction time, the synthesized NPs can get controllable mor-
phology and size. In the reaction system, long-chain surface ligands such as oleic
acid, amine, and three octyl phosphonic and octyl oxygen phosphonic acids often
play a very important role. Because of its strong ability of coordination and good
thermal stability, the intermediate forms in this process are difficult to decompose.
Under certain reaction temperature, the slow decomposition of intermediates can
also get control of the size and shape of NPs. For example, by mixing organic metal
compounds acetylacetone iron, oleic acid, oil amine, and 1, 2-dodecane in dibenzyl
ether glycol at 300 °C, monodisperse NPs can be obtained. The particle size is
adjustable from 4 to 8 nm. This method also can be used in the synthesis of ferro-
manganese oxygen, cobalt ferrite, and ferrite nanoparticles (Fig. 1.3) [16]. Recently,
researchers found that using the acetylacetone iron, dibenzyl ether, and oil amine
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Fig. 1.3 TEM images of 16 nm Fe;O, nanoparticles prepared by thermal decomposition method.
(a) A monolayer assembly, (b) a multilayer assembly, (¢) HRTEM image of a single Fe;0,
nanoparticle (Reproduced with permission from Ref. [16]. Copyright 2002 American Chemical
Society)

can also get good reaction products, and the particle size is adjustable [17]. By
adjusting the proportion of oleic acid and oil amine, the nanoparticle can be
14-100 nm in size with octahedral or truncated octahedral structures [18]. The fer-
rous oxide nanoparticles can be further transformed into magnetite Fe;O,4, magnetic
hematite gamma Fe,0;, hematite alpha Fe,O;, or iron, and Fe;O, complex
components for controllable synthesis of iron oxide, which provides a new train of
thought. When using oleic acid as the reaction precursor iron, a large number of
monodisperse spherical iron oxide nanoparticles can be synthesized. In introducing
different cations (sodium, potassium, tetramethylammonium) to oleates as surface
ligands, the cubic or double pyramidal iron oxide NPs can be synthesized [19]. In
the use of certain amount of oil amine ligand as surface ligand, and the reaction
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temperature is increased to 380 °C at the same time, the octahedral iron oxide NPs
can be synthesized [20].

1.2.6 Solvothermal Method

Solvothermal method is a kind of reaction with precursor and appropriate stabilizer
dissolved in a solvent in the airtight system in order to prepare NPs by high pres-
sure. The product has good crystallinity, and sometimes researchers get metastable
phase product. In a closed system, the solvent can't boil. When the reaction is heated
to a temperature higher than the boiling point of the solvent under atmospheric pres-
sure, it can produce a higher pressure. The higher the reaction temperature is, the
larger the pressure is. The high reaction temperature and the large pressure are the
characteristics of solvothermal method. Under such conditions, some thermody-
namic allowable but slow kinetic-responsive reactions are likely to accelerate.
Trivalent iron, for example, tends to be hydrolyzed spontaneously and forms a rela-
tively stable iron hydroxide. The iron hydroxide can form Fe,0O; in further dehydra-
tion process. But under normal conditions, the two-step reaction is very slow. When
using the hydrothermal method, better iron oxide materials can be synthesized. In
the presence of vitamin C as the stabilizer and reducing agent in the water thermal
processing, iron hydroxide oxygen can form smaller and more soluble Fe;O,
nanoparticles which have good magnetic resonance (NMR) relaxation effective-
ness. Under another condition, the reaction temperature tends to be less than 200°,
but it can still provide several atmospheric pressure or even higher pressure in hot
water/solvent thermal reaction. This offers the synthesized nanomaterials with bet-
ter crystallinity. After the introduction of nonaqueous solvents such as ethanol, a
wider range of precursors and stabilizers can be used with better control of size and
shape [21].

Besides, there are other synthesis methods such as sol-gel method and micro-
emulsion method which are not typical. As a matter of fact, all these methods real-
ize the uniform growth of MNPs by regulating or establishing the proper reaction
conditions. Hence, with the continuous development of synthesis methods, the mor-
phology MNPs are designed to become more regular and controllable.

1.3 Nano Contrast Agents for MRI

Based on the interaction between protons and surrounding molecules of tissues,
MRI is becoming a promising tool for medical imaging diagnosis of cancer and is
considered as one of the most efficient imaging techniques in biomedicine. Due to
the superior magnetic properties and high specific surface, MNPs are perceived as
ideal MRI contrast agents.
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1.3.1 T; Nano Contrast Agents

The interaction of paramagnetic ions and water molecules at the center is the key
factor of paramagnetic contrast agents to realize imaging function. Therefore, che-
late is not the only form of paramagnetic contrast agents. Some recent researches
showed paramagnetic NPs, such as gadolinium oxide, gadolinium phosphate, gado-
linium fluoride and gadolinium NPs are good candidates for MRI contrast agents.
This type of nano contrast agents for T;-weighted images has very good signal
enhancement effect. Through the modification of biocompatible materials, such as
chitosan, PEG, or silica, gadolinium oxide NPs, which usually have a small-scale
(<5 nm) crystal nucleus, are the typical ones [22].

There is also a research report about water-soluble fluoride gadolinium NPs or
gadolinium-doped lanthanum fluoride NPs. According to the different surface
charge, the researchers choose 2-ethyl amine phosphate and citric acid as coated
molecules and got good imaging effect [23]. In general, nanometer materials have
low horizontal/vertical relaxation effectiveness, indicating that it is more suitable
for positive contrast agents.

Colloidal manganese sulfide is one of the first reported manganese-based mag-
netic nano contrast agents. Chilton group discussed the influence on lattice relax-
ation time for rat liver, lungs, and spin after intravenous injection of the colloid NPs
and noted that the colloidal manganese sulfide NPs had certain effect of MRI [24].
By sodium sulfide precipitation with manganese acetate, pink sulfide colloid parti-
cles can be synthesized. Scanning electron microscopy shows that the particle size
is ranging from 0.1 to 10 pm.

Hyeon group in South Korea reported that the manganese oxide NPs can get
enhancement effect of T, image (Fig. 1.4). Using the manganese oxide NPs, good
results achieved for the brain, liver, and kidney imaging. It is worth mentioning that
by using manganese oxide NPs, researchers can obtain fine anatomical structure of
brain tissue which is good for basic research in neuroscience and disease diagnosis
[25]. They controlled the size of the particle which was prepared by thermal decom-
position of manganese oxide nanoparticles. By regulating the manganese oxide NP
morphology and size, they can control the relaxation properties. Hyeon group also
reported the preparation of Mn;O, nanoplates using hydroquinone ligand. The
material showed better performance of relaxation. In addition, Chang group reports
the fabrication of D-glucuronic acid-modified super-small manganese oxide NPs.
The r, and 1, values were 7.02 and 47.97 mM~! s7!, respectively [26].

Lee group reported the preparation of hollow manganese oxide NPs by first syn-
thesizing 20 nm manganese oxide NPs and then selectively etching the cores.
Compared to the same size solid NPs (r;=0.21 mM~!s7}, r,=1.42 mM-!s7!), hollow
NPs showed better relaxation effectiveness (r;=1.49 mM-'s"!, r,=7.74 mM~'s™)
and drug delivery performance. The work shows that due to the large specific sur-
face area of hollow NPs, it is more conducive to water molecules in contact with the
surface of NPs, resulting in better relaxation effectiveness. Similarly, with the intro-
duction of dopamine as a connecting molecule, Park group made hollow manganese
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Fig. 1.4 (a) TEM images of water-dispersible MnO nanoparticles with particle sizes of 7, 15, 20,
and 25 nm. (b) T1-weighted MR image of MnO nanoparticles from a 3.0 T clinical MRI system
(Reproduced with permission from Ref. [25]. Copyright 2007 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim)

oxide NPs coupling with siRNA and the targeting reagent Herceptin. Experiments
proved that the targeted NPs have a very good effect of imaging for breast cancer
cells and can be a very good siRNA delivery carrier for targeted treatment of cancer
cells [27]. Hyeon group also reported the mesoporous silica-coated hollow manga-
nese oxide (HMnO@mSiO,) nanomaterials as T, imaging agents. They proved the
mesoporous silica can help the better access of the water molecules and manganese
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oxide can get higher r, relaxation effectiveness. By using electroporation method,
these NPs can be imported into tagged mesenchymal stem cells which can realize
in vitro and in vivo detection. This work shows unique role of the hollow manganese
oxide NPs in the field of cell markers [28].

1.3.2 T, Nano Contrast Agents

Based on the theory put forward by Koenig and Keller, proton transverse relaxation
effectiveness is related to saturation magnetization intensity of NPs. The formula is
shown as following [29]:

1 a
R =—-= nACJ(o,t
2 T, deDylu e (@,7))

where a is constant, dyp is the NP’s size, p is the magnetic moment, y is the gyro-
magnetic ratio of water, Cyp is the concentration of the NPs, and J(w,7p) is the
spectrum density function. We can see that the relaxation value R, increases with a
reduction in MNPs’ diameter dyp. Because of the body’s immune function, particles
in the range from 30 nm to 50 ym in the blood are considered as foreign bodies [30].
Both of the above theories show that the size distribution contrast agent particle has
great influence on the in vivo behavior. Therefore, the nanometer iron oxide contrast
agents, superparamagnetic iron oxide (SPIO, 50-150 nm) and super-small super-
paramagnetic iron oxide (USPIO,<30 nm), have great value in developing MRI
contrast agents on account of their small particle diameter (Table 1.1) [3].

SPIO distribution in the body has significant specificity, which is mainly used in
reticular endothelial tissue imaging. After being injected into the human body, SPIO
tends to combine with plasma protein in the blood, recognized by endothelial net-
work through macrophages. So SPIO will be enriched in endothelial reticular cell
tissues and organs such as the liver, spleen, lymph nodes, bone marrow, and other
parts. The T, signal of SPIO-enriched organization will show obviously negative

Table 1.1 Examples and properties of commercial SPIO agents [3]

Trade and common Mean
Agent Class names Status particle size
AMI-121 Oral Lumirem, Gastromark, Approved >300 nm
SPIO Ferumoxsil
OMP Oral Abdoscan Approved 3.5 pm
SPIO
AMI-227 USPIO Sinerem, Combidex, Phase III 20-40 nm
Ferumoxtran
NC100150 USPIO Clariscan Completed phase 11 20 nm

(discontinued)
CODE 7228 USPIO (Advanced magnetics) Phase 11 18-20 nm
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enhancement. Because cancer organization does not contain the macrophages, it
will not produce a similar phenomenon, so as to differentiate from the normal tis-
sues. However, SPIO in clinical applications has some limitations. Though it can
produce strong contrast effect, the negative signals could cover up the organization
structure and are hard to be distinguished from false signals [31].

USPIO is dextran-coated magnetic iron oxide NPs. Its particle size is usually less
than 30 nm. After intravenous injection, due to its small size, USPIO will not be
recognized by endothelial network. So it can stay longer in the blood and possibly
permeate through capillary wall into deeper tissue. In addition, it can also be tar-
geted by linking reagent for target imaging [32]. USPIO has certain negative effect,
but unlike SPIO, USPIO at the same time can increase the efficiency of the organi-
zation of the longitudinal relaxation. The space distribution also has influence on the
imaging effect, because the distribution of the cluster USPIO negative effect is
greater than the effect of the uniform distribution. USPIO has very broad applica-
tion prospects in display and identification of the tumor of the lymph node and dif-
ferential vascular imaging [33].

Though SPIO and USPIO have good MRI performance, there are a number of
new designs of biological probes with multiple functions. For example, FesC,
nanoparticle is one of the most promising multifunctional probes among the new T,
nano contrast agents [34]. FesC, has a magnetic moment of about 140 emu/g, a
value that is comparable to that of Co (about 160 emu/g) and two times higher than
that of Fe;0,. The high magnetic moment leads to a respectable performance in T,-
weighted MRI, and the r2 value is 312 mM~'s™! at 3 T which is much higher than
that of Resovist. In consequence of a thin carbon shell coating, the FesC, nanopar-
ticles get high absorption in near-infrared (NIR) light for photothermal therapy
(PTT). Besides, the FesC, nanoparticles are facile to synthesis in one-pot method,
compared with other NPs reported for both MRI and PTT like Fe;0,@Cu,_xS core—
shell NPs which need intricate and multistep synthetic processes.

1.4 Multifunctionalization and Application of MNPs as MRI
Contrast Agents

While the effort in developing new engineered MNPs and constructs with new
chemistry and synthesis approaches continues growing, the importance of specific
functionalization designs has been increasingly recognized. Because the surface of
MNPs is the interface between nanomaterials and biological bodies, surface bio-
compatibility of nanomaterials is prerequisite to the biomedical application of nano-
materials [35]. As a facile and quick approach to adjust the properties of MNPs,
surface modifications become a vital component of all biomedical applications of
MNPs due to the addition of nonmagnetic surfactants.

In the field of nanomedicine, it requires new designs of biological probes with
multiple functions. In addition to enhancing the MRI signal of MNPs, researchers
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now devote to designing new type of multifunctional MNPs which show great
application potential in both cancer diagnosis and therapy. As mentioned above,
surface of these MRI-based probes is critical to their functionalities; some impor-
tant multifunctionalization methods are highlighted.

1.4.1 Multifunctionalization Methods

The surface modifications mainly proceed via two approaches, ligand exchange and
ligand adsorption. Ligand exchange is to change the hydrophobic ligand into a
hydrophilic one. Generally, these ligands consist of hydrophilic groups and linking
groups. The linking groups can combine with the surface of the MNPs, and the
hydrophilic groups are exposed to the surrounding environment to make the MNPs
disperse in the aqueous solution. The key point of a successful ligand exchange is to
select the linking groups which have the strongest combination with the surface of
MNPs. Ligand adsorption mainly means to adsorb molecules. These molecules are
amphiphilic molecules which have both hydrophilic portion in one side and hydro-
phobic one in the other side. By means of hydrophobic forces, the hydrophobic
portion can combine firmly with the hydrophobic surfactant of MNPs, and the
hydrophilic portion is exposed so that the MNPs disperse in aqueous phase. Besides,
chemical reaction is another approach for the surface modifications. Upon these
three strategies, organic molecules, macromolecules, and inorganic materials can be
usually used for this purpose. In this part, we will summarize the progress on sur-
face modification of MNPs depending on the type of surface materials.

The important properties of cell phagocytosis of MNPs have expanded the appli-
cations of contrast-enhanced MRI beyond the vascular and tissue morphology
imaging, enabling many novel applications of MNPs for MRI diagnosis of liver
diseases, cancer metastasis to lymph nodes, and in vivo tracking of implanted cell
and grafts with MRI [36]. The magnitude of contrast effects also needs to be
improved for high sensitivity to the minimal changes in the disease and for
biomarker-specific detection. Therefore, the surface modifications of MNPs are
developed to meet the increasing interests for noninvasive in vivo imaging of molec-
ular and cellular activities that target a disease. Surface modifications cannot only
prevent MNPs from reacting and agglomerating in aqueous phase which is not only
the precondition for biomedical applications but also endows MNPs with multi-
functional properties such as fluorescent mark, cell targeting, drugs loading, and so
on [37-39]. Furthermore, surface modifications are able to influence the magnetic
performance of MNPs due to the addition of nonmagnetic surfactants.

1.4.1.1 Ligand Exchange or Adsorption of Organic Molecules
Ligand exchange is the most common way for surface modification of MNPs. In

ligand exchange, monodentate ligand is the simplest ligand. With easy preparation,
simple structure, and other advantages, monodentate ligands are widely used in
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Fig. 1.5 Schematic illustration of surface modification of MNPs via the ligand exchange process
with NOBF, (Reproduced with permission from Ref. [47]. Copyright 2011 American Chemical
Society)

ligand exchanges. Since there is only one ligand, the binding force between mono-
dentate ligands and MNPs is weak, and the combination process is reversible. To
deal with this problem, researchers need to screen the ligands with strong coordina-
tion ability. Carboxyl [40, 41], sulfhydryl [42], silane [43], and some inorganic
ions[44—46] are most common used in monodentate ligand exchange. Murray et al.
used nitrosonium tetrafluoroborate (NOBF,) to replace the organic ligands attached
to the nanocrystal (NC) surface (Fig. 1.5) [47]. The replacement by inorganic BF,~
anions enabled NCs to be fully dispersible in polar, hydrophilic solvents without
changing the particle size and shape. After surface modification, the NCs were read-
ily further functionalized by various capping molecules which greatly enrich the
surface function of NCs.

Although monodentate ligands have simple structure and react fast with MNP
surface, these MNPs are not stable in aqueous phase as a result of the reversible
coordination process. This problem is preferably solved by the application of poly-
dentate ligands. Polydentate ligands have a plurality of coordinating groups which
significantly enhance the binding force with MNPs. Therefore, these surface-
modified MNPs have high stability constant and exhibit favorable aqueous solubil-
ity. The polydentate ligands are diphenols [48-50], polyacids [51], polyols, and
their derivatives [21, 52, 53]. For all of those, catechol and its derivatives are most
commonly used. With electron donor of benzene ring structure, catechol and its
derivatives can be intensively coupled with metal ions [49]. Hou et al. invented a
rapid ligand exchange method to make hydrophobic Fe;O, NPs into water-soluble
NPs using dihydroxybenzoic acid as a ligand [54]. Another common polydentate
ligand is dimercaptosuccinic acid (DMSA). As a small molecule, DMSA has nota-
ble superiority in hydrophily, biocompatibility, and coordination ability due to its
double sulfhydryl and double carboxyl structure [55-57].
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Some organic molecules are amphipathic. Their structures have both hydrophilic
portion and hydrophobic portion which are liable to attach to the surface of MNPs.
The hydrophilic portion is usually long-chain hydrocarbons, but the hydrophobic
portion has different structures. In addition to enhance the dispersibility of MNPs in
aqueous solution, optical dyes, targeting agents, and therapeutic agents are allowed
to be used in the ligand adsorption process which help with the multifunction of
MNPs [58]. By combination of organic dyes, MNPs perform dual-mode imaging
property which contributes to disease diagnosis [59—61]. Among the organic dyes,
near-infrared fluorescent (NIRF) dyes may be the best choice due to its low interfer-
ence and excellent penetration distance of issues [62]. Likewise, surface modifica-
tion with targeting agents and therapeutic agents is conducive to strengthen the
diagnostic capacity of MNPs [22]. J. Manuel et al. synthesized biocompatible, mul-
timodal, and theranostic functional iron oxide NPs which exerted excellent proper-
ties for targeted cancer therapy and optical and magnetic resonance imaging [63].
Using a novel water-based method, they finished the encapsulation of both near-
infrared dyes and anticancer drugs and realized the theranostics [64]. In recent
research, a novel method to synthesize Gd-NPs was reported wherein a Gd-based
MR contrast agent self-assembled into gadolinium NPs under the action of furin
proteins. These NPs can be used to locate the right position for treatment.

1.4.1.2 Polymer Coating

Polymers with multiple functional groups could be expediently combined with
MNPs. Based on the influence of chelate effect and chemisorption, polymer coating
usually needs the help of active terminal groups. Various monomeric species, such
as bisphosphonates, DMSA, and alkoxysilanes, have been evaluated to facilitate
attachment of polymer coatings on MNPs [50, 66]. In polymer coatings, polymers
form a barrier among MNPs to avoid agglomeration and provide varieties of surface
properties. As the most biocompatible MNPs developed for in vivo applications
need to be stabilized and functionalized with coating materials, the coating moieties
can affect the relaxation of water molecules in various forms, such as diffusion,
hydration, and hydrogen binding [36]. In the research, these coatings also play the
role to link MNPs with biomolecules or change the surface charge or chemical envi-
ronment. Moreover, polymer coatings improve the colloidal stability of NPs as well
[67]. For the complex structures of polymers, there are many aspects to affect the
surface performance of MNPs, such as the molecular weight, the property of termi-
nal groups, and the conformation of polymers.

Plenty of natural and synthetic polymers have been demonstrated in polymer
coating [53, 68—70]. The glycan such as dextran or chitosan is widely used in poly-
mer coatings [31, 71]. Chitosan, a biodegradable natural polymer, is derived by the
deacetylation of chitin obtained from the shells of crustaceans. It has many biologi-
cal applications because of its biological activities, biocompatibility, high charge
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density, low toxicity toward mammalian cells, and ability to improve dissolution.
Weissleder and his group did a great deal of research in dextran-coated iron oxide
nanoparticles and derivative magnetic nanoparticles. Their work of monocrystalline
iron oxide NPs (MION) [72] and cross-linked iron oxide (CLIO) NPs [73] pre-
sented that dextran-coated superparamagnetic iron oxide NPs were a well-
established platform for the synthesis of multifunctional imaging agents [74].
Hyeon et al. developed chitosan oligosaccharide-stabilized ferrimagnetic iron oxide
nanocubes (Chito-FIONs) as an effective heat nanomediator for cancer hyperther-
mia [75]. The Chito-FIONSs exhibited superior magnetic heating ability compared to
commercial superparamagnetic iron oxide NPs, leading to successful eradication of
cancer cells through caspase-mediated apoptosis.

Another frequently used polymer is polyethylene glycol (PEG) [30, 76, 77].
PEG is a flexible and water-soluble polymer. The high hydrophilicity of PEG chains
can render the MNP core soluble and stabilized in the aqueous media. PEG has
been demonstrated to distinctly reduce the uptake by macrophages [60] so as to
increase the blood circulation time in vivo. By changing the molecular weight of
PEG, MNPs can be coated with controlled size [30, 78]. PEG-derivative modified
MNPs were prepared by post-synthesis coating. With the increasing of the molecu-
lar weight, the number of branched chains and functionalities, higher stability, and
better dispersion could be attained. Sun et al. using 3-(3,4-dihydroxyphenyl)propa-
noic acid and PEG as reactants synthesized heterobifunctional PEG ligand (Fig.
1.6) [79]. They successfully modified porous hollow NPs (PHNPs) of Fe;O, via this
ligand and achieved targeted delivery and controlled release of the cancer chemo-
therapeutic drug cisplatin. However, PEG is not favorable for most cells to uptake
MNPs with PEG shell protection. To solve this problem, these MNPs can be modi-
fied by hyaluronic acid (HA), a targeting moiety, for stem cell uptake [80]. Recent
study reported that different terminal groups partly affected the MRI images of
MNPs [81].

Other polymers such as cellulose, poly(ethylene oxide) (PEO), poly(vinyl alco-
hol) (PVA), poly(acrylic acid) (PAA), and poly(lactide-co-glycolide) (PLGA) are
alsoused in polymer coatings. PLGA and cellulose are Food and Drug Administration
(FDA) approved for a variety of usage in humans and commonly employed for drug
delivery and oral formulations. Xu et al. used a single emulsion method to make
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Fig. 1.6 Schematic illustration of surface modification of hollow NPs with heterobifunctional
PEG ligand (Reproduced with permission from Ref. [79]. Copyright 2009 American Chemical
Society)
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oleic acid stabilized iron oxide NPs (10 nm core size) to be encapsulated in PLGA
[82]. As a result of PLGA coating, the NPs had a much higher r, relaxivity than
normal SPIO nanoparticles. Hong et al. synthesized a novel polymeric NPs (YCC-
DOX) composed of poly(ethylene oxide)-trimellitic anhydride chloride-folate
(PEO-TMA-FA), doxorubicin (DOX), and superparamagnetic iron oxide [83].
These NPs showed higher MRI sensitivity comparable to a conventional MRI con-
trast agent, even in its lower iron content. Lin et al. reported PAA-modified GAVO,
NPs by filling PAA hydrogel into GdVO, hollow spheres. The PAA@ GdVO, NPs
can act as a dual-mode agent for MR and up-conversion imaging and be applied for
pH-dependent drug release due to its hollow structure [84].

Besides, other applications in polymer coatings are also beneficial. To simplify
the coating procedures, researchers developed a series of copolymers to accomplish
in situ coating of MNPs termed as one-pot method [85]. Nevertheless, the growth of
nanocrystals can be influenced as a result of the existence of polymers which leads
to abnormal structure and surface of MNPs [86]. Polymers or macromolecules such
as peptide or PEG have the conformation to form monolayer by self-assembly [87],
and in consequence, polymer coatings can be formed by self-assembling process on
the surface of MNPs similarly [86, 88-91]. The effect on NPs’ magnetic properties
by polymer coatings is also a research field [71, 92, 93]. Gao et al. reported novel
multifunctional polymeric micelles composed of a chemotherapeutic agent doxoru-
bicin (DOXO) and a cRGD ligand [92]. They demonstrated that each micelle loaded
a cluster of superparamagnetic iron oxide (SPIO) NPs inside which resulted in
ultrasensitive MRI detection of the MNPs (Fig. 1.7).
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Fig. 1.7 Schematic illustration of the encapsulating process for DOX-SPIO (Reproduced with
permission from Ref. [92]. Copyright 2008 Elsevier Ltd)
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1.4.1.3 Silica Coating

For inorganic agents, the MNPs are generally coated by chemical reaction. Silica
coating is the most widely used method for surface modification in inorganic coat-
ings. Silica-coated MNPs always formed core—shell structures. Compared with
organic coatings, silica coating has many particular advantages. Silica-coated NPs
are robust, water soluble, colloidally stable, and photostable [94, 95]. Serving as
protective coatings, silica shells are easy to synthesize and have controlled size. The
general method to produce silica coating can be divided into two types: classical
Stober method [96-98] (in aqueous phase) and sol-gel method [53, 99, 100] (in
both aqueous and oleic phase).

The functionalization of silica shells is similar with the ligand adsorption. This
inevitably causes too large diameter of the modified MNPs which affect biocompat-
ibility, fluidity, stability, and magnetic performance of MNPs. To control the thick-
ness of silica shell, researchers utilize tetraethoxysilane (TEOS) as the source of
silica, and under a controlled reaction condition, silica coating MNPs with different
diameters from 10 nm to 1 ym are finally obtained [53, 101, 102]. Zhang et al. stud-
ied the regulations of the controlled synthesis of Fe;0,@SiO, core—shell NPs via
the reverse microemulsion method and found that the size of coated silica shell
increased with the size of aqueous domain [103]. This result can guide us to avoid
the formation of core-free silica particles (Fig. 1.8).

With controlled size, silica shells are appropriate for encapsulation of NPs and
organic molecules like dyes or drugs. Salgueirino-Maceira et al. encapsulated Fe;0,
NPs and CdTe quantum dots within composite silica spheres [104]. These silica
spheres can serve as both luminescent and magnetic nanomaterial. Zhu et al. accom-
plished the same function by embedding dye molecule inside the outer silica shell
[105]. Researchers also focus on the synthesis of various core—shell structures.
Deng et al. synthesized superparamagnetic microspheres with an Fe;0,@SiO, core
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Fig. 1.9 The synthetic route of Fe;0,@nSiO,@mSiO, (Reproduced with permission from Ref.
[106]. Copyright 2008 American Chemical Society)

and perpendicularly aligned mesoporous SiO, shell (Fig. 1.9) [106]. The micro-
spheres possessed very high magnetization, high surface area, large pore volume,
and uniform accessible mesopores. Wu et al. reported a silica nanoshuttle as a drug
delivery system with a nanoscale PEGylated-phospholipid coating and a 13-(chlo-
rodimethylsilylmethyl)heptacosane-derived mesoporous silica NP [107]. The thera-
peutic and imaging agents were trapped, and ligand-assisted targeted delivery was
achieved through surface functionalization of the phospholipids. Lately, silica shells
with foamed or porous structures receive more attention for the ability to load and
release drugs [108, 109].

As a robust core—shell structure, silica-coated MNPs can be functionalized with
various biomolecules. In spite of the silica shell itself with adsorption of molecules,
the silane coupling agents significantly influence this process [110, 111]. These
agents always consist of siloxy (linking with silica shells) at one side and biocom-
patible groups like amino, sulfhydryl, and so on (linking with biomolecules) or even
biomolecules themselves that are already incorporation of a silane group at another
side. Using alkoxysilanes with active groups, such as aminopropylsilane (APS) or
mercaptopropylsilane (MPS), biomolecules can be easily added to the outer shells
[112-115].

1.4.1.4 Liposome and Micelle Encapsulation

As one of the earliest developed tools for drug delivery in nanomedicine, liposome
has been developed all the time. Liposome is similar to the biological membrane
structure of the microcapsule of bilayer structure, so it is usually biocompatible.
With bilayer structure, amphipathic liposomes can encapsulate MNPs with range
from 100 nm to 5Spm. Thus, another advantage of liposome encapsulation is to
gather an amount of MNPs to the target. For these reasons, liposome complexes are
an ideal platform for use as contrast agents of MRI [116, 117].

Polymeric micelles offer the advantage of multifunctional carriers which can
serve as delivery vehicles carrying nanoparticles, hydrophobic chemotherapeutics,
and other functional materials and molecules. Stimuli-responsive polymers are
especially attractive since their properties can be modulated in a controlled manner.
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Due to its large encapsulation range, molecules, proteins, DNA, and MNPs all can
be encapsulated by liposome within one particle [118].

1.4.2 Theranostic Applications of MRI-Based MNPs

Except for the applications in enhancing MRI contrast, the MRI-based MNPs, with
the ability of responding to magnetic field, can be further applied in magnetic target-
ing for targeted drug and gene delivery, magnetically triggered drug/gene delivery,
magnetic hyperthermia, and magnetic controlled cell fate. Compared with other
theranostic method, these applications are based on magnetic field, which is not
significantly absorbed by tissue, permitting the remote management without physi-
cal or chemical contact.

1.4.2.1 Magnetic Targeting Therapy

When using NPs in theranostic, the potential toxicity of NPs should be the primary
consideration for the production of ROS [119]. One way to reduce the potential
toxicity is to reduce the dose of NPs which requires NPs of high targeting property.
Because of the ability to respond to the external magnetic field, MNPs, different
from common NPs relied on passive or positive targeting technique, are endowed
with the characteristic targeting ability denoted as magnetic targeting. When
exposed to an external magnetic field, MNPs can be magnetized, move under mag-
netic driving, and concentrate at a specific site [120]. Thus, MNPs can be located at
the corresponding designated site due to the internalization by the endothelial cells
at the targeted tissue. Moreover, by means of conjugating with drugs or gene on
MNPs, this unique remotely and noninvasively targeting process can be applied in
actuation for drug delivery and gene translation (Fig. 1.10) [120, 121].

o, -
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Fig. 1.10 A schematic illustration shows the concept of magnetically targeting (a) in vitro and (b)
in vivo. ((a) Reproduced with permission from Ref. [120]. Copyright 2006 Nature Publication
Group. (b) Reproduced with permission from Ref. [121]. Copyright 2012 Elsevier)
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To date, drug delivery based on magnetic targeting has been applied in targeting
various cancer cells, such as lung, prostate, brain, breast, and liver cells. Benefiting
from the magnetic force, which can lead to either the enhancement of transfection
efficiency or the targeting to the specific site, both DNA and RNA have been trans-
fected by MNPs (noted as magnetofection) [120]. The magnetofection is signifi-
cantly better than the commercially available transfection agent in some aspects
owing to remarkable enhancement of the transfect efficiency in cell cultures and
improvement of the tolerance and the controlling of scenario in vivo [122, 123].

1.4.2.2 Magnetic Controlling Drug Delivery

After appropriate surface modifications, MNPs can gain bioactive surface which
enables them to load different kinds of drugs. Nevertheless, to fabricate a drug car-
rier, only to realize drug loading is far from enough and the achievement of drug
delivery is more important in comparison. Drug delivery is a process of cell target-
ing. Various kinds of nanomaterials have been developed for drug delivery, includ-
ing inorganic NPs, micelles, and polymers. In order to be effective at the target area,
the drugs have to cross a variety of biological barriers such as organs, cells, and
intracellular compartments because of the complexity of living body. However, the
major problems of drug delivery come essentially from the lack of specificity with
high cytotoxicity, which results in high side effects. To improve drug localization,
magnetic force with an implanted or externally applied permanent magnet has been
exploited as magnetically targeted drug delivery. Magnetic drug delivery is a method
to target drugs to a diseased area in the body. The drug is attached to a magnetic
nanoparticle and injected into blood flow. A magnetic field located close to the tar-
get location is used to capture the magnetic particles in the target area. In the action
of magnetic field, the magnetic nanoparticles move irregularly in the target area
which accelerates the release of drugs. In addition, MNPs modified with suitable
affinity proteins can realize cell targeting as well.

MNP-based drug delivery not only transports the drugs to a specific site but also
remotely controls drug release. Drugs can be attached to MNPs by conjugating a
heat-sensitive linker [124] or through n—x interaction [125] and, in some situation,
by co-embedding within thermal-sensitive polymers [126, 127]. Under an alternat-
ing magnetic field (AMF), MNPs can generate heat, which can improve the drug
release due to the cracking of the linker or polymer (Fig. 1.11a) [128]. Moreover,
drugs can also be loaded into porous materials with MNPs as valves. The magnetic
heat generation can build up pressure inside the porous NPs, removing the molecu-
lar valves and triggering the drug release (Fig. 1.11b) [129, 130]. Interestingly, com-
pared to normal heating at the same temperature, drug release prompted by magnetic
hyperthermia is much improved, due to the synergistic effect of magnetic heating,
magnetic disruption, and recrystallization [128]. Similarly, the overall efficiency of
magnetofection can be further enhanced up to tenfold under oscillating magnetic
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Fig. 1.11 (a) Shrinkage or deformation of polymers and (b) molecular valves. ((a) Reproduced
with permission from Ref. [128]. Copyright 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (b) Reproduced with permission from Ref. [130]. Copyright 2011, American Chemical
Society)

arrays compared with magnetofection under static magnetic fields. Dobson et al.
attributed it to the association of magnetic vectors with membranes and the trans-
mission of mechanical forces from the lateral movement of the magnetic field to
cellular membranes [131, 132].

1.4.2.3 Magnetic Hyperthermia

Apart from pharmaceutical therapy, MNPs are widely used in magnetic hyperther-
mia. Cancer can be overcome by initiating cell death or prompting the immune
system directly with the action of the thermal energy generated by MNPs. Apoptosis,
a programmed cell death way, generally can be induced by hyperthermia when
stimulated by an “initiator” cysteinyl aspartate-specific protease (caspase). The
result of cell death also can be inferred by morphological changes including
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formation of membrane blebbing, cell rounding, and detach of actin [133, 134].
Under the action of magnetically modulated cancer hyperthermia, both caspase 3
and 7 and even TNF-a gene expression can be induced by MNPs which showed an
excellent antitumor efficacy without severe toxicity [75, 135]. The immune system
is quite sensitive to magnetic hyperthermia. By a heat shock, the immune response
is activated which can bring down both primary tumor and metastatic lesions [136].
It is reported that owing to the activation of natural killer cell in the presence of
heat-shock proteins at 42 °C, even though only one tumor was subjected to mag-
netic hyperthermia, both tumors at each femur in T-9 rat disappeared after the treat-
ment [137]. This hyperthermia-triggering immunotherapy shows a great promise
for rejecting tumors, especially metastasis tumor, which is now a challenge to cure.

Moreover, compared with hot water, this method is more efficient in inducing
apoptosis although the mechanisms are still unknown [138]. So using magnetic
hyperthermia is another way to realize cell necrosis which is a cell death process
triggered by directly destroying the cellular structure, including loss of membrane
structure and shrink of the cells [139]. After being engulfed into the endosome and
exposed to AMF, MNPs can disrupt the endosomal membrane by heat, and the
released endosomal content can destroy the cell membrane [140]. Some MNPs
which are not engulfed into the cells and just dropped on the membrane surface can
still be motivated by generating heat to disturb the membrane structure directly to
induce cell necrosis [141].

In order to gain higher temperature by adding less MNPs, factors influencing the
heating power are significant and are studied a lot. These factors mainly include the
applied AMF and the structures, morphology, and the size of MNPs [75, 141, 142].
Briefly, the heating power is proportional to the amplitude and frequency of AMF,
as well as magnetization of MNPs, and inversely proportional to the size distribu-
tion of MNPs [143, 144]. Properly modifying MNPs can also increase the heating
power. Pawar et al. found that after functionalization with chitosan/glutaraldehyde,
the hyperthermia effect of Fe;O, NPs can be enhanced dramatically due to the
improved water solubility [144]. Based on this phenomenon, we developed an aque-
ous solution of Fe;O, NPs with a ferrofluidic behavior through the ligand exchange
protocol with protocatechuic acid. This solution is highly stable in water and can be
heated from 36 °C to 46 °C within 5 min with the concentration of only 1 mg/mL
(Fig. 1.12) [145].

1.4.2.4 Cell Fate Controlling by Magnetic Field

Under exposure to external magnetic fields, some cell signaling pathways such as
F-actin arrangement, cell alignment, intracellular ion fluctuations, and mitochon-
dria activation may be changed [146, 147]. But these activations only need the force
in the order of 10°-10-'2 N (fN-pN), while some other activations, including anti-
body—antigen interaction, require a stronger force in the 10~ N order (nN) and can-
not be excited by magnetic field only [148, 149]. By introducing MNPs, the
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Fig. 1.12 (a) Schematic illustration of the rapid ligand exchange process of Fe;O, NPs, (b) pho-
tographs of the ferrofluidic behavior of as synthesized Fe;04 NPs in hexane (leff) and in water after
modification (right), (c) temperature profile during the hyperthermia experiment of 12 nm Fe;0,
NPs (red) and 25 nm Fe;0, NPs (black) (Reproduced with permission from Ref. [139]. Copyright
2013 Royal Society of Chemistry)

influence of magnetic field to cells will be enlarged dramatically due to their spe-
cific response to the magnetic field. After conjugating with antibody or some ligands
on MNPs, receptors of interest can be controlled precisely by generating mechani-
cal stimulations of magnetic drug, rotation or twisting through the interaction of
MNPs and cells, and finally influencing cell growth, differentiation, or even death
[150, 151]. Cheon et al. induced strong attractive forces between neighboring NPs
by static magnetic field with Zn?*-doped ferrite MNPs, which prompted the cluster-
ing of specific protein after interacting with certain receptor, triggering cell apopto-
sis signaling pathways without damaging the cell membranes (Fig. 1.13) [152, 153].
AMF can also activate MNPs except for the magnetic hyperthermia. Gao et al.
designed a magnetolytic therapy by using MNPs with their magnetic and nonmag-
netic part separately. Due to the asymmetry in spatial distribution of magnetic com-
ponent, NPs can rotate under a spinning magnetic field after attaching on cells,
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Fig. 1.13 Targeting and magnetic manipulation of Ab-Zn-MNPs. (a, b) Ab-Zn-MNPs selectively
bind to the specific cell-surface Tie2 receptors; (¢) In the presence of an external magnetic field,
the Ab-Zn-MNPs are magnetized to form nanoparticle aggregates and induce the clustering of
receptors to trigger intracellular signaling; (d) Tie2 receptor-bound NPs before and after applica-
tion of the magnetic field (Reproduced with permission from Ref. [152]. Copyright 2010 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim)

killing the tumor cells owing to the compromised integrity of the cell membrane and
then promoting cell apoptosis [154].

1.5 Conclusions and Outlook

Tremendous efforts have been made during the past few decades to design MNPs as
MRI-based theranostics by deeply understanding the basic principle of MRI and
developing novel synthetic and modification methods. By further surface modifica-
tion with optical dyes, targeting agents, therapeutic drugs, or other functional mol-
ecules, these MNPs can be fabricated as multifunctional probes for diagnostics and
therapy for diseases.

Now in a context of rapid development of MNPs in cancer therapy, researchers
expect to gain MNPs with preferable integrative performance. It seems that the
functionality is the priority of all demands on MNPs. However, we must think of
comprehensive properties of MNPs like stability, safety, economy, and efficiency in
research study rather than only multifunction so that the MNPs are able to apply in
biomedicine. Accordingly, biocompatibility, toxicity, in vivo and in vitro targeting
efficiency, and long-term stability of the functionalized MNPs are supposed to
receive more attention. Meanwhile, there is an immense requirement of facile, effi-
cient, biocompatible, and stabilized materials for surface modification. In the future,
the development of MNPs is expected to realize diagnosis and therapy in nanoscale
and with ongoing technique of surface engineering; the research of multifunctional
MNPs is expected to be a frontier of biomedical science.
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Chapter 2

Controlled Synthesis and Surface Modification
of Magnetic Nanoparticles with High
Performance for Cancer Theranostics
Combining Targeted MR Imaging

and Hyperthermia

Jun Xie, Ning Gu, and Yu Zhang

Multifunctional inorganic nanoparticle (NP)-based theranostic agents are emerging
as promising paradigm toward personalized nanocarrier or nanomedicine for the
disease diagnosis and specific treatment [1-6]. Among these NPs, magnetic
nanoparticles (MNPs) are very prominent since they have already been introduced
into the clinical practice because of their unique physicochemical properties, such
as high magnetic performance, excellent magnetically induced heating ability, and
biocompatibility [7-11]. As conventional contrast imaging agents, MNP-based
magnetic resonance (MR) imaging with substantial signal enhancement can help to
locate active tumors and determine tumor stages, which is used for cancer early
detection and diagnosis [7, 8, 10]. As a promising cancer therapy, MNP-induced
targeted hyperthermia is mainly based on the heat generation by magnetic materials
exposed to an alternating current magnetic field (ACMF), which provides the mini-
mal damnification to deliver a therapeutic dose of heat specifically to cancerous
regions [7, 8, 11]. To ensure an optimal strategy for cancer treatment in vivo, the
integration of theranostics combining simultaneously magnetic resonance imaging
(MRI) and efficient heat induction into a single nano-formulation has gained
increased interest for researchers.

Developing the functional MNPs with high performance has become an impor-
tant goal for efficient cancer theranostics. The high performance of MNPs, includ-
ing superior magnetism, high magnetically induced heating effects, favorable
biocompatibility, accurate targeting ability, and long circulation, is optimized by the
controlled synthesis and surface functionalization. This is a rather challenging issue.
In this regard, we will begin our review with the goal of describing controlled
synthesis and surface modification of the MNPs with high performance, giving a
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background on the advantages of these high-quality MNPs and the advanced syn-
thetic methods currently under investigation. We will then conclude with a discus-
sion of current clinical applications of the MNPs, especially in cancer targeted MR
imaging and hyperthermia in vivo, and get a perspective of MNP-mediated cancer
theranostics strategy.

2.1 Controlled Synthesis and Surface Modification of MNPs
with High Performance

In the last decades, much research has been dedicated to the synthesis of MNPs
because the synthesis directly determines the physical properties of MNPs, includ-
ing the composition, magnetism, size distribution, and morphology [12—15], which
are fundamental for further biomedical applications. Generally, the synthesized
bare MNPs are rapidly cleared from the blood circulation when passing through the
biological defense system and vascular barriers. So introducing a surface modifica-
tion, such as amphiphilic molecules, bifunctional polymeric ligands, or biomole-
cules, can provide a stabilizing layer that prevents MNP agglomeration and enhances
colloidal stability, which is crucial requirement for almost any biomedical applica-
tion of MNPs [16—19]. In the practical clinical application, the development of new
types of MNPs with high performance, such as advanced MR contrast molecular
imaging and magnetic heat generation ability, and prominent magnetic attractive
forces for the transportation and movement of biological objects is particularly
important. It will bring potential advantages and opportunities afforded by MNPs as
platform materials for theranostics.

2.1.1 Conventional Synthesis of MNPs

Developing functional MNPs with high performance has become an important goal
for chemists due to the chemical processes involved in the controlled synthesis and
surface functionalization. During the last decades, many publications have described
efficient synthetic routes to MNPs with different compositions and phases, includ-
ing iron oxide pure metals (e.g., Fe;O, and y—Fe,0;) [20-23], magnetic dopant
ferrite metals (e.g., MnFe,O,, CoFe,0,, and ZnFe,O,) [24-27], and metal alloy
(e.g., FeCo and FePt) [28-31]. In conventional methods, such as coprecipitation,
thermal decomposition, and/or reduction, microemulsion synthesis and hydrother-
mal synthesis techniques can all be directed at the synthesis of size-/shape-
controlled, high-crystallinity, and monodisperse MNPs, which have been well
documented and still described in progress [32—43].

The comparison of advantages and disadvantages of the abovementioned syn-
thetic methods are briefly summarized in Table 2.1. As a whole, in terms of simplic-



2 Controlled Synthesis and Surface Modification of Magnetic Nanoparticles... 41
Table 2.1 Summary comparison of conventional synthetic methods of MNPs
Solvent,
reaction
temperature, | Size Shape
Synthetic method Synthetic progress and period distribution | control
Coprecipitation MNPs are commonly made by | Water, Relatively Not
hydrolysis/condensation of 20~80°C,a |narrow good
M?** and Fe’* ions by a base, few minutes
usually NaOH, or NH;- H,0,
in an aqueous solution or in
reverse micelles [32-35]

Thermal MNPs can be made by Organic Very narrow | Very
decomposition reductive thermal compound, good
decomposition of metal 250~320 °C,

acetylacetonates or a few hours
carboxylates in an organic
phase in high-boiling organic
solvents containing stabilizing
surfactants [36-38]
Microemulsion A microemulsion is a Organic Relatively Good
thermodynamically stable compound, narrow
isotropic dispersion of two 20~50°C,a
immiscible liquids, where the | few hours
microdomain of either or both
liquids is stabilized by an
interfacial film of surfactant
molecules, which can be used
as a nanoreactor for the
formation of MNPs [39]
Hydrothermal A process occurs Water— Very narrow | Very
synthesis spontaneously across the ethanol good
interface of metal linoleate and | compound,
the water—ethanol solutions in | 220 °C, a few
a closed and high-pressure/ hours

high-temperature system. The
MNPs generated at the
interface are coated with a
layer of linoleic acid, resulting
in a spontaneous phase-
separation process and the
formation of hydrophobic
MNPs [40-42]

ity of the synthesis, coprecipitation is the preferred route and is suitable for mass
production of MNPs, but it is difficult to control the synthesis of MNPs with uni-
form size distributions and various morphologies. Microemulsion methods can be
used to synthesize the monodisperse MNPs; however, this method requires a com-
plicated condition within a large amount of solvent, and the yield is very low. As an
alternative, hydrothermal synthesis by a liquid—solid—solution reaction is a rela-
tively suitable and little explored method to synthesize size- and shape-tunable



42 J. Xie et al.

MNPs with high quality, but the reaction is in a closed and high-pressure system,
hence lacking the ability for large-scale and practical application. In terms of size
and morphology control of the MNPs, thermal decomposition seems the best
method to obtain the high-performance MNPs (e.g., monodispersity, improved
crystallinity, and larger magnetization) developed to date. In this regard, we will
focus on the recent advance and advantage in the thermal decomposition synthesis
of monodisperse MNPs with controlled size, shape, composition, and structure, and
we will also try to present typical and representative examples for the discussion of
this synthetic pathway and the corresponding formation mechanism.

2.1.2 Advantage of Synthesis of High-Quality MNPs
by Thermal Decomposition

2.1.2.1 Formation Mechanism of Monodisperse MNPs by Thermal
Decomposition

Recently, significant advances in preparing monodisperse MNPs have been made
by the use of the thermal decomposition of organometallic precursors in high-
boiling organic solvents in the presence of some stabilizing surfactants [36-38,
44-50]. The precursors usually include metal acetylacetonates [44, 45], metal cup-
ferronates [46], or carboxylates [47]. Fatty acids [48], oleic acid [49], oleylamine
[45], and hexadecylamine [50] are often used as typical capping surfactants. In
MNP synthesis, a classical crystallization mode based on the supersaturation of
solution is usually used to explain the crystal nucleation/growth kinetics, which
plays a fundamental role in tailoring the MNPs with controllable sizes and shapes
[44, 51]. The crystal process evaluated by variation of the monomer concentration
can be described by using a La Mer model. With the supply of the precursor and
surfactants, the monomer concentration was gradually increased and reached the
minimum nucleation concentration. The reaction of molecular or atomic species
rapidly takes the concentration of the precipitating species to above critical super-
saturation. A large number of critical nuclei should be formed in a short interval of
time, and the ensuing spontaneous nucleation that reduces the monomer concentra-
tion was rapidly decreased to below the nucleation threshold, at which stage the
existing nuclei grow simultaneously at the same rate without production of fresh
nuclei. When no new monomers were supplied in the reaction solution, the mono-
mer was continuously consumed for subsequent particle growth, finally leading to
the formation of monodisperse nanoparticles [44, 51].

2.1.2.2 Size Effects

One important parameter for high performance of MNPs is their appropriate size.
As the MNP size decreases, their surface effect becomes more pronounced due to
the increased volume fraction of surface atoms within the whole nanoparticle, which
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is reflected in reduced symmetry for the chemical surroundings of magnetic metal
cations at the surface by the incomplete coordination [52-54]. Consequently, the
surface magnetic structure is greatly different from that in the body of MNPs, and
the magnetic interactions in the surface layer could have a notable effect on the
magnetic properties of the MNPs [52, 55-57]. Generally, naturally ferromagnetic
MNPs undergo a transition from multi- to single-domain magnetic structure as their
size is reduced to below 80 ~90 nm. Further size reduction to less than 20 nm, the
individual MNPs behave as a single magnetic domain and exhibit negligible rema-
nence and coercivity, leading to their predominant superparamagnetism, which
plays a critical role in practical applications [58]. In addition, the appropriate size of
MNC:s is highly related to their capabilities for effectively overcoming the biologi-
cal defense system and vascular barriers in vivo. For example, MNPs with a large
hydrodynamic diameter (e.g., >100 nm) are readily taken up by the mononuclear
phagocyte system (MPS) and occur primarily in the liver and spleen [52, 59], while
very smaller particles (e.g., <10 nm) may “leak” from the larger pores of fenestrated
vascular networks or first-pass elimination by the kidney [35]. Hence, the MNPs
with sizes of 10~ 100 nm can escape from phagocytes and travel through blood ves-
sels with a reasonably high blood half-life (>1 h) [52, 60]. These relatively small-
sized MNPs can have enhanced permeability and retention (EPR) effects at the
target tissues because they can easily pass through the larger fenestrations of the
blood vessels in the vicinity of cancerous tissues in vivo [61, 62].

Monodisperse ferrite MNPs with desired size distribution were usually made by
varying reaction conditions or by seed-mediated growth in a high-temperature
decomposition synthesis [63—65]. For instance, it was found that separation of
nucleation and growth in time is required for the formation of monodisperse MNPs.
By varying synthetic parameters including precursors, solvents, amount of surfac-
tants, and heating rate of the solution, the MNP size from 2 to 9 nm could be con-
trolled with 1 nm accuracy [63], as shown in Fig. 2.1a. Additionally, a practical and
relatively simple approach for the synthesis of crystalline MNP controllable size is
seed-mediated crystal growth, which is proved to be a reproducible method and is
of great fundamental and technological interest for researchers [64]. The process
firstly involves high-temperature (usually up to 300 °C) reaction of metal acetylace-
tonate with 1,2-hexadecanediol and surfactants (such as oleic acid (OA) and oleyl-
amine (OAm)), in making monodisperse smaller-sized MNPs. With the smaller
MNPs as seeds, the larger MNPs can be successfully synthesized by seed-mediated
growth (Fig. 2.1b). The process can result in MNPs with desired size distribution
and is readily suitable for mass production.

2.1.2.3 Shape Effects: From 0-D Nanocrystals to 3-D Nanoclusters

Recently, keen interests have been expanded into controlling the shape of nano-
structure and also into understanding the correlations between the material proper-
ties, function, and its shape [65-74]. These shape—function relationships are
particularly interesting for magnetic nanostructure, because the physical and chemi-
cal properties of the nanostructure are highly dependent on the material
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Fig.2.1 (a) TEM images of synthesized MNPs of size from 2 to 9 nm by varying synthetic param-
eters (Reprinted with permission from Ref. [63]. Copyright 2007, American Chemical Society).
(b) TEM bright field images of synthesized MNPs used by seed-mediated growth (Reprinted with
permission from Ref. [64]. Copyright 2004, American Chemical Society)

morphology, which can enhance the prospects for promising application in a wide
range of scientific and technological fields, including magnetism, electronics, catal-
ysis, biochemistry, and medicine [44, 45, 65-74]. The shape of magnetic nanostruc-
ture can be simply classified by their dimensionality. Generally, 0-D magnetic
nanostructures (e.g., spheres, cubes, and polyhedrons) are the most basic motifs
among shaped nanocrystals.

The improved understanding and investigation of the shape-controllable syn-
thetic mechanism is reviewed here. Generally, the essence of shape controlling of
nanostructures is tuning the growth rate in specific directions, which is governed by
the intrinsic surface energy and the monomer concentration in the crystal growth
process. For magnetic ferrite nanocrystals, the typical spinel structure is based on a
face-centered cubic model with three low-energy facets, {100}, {110}, and {111}
(Fig. 2.2a) [44, 45, 65]. The {100} planes show the lowest surface energy, while the
{111} planes have the highest [65]. In this regard, the choice of appropriate surfac-
tant remains an important challenge in the shape controlling of nanocrystals,
because the surfactant can selectively bind to specific crystal facets with lower
energy, and tunes their growing rate. The OA as a typical capping surfactant is used
to stabilize the formation of magnetic nanocrystals in a decomposition reaction of
metal precursors. For example, by adjusting OA/OAm ratios, the synthesized
spherical, cubical, and starlike nanocrystals were systematically investigated
(Fig. 2.2b) [65]. The OA with its carboxylic group bound strongly onto certain crys-
tal facets of initial nuclei, forming a stabilizing layer. Whereas, the OAm with an
amine group as a crucial reducing agent here has relatively weak binding onto the
crystal surface. It was evident that the various crystal planes are well capped and
stabilized and the differential growth of crystal facets is negligible when OA was
sufficient, thus leading to uniform spherical shape. Contrastively, when insufficient
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a b

Fig. 2.2 (a) The face-centered cubic (fcc) models of typical spinel structure with three low-energy
facets (Reprinted with permission from Ref. [44]. Copyright 2011, American Chemical Society).
(b) TEM images of synthesized spherical, cubical, and starlike MNPs (Reprinted with permission
from Ref. [65]. Copyright 2013, American Chemical Society). (¢) TEM images of the synthesized
cubelike and polyhedron-shaped MNPs (Reprinted with permission from Ref. [66]. Copyright
2004, American Chemical Society). (d) Schematic illustration of the shape evolution mechanism
of MNPs (Reprinted with permission from Ref. [67]. Copyright 2009, American Chemical Society)

amounts of OA were used, it induced the preferential stabilization on the {100}
crystal facets with lower energy, and grew along the [75] or [76] direction, resulting
in the formation of cubical and starlike nanocrystals with the terminated {100}
facets [65]. Another study had also described that the shape of magnetic nanocrys-
tals was tuned by varying the amount of stabilizers to metal precursors [66]. When
the surfactant/precursor ratio was smaller than 3:1, the nanocrystals were nearly
spherical with no well-defined facets, and increasing the ratio to 3:1 yields cubelike
particles. If the nanocrystals were further prepared using seed-mediated growth, the
polyhedron-shaped particles were obtained (Fig. 2.2c) [66].

Besides the surface energy-mediated surfactant effects, the monomer concentra-
tion synchronously tailors the morphology of magnetic nanocrystals [67]. A few
initial “crystal units” might appear at the stage from the decomposition of precursor,
in which the monomer concentration was continually increased, gradually leading
to the formation of spherical nanocrystals. Generally, most of spherical nanocrystals
might keep growing to form the cubic shape until the excess monomers in the
solution were nearly exhausted and their concentration reduced to the equilibrium
concentration. The definite formation of nanocrystals was dependent on the reaction
temperature, heating rate, and aging time. As the continuous consumption of the
monomer, a limited number of nuclei could grow to form large nanocubes. The
concentration of defects and surface energy in individual crystallites decreased in
going from the corners, to the edges, to the crystal faces of nanocubes. Thus, the
growth preferences for different sections of nanocubes are the corners, the edges,
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and the faces, respectively [67]. The shape evolution with increasing aging time
from spherical to the intermediate spherical-to-cubic, to cubic, and eventually to
corner-grown nanocube morphology was shown in Fig. 2.2d [67].

In addition, successes in similar monodisperse magnetic nanostructures with
corner-grown shape synthesized by thermal decomposition of iron oleates had been
reported by Gao and co-workers [68]. They reported that introducing the chloride
anions as the capping agent had an important role in the formation of the nanostruc-
tures with specific morphology. The size-controllable octapod magnetic nanostruc-
tures consisting of uniform four-armed starlike iron oxide particles with high yield
were prepared in the presence of NaCl (Fig. 2.3a) [68]. One possible forming mech-
anism was that the chloride ions were selectively bound to iron ions exposed on the
high-index facets (probably [311]) during the nanostructure growth [68].

Except for 0-D magnetic nanocrystals, 1-D nanostructures could also be interest-
ing for studying structural anisotropy, magnetic properties, and their corresponding
biomedical applications [69—71]. For example, dextran-encapsulated 1-D chains of
iron oxide nanoworms showed enhanced retention effects at the tumor sites and
increased blood circulation time [69]. Furthermore, anisotropic 1-D nanostructures
can interact and penetrate cellular membranes more efficiently, which makes them
to be good candidates as drug carriers [70]. Herein, Bao et al. reported a simple col-
loidal synthesis method for preparing the single-crystalline 1-D magnetic nanorods
by the iron oleate precursor thermal decomposition, where the aspect ratios of the
iron oxide nanorods could be tuned by changing reaction temperatures (Fig. 2.3b)
[71]. They found that the oleic ligand on the iron oleate complex was proposed to
have played an important role in directing the elongated nanostructure formation at

Fig. 2.3 (a) TEM, higher magnification, and tilted TEM images of octapod MNPs (inset: geomet-
ric model). Scale bar, 100 nm, and schematic cartoon of ball models of octapod and spherical
MNPs with the same geometric volume. Scale bar, 20 nm (Reprinted with permission from Ref.
[68]. Copyright 2013, Macmillan Publishers Ltd). (b) Proposed growth mechanism and TEM
images of iron oxide nanorods (Reproduced from Ref. [71] by permission of The Royal Society of
Chemistry)
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the nucleation stage below 200 °C [71]. When further raising the reaction tempera-
ture, the structure directing oleate group may start to desorb and decompose. The
transverse growth of the nanorods would then outgrow the longitudinal one, which
also served to decrease the surface energy and structure anisotropy [71].

Unlike 0-D or 1-D nanostructures, recent synthetic studies of 3-D magnetic
nanostructure have mostly focused on the “clusters” or “assemblies.” Their peculiar
structures of 3-D nanoclusters based on crystal aggregation have been shown theo-
retically and experimentally to be able to influence their magnetic properties, which
are used as efficient mediators for MRI and hyperthermia in cancer treatment [72].
Furthermore, the clusters of magnetic nanoparticles with multiple crystal facets
tend to have a larger surface area than individual nanocrystals [73], which may play
a dominant role in catalytic research and application. In nanocrystal synthesis, a
classical crystallization mode based on the supersaturation of solution is usually
used to explain the crystal nucleation/growth process of nanocrystals with control-
lable sizes and shapes [74]. In contrast, another significant mechanism named non-
classical “oriented attachment” is recently proposed, where nanoparticles with
common crystal orientations directly combine together to form larger ones [77].
The aggregation-based crystal growth theory shows its specific characteristics and
roles in the formation of larger and irregular nanoclusters.

The strategy of forming magnetic nanoclusters by oriented attachment of indi-
vidual nanocrystals has the advantage of controllably increasing the magnetization
while retaining the superparamagnetic characteristics. Recently, Gupta’s group
reported novel superparamagnetic 3-D “nanoflowers,” which composed of self-
assembled spherical and rodlike colloidal nanocrystals (Fig. 2.4a) [73]. The forma-
tion of such nanoclusters was likely because of the burst boiling accompanied by a
temperature drop when injecting a small amount of hexane during the heating and
aging steps. The effects might slow down the growth of the nuclei and promote their
assembly to form clusters by the particle coalescence (from interaction between the
nuclei) or oriented attachment to decrease the surface energy [73]. Similarly,
Zhang’s group had synthesized highly ordered, self-assembled 3-D nanoclusters
with sharp and obtuse edges, which were fabricated by controlling the nucleation/
growth dynamics [65]. They found that shortening nucleation duration might bring
a deficient nucleation and induce a rapid increase in monomer concentration, which
accelerated subsequent growth process of nanocrystals, leading to the formation of
the starlike nanocrystals with larger size. They are further oriented to assemble
reciprocally, gradually forming initial “branched” nanoclusters to minimize the
magnetostatic energy, owing to their size-dependent magnetic dipolar interaction
[65]. Furthermore, the surface-defect-induced secondary growth of the “branched”
nanoclusters might considerably improve their uniformity, resulting in the final
“multibranched” nanoclusters with formation of sharp or obtuse edges [65]. They
revealed the transformation of 0-D nanocrystals to 3-D nanoclusters as well as the
shape evolution, which provide a synthetic strategy for shape-controlled nanostruc-
ture, as shown in Fig. 2.4b.
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Oriented Attachment

A Scale Bar : 20 nm

Fig. 2.4 (a) TEM images of 3-D self-supported (1-3) spherical and (4-6) cubic magnetic nano-
clusters composed of intergrown spherical and rodlike MNPs, respectively (Reprinted with per-
mission from Ref. [73]. Copyright 2009, American Chemical Society). (b) Schematic illustration
of the transformation of 0-D magnetic nanocrystals to 3-D nanoclusters (Reprinted with permis-
sion from Ref. [65]. Copyright 2013, American Chemical Society)

2.1.2.4 Magnetic Metal-Dopant Effects

The magnetism of magnetic nanostructures can be greatly influenced by doping
with magnetically susceptible elements. This strategy is demonstrated for the syn-
thesis of binary ferrite MFe,O, (M =Mn, Co, Ni, etc.) nanostructure with control-
lable sizes and shapes in which Fe?* ions are replaced by other transition-metal M>*
dopants [24-26, 64—-67, 78-80]. For inverse spinel Fe;O, nanostructure, it has a
crystal structure constructed of face-centered cubic packed lattice of oxygen atoms
with the tetrahedral sites (7;) occupied by Fe** ions and octahedral sites (O,)
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occupied by Fe** and Fe?* ions [52]. Fe** has a d° configuration, and Fe?* has a d°
configuration with a high-spin state; the calculated total magnetic moment per unit
Fe;0,is 4 pg [52]. For metal-dopant substitution of ferrite MFe,O,, such as MnFe,0,,
CoFe,0,, and NiFe,0,4 nanostructure, the magnetic moments per unit can be esti-
mated as 5 pg, 3 Mg, and 2 p under their electron spin configurations, respectively
(Fig. 2.5a) [10]. It is worthwhile to note that the mass magnetization (M) value is
highest for MnFe,0, nanostructure (110 emu-g~! MnFe) and decreases for Fe;O,
nanostructure (101 emu- g™ Fe), which is proportionate to the magnetic moment
values [10]. This doped MnFe,O, nanostructure can also induce significant 72-
weighted MR contrast-enhancement effects with the coefficient r2 of 358 mM~!s!,
which is more than two times higher than the values of conventional iron oxide-
related MR contrast agents [10]. Significantly, a recent report of the successful Zn*
doping leads to an extremely high magnetization value (175 emu-g™) tuning and
provides the larger MRI contrast effects (r2=860 mM~'s™") (Fig. 2.5b) [78]. This
increased MR contrast-enhancement capability of magnetic metal-doped nano-
structures is advantageous, for example, for imaging-guided tumor diagnosis in vivo
(See Sect. 2.2).

The high magnetization values of the metal-dopant nanostructure can also be
used to achieve magnetically induced heat generation under an alternating current
magnetic field (ACMF), which is evaluated by specific loss power (SLP) or specific
absorption rate (SAR) values, the standard criterion for hyperthermia effects
(defined as the thermal power dissipation divided by the mass of the magnetic mate-
rial and the heat capacity of solution) [78, 81, 82]. For instance, the SLP value of
15 nm (Zny4Mn, ¢)Fe,O,4 nanoparticles is 432 W g~!, which is four times larger than
that of Feridex (115 W g™') when measured under the identical conditions [78]. The
high performance of Mn/Zn-doped ferrite nanoparticles plays a significant role in
the thermal treatment of cancer and other diseases (See Sect. 2.3).

Except for the total magnetic moment increase, the metal-dopant substitution-
induced novel core—shell structure may constitute an important strategy for achiev-
ing excellent magnetic properties drastically different from those of regular doped
ferrite nanoparticles [79-81, 83]. Zhong’s group recently reported a core—shell-
structured ternary nanocube consisting of Fe;O, core and Mn—Zn shells synthesized
by controlling the reaction temperature in the absence of conventionally used reduc-
ing agents, as shown in Fig. 2.5c. The core—shell-structured nanocubes displayed
unique magnetic properties, such as increased coercivity and field-cooled/zero-
field-cooled characteristics by a combination of the core—shell composition, which
was useful for magnetic and catalytic applications [79]. In addition, Cheon’s group
had designed some versatile core and shell combinations including CoFe,O,@
MnFe,0,, CoFe,0,@Fe;0,, Fe;0,@CoFe,0,,and Zn, ,Co, cFe,O,@Zn, ,Mn, (Fe,O,
with mutual coupling of magnetically hard and soft components (Fig. 2.5d) [80].
They took the advantage of the exchange coupling between a magnetically hard
core and magnetically soft shell to tune the magnetic properties of the nanostructure
and maximized the heat induction, which was a gauge of the conversion efficiency
[80]. The coupled system could allow optimal tuning of magnetocrystalline anisot-
ropy (K) values in particular, as well as M values, to achieve high SLP values while
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Fig.2.5 (a) Magnetic spin structures of metal-doped MFe,O, (M =Mn, Fe, Co, Ni) NPs (Reprinted
with permission from Ref. [10]. Copyright 2007, Nature). (b) Zn**-doped magnetic spin alignment
diagrams in spinel-structured (Zn,Fe,_,)Fe,O4 NPs (Reprinted with permission from Ref. [78].
Copyright 2009, John Wiley & Sons Ltd). (¢) TEM images of morphologies of Mn—Zn ferrite
core—shell nanocubes (Reprinted with permission from Ref. [79]. Copyright 2010, American
Chemical Society). (d) TEM image (/), high-resolution TEM image (2) of core—shell CoFe,0,@
MnFe,0, NPs, and (3-6) the corresponding electron energy loss spectrum (EELS) mapped images:
(3) Co-mapped image, (4) Fe-mapped image (5), Mn-mapped image, (6) and overlay image of
(3-6) (Reprinted with permission from Ref. [80]. Copyright 2011, Macmillan Publishers Ltd)

maintaining the superparamagnetism (e.g., CoFe,O,@MnFe,0,, 2,280 W g!;
CoFe,0,@Fe;0,, 1,120 W g™!; MnFe,0,@CoFe,0,, 3,034 W g!; Fe;0,@CoFe,0,,
2,795 W g7!; Zny 4Co, ¢Fe,0,@Zn, s Mn ¢Fe,0,, 3,886 W g!) [80]. These optimized
core—shell nanostructure with adequate biocompatibility could be a highly effective
new nanoscale tool useful for magnetic hyperthermia therapy and other advanced
nanobiotechnology applications, such as drug release, and thermal activation
induced anticancer drug release carriers.

2.1.2.5 Metal Alloy

The magnetic metal alloy nanostructure (e.g., FeCo or FePt) fabricated by thermal
decomposition synthesis is another example of magnetic nanostructures with high
performance [28, 52, 63]. In these nanostructures, all the magnetic spins align
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parallel to the external magnetic field, so they typically have higher magnetic
moments, leading to larger magnetocrystalline anisotropy and magnetization [52].
Take 7 nm-sized FeCo nanostructures for example; their magnetic moment was
approximately 2.4 pp per magnetic atom, while that of Fe;O, nanostructures was 1.3
pp per magnetic atom [28, 52]. These monodisperse FeCo nanostructures had an
exceptionally high magnetization value of 215 emu- g~! metal, and the coefficient 72
value was determined to be 644 mM~!s~!, which was much larger than that of con-
ventional Feridex contrast agents [28]. These advantages successfully endowed
them with efficient 77-weighted MR imaging ability in vitro or in vivo.

2.1.3 Surface Modification of MNPs
2.1.3.1 Ligand Conjugation

Surface modification of MNPs discussed here is critical to improving their stability,
biocompatibility, and functionality, which has widely received enormous attention
in biomedical applications in vivo. Recently, a variety of ligand conjugation strate-
gies for MNPs have been developed to give high colloidal stability in aqueous bio-
fluids and to avoid aggregation which can occur under physiological conditions
using different synthetic routes (Fig. 2.6) [20, 52, 84-96]. One commonly used
method for surface coating is the physical adsorption of material onto the surface of
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Fig. 2.6 Surface modification strategies for designing MNPs with high colloidal stability
(Reprinted with permission from Ref. [52]. Copyright 2008, John Wiley & Sons Ltd)
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the particle. Another such method to coat MNP surfaces also involves covalently or
ionically bonding a polymer to the particle surface [84].

In general, as a conventional ligand, the biologically inert polymer chains have
been used to modify MNPs for controlling the particle shape, size, and functionality
that permits multiple applications. Polyethylene glycol (PEG) is one such polymer
being explored for use in biological particle systems because of its solubility in
water, low immunogenicity, biocompatibility, and fast clearance ability. The surface
modification of MNPs with PEG, known as PEGylation, has been proposed for the
improved stealth properties covered extensively in the literature [85, 86]; they
include: (1) shielding the surface charge, increasing the hydrophilicity, and decreas-
ing the interfacial free tension of the MNPs, which leads to reduced interaction and
identification by opsonin proteins; (2) generating repulsive forces through the com-
pression of flexible PEG chains on the surface of MNPs, which results in preventing
specific binding to proteins; (3) and inhibiting phagocytosis by the reticuloendothe-
lial system (RES), prolonging half-life in blood circulation, and promoting the EPR
effect in vivo. To achieve the necessary stealth properties, the most suitable molecu-
lar weight of the PEG chain has been reported between 1,500 and 5,000 Da [86]. It
is worthwhile to note that the direct one-step PEGylation of MNPs has the addi-
tional advantages of providing small and uniform MNPs [87-89]. As reported,
PEGylated MNPs as small as from 4 to 9.8 nm had been prepared directly from
monocarboxyl-terminated PEG through the covalent binding to the surface hydroxy
groups by thermal decomposition of [Fe(acac);] in pyrrolidone and PEG [87]. The
further MRI experiments performed on living rats demonstrated that the PEG-
modified MNPs had long circulation time and very good biocompatibility and could
potentially be used as MRI contrast agents. Many multifunctional PEG ligands have
been commercially available for modifying MNPs. For instance, the MNPs were
frequently coated with the combination of bifunctional PEG-silane [90-92]. The
PEGylated MNPs had been synthesized by coating the MNPs first with a silane
group using either amino propyl trimethoxy silane (APTMS) or amino propyl
triethoxy silane (APTES) and then functionalized the amine terminal group with a
carboxy-terminated PEG for attaching to targeting groups [90].

In addition, a challenge in developing therapeutic PEGylated MNPs conjugated
with polypeptide or antibodies has recently shown a promising application. In order
to increase the probability of the long-circulating PEGylated MNPs to the desired
target, the MNP surface should be labeled with polypeptide or antibodies that spe-
cifically bind to surface epitopes or receptors on the target sites. These ligands have
to be not macrophage recognizable and coupled to the surface of stealth carriers [84,
93]. In this regard, Chen’s group had firstly modified iron oxide NP surface with
PEG copolymer, making them water soluble and function extendable. These MNPs
were then covalently conjugated with a near-infrared fluorescent (NIRF) dye
(IRDye800) and a cyclic arginine—glycine—aspartic acid (RGD)-containing peptide
c¢(RGDyK) for integrin a,f; targeting, which possessed excellent tumor integrin
targeting efficiency and specificity as well as limited RES uptake for molecular
MRI diagnostics [93]. It is to be observed that the antibody coupling has at least two
drawbacks: the overall dimensions of the antibodies (ca. 20 nm) may cause MNPs
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to poorly diffuse through biological barriers in vivo, and their immunogenicity may
evoke an immune response within an organism [84]. So the coupling of small non-
immunogenic ligands to polymeric carriers should be noticed and investigated.

Besides PEG, other block copolymers, such as polyaniline or polystyrene, can
also be used to coat MNPs by the oxidative polymerization in the presence of the
oxidant ammonium peroxydisulfate [94-96]. For example, Asher et al. reported that
single Fe;O, MNPs (ca.10 nm) can be embedded in polystyrene spheres through
emulsion polymerization to give stable superparamagnetic photonic crystals [95].
Zhang et al. had used this method for coating MnFe,O, MNPs with polystyrene,
yielding core—shell nanoparticles with sizes below 15 nm [96].

The use of cross-linkable small molecules as bifunctional ligands can also be
advantageous since the cross-linking endows MNPs with the high structural stabil-
ity with only a marginal increase in their hydrodynamic diameter [52, 97]. For
example, 2,3-dimercaptosuccinic acids (DMSAs) could stabilize 12 nm-sized Fe;O,
NPs through chelate bonding of the carboxylate group to the MNPs and structural
stabilization by disulfide cross-linkages between the ligands, and the remaining free
thiol group of the ligand could be used for further bioconjugation [97]. These results
indicated that these DMSA-coated MNPs were fairly stable in the phosphate-
buffered saline (PBS) which were sufficiently suitable for in vivo utilization.

The other ligands, including the oligonucleotides, polysaccharides, acids, and
amines, are also widely used in the surface modification of MNPs. Take folic acid
(FA) for example; Hayashi et al. had designed the MNP nanoclusters modified with
FA and PEG to promote their accumulation in tumors [98]. The surface modifica-
tion was attained simultaneously as follows: (1) several allyl-MNPs became
enclosed by PEG via the thiol-ene click reaction with thiol-functionalized PEG
(SH-PEG), resulting in forming SH-PEG-MNP nanoclusters, and (2) FA-PEG-
MNP  nanoclusters were then produced when wusing thiol- and
FA-heterobifunctionalized PEG (SH-PEG-FA) instead of SH-PEG [98]. The clus-
tered FA-PEG-MNPs with high relaxivity and the SAR value were potentially used
for the cancer targeted hyperthermia (See Sect. 2.3).

As a whole, the utilization of ligand conjugation can markedly improve colloidal
stability of MNPs in aqueous solutions. But the thin ligand coating is not a good
enough barrier to prevent oxidation of the highly reactive metal particles, and the
ligand-coated MNPs indicate relatively low intrinsic stability in solution at higher
temperature and other pH [20]. So the development of other surface modification
methods for protecting MNPs against deterioration is of great importance.

2.1.3.2 Hydrophobic Interaction

An alternative approach for noncovalent binding to the MNP surface relies on the
hydrophobic interaction. In this method, lipid-based colloidal aggregates, such as
liposomes, microemulsions, and micelles, can carry hydrophilic cargo in the aque-
ous lumen and hydrophobic cargo in the lipid membrane interior [99]. They have
been used extensively in recent decades as MNP surface coating and drug carriers
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to improve pharmacokinetic properties or the bioavailability of the drug, to increase
the target-to-background ratio of the drug or MNPs [19, 99-107]. In one method of
lipid functionalization of the MNP surface, MNPs and lipids are first coprecipitated
and then redispersed in water [19, 100]. In another method, the MNPs and lipids are
incorporated together through an emulsion formed by an organic solvent and water,
and the excess coating material is removed by magnetic separation [101]. For
instance, Anderson’s group developed a simple method to coat MNPs with a cat-
ionic lipid-like material. Herein, the monodisperse MNPs were first dispersed along
with oleic acid and lipids in chloroform. Instead of completely drying the forming
emulsions, the solvent N-methyl-2-pyrrolidone (NMP) was then added to induce
adhesion between the MNP surface and lipids and sonicated under nitrogen protec-
tion. Finally, the chloroform was thoroughly evaporated away, which prevented
phase separation when particles were transferred to the aqueous phase (Fig. 2.7a)
[19]. The lipid-coated magnetic aggregates as delivery platform here were capable
of delivering DNA and siRNA to cells, which could offer the potential for magneti-
cally guided targeting, as well as an opportunity to combine gene therapy with MRI
and magnetic hyperthermia (See Sects. 2.2 and 2.3).

Another ideal magnetic nanoscale drug delivery lipid vehicle was designed and
achieved by stealth liposomes comprising self-assembled superparamagnetic iron
oxide NPs individually stabilized with palmityl-nitroDOPA incorporated in the
lipid membrane, as was shown in Fig. 2.7b. The ACMF was used to control the tim-
ing and dose of repeatedly released thermally sensitive cargo from such lipid vesi-
cles by locally heating the membrane and changing its permeability. This novel
delivery system thus created the possibility to assemble and track versatile and effi-
cient drug delivery vehicles and nanoreactors [102].

The PEG—phospholipid has also been used to improve the stability and pharma-
cokinetics of MNPs in the physiological environment [105—107]. On the one hand,
the lipid coating on the MNP surface can provide remarkable biocompatibility and
biodegradability, and on the other the PEG polymers located at outmost layers are
used extensively for improving blood circulation in vivo. Bao’s group developed a
new solvent-exchange method, in which PEG-lipid copolymer (DSPE-mPEG) and
MNPs assembled in a solvent system with ascending solvent polarity [105]. They
found that the assembly of amphiphilic molecules on hydrophobic surface of 14 nm-
sized MNPs can be induced controllably by increasing the polarity of solvent
systems with miscible solvents. Similarly, Zhang’s group synthesized a well-estab-
lished Mn—Zn ferrite MNPs coated with DSPE-PEG2000 through hydrophobic
interaction between lipid and oleic acid/oleylamine (Fig. 2.7c). The monodisperse
PEGylated MNPs with core—shell structure (15 nm) exhibited excellent perfor-
mance, such as high magnetism of 98 emu- g Fe, 2 of 338 mM-!s7!, and SAR
value of 324 W g~! Fe [106]. These advantages endowed them with efficient passive
targeting ability in vivo for prominent tumor MRI and magnetically induced heating
when exposed to ACMEF, based on EPR effects (See Sect. 2.3).
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Fig. 2.7 (a) Schematic plot of the procedure of lipid-coating iron oxide nanoclusters and corre-
sponding TEM image (Reprinted with permission from Ref. [19]. Copyright 2013, American
Chemical Society). (b) Schematic of drug-loaded liposomes containing iron oxide NPs in their
bilayer and the triggered release under the ACMF (Reprinted with permission from Ref. [102].
Copyright 2011, American Chemical Society). (¢) A schematic diagram of PEGylated lipid-coated
Mn—Zn ferrite MNP synthesis (C, chloroform; W, water) and TEM images/schematic diagram of
PEGylated lipid-coated MNPs (Reprinted with permission from Ref. [106]. Copyright 2014,
Elsevier)

2.1.3.3 Precious Metal and Inorganic Material Coating

Some precious metals and inorganic materials can be deposited on magnetic
nanoparticles through reactions in the chemical conjugation, microemulsion, redox
transmetalation, iterative hydroxylamine seeding, or other methods, to protect the
cores against oxidation and to improve their functionality [75, 76, 108-113]. In a
precious metal coating, the bifunctional composite nanostructure containing Au/Ag
and MNPs is traditionally obtained by physical deposition of a thin Au/Ag film onto
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a spherical MNP, by adsorption of HAuCl, on the MNP surface followed by the
reduction, or via electroplating through the nanoscale templates [75, 76, 108, 109].
For instance, Sun’s group reported the dumbbell-like Au-Fe;O, NPs, as illustrated
in Fig. 2.8a. They firstly synthesized Au NPs by injecting HAuCl, solution into the
reaction mixture and then in situ decomposing the Fe(CO)s precursors on the sur-
face of the Au NPs followed by oxidation in 1-octadecene solvent in the presence of
oleic acid and oleylamine and heating the mixture to reflux (300 °C), leading to
dumbbell-like Au—Fe;O, NPs [108]. Additionally, they also presented a facile syn-
thesis of Au- and Ag-coated Fe;O, NPs with core—shell structure [109]. The synthe-
sis started with room temperature coating of Au on the surface of Fe;O, NPs by
reducing HAuCl, in a chloroform/oleylamine solution. The Au-coated Fe;O4 NPs
were then transferred into water by mixing them with sodium citrate and cetyltri-
methylammonium bromide (CTAB) (Fig. 2.8b). The water-soluble Fe;O,/Au NPs
served as seeds for the formation of Fe;O,/Au NPs with thicker Au coating by sim-
ply adding more HAuCl, in the reducing condition or for the preparation of Fe;O,/
Au/Ag NPs by adding AgNO; to the reaction mixture [109]. Wang et al. also devel-
oped the monodispersed core-shell Fe;O,@Au NPs by chemical deposition
(Fig. 2.8c) [76, 110]. Following the formation of Fe;O, NPs as seeds with the
desired sizes, Au was deposited onto the surface of Fe;O, NPs by the reduction of
Au(acac); in the presence of capping and reducing agents at elevated temperature
(180~190 °C) [110]. In this process, the careful manipulation of the reaction tem-
perature was the key factor, which could control the thermally activated deposition
of Au on the exposed Fe;O, NP surface and subsequent re-encapsulation of the Au
shell surface by the capping agent [76].

The gold coating on the surface of MNPs functionalized with thiol (-SH) or
amino (-NH,) groups as another surface modification method is especially interest-
ing recently, since the gold surface can be easily functionalized with these groups
[111, 112]. This treatment allows further linkage of functional ligands which may
make the MNPs@Au suitable for catalytic and other optical applications. For
instance, Goon et al. reported a facile method of synthesizing 50 ~ 150 nm MNPs@

»
»

Fig. 2.8 (a) Schematic diagram of dumbbell-like Au—Fe;O, NP synthesis and corresponding
TEM images (Reprinted with permission from Ref. [108]. Copyright 2005, American Chemical
Society). (b) Schematic illustration of hydrophilic Fe;0,/Au NP synthesis and corresponding TEM
images (Reprinted with permission from Ref. [109]. Copyright 2007, American Chemical Society).
(¢) The formation of Fe;0,@Au NPs in the presence of capping agents which involves capping-
shell desorption, deposition of Au on the exposed Fe;O, surface, and re-encapsulation, TEM
images, and size distributions of the Fe;0,@ Au NPs (Reprinted with permission from Ref. [110].
Copyright 2005, American Chemical Society). (d) Schematic representation of the synthesis of
Fe;0,@Au NPs, based on the PEI self-assembled onto negatively charged Fe;O, NPs and corre-
sponding TEM image (Reprinted with permission from Ref. [111]. Copyright 2009, American
Chemical Society). (e) Schematic illustration of bifunctional Au—Fe;O, NP synthesis by chemical
bond (such as Au-S) interaction and corresponding TEM images (Reprinted with permission from
Ref. [112]. Copyright 2007, American Chemical Society)
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Au composites via the use of a biocompatible polyethyleneimine (PEI) for the dual
function of attaching gold seeds and preventing the formation of large aggregates
[111]. They showed that successful Au coating of MNPs requires the self-assembly
of a layer of PEI onto MNP cores by Au—N chemical bond interaction and subse-
quent saturation of the surface with 2 nm gold seeds. In order to form a protective
layer of gold shell, the additional PEI could be used to increase MNPs @ Au stability
against aggregation, which was important for further application (Fig. 2.8d) [111].
Bao et al. had reported their recent success in the synthesis of bifunctional Au—
Fe;0, NPs that are formed by simply linking two separately prepared nanomaterials
by chemical bond (such as Au—S) interaction, rather than using chemical deposition
processes (Fig. 2.8e) [112]. Due to the introduction of Au nanoparticles, the result-
ing bifunctional Au-Fe;O4 NPs could be easily modified with other functional mol-
ecules to realize various technological separations and detections simply under a
magnet [112].

Except for the precious metal coating, of some inorganic materials, such as sil-
ica, carbon coatings also have the advantages arising from the higher chemical and
thermal stability as well as biocompatibility and easy surface modification [20,
113-118]. A silica shell does not only protect the magnetic cores but also prevent
the direct contact of the magnetic core with additional agents linked to the silica
surface, thus avoiding unwanted interactions [20]. Xia et al. had shown that the
commercially available MNPs can be directly coated with silica shells by the hydro-
lysis of tetraethoxysilane (TEOS) [113]. The MNPs here were diluted with deion-
ized water and 2-propanol, and then ammonia solution and various amounts of
TEOS were added to the reaction mixture under stirring at room temperature for
about 3 h. The coating thickness could be controlled by changing the amount of
TEOS [113]. Johnson et al. had described a simple method to prepare carbon-coated
magnetic Fe and Fe;C NPs by direct thermal decomposition of the iron stearate at
900 °C under an argon atmosphere [117]. Lu et al. had synthesized highly stable
11 nm-sized carbon-coated cobalt MNPs. They indicated that the cobalt NPs could
be coated with furfuryl alcohol which was converted first into poly(furfuryl alcohol)
and then carbonized in the presence of CTAB used as the carbon source during the
pyrolysis, resulting in a stable protection layer against air oxidation [118].

2.2 MNPs with High Performance for MR Imaging
Diagnostics

Recently, biomedical imaging techniques including representative positron-
emission tomography (PET), magnetic resonance imaging (MRI), and X-ray com-
puted tomography (CT) are vital in the diagnosis of various diseases due to their
analytic ability at molecular or cellular levels [7, 8, 10, 52, 119—123]. In this regard,
a new discipline, known as “molecular imaging,” which combines molecular biol-
ogy and in vivo imaging, has emerged. MRI as one of the most powerful diagnosis
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techniques has been the preferred tool for the brain and the central nervous system
imaging and for the tumor detection, since it can give noninvasive, highly sensitive,
and target-specific detection of diseases by the help of MRI contrast agents. In gen-
eral, the MRI contrast agents should possess as high as possible relaxivity and as
small as possible size. In the past years, a variety of MNPs, such as superparamag-
netic iron oxide nanoparticles, are important and representative MRI contrast
agents, and it has received great attention for clinical liver imaging [124, 125].
These MNP-based MRI contrast agents are composed of three parts: (1) the mag-
netic core, which can generate distinct MR signal enhancement; (2) the surface
water-dispersible layers of MNPs, which endow their compatibility and stability in
the biological environment; and (3) the bioactive materials on the terminal of MNPs
for their active targeting purpose [124].

Under an applied magnetic field (B,), the designed MNPs are magnetized with
additional magnetic moment and generate an induced magnetic field, perturbing the
nuclear spin relaxation processes of the water protons. Based on their relaxation
processes, some conventional MRI contrast agents are mostly effective in a single
imaging mode of either longitudinal (77) relaxation mode (bright signals) or trans-
verse (72) relaxation mode (dark signals) (Fig. 2.9a) [8]. The commercially avail-
able T1 contrast agents are usually paramagnetic complexes, while 72 contrast
agents are based on iron oxide nanoparticles. Take the typical 72-MR contrast effect
for example; the magnetic relaxation processes of the water protons in the presence
of MNPs are perturbed, and the spin—spin relaxation time is shortened. The pertur-
bation leads to the MR signal contrast enhancement, which appears as a darkening
of the corresponding MR image [52] (Fig. 2.9b). The degree of the 72 contrast
effect is represented by the spin—spin relaxivity R2 (R2=1/T2), and the relaxivity
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Fig. 2.9 (a) Responsive MR signals for a bright image in the T1 mode and a dark image in the T2
mode (Reprinted with permission from Ref. [8]. Copyright 2011, American Chemical Society). (b)
MR contrast effects of MNPs. Under an external field (B,), the MNPs are magnetized with a mag-
netic moment and generate an induced magnetic field which perturbs the nuclear spin relaxation
processes of the water protons. This perturbation leads to MR contrast enhancement which appears
as darkening of the corresponding section of the MR image (Reprinted with permission from Ref.
[52]. Copyright 2008, John Wiley & Sons Ltd)
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coefficient (72), which is obtained as the gradient of the plot of R2 versus the molar-
ity of magnetic atoms, is a standardized contrast-enhancement indicator [52].

The MR contrast-enhancement effect in vivo of MNPs can be greatly influenced
by their size, shape, magnetism, surface chemistry, and biocompatibility, which are
the most important considerations in clinical cancer early detection and diagnosis.
Therefore, the development of the MNPs with high performance is particularly
important. In recent years, some relevant research groups have developed a variety
of MNPs with excellent magnetic properties, high sensitivity, low toxicity, long
blood circulation, and specific target function served as contrast-enhancing MRI
probes. We can attempt from the following cases [105, 126—128]. For instance,
Tong et al. have described a method for coating magnetic iron oxide nanoparticles
with phospholipid PEG1000 through the hydrophobic interaction between lipid and
oleic acid/oleylamine on MNP surface. They further demonstrate that, by fine-
tuning the core size and PEG coating of MNPs, the r2 relaxivity per particle can be
increased by >200-fold. With 14 nm core and PEG1000 coating, the MNPs have r2
relaxivity of 385 mM~!s~!, which is among the highest per-Fe atom relaxivities. In
addition, intravenous injection of the MNPs resulted in the significant enhancement
in 72-MRI contrast of tumor tissue, which demonstrated the potential of the MNPs
for clinical applications (Fig. 2.10a) [105]. In addition, Lee et al. have developed a
new MnFe,O,~Herceptin probe with high performance to make the ultrasensitive
in vitro detection of cancer cells possible since the probe interacts with all HER2/
neu-positive cancer cells. Significantly, improved 72-MR imaging of cancers is pos-
sible utilizing this probe which has a large 2 of 358 mM™'s™'. When the MNP probe
is tail intravenously injected into a mouse, very small tumors can be specifically
detected with a high MR contrast effect. In particular, these MNPs with high perfor-
mance have little toxicity for potential in vivo ultrasensitive cancer imaging applica-
tions. These features make them appealing candidates for early detection and
diagnosis of cancer and many other diseases (Fig. 2.10b) [10, 52, 121].

2.3 MNPs with High Performance for Cancer Targeted
Hyperthermia

Magnetically induced heat generation from NPs can be used for various purposes
including cancer therapy known as hyperthermia [7, 8, 129-138]. Once the MNPs
are in the desired location in vivo (where they are concentrated) upon exposure to
an ACMF with appropriate field and frequency, the MNPs continuously emit heat
via Néel and Brownian pathways (Fig. 2.11a), generating heat and increasing the
temperature of the surrounding diseased tissue. Ideally, the cancer tissue is heated
to approximately 42~55 °C, which reduces the viability of the cancer cells.
Comparing with the conventional radio frequency-, microwave-, and laser
wavelength-induced thermotherapy, the magnetic hyperthermia is more superior
and predominant. It can focus on the MNPs’ exact location of both transplantable
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Fig.2.10 (a) In vivo tumor MR imaging. Arrow shows the location of the subcutaneous tumor and
MR images of tumor before probe injection. MR images collected after 1 h following the injection
of 14 nm MNPs conjugated with antibodies against mouse VEGFR-1 (Reprinted with permission
from Ref. [105]. Copyright 2010, American Chemical Society). (b) Intravenous tail vein injection
of the MNP—Herceptin probes into a mouse with a small HER2/neu-positive cancer in the proxi-
mal femur region. In comparison, MNP-Herceptin probes and CLIO-Herceptin probes were also
tested. Color-mapped MR images of the mouse at different times following injection (Reprinted
with permission from Ref. [10]. Copyright 2007, Macmillan Publishers Ltd, Ref. [52]. Copyright
2008, John Wiley & Sons Ltd, and Ref. [121]. Copyright 2005, American Chemical Society)
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Fig. 2.11 The MNPs for magnetic hyperthermia under an ACMF: (a) Néel and Brownian relax-
ation processes and (b) experimental apparatus (Reprinted with permission from Ref. [8].
Copyright 2011, American Chemical Society)

and in situ carcinoma in vivo and provides a noninvasive way to efficiently raise the
tumor temperatures to therapeutic levels [8, 133], which is considered a promising
cancer therapy in further clinical application.

The magnetic hyperthermia device consists of the radio link control (RLC) cir-
cuit, including the resistor, inductor, and capacitor, causing the induction of an
ACMF. The water-jacketed coil is usually used to cool down the coil temperature
(Fig. 2.11b) [8]. Unfortunately, most of the studies on magnetic hyperthermia used
harmful ACMF with high amplitude and frequency for patients in clinical
application. Some experiments have shown that the designed low- or mid-frequency
ACMF (100 ~400 kHz) has been demonstrated to be safe and beneficial for poten-
tial application [7, 8, 134, 135], and data on the therapeutic effect of the hyperther-
mia assessed under ACMF with the product of the amplitude and frequency of
<5%10° Am~!s7! is required [136-138], but to date, none of the FDA-approved
MNPs have been exploited for hyperthermia purposes. The first instance of selec-
tive inductive heating of lymph nodes using MNPs under an ACMF was probably in
1957 [139], since then the MNP-mediated hyperthermia in vivo has progressed
much. But the clinical trial of MNPs designed by Jordan et al. for hyperthermia had
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been at Berlin’s Charité Hospital in 14 patients with a severe type of brain cancer
using local injection of 15 nm-sized iron oxide NPs in a water suspension. The field
amplitudes here between 3.8 and 13.5 kA m™' at 100 kHz were employed [140].
Johannsen et al. also had used an ACMF with a frequency of 100 kHz and variable
field strength of 0~ 18 kA m™ in clinical use. To measure heating rate in situ, fiber-
optic thermocouples were surgically positioned into the prostate, urethra, rectum,
perineum, scrotum, and left ear and monitored with software to keep field strength
constant or be adjusted to the desired temperatures [141]. In addition, the favorable
recent results of “nanothermotherapy” study in clinical phase II led by German
company MagForce Nanotechnologies [130-132] demonstrated the magnetic
hyperthermia potential.

In the majority of cases, the MNP-mediated cancer hyperthermia therapy strate-
gies are applied in two ways: (1) the high temperature for short-time periods (>50 °C
for 10~30 min) in tumor tissue, commonly referred to as thermal ablation, and (2)
the lower temperatures for long-time periods (42~45 °C for at least 30 min) in
tumor tissue often called mild hyperthermia [142]. Generally, the threshold thermal
exposure for mild hyperthermia treatment can induce distinct apoptosis effect.
Simultaneously, it can result in the tumor vascular damage and the reduction in
tumor blood flow in the vasculature, thereby impairing oxygen and nutrient supply,
inducing the anti-angiogenesis effect [106]. Whereas thermal ablation can alter the
tumor microenvironment in terms of hypoxia, perfusion in tumors and immunologi-
cal function kill the tumor cells directly with heat treatment and finally lead to
tumor tissue necrosis and coagulation [7]. The heat ablation induction can also raise
the metabolism and transition (meaning the structural transformation from an
ordered to a disordered state) of cellular structures, such as DNA and proteins [7,
142-144]. Accordingly, protein aggregation, insolubilization, increased fluidity of
cellular membranes, disruption in ion permeability through cellular membranes,
inhibition of amino acid transport, morphological changes as a consequence of
damaged cytoskeletal system, and inhibition of DNA repair are typical effects at the
cellular level [7, 142]. For instance, in an experiment conducted by Hilger et al., the
tumor-bearing mice received an intratumoral injection of iron oxide NPs at 4-18 mg
per 100 mg tumor tissue and were then exposed to an ACMF (amplitude, 6.5 kA
m~!; frequency, 400 kHz) for 50 min. During hyperthermia treatment, the tempera-
ture of tumor tissue changes varied from 12 °C to 73 °C, and the histological exami-
nation of the tumor tissue revealed the presence of the early stages of coagulation
and necrosis [145]. Huang et al. had described the use of the MNPs that, with a
well-tolerated intravenous dose, achieved a tumor concentration of 1.9 mg [Fe]/g
tumor in a subcutaneous carcinoma mouse model. With an ACMF of 38 kA m™ at
980 kHz, tumor tissue could be heated to 60 °C in 2 min, durably ablating them with
millimeter precision, leaving the surrounding tissue intact [146]. More recent stud-
ies have also focused on increasing the efficiency of this thermal ablation treatment
[147-149]. Although thermal ablation can effectively destroy tumor tissue, a major
limitation with this type of therapy in its overall effectiveness is due to the difficul-
ties of heating large tumors. In this regard, designing an effective magnetic hyper-
thermia strategy, such as the MNP injection method and dose, and the appropriate
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size of ACMF helical coil device, to make sure the whole tumor tissue region
reaches a sufficient temperature, is challenging for researchers.

Direct intratumoral injection of MNPs is a conventional method for magnetic
hyperthermia, which is demonstrated to be safe and beneficial in clinical application
[146, 147]. It has the advantages of achieving high concentrations of MNPs in the
tumor regions and inducing tumor thermal ablation under the exposure to ACMF,
rapidly controlling tumor growth. But it severely suffers from not covering tumors
adequately, being invasive, and typically leaving undertreated regions, leading to
the cancer regrowth [146]. In contrast, intravenous administration of MNPs covers
irregular tumor shapes more precisely, loads many tumors simultaneously, and is
minimally invasive, which has a practical advantage in cancer targeted magnetic
hyperthermia (TMH) [106]. Previous attempts to implement intravenous injection
of MNPs followed by ACMF heating showed some efficacy but were not able to
fully ablate tumors, as required concentration was not reached in the tumors [150,
151]. Additional barrier to this approach was the toxicity of the MNPs at a level that
achieves the required tumor loading after injection.

To achieve adequate concentrations of MNPs in the tumor, the excellent perfor-
mances of MNPs, such as the higher magnetic characteristic, biocompatibility, and
increased tumor-targeting ability, are crucial for their successful cancer TMH. As
previously mentioned, one way of characterizing the heating ability of MNPs under
an ACMF is calculating their SAR values. Firstly, there is a great challenge for
optimizing the size, shape, and structure of MNPs to achieve higher heating power.
In detail, it was shown that the spherical MNPs with a mean size of ~20 nm are suit-
able for clinical hyperthermia as the previous depiction [152], and cubic-shaped
iron oxide NPs or flower-shaped NPs had recently shown considerably improved
hyperthermia properties, compared to optimized 20 nm spherical iron oxide NPs
[72, 137]. The current progress in the synthesis of MNPs now allowed for their vari-
able and controlled core—shell structures [80]. A very important antitumor effect
induced by hyperthermia had been thus noticed with core—shell MNPs consisting of
a core displaying a high magnetic anisotropy surrounded by a shell with a small
magnetic anisotropy [80]. In an attempt to develop new ferrite NPs with higher
thermal energy transfer capability, a metal-dopant (e.g., Mn** or Zn>*) substitution
strategy had also been pursued in recent studies [52, 78]. For instance, it was proved
that this strategy for enhancing SAR value (432 W g™!) of doped (Zny,Mn,¢)Fe,0,
NPs, achieving higher nanomagnetism, was very important. The high SAR could
bring better efficacy with lower dosage levels, leading to a fourfold enhancement in
hyperthermic effects in vitro compared to conventional Feridex measured under an
ACMEF at 500 kHz and 37 kA m™" [78]. In the study of Zhang et al., doping Mn—Zn
ferrite MNPs (8 nm) were proved to exhibit extremely high magnetization value
with 98 emu g~! Fe and a magnetically induced temperature elevation (~30 °C in
aqueous solution for 15 min by application of an ACMF with 390 kHz and 12 A)
[106]. The outstanding performances made the MNPs promising as an excellent
material for early diagnosis and therapy in vivo.

Secondly, the improved MNP-mediated tumor-targeting efficiency as another
strategy plays a vital role in practical TMH in vivo. As an essential challenge, the
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MNPs should be conjugated to the surface coating or targeting molecule to achieve
efficient accumulation in tumor tissues with MNP-mediated intravenous injections.
Generally, the leaky vasculature of tumors may promote MNP accumulation as the
blood flows through the tumor, but the MNPs without surface modification are rap-
idly cleared from the blood circulation when passing through the biological defense
system and vascular barriers in vivo [129]. When the immune system does not rec-
ognize the MNPs, the MNPs may have a longer blood circulation time, promoting
their passive targeting ability and increasing their accumulation in the tumor tissue
because of the aforementioned EPR effect. The previously mentioned coatings (e.g.,
specifically PEG and liposomes) are the mostly responsible for passive targeting
effect and increased blood circulation time of the MNPs. It was proved that the lipid
DSPE-PEG2000-coated Mn—Zn ferrite MNPs with a core—shell structure in an
average diameter of 48.6 nm can drastically minimize the recognition and phagocy-
tosis of macrophages and simultaneously improve their biocompatibility, which
endowed them with efficient passive targeting ability in vivo for prominent mag-
netically induced heating when exposed to ACMEF, based on the EPR effects
(Fig. 2.12a) [80, 106]. To ensure sufficient accumulation, the use of MNPs with a
well-tolerated intravenous single dose of 18 mg Fe kg™' mouse body weight was
described. With an ACMF of 12 A at 390 kHz, the tumor surface sites could be
heated to approximately 43 °C in 30 min based on MNC-mediated intravenous
injections [106]. The MNP-mediated passive targeting can successfully accumulate
at tumors, but there is also concurrent accumulation in some other tissues, most
notably the liver and spleen. It makes the restricted use of passive targeting for
tumor hyperthermia purpose.
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Fig. 2.12 (a) A schematic diagram of MNPs for the magnetically induced mice cancer theranos-
tics (Reprinted with permission from Ref. [106]. Copyright 2014, Elsevier). (b) The FA-PEG-
SPION NPs with intravenous administration for mice cancer TMH (Reprinted with permission
from Ref. [98]. Copyright 2013, Theranostics)
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Approaches of MNP-mediated active targeting in relation to TMH are proposed
with the aim of improving the MNP accumulation beyond passive targeting. It has
the advantage that MNPs can be selectively deposited in the tumor region after the
intravenous application without needing to puncture the tumor tissue with intratu-
moral injection methods. The active targeting ligands, such as antibodies, tat pep-
tides, RGD peptides, FA, and chlorotoxin, are often modified on the initial surface
of MNPs [129]. The targeting ligands can increase the cellular uptake of MNPs in
targeted cell either by endocytosis or binding to targeted cell surface. A promising
active targeted hyperthermia method for treating prostate cancer was developed by
Cui et al., in which they synthesized fluorescent MNPs conjugated with single-
chain Fv antibody against an overexpressed y-seminoprotein [153]. Through studies
of targeted MNPs intravenously administered into mice, they showed a steady
increase of MNP concentration in the tumor after 2, 6, 9, 12, and 24 h injection.
Mice receiving treatment with a magnetic field had a longer life expectancy
(7 weeks) than mice not receiving treatment with a magnetic field (4 weeks) [129,
153]. Hayashi et al. had also modified the magnetic nanoclusters with FA, to pro-
mote sufficient accumulation in tumors [98]. Twenty-four hours after intravenous
injection of FA-modified nanoclusters, they accumulated locally in the cancer tis-
sues. The tumors of the mice then underwent local heating by application of an
ACMF (8 kA m™! and 230 kHz) for 20 min. The temperature of the tumor was
higher than the surrounding tissues by ~6 °C (Fig. 2.12b) [98].

Thirdly, for clinically available TMH, the optimization of ACMF with adequate
frequency, field, and helical coil device is also challenging, which can provide the
base for theranostics strategies. It was used in the MNP-mediated hyperthermia
clinical trial treating prostate cancer using a 100 kHz machine designed for human
patients and later in human glioma trials which demonstrated to be safe and have
some benefits [140, 141]. In the experiments of mice modes, the highest amplitude
and frequency of an ACMF were set to 38 kA m™! and 980 kHz, in which the mice
were observed to have no obvious clinical signs of toxicity (no weight loss or abnor-
mal behavior) [146]. Xie et al. designed a magnetic induction coil device with 3 cm
in diameter and 1.5 cm in length in ACMF. The designed ACMF system just made
the tumor region of a mouse placed in the center of magnetic induction, focusing the
heat into very small tumor regions, and promoted higher thermal energy production,
which was used for making TMH a more effective approach to cancer therapy with
decreased risk of heating surrounding healthy tissues (e.g., liver and spleen) [106].

The TMH has recently emerged as a promising therapeutic approach for cancer
treatment due to intravenous administration of MNPs with high performance to
deliver a therapeutic dose of heat specifically to cancerous regions under
ACMF. However, it is proved that the single injection of MNPs was difficult in
achieving necessary concentration in tumor because of the metabolism and clear-
ance by correlative organs. So the extraordinary strategies of high-quality MNP-
mediated TMH attained in further study may be attributed to a combination of the
following factors: (1) the dosages of MNCs used here which are considerably larger
than that used in previous MR imaging, (2) designing the TMH strategy of repeti-
tious MNP-administered intravenous injections (3~6 time) and the long-lasting
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hyperthermia, and (3) the TMH which can combine with other thermotherapies or
chemotherapies, triggering the cancer synergetic therapy.
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PET Positron emission tomography
PFC Perfluorocarbon
RAD Arginine-alanine-aspartic acid

RGD Arginine-glycine-aspartic acid
rHDL Reconstituted high-density lipoprotein
SPECT Single-photon emission computed tomography

SPIO Superparamagnetic iron oxide nanoparticles
SPPM  Superparamagnetic polymeric micelles
TEM Transmission electron microscope

TGF-p  Transforming growth factor-beta

[N Ultrasound

VEGF  Vascular endothelial growth factor

3.1 Brief Introduction to Tumor Angiogenesis

Angiogenesis is the process in which new blood vessels arise from the existing
ones. This is present physiologically in the adult during wound healing, in the devel-
opment of the ovarian follicle and corpus luteum, and in the proliferating endome-
trium [1]. Pathological angiogenesis is also a component of much diverse pathologies
ranging from diabetes and atherosclerosis to cancer, a disease that cannot progress
without the formation of new blood vessels [2]. Tumors in particular rely on angio-
genesis for their continued growth [3, 4]. Solid tumors will not grow larger than
2-3 mm in diameter in the absence of new blood vessels [5]. When tumors grow
beyond such size, the increased interstitial pressure within the tumor inhibits the
diffusion of metabolites and nutrients necessary for tumor growth. A state of cellu-
lar hypoxia begins. Hypoxia increases cellular hypoxia-inducible factor (HIF) tran-
scription. Binding of the hypoxia-inducible factor to the hypoxia response element
turns on the expression of VEGF. VEGF is a family of vascular endothelial growth
factors, including VEGF-A, VEGF-B, VEGF-C, and VEGF-D. VEGF-A is one key
player in the angiogenic process, induces vasodilatation of preexisting capillaries,
and increases vascular permeability. The increase in permeability allows extravasa-
tion of plasma protein laying down a provisional matrix for endothelial cell migra-
tion and tube formation. For endothelial cell migration, the cells need to loosen
contacts from each other and from the basement membrane and the extracellular
matrix surrounding the vessels [6]. Therefore, degradation of extracellular matrix is
requisite, which is catalyzed by plasmin-related enzymes, matrix metalloprotein-
ases (MMPs), chymase, and tryptase through the proteolytic process.

After this degradation, endothelial cells, mediated by cell adhesion receptors,
like the integrin avp3, proliferate and migrate until they form unstable microvessels.
In a further step, mesenchymal cells release angiopoietin-1, which interacts with
Tie-2 receptor tyrosine kinase, mediating capillary organization and stabilization
[7]. The newly built endothelial cells form tight junctions with each other, leading
to new tubes which are connected with the microcirculation. Blood flow can then be
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established [8]. In addition to angiogenic factors, a variety of other factors (e.g.,
TGF-p, PDGF, bFGF, aFGF, IL-8, and uPA) are involved in this process, which are
locally secreted by numerous cells like stromal, endothelial, and cancer cells but can
also derive from blood and the extracellular matrix [9, 10]. The detailed mecha-
nisms of angiogenesis can refer to previous reports [1, 11].

Various classes of adhesion molecules are involved in tumor angiogenesis.
Members of the integrin, cadherin, selectin, and immunoglobulin families contribute
to each step of tumor vascularization, not only by mediating cell-cell and cell-matrix
interactions but also by participating in those signaling events that regulate the exten-
sion and the maturation of neoforming vessels [12, 13]. These molecules have been
exploited as targets for molecular imaging and quantification of tumor angiogenesis
[14]. Among these molecules, integrins have been extensively studied [15]. Integrins
are heterodimeric transmembrane glycoproteins, which consist of two noncovalently
bound transmembrane subunits with large extracellular segments that bind to create
heterodimers with distinct adhesive capabilities [ 16]. Up to now, 18 o and 8 p subunits
have been described, which assemble into 24 different integrins (receptors). Among
all 24 integrins discovered to date, integrin avfp3 is the most extensively studied [17—
19], which is significantly upregulated on activated endothelial cells during angiogen-
esis but not on quiescent endothelial cells [20]. Clinical studies showed that the
expression of integrin avp3 correlated with tumor grade [21, 22] and thus suggested
integrin avp3 as a marker of malignancy. Therefore, the ability to noninvasively detect
avf3 expression in living subjects would allow a better characterization of tumors and
help to identify tumor regions with higher aggressiveness. In this context, in the past
few years, a vast array of sensitive molecular imaging agents associated with angio-
genesis-specific targets have been developed for molecular imaging of integrin avf3
expression for early detection of cancers using different modalities [19, 23, 24].

3.2 Modalities Used for Tumor Angiogenesis Imaging

The modalities that have been proposed for imaging tumor angiogenesis include
positron emission tomography (PET), single-photon emission computed tomogra-
phy (SPECT), optical imaging (OI), ultrasound (US), computerized tomography
(CT), and magnetic resonance imaging (MRI) [15, 25]. These systems provide a
wealth of information that is highly complementary.

Both PET and SPECT use radioactive material as imaging agent. SPECT utilizes
gamma radiation tracer. SPECT imaging is performed by using a gamma camera to
acquire multiple 2-D images (also called projections), from multiple angles. A com-
puter is then used to apply a tomographic reconstruction algorithm to the multiple
projections, yielding a 3-D dataset. This dataset may then be manipulated to show
thin slices along any chosen axis of the body. PET takes advantage of the unique
properties of radioactive isotopes that decay via positron emission. The emitted
positrons annihilate with electrons up to a few millimeters away, causing two
gamma photons to be emitted in opposite directions. The gamma photons are
detected when they reach a scintillator in the scanning device, creating a burst of
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light which is detected by photomultiplier tubes or silicon avalanche photodiodes.
The technique depends on simultaneous or coincident detection of the pair of pho-
tons moving in approximately opposite directions. The raw data collected by a PET
scanner are a list of “coincidence events” representing near-simultaneous detection
of annihilation photons by a pair of detectors. Coincidence events can be grouped
into projection images, called sinograms, that are sorted by the angle of each view.
The sinograms are ultimately reconstructed into tomographic images following
dead time correction, detector normalization, subtraction of random coincidences,
attenuation correction, and scatter correction [26].

PET and SPECT are very sensitive (10''-10-2 M for PET, 10-1°-10-!' M for
SPECT) and highly quantitative and have no limitation of penetration depth.
However, both PET and SPECT involve the use of ionizing radiation, which is
impractical for frequent imaging due to potential damage to the living subjects from
the cumulative irradiation dose. Another limitation of PET and SPECT is low spa-
tial resolution, namely, the lack of an anatomical reference frame. This shortcoming
has recently been addressed by combining these instruments with either CT or MRI,
producing a single scanner capable of accurately identifying molecular events with
precise correlation to anatomical findings [27]. Compared to PET, SPECT is less
expensive and more widely available. But SPECT is generally less sensitive and has
a lower spatial resolution (8—10 mm for SPECT, 5-7 mm for PET) [28].

The basic principle for in vivo fluorescence imaging is similar to that used in
fluorescence microscopy techniques, such as conventional fluorescence micros-
copy, confocal microscopy, multiphoton microscopy, and optical coherence tomog-
raphy. When an incident light illuminates fluorophores in living subject, the
fluorophores are excited and low-energy photons are emitted, which are captured by
the detector, a charge-coupled device (CCD) camera. Fluorescence imaging usually
makes use of photons emitted in the near-infrared and far-red range. However, when
whole animals are interrogated, the desired information is typically associated with
biochemical events occurring deeply within the tissue. This implies that photons
being part of detected signal have undergone multiple scattering events in the pro-
cess of irradiance of the excitation light into the body and radiance of the emission
out of the body. Therefore, the depth of penetration is limited to only a few centime-
ters, which makes it virtually impossible to study deep tissues in large animals or
human subjects, unless one uses endoscopes or their equivalent to get closer to the
tissue(s) of interest [29, 30]. Moreover, the spatial resolution of fluorescence imag-
ing is low. The strengths of fluorescence imaging are high sensitive and relatively
safe.

Ultrasound imaging (ultrasonography) is based on reflection of acoustic waves
with frequency higher than 20 kHz, generally ~ 1-20 MHz. Acoustic waves are gen-
erated by a transducer and enter the body. Some sound waves are reflected back to
the transducer where they are detected and converted into electrical signals. These
signals are then processed by a computer and displayed as an image. Ultrasound
imaging is inexpensive, widely available, and completely noninvasive; therefore, it
is a promising technique for evaluation of tumor angiogenesis. However, the
limitations of US are the dependence on the skill of the operator and limited depth
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penetration. Moreover, not all regions of the body are accessible with US (lung,
bone, and brain in adults), and adequate documentation for comparison of examina-
tions at different time points is still problematic in a clinical setting [31].

CT is a technique that relies on differential levels of X-ray attenuation by tissues
within the body to produce images reflecting anatomy. Tissues that strongly absorb
X-rays (e.g., bone) appear white while others that absorb poorly (e.g., air) appear
black. CT employs tomography and can produce a three-dimensional anatomic
image of the subject being scanned. The advantages of CT include its fast acquisi-
tion time, high spatial resolution (preclinical, 0.05-0.2 mm; clinical, 0.5-1.0 mm),
cost effectiveness, availability, relative simplicity, and no limitations in penetration
depth. The main limitations are low soft tissue contrast and high exposure to radia-
tion [32].

3.3 Principle of MRI

Atoms are in constant motion and spin about their axes, which gives rise to angular
momentum. Along with angular momentum, nuclei with unequal protons and neu-
trons can produce a small magnetic field. This magnetic field is termed magnetic
moment and, like angular momentum, is a vector quantity. The ratio of angular
momentum to magnetic moment is known as the gyromagnetic ratio and is unique
for each magnetically active nucleus [33].

Magnetic resonance imaging generates tissue images by measuring the interac-
tion between an external magnetic field and the magnetic moment of water protons.
The orientations of the magnetic moments are random in the absence of an external
magnetic field [34]. When a patient is placed in a MRI scanner, the proton magnetic
moments align either along (low energy) or against (high energy) the static mag-
netic field (BO) of the scanner and create a net magnetization pointing in the direc-
tion of the main magnetic field of the scanner.

Nuclear magnetic resonance (NMR) measures the change of the magnetization
by applying radiofrequency (RF) pulses. When an RF pulse is applied to create an
oscillating electromagnetic field (B1) perpendicular to the main field, the protons
absorb the energy and are temporarily excited to a higher energy state. The net mag-
netization rotates away from its equilibrium orientation due to the absorption of RF
energy. After the radio frequency pulse is switched off, relaxation occurs in which
the protons release the absorbed energy to the surroundings and return to their origi-
nal configuration by two simultaneous events: the recovery of the net magnetization
toward the equilibrium orientation and the dephasing of the transverse magnetiza-
tion. The first case is termed as the spin-lattice or longitudinal (T);) relaxation, and
the latter is spin-spin or transverse (T,) relaxation [35].

The T, relaxation time is defined as the time taken for the longitudinal magneti-
zation to recover approximately 63 % of its initial value after being flipped into the
magnetic transverse plane by a 90° radiofrequency pulse. This recovery of
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magnetization follows an exponential growth process, with T, being the time con-
stant describing the rate of growth:

M(t):MO(l—e(”m)) (3.1)

where t is the time following the RF pulse.

The T, relaxation time is defined as time taken for the magnetic resonance signal
to irreversibly decay to 37 % of its initial value after its generation by tipping the
longitudinal magnetization toward the magnetic transverse plane. The decay of the
transverse magnetization follows an exponential process with the time constant of
T,:

M, (1)=M, """ (3.2)

where t is the amount of time following a radio frequency pulse and T, is the trans-
verse relaxation time. Since the main magnetic field of MRI scanners is not per-
fectly homogenous, the inhomogeneity of the magnetic field also causes dephasing
of individual magnetizations of protons, resulting in more rapid loss of transverse
magnetization. The process is called T,* relaxation.

T, relaxation generally proceeds more rapidly than 7, recovery. Different tissues
have different 7, and T, relaxation times, which is the base for MRI.

MRI measures the magnetic relaxation properties of protons, but this requires
excitation by radiofrequency. Radiofrequency waves have wavelengths on the order
of one centimeter and can penetrate deep into the body. Therefore, MRI has no limi-
tation for tissue penetration [36]. Moreover, compared to PET and SPECT, MRI
does not use ionizing radiation and offers higher resolution and soft tissue contrast.
In addition, MRI allows for multiparametric imaging in which T,—, T,—, and
diffusion-weighted images (DWI) are obtained in one session, each reflecting a dif-
ferent tissue signal [37]. Clinically, multiparametric imaging combining DWI with
anatomical T;-weighted imaging dramatically increased specificity and accuracy of
bone metastases detection in patients with lung cancer compared to DWT alone [38].
Similarly, the combination of DWI/T,-weighted imaging dramatically improved the
sensitivity and specificity of DWI in the detection of abdominal malignancies
including prostate cancer [37, 39]. Recent advances in whole-body diffusion-
weighted imaging show promise for diagnosing lesions throughout the entire human
body as well as for assessing lymph node metastases, with superior spatial resolu-
tion and sensitivity and specificity [37]. Furthermore, MR spectroscopy can be used
to assess tumor pH and metabolic activity [40]. When combined with MRI, the
functional and molecular information can be coregistered with anatomical informa-
tion within a single imaging method, which would improve the diagnostic specific-
ity of malignant cancers. These advantages make MRI highly desirable for molecular
imaging. However, the sensitivity for detection of targeting agents is relatively low.
Therefore, high sensitivity and specificity of the imaging probes for the targets are
often necessary for successful detection of tumor angiogenesis. The comparison of
different noninvasive imaging modalities is shown in Table 3.1 [42].
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3.4 MRI Contrast Agents

MRI is widely used for clinical examination, and currently, about 40 % examina-
tions are performed using contrast agents. MRI contrast agents can generally be
classified into two categories: T, contrast agent (shortening T relaxation time) and
T, contrast agent (shortening T, relaxation time). Gadolinium (III) ion-based con-
trast agents are typically T, contrast agent and most widely used clinically so far.
The Gd(III) ion has seven unpaired electrons and favorable electronic spin relax-
ation properties that make for very efficient catalysis of water proton relaxation. To
reduce cytotoxicity, Gd(III) ion is often chelated to a low-molecular weight com-
plex, such as DOTA and DTPA [43]. Such gadolinium complexes are injected intra-
venously, and most will distribute rapidly into all accessible extracellular spaces and
are eliminated from the body through the kidneys with a typical elimination half-life
of about 1.6 h. Therefore, small molecular gadolinium chelates are often used as
extracellular contrast agent with short imaging window. To elongate the circulation
time, gadolinium complexes are usually conjugated to naturally or synthesized high
molecular weight polymers, which are often used as blood pool contrast agents for
MRI angiography. The gadolinium-based contrast agents typically are used in com-
bination with T,-weighted MRI acquisitions and produce a hyperintense (bright)
signal in tissue regions in which the agent accumulates.

The contrast agent to enhance the relaxation rates of surrounding water protons
is linearly correlated to its concentration:

TL:TL+rL2C (3.3)
1,2 0

where 1/T) , is the relaxation rate of water protons with contrast agents; 1/T, is the

relaxation rate of water protons; r,, is the relaxivity of contrast agents, i.e., longitu-

dinal r, or transverse r,; and C is the concentration of contrast agents. The term r, ,

is expressed as per second per millimole liter and is characteristic of the contrast

agent efficacy.

Superparamagnetic iron oxide (SPIO) nanoparticles are commonly used as T,
contrast agent. Typically, SPIO contrast agents consist of SPIO core and hydrophilic
coating layer. For commercially available SPIO contrast agents, SPIO cores are
composed of magnetite (Fe;0,) and/or maghemite (Fe,O;) and the coating layers
are dextran or its derivatives [44]. Due to its high magnetic susceptibility, SPIO can
dephase neighboring protons in a region equivalent to many times the size of the
particle itself [45]. Compared with gadolinium contrast agents, SPIO has excellent
relaxivity. However, unlike the gadolinium contrast agents, which have similar
transverse and longitudinal relaxivities at clinically relevant magnetic fields, SPIO
has significantly greater transverse relaxivity compared with longitudinal relaxivity.
Thus, SPIO tends to find greater application on magnetic susceptibility-based acqui-
sitions in T,-weighted or T,*-weighted MRI, in which they produce a hypointense
(dark) signal [46].
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SPIO contrast agents are more biocompatible than gadolinium contrast agents
because the human blood is rich in iron species, which are mostly stored as ferritin
in the body [47, 48]. SPIO can also produce positive contrast when the particles are
relatively small. Very small superparamagnetic iron oxide nanoparticles (VSOP)
about 4 nm in size coated with citric acid have been developed for angiography
(VSOP-C184, 0.47 T: r;=18.7 and r,=30 s"'mM™") [49, 50]. Kim et al. synthesized
extremely small iron oxide nanoparticles (ESIONs, around 3 nm), which exhibited
a high r; relaxivity (4.78 s”'mM™) and low r,/r, ratio (6.12) at 3 T. They demon-
strated that the ESIONs were an efficient 7} contrast agent both in vitro and in vivo
[51]. Borase et al. prepared galactose-coated SPIO about 8.3 nm in size. The SPIO
had an r, relaxivity of 16 s'mM~! and an r, relaxivity of 62 s~'mM™"' at the typical
clinical frequency of 61 MHz (1.5 T) [52]. We recently developed zwitterionic-
polymer-modified SPIO with a core size of around 6 nm. The particles had an 7,
relaxivity of 8.98 s”'mM™" at 1.41 T (60 MHz) and demonstrated superior blood
pool contrast [53]. Small-sized SPIO are potential MRI T contrast agents.

3.5 MR Molecular Imaging of Tumor Angiogenesis
by Targeting Integrin avf3

3.5.1 Imaging with Gd(I1l)-Containing Contrast Agents

By far, the most widely used MRI contrast agents are those based on the paramag-
netic gadolinium [Gd(III)] ion. The Gd(III) ion is chelated to low-molecular weight
ligands, such as diethylenetriamine pentaacetic acid (DTPA) and 1,4,7,10-tetraazac
yclododecane-1,4,7,10-tetraacetic acid (DOTA), to reduce toxicity [43]. Although
binding of few gadolinium complexes to angiogenic targets does usually not pro-
vide sufficiently high signal-to-noise ratio, efforts to targeted MR imaging of tumor
angiogenesis with RGD peptide directly conjugated Gd complexes (i.e., Gd-DOTA,
Gd-DTPA) were successful [54, 55].

Deberbh et al. evaluated the efficiency of P1227 (Guerbet Research, Paris,
France), RGD peptide-coupled gadolinium-tetraazacyclododecane tetraacetic acid
(Gd-DQOTA), for specific MR imaging of tumor associate angiogenesis [55]. After
being introduced into mice bearing HT29 human colorectal tumors intravenously,
MR signal intensity in tumor rim was significantly enhanced compared with mice
injected with Gd-DOTA (Fig. 3.1). However, the enhancement was able to be sup-
pressed by cilengitide, avp3 inhibitor. In addition, when using P1227, a significant
correlation was observed between normalized enhancement of the tumor rim and
immunohistochemical avp3 integrin expression. Although RGD peptide directly
coupled Gd complex could address tumor angiogenic vessels, the main limitation of
the contrast agent is low MRI sensitivity, which may prohibit early detection of
cancers.
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Fig. 3.1 Enhancement pattern observed following administration of P1227 (upper left) or
gadolinium-tetraazacyclododecane tetraacetic acid (upper right). The histograms (lower row)
show frequency of signal intensities in the entire tumor (black), central (core) region (blue), and
tumor rim (red) (Reprinted with permission from Ref. [55], with kind permission from Springer
Science + Business Media)

In order to enhance the detection sensitivity, gadolinium complexes are very
often loaded onto nanocarriers. By this way, initial efforts to specifically visualize
angiogenic targets were successful. The first MRI approach for imaging avf3
expression on tumor angiogenesis was demonstrated by Sipkins et al. [56]. In this
seminal study, cross-linked liposomes with high payload of gadolinium (containing
30 % of Gd(III) chelate-labeled lipid) and mean size of 300-350 nm were conju-
gated with anti-integrin avp3 antibody (LM609). After administration into rabbits
with squamous cell carcinoma (Vx2) intravenously, the “hot spots” of tumor angio-
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genesis were able to be detected by MRI. Moreover, MR signal intensity enhance-
ment correlated well with integrin avp3 expression levels.

Lanza et al. have developed a highly MRI-sensitive nanosystem that has a per-
fluorocarbon core covered with a monolayer of lipids [57]. Paramagnetic lipids
(e.g., gadolinium-diethylenetriamine pentaacetic acid-bis-oleate) were incorporated
into the lipid monolayer for detection with MR imaging. After conjugation with
peptidomimetic avf3 antagonist, the paramagnetic perfluorocarbon nanoparticles
were tried for tumor angiogenesis detection with a clinical 1.5 T MRI scanner [58].
Dynamic imaging indicated that MR signal enhancement continued to build over at
least 2 h after the probe injection, while the background blood pool effects were
nondetectable. Despite the relatively large diameter of approximate 270 nm, the
probes penetrated into the leaky tumor neovasculature but did not migrate into the
interstitium substantially. In a following study, the same group extended these
results and demonstrated that nude mice with human melanoma tumor xenograft
(C-32) with size about 30 mm? could also be detected with a clinical 1.5 T MRI
scanner using the same integrin avp3-targeted paramagnetic nanoparticles [59],
which may enable characterizing and staging of early melanoma in a clinical setting
(Fig. 3.2) [60].

Other endeavors for improving MR sensitivity for tumor angiogenesis imaging
include developing of gadolinium containing micelles, liposomes (a spherical vesi-
cle composed of a bilayer of naturally occurring phospholipids), or high-density
lipoprotein like nanoparticles [61]. These nanoconstructs can enable detection in
the picomolar range (particle concentration) and, therefore, enable visualization
with MR imaging of sparse binding sites [62]. Strijkers et al. have introduced a
paramagnetic liposome, which consisted of DSPE, PEG2000-DSPE, maleimide-
PEG2000-DSPE, cholesterol, and 25 mol % Gd-DTPA-di(stearylamide) [63]. The
presence of this high payload of Gd-containing lipids ensures a high particulate
relaxivity. In addition, the paramagnetic liposome was also encoded with 0.1 mol %
rhodamine fluorescent lipids. The final size of the liposome was 150 nm. After con-
jugated with cyclic RGD peptides, the liposomal contrast agent (RGD-liposomes)
was used to identify the angiogenic endothelium in tumor-bearing mice. MRI indi-
cated that the RGD-liposomes localized to a large extent in the tumor rim after
injected intravenously. Nonspecific liposomes, liposomes coupled with scramble
RAD peptides (RAD liposomes), also targeted the tumor, but showed a diffuse dis-
tribution pattern (Fig. 3.3). The different mechanisms of accumulation were estab-
lished with fluorescence microscopy, which revealed that RGD-liposomes were
exclusively associated with tumor blood vessels, whereas RAD liposomes were
mainly localized in the extravascular compartment (Fig. 3.4) [63].

The above integrin avp3-specific RGD-liposomes were also applied for noninva-
sive evaluation of the angiostatic therapy efficacy of anginex or endostatin for tumor
by MRI [64]. The percentage of enhanced pixels in the tumor on T1-weighted MRI
after injection with RGD-liposomes served as a noninvasive in vivo readout of
angiogenic activity. It was found closely reflecting the treatment effects as deduced
from the ex vivo analyses.
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Fig. 3.2 T,-weighted MR image (axial view, 1.5 T) of an athymic nude mouse before injection of
avp3-targeted paramagnetic nanoparticles. (a) Baseline image of a C32 tumor that is difficult to
detect. (b) 30-min postinjection. (¢) 120-min postinjection. White arrows point to tumor in panels
a, b, and c. Tumor diameter 2.5 mm. (d) Time course of MRI signal enhancement in tumor-bearing
mice treated with avp3-targeted paramagnetic nanoparticles (blue), nontargeted contrast agent
(green), or a competition procedure (yellow). T -weighted signal enhancement in the targeted
group was nearly twice that in the control animals given the untargeted agent (P <0.05). Competitive
blockage of avp3-integrin sites greatly diminished contrast (P <0.05). (e-h) Immunohistochemistry
revealing endothelial cell location and angiogenic vessel avf3-integrin expression along the
periphery of C32 tumors and associated with infiltrating connective tissue. (e) H&E (x4). (f)
B3-integrin (x20). (g) P3-integrin (x60). (h) PECAM-1 (x20, nuclear counterstained) (Reprinted
with permission from Ref.[60])

High-density lipoprotein (HDL), an endogenous nanoparticle, is compatible
with the immune system and can escape removal by the reticuloendothelial system.
HDL nanoparticles have been used as carriers for delivery of drugs to tumors and
have also been rerouted for tumor imaging [65]. Chen et al. have reconstituted HDL
(rHDL) with amphiphilic Gd-DTPA and fluorescent dye [66]. After modification
with RGD peptides (rHDL-RGD), rHDL-RGD was applied for targeting integrin
avp3 for depicting tumor angiogenesis. The hydrodynamic size of rHDL-RGD was
12.1£2.1 nm, and the T, relaxivity was 8.7+0.2 mM~'s™!, much higher than that of
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Fig. 3.3 In vivo visualization of tumor angiogenesis by application of av33-targeted paramagnetic
and fluorescent liposomes. (a, b and ¢) MR images of three slices through a mouse with a xeno-
graft human LS174T colon carcinoma in a subcutaneous location on the right flank. The images
were taken 35 min after injection of RGD-conjugated liposomes, which target the avp3 integrins
expressed on the angiogenic tumor endothelium. Pixels in the tumor that were significantly
enhanced by the presence of the paramagnetic liposomes were highlighted and color-coded accord-
ing to the scale on the right. Enhancement was mainly found at the rim of the tumor in correspon-
dence with the spatial distribution of angiogenic blood vessels. The percentage of enhanced pixels
serves as a noninvasive readout of angiogenic activity. (d, e and f) MR images of a mouse 35 min
after injection with nonspecific RAD-conjugated liposomes. Nonspecific liposomes distributed
more evenly throughout the whole tumor. (g, h and i) MR images of a mouse 35 min after pretreat-
ment with nonparamagnetic RGD-conjugated liposomes to block the avf3 integrin followed by
injection with paramagnetic RGD-conjugated liposomes. Only a small number of pixels showed
signal enhancement proving specificity of the avf3 targeting concept (Reprinted from Ref. [63],
with kind permission from Springer Science + Business Media)

Gd-DTPA (Magnevist, ~3 mM~!s™!). The specificity of THDL-RGD for integrin
avp3 was demonstrated by incubating proliferating human umbilical vein endothe-
lial cells (HUVECsS, integrin avp3 positive) with rHDL-RGD or control (scramble
peptide RAD encoded rHDL (rtHDL-RAD) and plain rHDL). Both fluorescence
imaging and MRI indicated that cell uptake of rHDL-RGD was more pronounced
than those of rHDL-RAD and rHDL in short term (less than 2 h). Moreover, the
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Fig. 3.4 Fluorescence microscopy of dissected tumors of mice, which were injected with para-
magnetic, fluorescent, RGD- or RAD-conjugated liposomes. (a, b) In the rim of the tumors, the red
rhodamine fluorescence originating from the RGD-conjugated liposomes revealed circular and
longitudinal distribution patterns associated with blood vessels. Cell nuclei were stained with
DAPI (blue fluorescence). (c) A slice through the middle of the tumor revealed no fluorescence
from RGD-conjugated liposomes, in agreement with a lack of angiogenic blood vessels in this
location. (d) A diffuse pattern of fluorescence was observed in tumors of mice injected with non-
specific RAD-conjugated liposomes, indicative for nonspecific distribution beyond the blood ves-
sels throughout the whole tumor (Reprinted from Ref. [63], with kind permission from Springer
Science + Business Media)

uptake could be inhibited upon competition with free RGD peptides. Introduced
into mice bearing human EW7 Ewing’s sarcoma intravenously, tHDL-RGD rapidly
accumulated in tumors. Confocal microscopy revealed rHDL-RGD to be associated
with tumor endothelial cells, while rHDL and rHDL-RAD were mainly found in the
interstitial space. This study demonstrates HDL is a potent platform for preparing
high-sensitivity molecular imaging probes for imaging of tumor-associated
processes.
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Monitoring progression of tumor neovasculature during tumor growth is essen-
tial for pretreatment stratification or to assess therapeutic response of antiangiogen-
esis therapy. In this regard, MRI has distinct advantages over other imaging
modalities, such as PET, SPECT, and CT, due to its high-spatial-resolution imaging
without ionizing radiation. In this context, vascular-constrained avfp3-targeted per-
fluorocarbon (PFC) nanoparticles incorporating a lipid-modified gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA) bis-oleate (BOA) chelate
(Gd-DTPA-BOA) or Gd-DOTA phosphatidylethanolamine (PE) chelate
(Gd-DOTA-PE) has been prepared to assess the dependence of neovascular molecu-
lar magnetic resonance imaging on relaxivity (r;) of avp3-targeted paramagnetic
PFC nanoparticles and delineated the temporal-spatial evolution of angiogenesis for
individual animals [67]. Using a Vx2 rabbit tumor model, it was found that MR
signal intensity enhancement of the neovascular activation was better with the
higher-relaxivity Gd-DOTA-PE nanoparticles (ionic r;=13.3 mM™! s7!; particulate
r;i=1 260 000 mM~ s!) than with Gd-DTPA-BOA nanoparticles (ionic
r;=10.3 mM! s7!; particulate ;=927 000 mM~' s7!). A neovascular index of the
tumor, calculated as the percentage of contrast-enhanced surface volume relative to
the total surface volume and used as a metric of neovascularity, showed progression
of MR imaging-detectable neovasculature of 1.0 %+0.3,4.5 % +0.9,and 9.3 %+ 1.4
on post-implant days 8, 14, and 16, respectively; in comparison, the neovascular
index for the nontargeted control was less than 1.5 % throughout the study (Fig. 3.5).
This study indicated that high-spatial-resolution molecular MR imaging with
improved relaxivity avp3-targeted Gd-DOTA-PE nanoparticles could provide quan-
titative, temporal, and spatially resolved assessments of tumor neovasculature,
which has the potential to enable better detection of angiogenic regions in heteroge-
neous tumors and to improve the monitoring and individualization of anti-angiogenic
treatments [68].

Besides the abovementioned paramagnetic formulations, various other Gd(III)-
containing small or macromolecules have been developed for T1-weighted imaging
of tumor angiogenesis [35].

3.5.2 Imaging with Superparamagnetic Iron Oxide (SP10)
Nanoparticles

SPIO is the most widely used T, (or T,*) contrast agent in MRI [69]. A number of
SPIO-based MRI contrast agents have already been used in the clinical setting [70].
We first reported MR imaging of tumor angiogenesis by RGD peptide-encoded
SPIO (RGD-SPIO) with a clinical 1.5 T MRI scanner [71]. The SPIO was prepared
by coprecipitation of Fe*? and Fe*® in the basic condition, modified with organic
silane ((3-aminopropyl)trimethoxysilane) and c(RGDyE). The mean size of the par-
ticles as determined by TEM was 10+3 nm. Surface charge of the particles was
positive with isoelectric point at pH 9.6. T, relaxivity was 134 s~! mM~!. Compared
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Fig. 3.5 In vivo T,-weighted magnetic resonance images of angiogenic activity in VX2 tumors
injected with avp3-targeted, paramagnetic perfluorocarbon nanoparticles in a rabbit model. Top:
The outline of the tumor periphery is clearly seen with a targeted imaging agent, but not with non-
targeted nanoparticles. Bottom: Neovascular maps show contrast-enhanced voxels over time.
Angiogenic blood vessels markedly increased between days 8 and 14, with continued progression
noted on day 16. Contrast-enhanced pixels are shown in blue. Arrows indicate examples of consis-
tent enhancement patterns over time (Reprinted by permission from Macmillan Publishers Ltd:
Ref. [67] Copyright 2014)

with plain SPIO, human umbilical vein endothelial cells (HUVECs, integrin avf33
positive) had a higher uptake of RGD-SPIO for both internalization through the cell
membrane and accumulation within endosomes. Moreover, the uptake was reduced
after inhibiting the cells with free RGD peptides, which verified the specificity of
RGD-SPIO for integrin avf3. In line with the in vitro observations, after intrave-
nous injection of RGD-SPIO into mice bearing squamous carcinoma (HaCaT-ras-
A-5RT3 or A341), T,*weighted MR imaging identified the heterogeneous
distribution of avf3-positive tumor vessels by an irregular signal intensity decrease
in HaCaT-ras-A-5RT3 xenografts, whereas the signal intensity decreased more
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homogeneously in the control tumors (A431) with predominantly small and uni-
formly distributed vessels (Fig. 3.6). This study indicated that integrin avp3-targeted
SPIO was able to noninvasively differentiate tumors with high and lower area frac-
tions of avp3-positive tumor vessels.

In an extended study, the same RGD-SPIO was applied for detection of tumor
angiogenesis with different avp3 expression profiles by a 3 T MRI scanner [72]. R,*
pseudo-color images revealed that A549 tumor, a lung tumor with avp3 expression
on both tumor cells and tumor angiogenic vessels, had homogenous signal intensity
decrease throughout the whole tumor area, whereas MR signal intensity decrease in
3LL tumors, a lung tumor with avp3 expression only on tumor angiogenic vessels,
was only distributed on the tumor periphery. The authors concluded that in addition
to targeting tumor angiogenic vessels, RGD-SPIO could also extravasate from the
vessels, addressing avp3-positive tumor cells.

For preparation of water-soluble SPIO, the coprecipitation method often leads to
SPIO with poorly defined nanocrystalline size, stoichiochemistry, and magnetism,
which in turn influence the quality of MR signals [73]. Alternatively, high-quality,
near-monodisperse SPIO can be prepared by thermal decomposition of iron organic
precursors, such as Fe(acac);, Fe(CO);, and Fe(oleic acid);, at high temperature in
the presence of surfactants (oleic acid and oleylamine) [74, 75]. However, these
SPIO cannot be biofunctionalized as they are coated with hydrophobic surfactants
and are water insoluble and do not have suitable functional groups for bioconjuga-
tion. In this context, Xu et al. have developed a general strategy to fabricate an MR
molecular imaging probe in one step by replacing hydrophobic surfactants with
small peptides terminated with cysteine, such as RGD-Cys and RGD-PEG-Cys
[76]. The hydrodynamic sizes of RGD-Cys- and RGD-PEG-Cys-SPIO were 11 and
13 nm, respectively. The in vitro studies indicated that RGD-Cys-SPIO and RGD-
PEG-Cys-SPIO specifically targeted avp3-positive cells (A549), with RGD-Cys-
SPIO achieving this more efficiently. Administered into mice bearing A549
non-small cell lung tumor intravenously, both RGD functionalized SPIOs were able
to reach and label the avp3-expressing tumors, much more efficiently than nonpep-
tide functionalized particles (Cys-SPIO). Histological studies of tumor tissues
showed that the probes not only targeted the tumor neovasculatures but also extrava-
sated from vessels, addressing the tumor cells. The efficacy of the ligand exchange
method for preparation of small peptide modified SPIO probes was also corrobo-
rated by other study [77]. This one-step procedure for preparation of the probe was
shown in Fig. 3.7.

Sensitive molecular imaging and detection of tumors or their supporting neovas-
cularity require high-avidity, target-specific probes that produce robust signal
amplification. Clustering individual SPIO into SPIO clusters can dramatically
enhance the MR sensitivity of SPIO contrast agent [78—80], which makes it possible
for detection of tumor angiogenesis at very early stage [81]. In this context,
Nasongkla et al. [82] developed multifunctional, SPIO-containing polymeric
micelles by assembly of hydrophobic SPIO with amphiphilic copolymers and fur-
ther modified the micelles with RGD peptides (c(RGDfK)) for detection of integrin
avfp3. The mean size of the micelles was 46 nm. Clustering of individual SPIO
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Fig. 3.6 MR imaging of tumors with different avB3 expression profiles. (a) T,*-weighted MR
images of nude mice bearing s.c. HaCaT-ras-A-5RT3 (top row) and A431 tumors (bottom row)
before and 6 h after i.v. injection of RGD-SPIOs and SPIOs, respectively. In HaCaT-ras-A-5RT3
tumors, focal areas with strong and heterogeneous signal intensity (SI) decrease are observed in
the tumor center and periphery after injection of RGD-SPIOs (arrows). Only few spots with high
susceptibility are found at the margin of the control tumor after injection of SPIOs. SI changes in
the A431 tumor are much less pronounced and more homogeneous and focal areas with strong SI
decrease are only found at the tumor margins (arrows). No signal changes are observed in control
tumors by visual inspection. (b) Change of T, relaxation times in HaCaT-ras-A-5RT3 (n=8) and
A431 (n=6) tumors after injection of RGD-SPIOs and SPIOs, respectively. Absolute T, relaxation
times before/after injection with RGD-SPIOs were 124.44 +55.09/94.09 +17.12 ms in HaCaT-ras-
A-5RT3 and 105.66+10.67/90.16 +7.84 ms in A431 tumors. The values for injection with SPIOs
were 95.97+16.97/93.74+15.86 ms (HaCaT-ras-A-5RT3) and 106.47+13.16/101.46+13.28 ms
(A431 tumors), respectively. *, P<0.05. (¢) Change of T, relaxation times in the blood, liver, kid-
ney, and muscle of A431 tumor-bearing mice after injection of RGD-SPIOs (n=6) and SPIOs
(n=06), respectively. Absolute T, relaxation times (FSD) before/after injection of RGD-SPIOs
were 101.8+17.58/101.76+17.77 ms in the blood, 53.06+3.81/31.56+5.54 ms in the liver,
90.53+10.05/90.4+£8.60 ms in the kidney, and 51.33+8.88/50.40+5.11 ms in the muscle. For
SPIOs, the values were 77.26+15.73/79.28 +10.90 ms in the blood, 56.66+7.90/37.33+4.43 ms
in the liver, 82.26+17.37/70.90+17.36 ms in the kidney, and 50.40+5.68/46.04+3.78 ms in the
muscle. Columns, mean; bars, SD (Reprinted with permission from Ref. [71] Copyright 2007,
American Association for Cancer Research)
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Fig. 3.7 Scheme for one-step ligand exchange method for preparation of avf3-targeted probes
(Reproduced from Ref. [77] by permission of The Royal Society of Chemistry)

inside micelle cores has demonstrated the dramatic increase in T, relaxivity (per
Fe). As a result, in a phantom study, picogram concentrations of the micelles were
detected [83]. In a following study, the same group has fabricated SPIO micelles
with even higher SPIO payload (33 wt %) using amphiphilic poly(ethylene glycol)-
block-poly(D,L-lactide) copolymer (PEG-PLA, molecular weights for PEG and
PLA blocks are 5 kDa) and hydrophobic SPIO (9.9 +0.4 nm in diameter). The size
of the micelles was 75+ 11 nm determined by transmission electron microscope
(TEM). After encoded with cyclic(RGDfC) peptides (denoted as cRGD-encoded
SPPM), the micelles were administered into mice bearing A549 non-small cell lung
tumors. The neovasculatures of the tumors were clearly manifested by a 4.7 T ani-
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Fig. 3.8 (a) In vivo ORS imaging of cRGD-encoded SPPM, cRGD-free SPPM, and a mixture of
cRGD-encoded SPPM with free cRGD peptide injected i.v. in mice bearing A549 tumor xeno-
grafts (6 mg Fe/kg). The AORS images showed more accumulation of cRGD-encoded SPPM in
A549 tumor xenograft than cRGD-free SPPM and cRGD-encoded SPPM co-injected with free
cRGD peptide (18 molar excess). The same phase LUT scale was used in all three AORS images
for direct contrast comparison. The proton density-weighted (PD-w) images were acquired by a SE
sequence (TR=2 s, TE=9 ms). Histological sections by Prussian blue staining showed Fe pres-
ence from SPPM samples in tumor tissues. The scale bars are 50 pm in all three images. (b)
Comparisons of contrast-to-noise ratio (CNRs) of AORS images of A549 tumor xenograft (n=4)
injected with cRGD-encoded SPPM, cRGD-free SPPM, and a mixture of cRGD-encoded SPPM
with free cRGD peptide (18 molar excess), respectively. (¢) Plasma concentration versus time
relationships (n=4 for each SPPM group) for cRGD-encoded SPPM and cRGD-free SPPM. (d)
Biodistribution profiles (n=3) of different SPPM formulations (cRGD-encoded SPPM, cRGD-
free SPPM, and cRGD-encoded SPPM co-injected with free cRGD) 1 h after i.v. administration.
The asterisks (* in B and ** in D, inset) indicate statistical significance (P <0.05) between the
SPPM group of interest and cRGD-encoded SPPM based on the Student’s ¢ test (Reprinted with
permission from Ref. [84] Copyright 2009, American Association for Cancer Research)

mal MRI scanner, and the imaging efficacy was further enhanced by an off-resonance
saturation (ORS) technique (Fig. 3.8) [84]. Tumor accumulation of cRGD-encoded
SPPM was corroborated by biodistribution study, which indicated that tumor uptake
of cRGD-encoded SPPM (1.3+0.3 % ID/g) was significantly higher than that of
cRGD-free SPPM (0.6+0.3 % ID/g). However, most of the micelles were seques-
tered by the spleen (~10 % ID/g) and liver (~4 % ID/g). Plasma clearance of the
micelles showed a two-phase behavior over 24 h. The plasma half-lives for the ini-
tial phase were 0.34+0.09 h for cRGD-encoded SPPM and 0.40+0.34 h for
cRGD-free SPPM. Those for the slow clearance phase were 3.9+0.8 h and
9.2+0.8 h for the cRGD-encoded and cRGD-free SPPM, respectively (Fig. 3.8).
Recently, we fabricated high MR-sensitive SPIO cluster probes specific for
tumor angiogenesis with the similar approach: assembling hydrophobic SPIO with
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Fig. 3.9 MR detection of tumors with RGD-MNC and its biodistribution. (a, b) T,-weighted MR
images of big tumors (a) and nascent tumors (b) before and after intravenous injection of RGD-
MNC, MNC, or RGD-MNC plus free RGD peptide at the dose of 200 pmol Fe/kg. For competition
study, free RGD peptide (100 pL, 0.15 mM) was injected 1 h before RGD-MNC administration.
(c) The corresponding T, relaxation rate changes of tumors after and before probe injection,
*p<0.05, **¥p<0.01. (d) Biodistribution of iodine-125 labeled RGD-MNC in nascent and big

tumor groups 12 h post injection (Reprinted from Ref. [81] Copyright 2012, with permission from
Elsevier)

amphiphilic PEG-PLA copolymers into clusters and subsequently conjugating
¢(RGDyC) peptide onto the clusters (RGD-MNCs) for detection of nascent tumors
[81]. As-synthesized RGD-MNCs were pretty monodispersed with size about
62 nm, highly sensitive (r,=464.94 s”'mM™"), and specific for avp3 positive cells.
After introduced into mice bearing H1299 lung tumors at different growth stages
intravenously, both nascent (35+6.6 mm?) and big tumors (256 +22.3 mm?) were
registered by RGD-MNCs and detected by a clinical MRI (3 T) scanner, with the
nascent tumors demonstrating more pronounced MR contrast (Fig. 3.9). Consistent
with MRI findings, biodistribution studies indicated that accumulation of
RGD-MNCs by nascent tumors was more significant than that by large ones
(5.83+£1.01 %ID/g vs 3.42+0.93 %ID/g, P<0.05). However, the uptake by the liver
(32.05+2.31%ID/g for nascent tumors, 35.21+6.10 %ID/g for large tumors) and
uptake by the lung (24.66+3.78 %ID/g for nascent tumors, 23.01 £4.51 %ID/g for
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large tumors) were dominant for both tumor groups. Immunohistochemical studies
revealed that MR signal decrease was closely correlated with the histological char-
acteristics of tumors (i.e., microvessel densities and avp3 expression levels) at dif-
ferent growth stages. This study demonstrated that MR molecular imaging with
highly sensitive RGD-MNC probes presented a significant opportunity for early
detection of tumors and possible characterization of tumor angiogenesis at different
tumor growth stages.

More significantly, due to the high avidity of RGD-MNC probes for avf3 integ-
rin, the probes were internalized by endothelial cells in tumor angiogenic vascula-
ture after accumulating in tumor, which enhanced X-ray absorption contrast of
tumor angiogenic vessels significantly. As a result, angiogenic hot spots in tumors
and even the individual angiogenic vessels can be observed by a high-resolution
preclinical CT (Fig. 3.10) [85].

SPIO is conventional T, contrast agent. However, when the particles are rela-
tively small, SPIO can also produce positive contrast and be used as T, contrast
agent. We recently developed ultrasmall superparamagnetic iron oxide nanoparti-
cles, about 3.5 nm in size with good T, (r;=8.2 s Mm™!) and reasonable T, contrast
effects (r,=20.1 s mM™") by the polyol method. The particles were functionalized
using c(RGDyC) peptides and labeled with 99mTc (Tc-USPION-RGD) to prepare
molecular imaging probes for detecting tumor angiogenesis [86], which could spe-
cifically target avp3-positive cells, inducing more cell ingestion, unlike that in the
case of the control probes [functionalized with scrambled c(RADyC) peptides,

Fig. 3.10 Ex vivo micro-CT 3-D reconstruction of tumors. (a) Angiogenic hot spots in tumor were
clearly manifested after injection with RGD-MNCs at the dose of 400 pmol Fe/kg (injection vol-
ume: 300 pL). (b) Mice injected with RAD-MNCs at the same dose. The tumor tissues were
removed 48 h after the probe injection and fixed by formalin (our unpublished data)
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Tc-USPION-RAD]. After the probes were injected into the mice bearing H1299
lung tumors, T,/T,-weighted magnetic resonance imaging and single-photon emis-
sion computed tomography revealed that they addressed tumor angiogenic vessels,
which were distributed mainly in the peripheral region of tumors. Biodistribution
studies indicated that tumor accumulation of the probes was significant
[13.8£9.6 %ID/g (p <0.01), which is more than that of the control probes,
4.5+1.9 %ID/g], and could be inhibited by free RGD peptides (6.0+2.8 %ID/g,
p<0.01). This study demonstrated that the dual-contrast (T;/T,) magnetic resonance
and dual-modal imaging probe based on ultrasmall superparamagnetic iron oxide
nanoparticle are very promising for the molecular imaging of tumor angiogenesis.

3.5.3 Imaging with Dual-Targeting Probes

In order to further improve the specificity of MR molecular imaging probes for
tumor angiogenesis, dual-targeting approach has been proposed [87]. Cyclic RGD
peptide (RGD) and anginex (Anx), targeting integrin avp3 and Galectin-1, respec-
tively, were simultaneously conjugated to paramagnetic liposomes (Anx/RGD-L).
The size of the dual-targeting liposomes was about 200 nm. Compared with single-
peptide-coupled liposomes, Anx-L or RGD-L, the specificity of Anx/RGD-L for
activated endothelial cells was significantly improved both in vitro and in vivo due
to the synergistic targeting effects of the two kinds of specific ligands [88]. However,
because of its relatively short circulation time (half-life, less than 0.5 h for RGD/
Anx-L and 11.2+2.5 h for RGD-L), the targeting efficiency of RGD/Anx-L was
16 % less than that of RGD-L 24 h post injection. Inductively coupled plasma mass
spectrometry (ICP-MS) measurements of the organ-associated Gd(III) 24 h post
injection revealed significant differences in the contrast agent biodistribution. Anx/
RGD-L or Anx-L had similar tumor Gd levels of 2.5+0.7 pg/g tissue, significantly
lower than that found in tumors of mice that received RGD-L (18+11 pg/g).
However, the accumulation of both types of Anx-containing liposomes in the spleen
was approximately 40 % higher compared to RGD-L, whereas the liver uptake was
similar in all the cases.

3.5.4 Biological Effects of RGD Peptide-Conjugated Probes
on Tumor Cells

The biological effects of integrin-specific probes on avf3-positive tumor cells or
endothelial cells were less studied. Kiessling et al. have prepared
3-aminopropyltrimethoxysilane (APTMS)-coated SPIO. The particles were
10+3 nm and positively charged. After functionalized with cyclic (RGDyK) pep-
tides (RGD-SPIO), they found RGD-SPIO had differential effects on human



el
[}

C. Zhang

Control SPIONs RGD-SPIONs
- !

Fig. 3.11 Immunofluorescence microscopy of HUVECs and US7MG cells. Staining (red) was
performed against VE-cadherin (VE-Cadh) (HUVEC) and N-cadherin (N-Cadh.) (U87TMG) cells.
Cell nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) (blue). In HUVECsS incubated
with regular growth medium containing SPIOs or not, VE-cadherin was located along the lateral
cell membrane, which results in a netlike pattern of the cell monolayer at fluorescence microscopy.
After RGD-SPIO incubation, this pattern is still present. However, an enhanced perinuclear stain-
ing also occurs. In U87MG cells incubated with regular growth medium in presence of SPIOs or
not, intercellular contacts are more punctual. While N-cadherin is most strongly expressed at inter-
cellular contact zones, it can be located in other parts of the plasma membrane and perinuclearly.
After incubation with RGD-SPIOs, however, cells lose most of their intercellular contacts, round
up, and separate from each other. Bar=20 pm (Reprinted with permission from Ref. [89])

U87MG N-Cadh/DAPI HUVEC VE-Cadhn/DAPI

umbilical vein endothelial cells (HUVECsS), ovarian carcinoma (MLS) cells, and
glioblastoma (U87MG) cells [89]. RGD-SPIO induced U87MG cells turning round
and loosing contacts from each other, which led to cell uptake of RGD-SPIO less
than that of plain SPIO. However, RGD-SPIO had no such effects on HUVECs and
MLS, and both kinds of cells internalized more RGD-SPIO than plain SPIO
(Fig. 3.11). T,*-weighted MR imaging indicated that tumors accumulated RGD-
SPIO significantly more than plain SPIO. However, histological studies of tumor
tissues identified RGD-SPIO mainly constrained on the tumor angiogenic vessels,
not addressing tumor cells (U87MG). The authors ascribed this to the differential
effects of RGD-SPIO on tumor cells and endothelial cells.
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Kluza et al. have observed that liposomes functionalized with anti-avf3 integ-
rin cyclic RGD peptide (RGD-L), anti-Galectin-1 anginex peptide (Anx-L), or
both of them simultaneously (Anx/RGD-L) affected the proliferation of HUVECs
and decreased the cell number both in S phase and G2/M phase, with Anx/RGD-L
more significantly [87]. Based on these findings, they suggested that Anx/RGD-L
could be used for therapeutic purpose. These studies demonstrate that if molecu-
lar imaging is performed for detection of tumor angiogenesis with avp3-targeted
probes, biologic effects of the probes must be considered, which can be highly
divergent between different cells and may lead to different targeting sites of the
probes.

3.6 Summary and Future Perspectives

In this chapter, we summarized the advance in MR molecular imaging of tumor
angiogenesis by targeting integrin avp3 with RGD peptide modified magnetic
probes. For detection of the sparse angiogenic marker, the imaging probes evolved
from paramagnetic nanoparticles to high sensitive SPIO, further to ultrahigh sensi-
tive SPIO clusters. With SPIO cluster probes, nascent tumors could be detected, and
MR signal changes were closely correlated with histological characteristics of
tumors (i.e., microvessel densities and avp3 expression levels) at different growth
stages. In order to further improve the detection specificity, dual-targeting approach,
targeting two different angiogenic markers simultaneously, was also proposed.
However, the pharmacokinetics of the probes must be carefully evaluated before
application. In addition, more attentions should be paid on the biological effects of
angiogenesis targeting probes on tumor cells, which may affect their ultimate target-
ing sites. Taking these results together, MR molecular imaging of angiogenesis for
early detection of tumors is very promising. However, there is still a need for
improvement of pharmacokinetics, specific binding, and signaling of the probes.

One disadvantage of MRI is its inherently low sensitivity to contrast agent [90].
Most efforts for improving the detection sensitivity are to enhance the sensitivity
and specificity of imaging probes, and, as summarized above, tremendous pro-
gresses have been achieved in this direction. However, currently radionuclide-based
imaging (i.e., SPECT and PET) is still the most sensitive and highly quantitative
method [91]. Nevertheless, MRI can provide high-resolution anatomic information.
Therefore, dual-modal imaging probes combining both MRI and radionuclide-based
imaging properties in one unit should be of particular interest for tumor angiogen-
esis imaging. Especially, with the development of PET/MRI integrated system [92,
93] and its progression to clinical application [94], simultaneous acquisition of PET
and MRI data is possible, which would create enormous possibilities and provide
completely new opportunities to study pathology and biochemical processes in vivo.
Therefore, PET/MRI contrast agents deserve much more research effort in this field
in the near future.
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Chapter 4
Multifunctional Ultrasound Contrast Agents
Integrating Targeted Imaging and Therapy

Chuang Gao and Zhifei Dai

4.1 Introduction

Among all the diagnostic imaging techniques, ultrasound (US) imaging represents
the safest, fastest, and least expensive method of scanning for many types of medi-
cal diagnosis [1-4]. However, its image quality is often inferior compared to the
other imaging modality such as magnetic resonance imaging. Therefore, methods
for improving image contrast are highly desirable. Ultrasound contrast agents
(UCAs) have been widely employed to enhance ultrasonic signals. The most rou-
tinely used UCAs are prepared as aqueous dispersions of gas (e.g., perfluorocarbon)
microbubbles (MBs) coated with a thin shell made of protein [5], polymer [6, 7],
lipid [8, 9], or surfactant [10, 11]. Numerous large-scale, multicenter clinical studies
have proven that the advantages and the diagnostic potential of microbubble-based
contrast agents in combination with modern ultrasonographic techniques such as
harmonic imaging for better management of patients [12, 13]. Actually, contrast-
enhanced ultrasound imaging gives better tumor characterization in various visceral
organs and makes the study of heart kinetics and vessel patency better [14].
Tremendous reports have demonstrated the effectiveness of microbubble-based
agents in many fields of clinical imaging. It is now fully sympathized in routine
clinical practice that microbubble-based agents earn an essential place in the US
field.

The microbubble-based agents approved for clinical applications were firmly
established for safety and efficacy essentially as drugs [15]. The diagnostic ultra-
sound with microbubble-based agents allows one to solve many diagnostic prob-
lems directly in the US unit. In a variety of clinical situations, it seems to be a
promising replacement for common diagnostic examinations which are more costly
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and have well-known risks involving, for example, the employment of radioisotopes
for single photon emission computed tomography (SPECT) and the use of more
toxic contrast agents for magnetic resonance imaging [16]. Microbubble-based
agents are principally employed in the areas of the large vessels, the heart, and the
parenchymal organs for the assessment of vessel patency, evaluation of heart cham-
ber kinetics, and identification and characterization of tumors. Nevertheless, numer-
ous other interesting applications have been developed, such as the quantification of
organ perfusion and gene therapy using microbubble-based contrast agents.

The reliable generation of bioeffects by diagnostic ultrasound with UCAs pro-
vides opportunities for therapeutic applications. Diagnostic ultrasound with UCAs
has been explored for drug delivery from the blood pool to the interstitium using the
microvascular leakage effect. By using diagnostic imaging with a noncommercial
UCA, Vancraeynest et al. succeeded in delivering nanoparticles to the heart [17].
When the parameters were elevated for therapeutic efficacy, the severe microscale
injury of the heart was achieved. Moreover, the phenomenon of sonoporation may
be utilized to induce gene transfection into cells which survive the membrane injury,
showing a potential application to gene therapy for diagnostic ultrasound [18].

One of the most unique features of UCAs for their use in biomedicine is the
capability to load multiple functional components, such as several therapeutic spe-
cies and/or medical nanoparticles (drug, gene, quantum dots (QDs), gold, Fe;O,,
etc.), into the shell of ultrasound-responsive MBs to enable multiple applications,
e.g., diagnosis and therapy or multimodal imaging (Fig. 4.1). Multifunctional ultra-
sound contrast agent may serve as a bridge to greatly expand the diagnostic and
therapeutic potential of US. The ultrasound-based multifunctional imaging agents
take advantage of other imaging modalities to make up for the shortcomings of
insufficient resolution of diagnostic US imaging. In addition, theranostic MBs can
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Fig. 4.1 Multifunctional ultrasound contrast agent constructed by loading multiple functional
components into the shell and core domain of MBs (Reprinted with permission from Ref. [19].
Copyright 2014 American Chemical Society)
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be used for imaging-guided therapy, real-time monitoring of therapy process, and
the evaluation after the treatment. Integrating multiple functionalities into the same
UCA can avoid the additional stress on the body’s blood clearance mechanisms
accompanying administration of multiple doses of agents. Therefore, multifunc-
tional microbubble-based UCA possesses the congenital superiority as theranostic
nanomedicine to accomplish the simultaneous imaging and therapy. The current
review will focus on the state-of-the-art UCA platforms for multimodal imaging
and theranostics.

4.2 General Design of Ultrasound Contrast Agents

4.2.1 Requirements of an Ideal Ultrasound Contrast Agent

An ideal ultrasound contrast agent is generally required to have the following char-
acteristics [20]:

1. Absolute safety and no toxicity to the patient at the commonly injected contrast
dose

2. Complete biodegradability and biotolerability

3. Good stability and robustness in vivo (the imaging time is long enough to fulfill
the procedure of diagnosis)

4. Easy detectability by ultrasound imaging systems

The established relationship between the concentration of ultrasound contrast

agent and the intensity of ultrasound signals

Low UCA dose (preferably at a milliliter) injected to the patient

Simple administration procedure (preferably via a short intravenous injection)

Minor treatment and preparation before administration

Good storage stability (a shelf life of a couple of years is preferred)

Low production costs

91

SIS

Nevertheless, the ideal ultrasound contrast agents often own a series of contra-
dictory characteristics, so we have to reach a compromise in some cases.

4.2.2 General Design of the Microbubble-Based Ultrasound
Contrast Agents

A thick impermeable shell can enhance the microbubble stability, reduce the gas
diffusion rate from the microbubbles, and increase the resistance to hydrostatic
pressure [21]. In addition, the shells with higher thickness may be applied to load a
variety of drugs for ultrasound-mediated drug delivery [22]. Yet, the microbubble
shell of ultrasound contrast agent may have a slight limitation to the microbubble
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vibration in the field of diagnostic ultrasound. The microbubbles with the so thick
shell are not able to scatter ultrasound efficiently to provide a feasible contrast upon
ultrasound irradiation [23]. Therefore, we have to reach a compromise between the
reasonably high echogenicity and the sufficient stability by optimizing microbubble
shell thickness. It was also found that the mechanical properties of the shell affect
the microbubble’s resonance frequency and acoustic spectrum. For example, the
changes in the shell stiffness can have effect on the acoustic response of microbub-
bles. Especially, the echogenic response of microbubbles may decrease at a certain
resonance frequency.

The materials applied to fabricate the shell of microbubbles must be absolutely
biocompatible with no immune response, such as the lipids used for the construc-
tion of the shells of Sonazoid and Sonovue and polymeric cyanoacrylate in Sonovist.
The general designs of the UCA materials commonly include three options. The
first design is a perfluorocarbon liquid emulsion, which may produce gas micro-
bubbles on demand. The liquid nanoemulsion droplets of perfluoropentane can be
stabilized by a fluorinated surfactant (Echogen) or surfactants carrying a net nega-
tive charge (Sonogen). The second design type of ultrasound contrast agents is
based on the dry powder in the vial filled with perfluorocarbon. Prior to injection,
the dry powder is reconstituted using aqueous solution to form the shell-covered
microbubble aqueous dispersion. Sonazoid is designed as a dry powder which is
prepared from lipid-stabilized microbubble encapsulating decafluorobutane and can
be quickly dissolved after addition of water [24]. This kind of agent is likely pro-
duced by high-shear mixing/sonication of the lipid/surfactant aqueous dispersion
containing decafluorobutane gas with a high molecular weight, followed by spray-
drying or freeze-drying. After complete removal of water, vials are filled with deca-
fluorobutane gas. The third design of ultrasound contrast agents (e.g., Optison)
involves high-shear mixing octafluoropropane gas in the medium which can imme-
diately self-assemble the shell on the interface between the aqueous phase and the
gas phase. The agent is stored as an aqueous dispersion with no need of lyophiliza-
tion or freezing. No extra production steps such as reconstituting microbubble mate-
rials are needed before injection.

The Definity agent (Dupont Pharma) is fabricated by employing an intermediate
strategy between a second design type and a third design type from an aqueous
dispersion of submicron liposomes in an octafluoropropane-filled vial [25].
Liposomes can be constructed reproducibly on a large scale. Such aqueous disper-
sion of liposomes may be sterile-filtered and packaged by filling the vials with aque-
ous liposome dispersion and octafluoropropane and sealing the vial with stoppers.
Before injection into the patient, the sealed vial is rapidly mixed for a short time
with a mechanical shaker.

Recently, Dai et al. developed stabilized microbubbles by using ultrasonification
of a mixture of PEG stearate and Span 60 [26]. A monolayer of Span 60 is formed
on the interface between the aqueous phase and the gas phase. Several molar per-
cent of PEG stearate molecules are introduced into the bubble shell by inserting
stearic acid tail into the monolayer of Span 60. The monolayer on the microbubble
surface keeps the solid state during the refrigerated storage due to the ~52 °C melt-
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ing point of PEG stearate, which inhibits the fusion of microbubbles. PEG chains
protrude out of the bubble shell into the surrounding aqueous phase, forming a
dense PEG brush, which acts as an extra repulsion barrier to inhibit the fusion of
microbubbles. Similar to stealth liposomes, the PEG brush on the shell surface of
microbubbles can operate as an extra steric protection of the microbubble-based
ultrasound contrast agent, resulting in reduced nonspecific binding and prolonged
circulation time in vivo. Therefore, it provides a possibility to construct microbub-
bles with the long-term storage in the aqueous phase.

4.2.3 Ultrasound Contrast Agent Based Drug Delivery

The ultrasound wave may deeply penetrate into the living tissue and easily focus in
a confined beam so it can be employed for the ultrasound-mediated drug delivery
and selective release in combination with microbubble agents. Drugs were coad-
ministered with the microbubbles, followed by activation by ultrasound and micro-
bubbles, resulting in the great improvement of thrombolysis efficacy using a
plasminogen activator enzyme [27]. Breaking up the thrombus structure with ultra-
sound action aids the thrombolytic enzyme influx into the site and elimination of the
degradation products. It has been demonstrated that the circulating microparticles
or red blood cells outside of the capillaries were successfully delivered into the
circumjacent tissues by employing ultrasound in combination with Optison micro-
bubbles [28].

The transfection of DNA plasmid into the tissues and cells was enhanced by
using a similar approach [29]. Microbubbles carrying a net positive charge were
fabricated to bind plasmid DNA. In order to ensure selective attachment to the cells
of interest, targeting ligands are often used to modify the DNA/microbubble com-
plexes. Such DNA/microbubble complexes may be triggered using ultrasound irra-
diation to impel DNA into the circumjacent cells and tissue for transfection.
Moreover, some smaller molecular weight species, such as antisense oligonucle-
otides [30], paclitaxel [22], and dexamethasone [22], are able to be transferred via
ultrasound-mediated microbubble destruction by introducing the drugs to the micro-
bubble membrane. Upon irradiation of ultrasound, the microbubble collapses and
the gas core loses, and the drug contained microbubble shell fragments can be deliv-
ered from the microbubble into the circumjacent tissue. Generally, the “sonopora-
tion effect” is applied to describe the above applications.

4.2.4 Tissue-Specific Ultrasound Contrast Agents

The ultrasound contrast agents modified with the targeting ligand are expected to
accumulate in the target sites of high receptor density, resulting in significant con-
trast enhancement ultrasound imaging of that targeting area. A surfactant-stabilized
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nanoemulsion of fluorocarbon liquid was coupled with antibody by using biotin—
avidin interaction or covalent attachment for the use as an MRI and ultrasound
contrast agent [31]. This nanoemulsion showed weak echo signal in the blood ves-
sels, but its long circulation time allowed for the targeting nanoemulsion to selec-
tively accumulate at the target area. Some ultrasound contrast response was
generated when the target surface was fully covered with the nanoemulsion particles
[32], but it was usually demonstrated at higher frequencies. In addition, the dose of
the nanoemulsion particles needed for obvious contrast was rather high. Nonetheless,
the employment of fluorocarbon-filled microbubble formulations remains to be a
valid strategy for the design of targeting ultrasound contrast agents.

Microbubble shell can be modified with targeting ligands via an avidin—biotin
coupling strategy, or via a hydrophobic interaction in the monolayer shell of micro-
bubbles, or a combination of both. Due to the simplicity of an avidin—biotin sand-
wich technique, many targeting ligands (e.g., antibodies) can be conveniently
biotinylated to modify the microbubble. But, the patients should avoid systemic
administration of avidin or streptavidin. We can conjugate targeting ligands to the
microbubble directly or via a flexible polyethylene glycol spacer arm. Employment
of the polyethylene glycol spacer arm permits tighter binding in some cases [33]. It
was reported in an animal model that the microbubbles, which were modified with
anti-P-selectin antibodies via an avidin—biotin coupling strategy, exhibited obvious
accumulation in the inflammation sites and ischemia/reperfusion injury [34].

The surface density of targeting ligands on the microbubbles functions with the
size of ligands. Larger ligands (like antibodies) are only permitted to attach limited
amount of ligand molecules per microbubble. On the contrary, the peptide-based
ligands allow for coupling a ten times higher amount of ligand molecules per
microbubble because of their smaller size. The higher ligand surface density pro-
vides the microbubble more retention opportunity on the target sites. As an exam-
ple, small ligand of RGD-based peptide was attached to MRX-408 microbubbles
containing decafluorobutane by using a PEG linkage [35]. It was demonstrated that
these RGD-conjugated MRX-408 microbubbles could accumulate on the activated
platelets by selectively targeting glycoprotein GPIIb/IIIa, which could enhance
ultrasound imaging of thrombus and was also useful for accelerating thrombolysis.
Phosphatidylserine is a biomarker molecule for Kupffer cells to endocytose aged
red blood cells [36] or for neutrophils/macrophages to scavenge the fragments or
apoptotic cells [37]. Therefore, the introduction of phosphatidylserine into the
microbubble shells may lead to the preferential rapid uptake of the microbubble to,
e.g., leukocytes in the inflammation sites [38], which may be applied to evaluate
the inflammation areas via preferential accumulation of ultrasound contrast by
echo imaging. Leukocytes or macrophages may completely endocytosed micro-
bubbles. Thus, the entire cell can efficiently be a viscous extension of the micro-
bubble shell [39], resulting in stabilization of the bubble against gas loss. It can be
a good explanation why air-containing Levovist microbubbles may retain in the
liver for about half hour upon systemic administration. Specific targeting of micro-
bubble-based ultrasound contrast agents to the receptors on the endothelial lining
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surface can be applied for the detection of actively growing tumors and to the
evaluation of the therapeutic efficacy by visualizing areas of apoptosis and/or
active angiogenesis [40].

4.2.5 The Effect of the Microbubble Size Distribution

Size distribution of microbubbles has great effect on the microbubble stability,
behavior, and acoustic response in vivo. The microbubble response to pressure
waves can be described using the Rayleigh—Plesset equation. The scattering inten-
sity of ultrasound is found to be proportional to the sixth power of the microbubble
diameter [41]. However, the microbubble must be less than 7 pm in diameter in
order to cross pulmonary capillaries with the blood flow after systemic administra-
tion and go alone to the left ventricle. Large bubbles (e.g., 0.1 or 1 mm in diameter)
cannot be injected into the bloodstream since such large bubble can be rapidly
resided in the vasculature as emboli, seriously restricting the blood flow. The micro-
bubbles with the diameter of several micrometers remain to have good echogenicity
in the most used ultrasound frequency range of several MHz. Yet, the microbubbles
smaller than 1 pm show less echogenicity [42]. The surface-to-volume ratio of
smaller microbubbles is much higher and loses the core gas much more easily dur-
ing blood circulation and during the ultrasound-mediated microbubble destruction.

4.3 Ultrasound Contrast Agent for Molecular Imaging

4.3.1 Basic Concept of Ultrasound Molecular Imaging

The contrast agent typically used for ultrasound is MBs with the diameter of 1-7 pm
that are confined to the intravascular space with no significant retention in the dis-
eased tissue unless selective molecular imaging is induced. By utilizing acoustically
active microbubbles or nanobubbles which are targetedly bound to function-specific
epitopes upon intravenous injection, ultrasound molecular imaging provides the
capability of real-time and noninvasive imaging of molecular markers of diseases
employing diagnostic ultrasound imaging systems. The surface modification of
microbubbles with a receptor-specific ligand confers microbubbles attaching to a
disease-specific tissues or cells. Since the microbubbles attach to the diseased sites,
ultrasound imaging can show a persistent enhanced contrast effect, revealing the
existence and location of the interesting molecules in real time.

By using custom-designed microbubble-based contrast agents retained in the
regions of disease by changes in the structures of the shell or by the conjugation of
specific targeting ligands to their outer surface, ultrasound molecular imaging com-
bines the advantages of contrast-enhanced ultrasound with the ability to character-
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ize pathologic markers at a molecular level. The ligands commonly used for
targeting modification of microbubbles include peptides [43], antibodies[44, 45],
and disintegrins [46]. But, peptidomimetics or other adhesion ligands that can be
conjugated directly to the contrast agent shell are also included [47]. As MBs are
pure intravascular tracers, their use as molecular imaging agents is therefore
restricted to diseases which are mediated by pathophysiologic events present in the
intravascular compartment, such as inflammation [48], thrombus formation [49,
50], and angiogenesis [51, 52].

Molecular imaging with US is becoming an exciting field since it offers a high
sensitivity for contrast agents, excellent biocompatibility, and significant clinical
translation potential by introducing a new dimension of diagnostic capability to this
already ubiquitous modality. Ultrasound molecular imaging may open a way to
detect pathology and observe the treatment effect before phenotypic changes occur
with advancing understanding in molecular changes involved in disease progres-
sion. Nevertheless, ultrasonic molecular imaging still confronts several big chal-
lenges before rising to its full diagnostic potential. In order to determine whether
and how much molecular targets present, the contrast agents are required to specifi-
cally adhere to sufficient molecular targets to overwhelm the signal contributions
from nonspecific retention. Moreover, the ultrasound system should possess suffi-
cient sensitivity to detect the targeted agents present at the pathology sites to assess
the pathology in its entirety.

4.3.2 Ultrasound Molecular Imaging of Cancer

Angiogenesis is an important process in tumor growth, invasion, and metastasis.
There is currently great need for imaging angiogenic markers in vivo both for diag-
nostic purposes and for assessing therapeutic effects. The a,f; targeting has been
achieved with either monoclonal antibodies or peptides with the arginine-glycine-
aspartic acid (RGD) motif. MBs targeted against vascular endothelial growth factor
receptor 2 (VEGFR?2), a,f; integrin, and endoglin were used to successfully image
angiogenesis in various mouse models of cancer [53]. In vivo transverse ultrasound
image was obtained on orthotopically implanted human breast adenocarcinoma
xenograft (MDA-MB-231 cells) in nude mouse after intravenous administration of
5x107 VEGFR2-targeted contrast MBs (BRS55). Strong imaging signal was
observed in breast cancer compared to surrounding normal tissue due to increased
angiogenesis and upregulation of VEGFR2 on angiogenic vascular endothelial cells
in breast cancer. Moreover, multi-targeting MBs were demonstrated to be more
effective than single-targeting MBs [54]. For example, for imaging tumor angiogen-
esis in ovarian cancer xenografts in mice, the dual-targeting MBs to the two angio-
genesis markers (VEGFR2 and «,; integrin) accumulate in tumors better than
single-targeted MBs to either VEGFR2 or a,f; integrin alone [55]. Warram et al.
[56] also developed triple-targeting MBs to a,f3; integrin, P-selectin, and VEGFR2
and evaluated their imaging signals in human MDA-MB-231 breast cancer
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tumor-bearing mice, suggesting that a 40 % increase in tumor image intensity after
dosing with triple-targeting MBs compared with single- and dual-targeting MBs.

MBs are confined to the intravascular space due to the microscaled size. Although
the vascular permeability in tumor is enlarged, only those particles with size smaller
than 700 nm are allowed to extravasate. So some smaller, submicron-sized contrast
agents that are able to enter the extravascular space of tumors are being widely
investigated [57], such as liposomes, liquid perfluorocarbon nanodroplets, nano-
bubbles (NBs), and solid NPs. Except that a large amount of particles accumulate to
the region of interest by disease-specific molecular target, these small contrast
agents however show relative weak acoustic signal due to their smaller sizes. Yin
et al. [58] synthesized small lipid-based NBs that were able to retain similar echo-
genicity compared to MBs in vitro since they were passively targeting the tumor site
in nude rats. Rapoport et al. [S9] demonstrated that perfluoropentane NBs were able
to extravasate into tumor tissue in human breast cancer xenografts in nude mice and
provide a long-lasting contrast agent. This feature makes liquid perfluorocarbon
nanodroplet the mostly reported nanosized ultrasound contrast agents. Lanza et al.
[60] used biotin-linked perfluorocarbon nanodroplets to target avidin-modified
nitrocellulose film, and the signal intensity increased 66 dB. In vivo experiments
showed that such biotin-bearing nanodroplets specifically enhanced the ultrasound
imaging [61].

4.3.3 Ultrasound Molecular Imaging of Cardiovascular
Disease

Molecular contrast echocardiography is vitally needed for the visualization of vari-
ous pathologies, ranging from myocardial infarction-related ischemia/reperfusion
injury to heart transplant rejection, to the adhesion molecules of the upregulated
leukocyte throughout the course of microvascular inflammation, to the monitoring
of atherosclerosis development, and to the imaging of vulnerable plaque in the arter-
ies, as well as thrombi and angiogenesis. A biomarker of atherosclerosis involves
the overexpression of adhesion molecules which may trigger leukocyte infiltration
on the endothelium and may be visualized with diagnostic ultrasound in combina-
tion with targeted microbubbles [45]. The designation of leukocyte adhesion mole-
cules of the endothelium could be used to tag “vulnerable patients” who may have
the risk of atherosclerotic cardiovascular disease even prior to clinical events. Since
the diseased sites of atherosclerosis are on the blood vessel wall, detecting adhesion
molecules in larger peripheral vessels, such as the thoracic aorta and carotid arter-
ies, can characterize patients with atherogenesis and thus offer a peripheral “win-
dow” to the risks of coronary atherosclerosis. After intravenous injection of lipid
microbubbles bearing VCAM-1 antibodies, whose thoracic aortic adhesion was
microscopically verified, lasting acoustic contrast enhancement of the thoracic aorta
was observed by noninvasive vascular ultrasound imaging. In addition, it was found
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that the magnitude of video signal change referred to the extent of plaque formation.
This indicated that the microbubbles targeting VCAM-1 can be used to detect and
quantify the inflammation in the early stage of atherosclerosis.

The MBs bearing sialyl LewisX (tetrasaccharide, a P-selectin ligand) were
reported by Villanueva et al. to show persistent and contrast-enhanced ultrasound
signal in the ischemic region previously occurred [62]. It indicates that transthoracic
echo imaging employing MBs binding to a microvascular endothelial biomarker of
previous ischemia can be helpful for the etiologic diagnosis of patients with acute
or recent chest pain and the delineation of the extent of myocardium at risk [63].
Ultrasound molecular imaging has also been applied for the diagnosis of deep
venous thrombosis of the legs and intracardiac thrombi. Microbubbles modified
with short peptide sequences of RGD have successfully been targeted to the acti-
vated glycoprotein IIb/IIIa receptor of platelets, and attachment of these microbub-
bles to clots in vitro and in vivo has been shown by ultrasound vascular imaging
[64]. Abciximab, an antibody against this activated platelet receptor, could also be
used for bubble clot targeting [50]. It suggested that targeted ultrasound imaging
can serve as an efficient tool to delineate the thrombi.

4.4 Ultrasound Contrast Agents for Multimodal Imaging

The imaging enhanced by contrast agent allows noninvasive diagnosis of the dis-
ease and real-time monitoring of the particle localization, such as ultrasound imag-
ing, computed tomography (CT), and magnetic resonance imaging (MRI). So far no
imaging modality is perfect. Each imaging technique shows its own advantages and
limitations. It is often a conundrum to select diagnostic imaging modality in clinic.
The imaging modalities with the highest sensitivity have relatively poor spatial res-
olution, while those with high spatial resolution have relatively poor sensitivity.

Recently, the idea to integrate multiple modalities has gained broad interests.
The first fused PET/CT instrument came to market in 2001. Moreover, the emerging
of the fused PET/MRI instrument expands imaging frontiers. The excitement over
these multimodal imaging instruments boosts the design and development of multi-
modal contrast agent to raise the clinical benefits of hybrid instrument technology
[65]. Compared to the other imaging modality, US imaging is advantageous due to
its features of real-time results, low cost, high safety, and availability of portable
devices. Besides, the microbubble-based UCAS can serve as a carrier to load conve-
niently the other modality contrast agents to enhance multimodal imaging.

4.4.1 US/MR Dual-Modal Imaging Contrast Agents

Ultrasound imaging takes advantages of real-time results, low cost, and availability
of portable devices, but the major problem is its relative low sensitivity. On the con-
trary, MRI is a particularly attractive imaging modality due to the excellent
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anatomical detail and relatively high sensitivity. As well known, in the practical
diagnosis process, US is firstly used for tumor localization, when the results are not
sure, MRI will be done for confirmation. Furthermore, US could real-time monitor
the surgical resection. Due to the great repercussions on the clinical diagnosis and
on surgical protocol, the development of multimodal contrast agents for in vivo
imaging is increasingly pursued. Contrast agents combining ultrasound and mag-
netic resonance imaging received much attention because they ally the real-time
monitoring of ultrasound imaging to MR imaging with high spatial resolution and
high sensitivity. Moreover, this technique enables to improve the comfort of the
patient because it is noninvasive and rapid and avoids the use of radiochemicals.
Among the different contrast materials, the perfluorocarbons have the unique
feature for the enhancement of both US and MRI all by itself [66]. However, the
clinical applications of the contrast agent have been limited due to the relatively low
strength of the organic shells, large micrometer size, and polydispersed size distri-
bution. Recently, the two typical dual contrast agents for both magnetic resonance
and ultrasound imaging have been constructed by incorporating T;-weighted
Gd-DTPA complex [67] and the T,-weighted superparamagnetic iron oxide (SPIO)
nanoparticles [68, 69] into hollow silica nanospheres (HSNSs) and microbubbles
generated from polylactic acid (PLA) and polyvinyl alcohol (PVA), respectively
(Fig. 4.2). The integration of US and MRI contrast agent can provide signals from
blood pool to surrounding tissue simultaneously for the different tracer distribution.
Attachment of Gd-DTPA and cyclo-arginine-glycine-aspartic acid c(RGD) peptide
on the surface of HSNSs nanoparticles resulted in a significant US and MRI positive
contrast enhancement effect on cancer cells. The resulted HSNSs@(Gd-DTPA)-
RGD were then used as a targeted contrast agent for dual-modality imaging of

SPIO nanoparticles

Gas core

Fig. 4.2 The schematic diagram of (a) the SPIO NPs encapsulated MBs; (b) DTPA-Gd conjugated
HSNSs. ((a) Reprinted from Ref. [68], Copyright 2009, with permission from Elsevier.
(b) Reprinted from Ref. [67], Copyright 2014, with permission from Elsevier)
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tumor-bearing mice. Targeted dual-modality of US and MRI data clearly revealed
that the HSNSs@(Gd-DTPA)-RGD specifically targeted cancer cells overexpress-
ing a,f; integrins on the cell surface through a receptor-mediated delivery
pathway.

4.4.2 US/Opftical Dual-Modal Imaging Contrast Agents

Optical imaging has high sensitivity and multicolor imaging capability which is
very important for in vitro and in small animal experiments. However, the low spa-
tial resolution due to the strong scattering in the tissue limits its clinic applications.
On the contrary, US have become a prominent technique in diagnostic clinical med-
icine owing to the unique features. Thus, the optical imaging is often used in in vitro
and ex vivo experiments to verify the US diagnostic. Besides, the fluorescence
imaging has been used for imaging-guided resection of tumors to increase the over-
all survival [70-72]. And then, the combination of optical imaging and US imaging
would provide great benefit for the real-time monitoring of the therapy process. As
earlier as 2000, optical imaging was used as an effective adjunct to ultrasound in
differentiating benign from malignant breast lesions [73], improving the ultrasound
specificity and reducing unnecessary biopsies. Therefore, the dual functional con-
trast agent for fluorescence and US imaging received much attention because they
can integrate the high sensitivity of fluorescence imaging and the good spatial reso-
lution of US imaging. Recently, a US/fluorescent dual-modal imaging agent was
developed by Ke et al. via layer-by-layer deposition of poly(allylamine hydrochlo-
ride) and CdTe quantum dots (QDs) onto ST68 MBs generated from Span 60 and
Tween 80 [74]. In vivo experiments found that CdTe QD-modified MBs showed
both significant ultrasound contrast enhancement in rabbit kidney and hypodermic
fluorescent imaging in the tumor-bearing nude mice (Fig. 4.3). Besides, such con-
trast agent shows the potential for delivering the QDs to disease site for enhanced
fluorescent imaging by ultrasound-targeted microbubble destruction (UTMD) tech-
nique [75].

To date, both nanobubbles and microbubbles show poor in vivo tumor selectivity
over nontargeted organs. Mai et al. [76] reported a biocompatible chitosan—vitamin
C lipid-based nanobubble conjugating cyanine 5.5 as a dual-modal contrast agent
for tumor-selective imaging in a mouse tumor model. Single bubble spheres and
clusters of bubble spheres are included in cyanine 5.5-nanobubble suspension with
the size ranging between 400 and 800 nm. In vitro cell experiments showed that
cyanine 5.5 dye was able to accumulate in cancer cells because of the unique conju-
gated nanobubble structure. After intravenous injection of cyanine 5.5-nanobubbles,
ultrasound signals were found to be enhanced greatly and persist over 2 h at tumor
site. In vivo fluorescence imaging showed that cyanine 5.5-nanobubbles were
mainly located at tumor site and in the bladder of mice. The fluorescence emission
was persistently observed over 24 h at tumor site. Subsequent analysis confirmed
that cyanine 5.5-nanobubbles only selectively accumulated at the intact subcutane-
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Fig. 4.3 (a) Schematic QD-modified MBs: fabrication process and capability to serve as a dual-
modal contrast agent, (b) pulse inversion harmonic images of the rabbit right kidney, and (c) opti-
cal image postinjection of QD-modified MBs (Reprinted with permission from Ref. [74], © IOP
Publishing)

ous tumor site and in isolated tumor tissue and no accumulation was seen in liver
tissue post-intravenous injection. All these results suggested that cyanine
5.5-nanobubbles have achieved tumor-selective imaging in vivo due to the unique
cross-link structure with a negative-charged surface.

4.4.3 US/Photoacoustic Dual-Modal Imaging Contrast Agents

Despite the high sensitivity, optical imaging suffers from either shallow penetration
depth or poor spatial resolution due to strong light scattering. Photoacoustic (PA)
imaging has emerged as a combined technology which integrates the high molecu-
lar sensitivity of optical imaging and the good spatial resolution of US imaging. PA
imaging employs near-infrared light to introduce US waves via optical absorption
and photothermal expansion. Thus, PA imaging can be used as a complementary
imaging modality to ultrasound imaging. The PA can be conveniently integrated
with US due to the ability to share components responsible for detecting the ultra-
sound wave. In addition, the combination can provide high spatial resolution images
at a greater depth, which is beneficial to clinical applications.
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Fig. 4.4 (a) Diagram depicting the dual-contrast agent concept: photoacoustic droplet consisting
of plasmonic nanoparticles suspended in encapsulated PFC (a superheated liquid at body tempera-
ture) and capped with a BSA shell. PAnDs may further contain therapeutic cargo and be surface
functionalized for molecular targeting and cell-particle interactions. (b) Step-by-step diagram of
remote activation of PAnDs, providing photoacoustic signal via two mechanisms: vaporization of
PAnDs (steps 2-3) and thermal expansion caused by plasmonic nanoparticles (steps 4-5). The
resulting gas microbubble of PFC (step 6) provides us contrast due to acoustic impedance mis-
match between gas and the surround environment (Reprinted with permission from Macmillan
Publishers Ltd: Ref. [80], Copyright 2012)

Dai et al. reported a versatile oil-in-water emulsion method to construct water-
dispersible polypyrrole micro-/nanocapsules using a soluble polypyrrole complex.
Owing to the encapsulated perfluorooctylbromide and strong near-infrared absorp-
tion of polypyrrole shell, the resulted polypyrrole capsules can serve as a dual-
modal contrast agent to enhance both ultrasound and photoacoustic imaging [77,
78]. Zheng et al. fabricated porsche microbubbles porphyrin—lipid shell as a dual-
modality US/PA contrast agent [79]. The inclusion of porphyrin-lipid in the MB
shells results in unexpected physical properties, such as the increased yield, the
increased shell stiffness, the improved serum stability over MBs without porphy-
rin—lipid, and the narrow volumetric size distribution with a peak size of 2.7 +0.2 pm.
Using an acoustic model, the porsche stiffness was calculated to be three to five
times greater than that of commercial lipid MBs. Especially, the unique narrow
volumetric size distribution of porsche MBs is advantageous for molecularly tar-
geted imaging. Porsche MBs were found to be intrinsically suitable for both ultra-
sound and photoacoustic imaging with a clinical and higher resonance frequency of
9-10 MHz. The distinctive properties of porsche MBs make them potentially advan-
tageous as combined US/PA imaging agents and for emerging MB applications
such as drug or gene delivery.

Recently, Hannah et al. reported a dual contrast agent based on photoacoustic
nanodroplets (PAnDs) consisting of a perfluorocarbon core, surfactant shell, and
encapsulated plasmonic nanoparticles (Fig. 4.4) [80]. Under pulsed laser irradiation
(780 nm wavelength, 5-7 ns pulse duration, 10 Hz pulse repetition rate, 5.0 mJ
cm™2), the liquid perfluorocarbon undergoes a liquid-to-gas phase transition generat-
ing giant photoacoustic transients from these dwarf nanoparticles. By utilizing
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Fig. 4.5 Great enhancement of photoacoustic and ultrasound images was achieved by using a dual
contrast agent of ICG-loaded photoacoustic nanodroplets (Reprinted with permission from Ref.
[82]. Copyright 2014 American Chemical Society)

vaporization for photoacoustic signal generation, this exogenous contrast agent pro-
vides significantly higher signal amplitude than that from the traditionally used
mechanism, thermal expansion. In addition, the triggered gaseous phase conduces
to significant ultrasound contrast enhancement. Both phantom and animal studies
prove that such nanodroplets can operate as dual contrast agents to enhance both
photoacoustic and ultrasound imaging through optically triggered vaporization. In
another work, the same group synthesizes nanodroplets encapsulating gold nanorods
with a peak absorption near 1064 nm, which are optimal for extended photoacoustic
imaging depth and contrast, safety, and system cost [81]. The remarkable contrast
enhancement in a biological environment shows that these 1064 nm triggerable
photoacoustic nanodroplets are a robust biomedical tool to enhance image contrast
at clinically relevant depths. To expedite clinical translation, indocyanine green
(ICG) was used as an efficient optical absorber to replace gold nanostructures
(Fig. 4.5) [82]. Analysis of contrast and contrast-to-noise ratio showed that the
resulting ICG-loaded perfluorocarbon nanodroplets achieved great enhancement of
photoacoustic and ultrasound images. Since ICG-loaded perfluorocarbon
nanodroplet is biocompatible, nontoxic, and biologically safe, it may become a
valuable tool for various imaging modalities and have promising therapeutic
applications.

4.4.4 Trimodal Imaging Contrast Agents

Porsche MBs were further demonstrated by Huynh et al. to be an intrinsically tri-
modal agent for ultrasound, photoacoustic, and fluorescence imaging (Fig. 4.6)
[83]. Compared to the US/PA dual-modal porsche MBs, the porphyrin content was
increased by threefold from 15 to 50 molar % in the trimodal porsche MBs. The
authors observed a distinct shift in the Q-band absorbance from that of the
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Fig. 4.6 In vivo imaging of MBs in a KB tumor xenograft at 10-30 s post-intravenous injection
of 280 pL of MB-PBS solution at a concentration of 2x 10° MBs/mL. The US contrast mode
image (right top) and the photoacoustic image (right middle) show the infusion of MBs by an
increase in signal. The ex vivo fluorescence imaging verifies the distribution (right bottom)
(Reprinted with permission from Ref. [83]. Copyright 2014 American Chemical Society)

monomeric porphyrin, a characteristic of ordered aggregation. The ordered aggre-
gation resulted in the high optical absorption and fluorescence generation. Therefore,
porsche MBs generate an intrinsically trimodal agent for ultrasound, photoacoustic,
and fluorescence imaging based on a single-component porphyrin—lipid structure.
Particularly, this multimodal capability is reached with no additional complexity
and potential errors of combining multiple separate imaging components.

The same group further upgraded the trimodal contrast agent by replacing the
porphyrin liquid with bacteriochlorophyll-lipid (BChl-lipid) which has more favor-
able optical properties in the near-infrared window. In addition, the low-frequency
ultrasound could trigger the conversion of microbubbles to nanoparticles which pro-
cessed the same optical properties as the original microbubble (Fig. 4.7) [84]. The
encapsulated gas provides ultrasound imaging contrast and the porphyrins in the
shell confer photoacoustic and fluorescent properties. Furthermore, the micro-to-
nano conversion of porphyrin microbubbles can potentially be used to bypass the
enhanced permeability and retention effect when delivering drugs to tumors.
Ultrasound imaging is used to monitor the influx of porphyrin microbubbles into the
tumor, while photoacoustic imaging can be used to validate the micro-to-nano con-
version and retention of porphyrins in the tumor. In addition, fluorescence imaging
of whole blood can be employed for investigating the cause of the decrease in pho-
toacoustic signal to further verify the results. Therefore, porphyrin microbubbles
introduce a variety of new imaging and therapeutic applications for microbubbles,
harnessing the advantages of ultrasound-based methods.

Aiming to accomplish real-time, high-resolution, and high-sensitivity images
simultaneously, another trimodal imaging contrast agent was developed by loading
SPIO nanoparticles into the core of poly(lactic acid) microbubble, followed by
adsorbing CdTe QDs onto the microbubble surface for US, MR, and fluorescence
imaging [85]. The strong fluorescence of the obtained MBs confirmed that CdTe
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Fig. 4.7 Schematics of porphyrin microbubbles and their micro-to-nano conversion (Reprinted
with permission from Macmillan Publishers Ltd: Ref. [84], Copyright 2015).

QDs were successfully deposited onto the surface. The loading SPIO nanoparticles
confer MBs’ capability to enhance T,-weighted MR imaging. Furthermore, the
in vitro and in vivo ultrasonography indicated that MBs still maintained excellent
ultrasound contrast property after loading CdTe QDs and SPIO nanoparticles. The
above three imaging methodologies are complementary in modern diagnostic prac-
tice due to the combination of real-time, cost-effective US-based imaging with high
spatial resolution and excellent soft-tissue contrast of MRI and highly sensitive
fluorescent imaging. In addition, the versatility of this strategy provides further fea-
sibility to load other suitable nanoparticles, target molecules or drugs for multi-
modal imaging, and enhanced targeting and local drug delivery, boosting the
development of a new multifunctional diagnostic tool.

4.5 Multifunctional Ultrasound Contrast Agents
for Imaging-Guided HIF Therapy

High-intensity focused ultrasound (HIFU) has attracted extensive attention among
biological and medical researchers due to its essential therapeutic applications, such
as the thermal ablation of pathological lesions, the temporary disruption of the skin
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and the blood-brain barrier, the minimally invasive ultrasound-mediated drug deliv-
ery through the transient formation of pores on cell membranes, the ultrasound-
induced breakdown of blood clots, and the targeted release of drugs using
ultrasound- and temperature-sensitive drug carriers. Theoretically, HIFU destroys
the malignant lesions by depositing and converting the acoustic energy into heat in
the local volume to rapidly increase the tissue temperature and induce the thermal
coagulative necrosis. However, the current HIFU therapy is still not satisfactory
clinically owing to its relatively low therapeutic resolution and efficacy. To destroy
malignant lesions efficiently without or with little side effect, HIFU enhancement
agents have been strongly recommended to enhance the final therapeutic efficacy by
lowering the pressure threshold and enlarging the lesion site.

Chen et al. developed a nanoscaled inorganic HIFU enhancement agent consist-
ing of mesoporous silica nanocapsules (MSNCs) as the carriers and an encapsulated
temperature-sensitive biocompatible perfluorohexane (PFH) compound as a bubble
generator [86]. It was found that the resulted enhancement agent of MSNC-PFH
had a pronounced coagulative necrosis effect on bovine liver tissues at the low
power of 70 W, and the ablated volume was much enlarged at 120 W compared to
mesoporous silica nanocapsules. Upon injection of MSNC-PFH, the tumor could be
ablated in just 2 s at as low as 120 W, while no detectable necrosis was observed in
cancerous tissues even at 400 W for 2 s when only PBS control was injected.
Because of its high stability, efficient PFH loading and release, enhanced tumor
ablation capability, and easy uptake by target tissues, such enhancement agent of
MSNC-PFH can be a promising theranostic agent for effective HIFU imaging and
therapy.

As a successive study, the same group [87] designed a novel multifunctional
nanotheranostic agent for combined redox-responsive ultrasound imaging and ultra-
sound imaging-guided HIFU therapy by further loading a redox-responsive copoly-
mer of polyethylene glycol-disulfide (S-S) hyaluronic acid with the HIFU
enhancement agent of MSNC-PFH. The grafted PEG and HA layers endow the
nanotheranostic agent of MPHgs—PFH excellent dispersity and targeting capability.
After intravenous administration, MPHg—PFH agent accumulated in the tumor of
HepG2 hepatic carcinoma cancer-bearing nude mice due to EPR effect and active
targeting of HA to CD44, and then ultrasound contrast enhancement of nanother-
anostic MPH SS—PFH could be achieved by the structure transition from the cross-
linking to retro cross-linking state of PEG-HAgg complex because of the reducing
environment in tumors. In just 30 min of postinjection and blood circulation, the
tumor boundary becomes considerably more brightened with an average grayscale
value of 47, and the signals are still obvious even in 10 h postinjection with a high
grayscale value of 52. Because of the efficient accumulation, PFH bubble cavita-
tions, and thermal effects of nanotheranostic MPHgs—PFH in target tumor environ-
ment under redox-responsive MPHgs—PFH-intensified ultrasound imaging guidance,
the tailored ultrasound-guided efficient HIFU ablation therapy in vivo has been suc-
cessfully conducted on human cervical carcinoma HeLa tumor-bearing nude mice
in 30 min post-intravenous injection of MPHgs—PFH.

Zhou et al. reported a promising contrast agent based on folate-targeted PFH
nanoemulsion (TNEs) for improved ultrasound imaging and enhanced HIFU abla-
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tion of tumor via a two-step emulsification process [88]. The targeted temperature-
responsive organic nanoemulsion (TNEs) was composed of PFH as liquid core and
hydrophilic shells which is consisted of phosphatidylcholine, DSPE-PEG(2000)-
folate, glycerol phospholipids, cholesterol, and pulronic poloxame. By employing
the “small to big” temperature-responsive phase-transformation strategy, the typical
dilemma was successfully resolved on the low imaging and therapeutic efficiencies
of small nanoparticles and the difficulties of microsized bubbles to penetrate into
the tumor tissues. After the intravenous administration, the permeability of the
nanoemulsions into the tumor tissues was enhanced due to their nanosized particle
size, and the targeting molecular modification promoted more particles accumu-
lated in the tumor. After enough nanoemulsions accumulated in the tumor tissue, the
PFH core (boiling point~ 56 °C) could act as a phase-change agent under the irra-
diation of HIFU. When the temperature is increased to 56 °C due to the thermal
effect of HIFU, the liquid core of TNEs can be converted sufficiently into micro-
bubbles via the acoustic droplet vaporization (ADV) mechanism. It is very favor-
able to enhance the capabilities of ultrasound imaging and therapy. The generated
bubbles could also be used for US enhanced imaging to monitor the ADV process.
Moreover, the HIFU-induced microbubbles could enhance the cavitation effect,
thus enhancing ultrasound energy deposition in the targeted region, conducing to
the significantly enlarged necrotic volume within single exposure to HIFU irradia-
tion, hence shorter duration, lower power requirement, and less repetition of HIFU
ablation of a large lesion. This stimuli-responsive ultrasound imaging and HIFU
therapy offer an alternative way to improve the precisions of ultrasonography and
efficiency of ultrasound therapy.

Sun et al. developed Fe;0,-containing PLGA microcapsules with a mean diam-
eter of 885 nm for enhanced US/MR dual-modal imaging and HIFU therapy [89].
Both in vitro and in vivo studies demonstrated excellent contrast-enhanced capabil-
ity for US and MR imaging by using Fe;0,-containing PLGA microcapsules. In
vivo HIFU ablation experiments were performed on breast cancer-bearing rabbit.
The HIFU therapeutic process is guided by ultrasound imaging after percutaneous
injection of Fe;O,-containing PLGA microcapsules at an acoustic power of 150 W
and exposure time of 5 s. The results showed the administration of the agent induced
the obvious signal enhancement compared with saline and pure PLGA microcap-
sules as the control. In addition, such agent can be used as the synergistic agent for
the noninvasive HIFU breast cancer surgery to improve the HIFU therapeutic effi-
ciency. The pathological examination further verified the structure changes of the
targeted tissues.

Since HIFU ablation has its intrinsic limitations for curing residual tumor and
preventing tumor, Zhang et al. fabricated methotrexate-loaded PLGA nanobubbles
conjugating active tumor-targeting monoclonal anti-HLA-G antibodies (mAbHLA-
G) for combination of US imaging, HIFU synergistic agent, and drug loading in a
single nanoconstruct (Fig. 4.8) [90]. The obtained mAbHLA-G/MTX/PLGA NBs
could enhance the ultrasound imaging both in vitro and in vivo and can specifically
target to the HLA-G overexpressing JEG-3 cells both in vitro and in vivo. Their
blood circulation time in vivo was much longer than nontargeted MTX/PLGA NBs.
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Fig. 4.8 Schematic illustration of the structure of mAbHLA-G/MTX/PLGA NBs and how mAb-
HLA-G/MTX/PLGA NBs as a synergistic agent improve the treatment efficacy of HIFU ablation
for tumor and residual tumor cells (Reprinted from Ref. [90], Copyright 2014, with permission
from Elsevier)

The targeted NBs can significantly improve the efficiency of HIFU ablation by
changing the acoustic environment. Except for the unique features for contrast-
enhanced US imaging and synergistic agents for HIFU, the focused ultrasound can
promote the on-demand MTX release from the mAbHLA-G/MTX/PLGA NBs both
in vitro and in vivo, which could be used for killing the residual cancer cells after
HIFU ablation to maximize the therapeutic effect. Both in vivo histopathology test
and immunohistochemical analysis revealed that the combination of mAbHLA-G/
MTX/PLGA NBs and HIFU induces the most serious coagulative necrosis, the low-
est proliferation index, and the highest apoptotic index. Therefore, the targeted
mAbHLA-G/MTX/PLGA NBs can serve as a nanotheranostic agent for the highly
efficient, imaging-guided, and noninvasive HIFU synergistic therapy of cancer with
the supplementary functions of killing residual tumor cells and preventing tumor
recurrence/metastasis.

4.6 Ultrasound Contrast Agents Enhanced Imaging-Guided
Photothermal Therapy

4.6.1 Hybrid Ultrasound Contrast Agents for Imaging-Guided
Photothermal Therapy

Photothermal therapy for cancer has been widely investigated as a minimally inva-
sive alternative to conventional surgical treatment due to its precisely energy deliv-
ery to target tissue and the sensitivity of tumor tissue to temperature increase.
Near-infrared light in combination with appropriate light-absorbing agents is
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particularly attractive for selective photothermal interaction because of the low
absorbance of human tissues in this region. With the development of nanotechnol-
ogy, a variety of nanomaterials, such as gold nanomaterials (gold nanorod, gold
nanocage, and gold nanoshell) [91-93], carbon nanomaterials (carbon nanotubes,
grapheme, nanohorns) [94-96], CuS nanoparticles [97], Prussian blue nanoparticles
[98], polypyrrole nanoparticles [99], etc., have been explored as NIR-absorbing
agents for photothermal therapy of cancers. Before photothermal therapy, the loca-
tion and size of cancers should be identified; during therapy, the treatment proce-
dure should be monitored in real time; and after therapy, the effectiveness has to be
evaluated. All these tasks can be carried out by contrast-enhanced imaging. By
guiding laser irradiation with contrast-enhanced imaging, the tumor can be ablated
by site-specific photothermal treatment with no damage to the normal tissue.

The utilization of ultrasound contrast agents can improve greatly the resolution
and sensitivity of clinical ultrasound imaging. Ultrasound imaging offers a valuable
opportunity to administer cancer photothermal therapy with real-time guidance to
ensure proper targeting. Due to its readily availability for portable devices, low cost,
and lack of radiation exposure [100], percutaneous ultrasound has become a favorite
tool to target cancer. In addition, endoscopic ultrasound-guided therapy has emerged
as a promising and rapidly developing field that endows another dimension to
ultrasound-guided therapy [101]. Uniquely, endoscopic ultrasound can direct ther-
apy toward intra-abdominal cancers that are not easy to access by percutaneous
routes. Moreover, it has been demonstrated as a powerful methodology to estimate
the temperature change during photothermal therapy by measuring thermally
induced differential motion of speckle [102].

Poly(lactic acid) (PLA) microcapsules show good ultrasound contrast-enhanced
capabilities [103]. The plasmon resonance and the resulting optical absorption of
gold nanoshells can be tuned to the region of near infrared by controlling the thick-
ness of the gold shell and the diameter of the core [104]. The strong optical absorp-
tion of nanoshells can rapidly increase the local temperature under the NIR
irradiation [105]. Therefore, the NIR-absorbed gold nanoshells can be used as pho-
toabsorbers for remote NIR photothermal ablation therapy. To realize ultrasound
imaging-guided photothermal therapy, Dai et al. fabricated for the first time a nano-
theranostic agent based on gold nanoshelled microcapsules (GNS-MCs) by electro-
static adsorption of gold nanoparticles as seeds onto the PLA microcapsule surfaces,
followed by the formation of gold nanoshells by using a surface seeding method
[106] (Fig. 4.9). In vivo enhanced ultrasound imaging experiment was carried out
on the New Zealand white rabbits. After bolus intravenous injection of GNS-MCs,
excellent enhancements of rabbit kidney were clearly seen within 30 s and lasted
more than 5 min. HeLa cells were completely killed after incubation with GNS-
MC:s followed by an 808 nm laser for 10 min. On the contrary, cancer cells treated
with either GNS-MC:s or a high-intensity NIR laser alone were not killed at all. The
results revealed the potential of GNS-MCs for US imaging-guided photothermal
therapy for cancer. However, the GNS-MC:s still encountered two main obstacles:
(1) the diameter of GNS-MCs (2.32+1.07 pm) is too large to pass through the ves-
sels feeding the tumor; (2) the spatial and anatomical resolution of US imaging is
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Fig. 4.9 Gold nanoshelled microcapsules operate as a novel theranostic agent for both contrast-
enhanced ultrasonic imaging and photohyperthermia (Modified from Ref. [106])

relatively poor. The disadvantages of US might be overcome by the integration of
MRI. Therefore, the combination of US and MRI integrated with photothermal
therapy could achieve a multifunctional theranostic platform for bimodal imaging-
guided and monitored photothermal tumor ablation.

In order to accomplish more efficient photothermal tumor ablation, Dai et al. fur-
ther upgraded gold nanoshelled microcapsules to nanoscaled theranostic agents for
bimodal US/MRI contrast imaging-guided photothermal tumor ablation by incorpo-
rating two extra components of SPIOs and PFOB into the PLA nanocapsules (NCs)
with additional PEGylation [107]. The SPIOs-embedded PFOB nanocapsules with
PEGylated gold shells (PGS-SP NCs) were synthesized via an adapted oil-in-water
(O/W) emulsion solvent evaporation process [21], followed by the formation of gold
nanoshells using a surface seeding method [30] and surface PEGylation using
methoxy-poly(ethylene glycol)-thiol) (Fig. 4.10). Sufficient agent accumulation in
diseased areas was achieved by replacing microcapsules with nanoscale capsules as
well as PEGylation to help nanocapsules escape the rapid clearance from the blood-
stream to increase the circulation time and reinforce the enhanced permeability and
retention effect. The in vivo experiments showed that the echo intensity was greatly
enhanced within several seconds after the bolus intravenous injection of the agent
PGS-SP NCs. Besides, after the intravenous administration of the PGS-SP NCs, the
average T2-weighed MR signal intensity in the tumor area decreased rapidly by
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Fig. 4.10 (a) Schematic illustration of the fabrication procedure of PGS-SP NCs. (b) The biomo-
dal US/MRI-guided tumor PTT process using the nanotheranostic agent. (¢) Contrast-enhanced
ultrasonograms before, during, and after the intratumoral injection of the agent (0.2 mL, 2 mg
mL™") into the mice for visualization of the agent distribution to guide the following therapy
(tumors highlighted by T); T2-weighted MR images of the tumors at different time points after
intravenous injection of the agent (0.15 mL, 2 mg mL™") for visualization of tumor areas to guide
the following photothermal ablation (tumors are highlighted in the red circles). (d) Therapeutic
effectiveness expressed as tumor growth rate in each group after one-time treatment in nude mouse
xenograft models (data expressed as mean =+ s.d., n = 8) (Reproduced from Ref. [107] by permis-
sion of Theranostics)

31.6 % from 76.7+11.6 to 52.4+8.9. It indicated that introduction of SPIOs into
nanocapsules resulted in more accurate diagnostic information from contrast-
enhanced MRI images. The phototherapy was carried out on the HT-1080 tumor-
bearing nude mice. It was shown that tumors in the agent-laser group decreased
significantly (34 % smaller in tumor size); however the other groups grew rapidly.
Such a single nanotheranostic agent with the combination of US and MR imaging
would be of great value to offer more comprehensive diagnostic information and the
dynamics of disease progression for more accurate location of the therapeutic focus-
ing spot in the targeted tumor tissue for more effective tumor ablation.

With large atomic number (z=79), high X-ray absorption coefficient (5.16 cm?
g~ at 100 keV), and especially the great biocompatibility and nontoxicity [108],
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gold nanostructures could be the ideal candidates for contrast-enhanced CT imag-
ing, providing about 2.7 times greater contrast enhancement per unit weight than
iodine, the clinical applied CT contrast agents [109]. This enables the gold nanoshell
potential dual functional nanomaterials for combined CT diagnosis and photother-
mal therapy. The clinical application of ACUSON S3000 ultrasound system com-
bining real-time US and 3-D CT has triggered great interest in designing
multifunctional contrast agents for US/CT bimodal imaging or theranostic agents
for US/CT bimodal imaging-guided therapy. Dai et al. explored the capability of
PFOB nanocapsules coated with PEGylated gold nanoshell for combined systemic
US/CT imaging diagnosis and NIR light laser-induced photohyperthermia. The
resulting nanocapsule agent not only provided excellent contrast enhancement for
both ultrasound and CT imaging in vitro and in vivo but also served as efficient
photothermal agent for tumor ablation on xenografted nude mouse modal. CT imag-
ing can provide additional anatomic information while US imaging could achieve
real-time imaging.

Recently, the group developed gold nanoparticles containing PLA microcapsules
followed by depositing graphene oxide (GO) onto the microcapsule surface via
electrostatic layer-by-layer self-assembly technique for US/CT bimodal imaging-
guided photothermal tumor destruction. Au NPs act as a contrast agent to enhance
CT imaging and GO is used as a strong NIR light-absorbing agent for photothermal
ablation of cancer [110]. In vivo CT and US imaging experiments showed that the
obtained microcapsules could serve as a contrast agent to simultaneously enhance
X-ray CT imaging and US imaging greatly. In addition, the near-infrared light
ablated the tumor completely within 9 days in the presence of the microcapsules and
the tumor growth inhibition was 83.8 %. The combination of real-time US with 3-D
CT through a single microcapsule agent is very helpful for accurately interpreting
the obtained images, identifying the size and location of the tumor, guiding and
monitoring the photothermal therapy, as well as evaluating the effectiveness of pho-
tothermal therapy. Li et al. fabricated a multifunctional theranostic agent by loading
iron oxide nanoparticles into PLA microcapsules followed by surface functionaliza-
tion with graphene oxide. The resulting microcapsules could serve as a contrast
agent to simultaneously enhance ultrasound, magnetic resonance, and photoacous-
tic imaging, as well as photothermal therapy of cancer [111].

Ultrasound-mediated drug delivery as well as image guidance may play a major
role in improving the local deposition of a therapeutic agent and reducing the sys-
temic side effects. However, the “hard” gold nanoshells are not easy to be disrupted,
and most of them will not penetrate into the tumor due to the relative large size,
which may lead to insufficient ablation of tumor cells. Unlike photothermal con-
ducting gold shells, the much smaller CuS nanoparticles have more chance to reach
their targets and be cleared from the body through the renal system [112]. In addi-
tion, the NIR absorption of CuS nanoparticles from d—d transition of Cu?* ions is not
affected by the solvent or the surrounding environment when CuS NPs are formu-
lated or delivered in vivo [97]. Therefore, a novel microbubble system was devel-
oped for both ultrasound imaging and targeted CuS nanoparticle delivery through
ultrasound-targeted microbubble destruction (UTMD) to kill tumor cells by photo-



4 Multifunctional Ultrasound Contrast Agents Integrating Targeted Imaging... 131

thermal effect by Zha et al. [113] (Fig. 4.11a). The composite MBs were fabricated
by depositing photothermal CuS NPs onto the outer surface of ST68 microbubbles
filled with inert gas of perfluoropropane (CuS-ST68 MBs). Besides outstanding
ultrasound imaging capability, the “soft” CuS-ST68 MBs could activate violently
and then release the CuS nanoparticles, which could penetrate into the tumor inter-
stitium to kill the tumor cells sufficiently with the aid of NIR light irradiation. The
excellent US imaging enhanced capability is proved in in vitro and in vivo experi-
ment. The samples were filtrated through 0.45 um filters after insonation to simulate
leaky tumor vascular, and the result revealed more than 98 % CuS NPs were passed
through the filters, verifying the capacity of ultrasound-mediated CuS delivery. In
the cancer cell photothermal ablation experiment (Fig. 4.11b), only the HeLa cells
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Fig. 4.11 (a) Schematic illustration of combined ultrasonic imaging and enhanced photothermal
therapy with CuS-ST68 MBs through UTMD. (b) Photothermal therapeutic efficacies of the
CuS-ST68 MBs: (a) no agent and no laser; (b) laser only; (¢) ST68 MBs with 5 min laser irradia-
tion; (d) CuS-ST68 MBs only, ST68-CuS MBs with (e¢) 5 min and (f) 10 min laser irradiation
(Reproduced from Ref. [113] with permission from the Royal Society of Chemistry)
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Fig. 4.12 (a) Schematic illustration of HPB—PFP formation and US-guided PTT upon laser irra-
diation, (b) relative tumor volume with time after PTT curve, (c) in vivo US images of tumor site
(red dotted circle) (cl) before and (c2) after injection of HPB—PFP solution (30 pL, 200 ppm) and
(¢3) after being irradiated by 808 nm laser light at 2 W/cm? for 5 min (Reprinted with permission
from Ref. [114]. Copyright 2015 American Chemical Society)

incubated with CuS-ST68 MBs followed by NIR laser irradiation experienced sub-
stantial cellular death, revealing that CuS-ST68 MBs had the potential of releasing
CuS NPs under high ultrasound energy to penetrate into the tumor tissue for effi-
cient photothermal ablation of cancer cells.

Jia et al. developed a n-perfluoropentane (PFP)-encapsulated hollow mesoporous
Prussian blue (HPB) nanoparticles by vacuum infusion for combined ultrasound
tumor imaging and photothermal therapy. When irradiated by NIR laser, the heat
produced by HPB can not only cause the coagulation necrosis of tumors but also
induce the liquid—gas phase transition, which results in the great enhancement of
US signal intensity (Fig. 4.12) [114].

Both US and PA are noninvasive imaging tools, which share the components
responsible for detecting the sound wave. Dual-modal contrast agents for US and
PA have become a potential method that provides complementary information, US
imaging for morphological details and PA imaging for functional information.
Recently, Wang et al. proposed a US/PA dual-modality contrast agent composed of
gold nanorods and human serum albumin-shelled MBs [115]. The gold nanorods
were used as NIR light absorber to enhance the PA signals and generate photother-
mal effect.

Although the laser-induced photothermal therapy has attracted much attention as
a noninvasive approach, it usually fails in cancer therapy by using photothermal
therapy alone because of the inhomogeneous heat distribution with tumor tissue and
thus leading the tumor recurrence and metastasis. The combination of NIR photo-
thermal and chemotherapy can greatly enhance the sensitivity of chemotherapy,
which in turn could further kill the residual tumor cells after the photothermal treat-
ment. For this purpose, Cai et al. developed a multifunctional nanotheranostic plat-
form composed of perfluoropentane (PFP) and doxorubicin (DOX) containing
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mesoporous Prussian blue NPs (HMPBs) for in vivo synergistic chemothermal
tumor therapy and synchronous diagnostic and monitoring by US and PA imaging
[116]. The resulted HMPBs showed excellent photothermal effect attributed to its
high molar extinction coefficient (~1.2x 10! M~'cm™) and very high photothermal
conversion efficiency (41.4 %). Besides, ultrahigh drug loading capacity was up to
1782 mg g™! because of the special characteristics of hollow mesoporous structure,
such as numerous mesopores and huge cavity in the outer shell, and the presence of
electrostatic interaction between HMPBs (negative charged) and DOX (positive
charged), as well as strong coordinative bonding between inherent Fe(IIl) in the
structure of HMPBs and chemical groups of DOX at pH 7.4. The drug delivery is
stimuli-responsive at reduced PH value and/or increased temperature, which is ben-
eficial for targeted drug delivery to enhance the antitumor efficiency and reduce the
side effects of chemotherapy. The in vivo cancer therapy is performed on HeLa
tumor-bearing female nude mice. Compared to the control groups, the entire treat-
ment group showed inhibited tumor growth. The DOX/PFP-loaded HMPBs without
laser showed a higher tumor inhibitory effect than free DOX because the DOX/
PFP-loaded HMPBs were more internalized by cancer cells. The group treated with
the PFP-loaded HMPBs in combination with NIR laser irradiation showed much
enhanced inhibitory rate because of the photothermal effect of HMPBs, but failed in
complete removal of the tumor. The group treated with DOX/PFP-loaded HMPBs
and laser irradiation showed remarkably enhanced inhibitory effect, and the tumor
completely disappeared in 4 weeks posttreatment. It provided an evidence for the
excellent synergistic effect in the chemothermal therapy for tumor, which is promis-
ing to overcome the inevitably tumor recurrence and metastasis that resulted from
the inhomogeneous ablation of single thermal therapy. In addition, the therapy can
be guided and monitored by using the PA/US dual-modal imaging.

4.6.2 Ultrasound Contrast Agents Based on Polypyrrole
Microcapsules for Imaging-Guided Photothermal
Therapy

Despite the significant advantages of ultrasound imaging for guiding photothermal
therapy, only a few theranostic photothermal agents with capability to enhance
ultrasound imaging were developed by physically grafting NIR-absorbing Au
nanoshell, Au nanorods, or CuS nanoparticles to ready-made ultrasound contrast
agents usually based on microbubbles. Yet, such type of hybrid theranostic agents
are still facing numerous hindrances since the incorporating inorganic components
would affect the microbubble acoustic response, i.e., a change in the shell stiffness
results in the change of the acoustic spectrum and resonance frequency of micro-
bubbles. Especially, microbubble echogenic response at a certain frequency can be
reduced. In addition, the potential long-term toxicity of the loaded inorganic com-
ponents would hinder their further in vivo applications [117]. The simple physical
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combination of different diagnostic and therapeutic elements can give a relatively
high onetime dose which can induce systemic toxicity and impose an additional
stress for the patients to excrete the theranostic agents [118]. It is highly pursued to
develop photothermal agents with excellent echogenic response merely from bio-
compatible organic components for attacking these problems head on.

Polypyrrole (PPy) materials are of great interest in biomedical application
because of outstanding stability and good biocompatibility. Because of very low
long-term cytotoxicity of PPy materials at low concentrations of PPy NPs (<200 pg
mL™") [119], PPy NPs have been demonstrated as photothermal agent with high
photothermal conversion efficiency for tumor ablation owing to the strong NIR
absorption spectrum [99]. Due to the excellent echogenic responsiveness and effec-
tive scattering of microbubbles, it is highly desired to develop biocompatible NIR-
absorbing PPy hollow microspheres (PPyHMs) with outstanding US-responsive
capability for US imaging-guided photothermal therapy. Nevertheless, due to the
insolubility of polypyrrole materials in common solvents [120], PPyHMs were usu-
ally fabricated from in situ polymerization of pyrrole monomer on sacrificial tem-
plates, such as polystyrene microspheres [121]. The complicated fabrication process
and poor dispersity of PPyHMs limited their further biomedical applications. Zha
et al. constructed a photothermal UCA based on microbubbles for the first time
merely from polypyrrole via a facile oil-in-water (O/W) microemulsion method
[122] (Fig. 4.13a). The PPyHMs showed a well-defined spherical shape, hollow
structure, and the diameter with an average of about 0.876 pm using polyvinylpyr-
rolidone (PVP) as a stabilizer (Fig. 4.13b). On the contrary, no broken and collapsed
PPy microspheres were obtained when polyvinyl alcohol (PVA) was used as a sta-
bilizer (Fig. 4.13c). PPyHMs showed a broad absorption band extending from the
visible to the NIR region in water, providing the potential application of PPyHMs
for NIR light-induced photothermal therapy (Fig. 4.13d). Upon NIR laser irradia-
tion, an obvious concentration-dependent temperature increase was observed for
PPyHM solutions (Fig. 4.13e). The solution temperature was elevated from 19.5 °C
t0 50.6 °C when 100 pg mL~' PPyHM solution was exposed to NIR laser for 10 min.
In contrast, only 1.1 °C temperature elevation occurred in the absence of PPyHMs,
confirming that PPyHMs could act as an efficient photothermal agent.

The in vivo US imaging-guided photothermal therapy was investigated using
PPyHMs as the photothermal agent in a U87-MG tumor mouse model. The local
temperature was examined by an infrared (IR) thermal camera (Fig. 4.14a). During
the injection of the PPyHMs, tumor areas of the PPyHMs +laser groups were moni-
tored in real time via US contrast imaging to ensure the evenly distribution of the
agent and guide the following photothermal therapy (Fig. 4.14b). Then, the tumor-
bearing mice of the laser-only groups and the PPyHMs +laser groups with continu-
ous anesthesia were treated with the 808 nm laser irradiation at a low power density
of 0.64 W cm™. The average temperature in the tumor areas of mice from PPyHMs
+ laser group could rapidly increase to ~60 °C within 5 min, which can kill tumor
cells in vivo efficiently. The tumors were effectively ablated only in the presence of
PPyHMs in combination with laser exposure, leaving black scars at their original
sites without showing reoccurrence. Unlike the PPyHMs + laser group, tumors in
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Fig. 4.13 (a) Schematic illustration of the formation of echogenic PPyHMs for combined US
imaging and photothermal therapy via a facile O/W microemulsion method; SEM and ultrathin-
section TEM images of obtained PPyHMs with (b) PVP and (c¢) PVA as stabilizers; (d) UV-vis—
NIR spectra of various concentrations of PPyHMs dispersed in RPMI-1640 culture medium, and
inset was the photograph for various concentrations of PPyHMs dispersed in RPMI-1640 culture
medium, indicating good dispersibility; (e) heating curves of PPyHMs in RPMI-1640 culture
medium at different concentrations under 808 nm laser irradiation (Reprinted with permission
from Macmillan Publishers Ltd: Ref. [42], Copyright 2013)

other three control groups showed similar growth speed, suggesting that either laser
irradiation or PPyHMs alone does not affect the tumor development (Fig. 4.14c, d).
Hematoxylin and eosin (H&E) staining of tumor slices showed that significant can-
cer cell damage, such as karyorrhexis and karyolysis, was noticed only in the tumor
with both PPyHM injection and laser irradiation but not in other three control



136 C. Gao and Z. Dai

a 0O min 5min 10 min
70°C
Saline control il
0.64 W cm2
PPyHMs
0.64 W cm=2
25°C
b

' c —e— Saline only

8 1| —— saline + NIR laser
—v— PPyHM only

=i PPyHM + NIR laser

Relative tumor volume
.

] 2 4 5] 8 10 12 14
Time (day)
PPyHMsonly PPyHMs + NIR laser

Saline + NIR laser

Saline only

Fig. 4.14 In vivo US imaging-guided photothermal therapy. (a) IR thermal images of tumor-
bearing mice with and without PPyHM injection exposed to the NIR laser at the power density of
0.64 W cm™? recorded at different time intervals. (b) Contrast-enhanced ultrasonograms after the
intratumoral injection of PPyHMs (0.2 mL, 2 mg mL™") into the mice from PPyHMs + laser group
for visualization of the agent distribution to guide the following photothermal therapy (tumors are
highlighted in the red circles). (¢) The tumor growth curves of different groups of mice after PTT
treatment. The tumor volumes were normalized to their initial sizes. (d) Representative photo-
graphs of mice bearing U87-MG tumors after various different treatments indicated. (e) H&E
stained tumor slices collected from different groups of mice immediately after laser irradiation.
The PPyHMs-injected tumor was severely damaged after laser irradiation (Reprinted with permis-
sion from Macmillan Publishers Ltd: Ref. [42], Copyright 2013)



4 Multifunctional Ultrasound Contrast Agents Integrating Targeted Imaging... 137

groups, confirming again the excellent therapeutic effectiveness of PPyHMs under
NIR laser irradiation (Fig. 4.14e). It should be pointed that we used a rather low
laser power density (0.64 W cm™) to minimize the adverse effects. Combining US
imaging and photothermal therapy through PPyHMs is especially attractive due to
low dose, simplicity, and cost-effectiveness, no need to incorporate additional NIR-
absorbing inorganic components into UCAs. As a successive work, Zha et al. con-
structed water-dispersible PPy nano- and microcapsules encapsulating
perfluorooctylbromide [77]. Because of the favorable NIR-absorbing property of
the PPy shell and the good echogenicity of the PFOB core, the resulting PFOB-
loaded PPy nano- and microcapsules operated as an excellent multifunctional pho-
tothermal agent for a real-time US imaging-guided photothermal treatment of
cancer. Therefore, PPy-based UCAs show great potential as a new generation of
theranostic agents for clinical applications.

4.7 Ultrasound Contrast Agents for Imaging-Guided
Drug Delivery

Despite the development of various new therapeutic innovations such as HIFU and
photothermal therapy, chemotherapy remains currently the standard treatment for a
wide variety of cancers. Both the pharmacological actions and toxicological effects
of a chemotherapeutic drug are related to tissue concentration of the drug. Therefore,
the objective of local delivery is to increase the local concentration of a chemothera-
peutic agent at the site of disease while minimizing side effects to healthy cells and
tissue. Imaging and image guidance of minimally invasiveness play a major role in
the preclinical setting as well as in the clinical environment. Ultrasound-mediated
drug delivery under imaging guidance may improve the local deposition of a che-
motherapeutic agent and reduce the systemic side effects.

The blood—brain barrier (BBB) can be opened temporarily and locally by focused
ultrasound (FUS) in combination with circulating microbubbles. Currently,
contrast-enhanced magnetic resonance imaging is often applied for monitoring con-
trast agent leakage to verify BBB opening and infer drug deposition. Despite being
administered concurrently, MBs, therapeutic agent, and contrast agent have distinct
pharmacodynamic behaviors, thus complicating the quantification and optimization
of BBB opening and drug delivery. In recent years, many groups have focused their
attention on the development of multifunctional agents for ultrasound imaging-
guided and ultrasound-triggered drug delivery.

In order to resolve the above problems, Fan et al. developed an SPIO-labeled
phospholipid-based microbubbles incorporating therapeutic agent (doxorubicin,
DOX) [123]. These DOX-SPIO-MBs were designed to not only induce BBB open-
ing and therapeutic agent delivery upon FUS exposure but also serve as a US/MR
dual imaging contrast agent for directly confirming drug quantification/deposition.
In addition, SPIO particles would allow active guiding through magnetic targeting
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to achieve enhanced drug delivery by applying an external magnet attached to the
scalp in a rat glioma model. It was found that DOX-SPIO-MBs were stable and
provided significant superparamagnetic/acoustic properties for imaging. Animals
were monitored by T2-weighted MRI and susceptibility-weighted imaging, and the
concentration of SPIO nanoparticles was determined by spin—spin relaxivity. After
intravenous injection of DOX-SPIO-MBs followed by FUS treatment for 90 s, the
mean echo intensity of regions of interest (ROI) in the cortex was enhanced 25.4 %
at a maximized value and then remained 12.5 % mean echo intensity enhancement
after 18 min of circulation. This long in vivo lifetime of DOX-SPIO-MBs would be
beneficial to drug delivery. MRI signal loss was observed in the dorsal sagittal sinus
(DSS) and parenchyma vessels (PV) over time due to DOX-SPIO-MBs injection,
and the decrease was evaluated to be 40.2 % and 13.3 %, respectively, compared to
the control ROI within cerebral cortex (CC). The reduced signals persisted for at
least 20 min. BBB opening and drug delivery were achieved concurrently during the
FUS exposure. Release of chemotherapeutic agent encapsulated within MBs can be
controlled by FUS to reduce reticuloendothelial system (RES) uptake and cell pro-
liferation. In contrast, the FUS treatment cannot enhance the delivery of free
DOX. Moreover, the released SPIO nanoparticles were actively targeted to the
tumor through magnetic targeting to further enhance and accelerate the local SPIO
deposition. The local SPIO deposition in tumor regions increased to 22.4 % due to
magnetic targeting. Therefore, DOX-SPIO-MBs combined with FUS can serve as
an excellent theranostic tool for future image-guided drug delivery to brain tumors.

Wu et al. proposed a nanodevice based on cut short multiwalled carbon nano-
tubes (MWCNTs) grafted with polyethylenimine (PEI) for further covalent conju-
gation to fluorescein isothiocyanate (FITC) and prostate stem cell antigen (PSCA)
monoclonal antibody (mAb) (Fig. 4.15) [124]. The in vitro and in vivo toxicity data
demonstrated that the obtained nanoagent of CNT-PEI(FITC)-mAb has good bio-
compatibility. Combined flow cytometry and confocal luminescence imaging
experiments confirm that the nanoagent of CNT-PEI(FITC)-mAb can specifically
target the cancer cells which overexpress PSCA. In vivo imaging experiments were
performed on PC-3 tumor-bearing node mice. After intravenous administration of
the nanoagent of CNT-PEI(FITC)-mAb, the echo signal intensity increased quickly
within 30 s and then maintains at a steady level, which is markedly higher than that
for CNT-PEI(FITC) group and free mAbPSCA competition group. These positive
results reveal that CNT-PEI(FITC)-mAb has great potential to be used as a targeted
US contrast agent for real-time monitoring of a tumor. The in vivo anticancer effi-
cacy was tested using PC-3 tumor-bearing mice as animal models. The experiment
group mice were intravenously injected with 200 mL of CNT-PEI(FITC)-mAb/
DOX every 3 days at a drug dose of 5 mg/kg per injection. In the experimental
group, the mice tumor growth exhibited considerable slowdown (1.58-fold tumor
growth), compared with the other control groups, such as CNT-PEI(FITC)/DOX-
treated group (2.13-fold tumor growth) and free DOX group (2.7-fold tumor
growth). It obviously demonstrates that CNT-PEI(FITC)-mAb can targetedly
deliver drug to the tumors and suppress tumor growth. Therefore, the CNT-
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PEI(FITC)-mAb can be employed as a potential multifunctional platform for simul-
taneous US imaging and drug delivery applications.

Because of upregulated glycolysis to produce lactates and protons in an extracel-
lular environment, the extracellular pH of tumor tissues (6.8—7.2) is lower than that
of normal tissues (pH 7.4) [125]. Aiming to choose the lower pH of tumor tissues as
a target for tumoral US imaging and simultaneous therapeutic strategies, Min et al.
developed doxorubicin-loaded calcium carbonate (CaCOs)-mineralized nanoparti-
cles (DOX-CaCO;-MNPs) with the capability to generate CO, bubbles and trigger
the release of DOX at tumoral acidic pH through a block copolymer templated in
situ mineralization approach (Fig. 4.16) [126]. In vivo studies were performed on
cell carcinoma (SCC-7) tumor-bearing C3H/HeN nude mice. The nanoparticles
exhibited strong echogenic signals at tumoral acid pH by producing carbon dioxide
(CO,) bubbles and showed excellent echo persistence. Enhancement in US images
was observed within 30 min after an intratumoral injection of a DOX-CaCO;-MNP
dispersion and lasted up to 120 min, indicating that the DOX-CaCO;-MNPs gener-
ated CO, bubbles at tumor tissues (PH=~6.8) sufficient for echogenic reflectivity
under a US field. DOX-CaCO;-MNPs have potential to act as a US contrast agent
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Fig. 4.16 (a) Schematic illustration DOX-CaCO;-MNPs. (b) Bubble generation and drug release
after accumulation of DOX-CaCO;-MNPs at tumor tissues. (¢) In vivo US imaging of the SCC-7
tumor by intratumoral injection of DOX-CaCO;-MNPs. (d) Changes in tumor volumes after injec-
tion of saline, CaCO;-MNPs, free DOX, and DOX-CaCO;-MNPs (Reprinted with permission
from Ref. [46]. Copyright 2015 American Chemical Society)
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for visualization of the low PH environment in tumors. On the contrary, the DOX-
CaCO;-MNPs located in the liver (PH=~7.3) or tumor-free subcutaneous area
(PH=~7.4) showed no enhancement for 120 min due to generating no bubbles of
CO, necessary for US contrast. The DOX-CaCO;-MNPs could also trigger the DOX
release simultaneously with CO, bubble generation at the acidic tumoral environ-
ment. The therapeutic efficacy of ultrasound imaging-guided chemotherapy was
evaluated on the same tumor model. Intratumoral administration of the DOX-
CaCO3-MNPs led to a significant inhibition of tumor growth. At 16-day postinjec-
tion, the free DOX suppressed the tumor weight by 61 %, while the
DOX-CaCO3-MNPs reduced the tumor weight by 85 % as compared with control
saline solution. Therefore, the nanoagent of DOX-CaCO;-MNPs exhibited excel-
lent US imaging capability and effective antitumor therapeutic activity in tumor-
bearing mice, which may serve as a useful guide for development of various
theranostic nanoparticles for US imaging and therapy of various cancers. Although
interesting, it has to be noted that the administration of DOX-CaCO3-MNPs was
performed intratumorally, limiting the application to well accessible tumors.

The traditional UCAs based on microscaled bubbles have reluctant accumulation
in target organs and insufficient stability, which may hinder the accurate response to
the ultrasound and limit their further clinical application. In addition, after carrying
out the diagnostic or therapeutic functions, elimination of drug carriers from the
biologic system should be of concern to us [127]. The drug carriers with large sizes
may avoid renal filtration, probably leading to increasing toxicity [128]. In order to
overcome these problems, Yang et al. designed and developed a new type of triple-
stimuli responsive (ultrasound/pH/glutathione) biodegradable nanocapsules, which
was composed of perfluorohexane as a core, and the doxorubicin-loaded biodegrad-
able poly(methacrylic acid) (PMAA) as the shell (Fig. 4.17) [129]. The ultrasound
imaging potential of these nanocapsules was investigated on the pancreatic tumor-
bearing nude mouse. The PMAA shell has high doxorubicin-loading content
(36 wt%) and great drug encapsulation efficiency (93.5 %). These soft nanocapsules
have uniform size of 300 nm. After intravenous administration, the DOX-loaded
PMAA nanocapsules passively accumulated in the tumor due to EPR effect. Both
B-mode and power Doppler ultrasound images showed that the filled PFH can
effectively enhance US imaging signal through acoustic droplet vaporization
(ADV), thus revealing their potential as an effective ultrasound contrast agents for
diagnostic ultrasound imaging and guiding drug delivery. Additionally, due to the
tumoral acidic pH and the glutathione reduction condition, a pH/GSH-responsive
micellization/demicellization transition was expected, leading to a selective release
of the entrapped drug. In vitro drug release studies confirmed the release of doxoru-
bicin from PMAA nanocapsules was responsive to triple stimuli of ultrasound/pH/
GSH. The disulfide-cross-linked PMAA shell is biodegradable and thus safe for
normal organisms, enabling us to optimize the balance of diagnostic, therapeutic,
and biodegradable functionalities in a multifunctional theranostic nanoplatform.
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Fig. 4.17 (a) Schematic representation of the preparation of DOX-loaded PMAA-PFH nanocap-
sules. (b) Schematic procedure for imaging-guided ultrasound-triggered drug delivery to tumors
using biodegradable PMAA-PFH nanocapsules (Reprinted from Ref. [129], Copyright 2014, with
permission from Elsevier)

4.8 Photoacoustic Effect-Based Tumor Therapy

Traditional UCAs based on microbubbles have been widely applied in the field of
diagnostic ultrasound over the last decades. However, there are still great limitations
for in vivo application for microbubble-assisted tumor ultrasound imaging owing to
gas diffusion, short circulation lifetime, and poor vascular permeability for the
micrometer-scale diameter of microbubbles. Recently, phase-transition perfluoro-
carbon liquid nanodroplets have attracted intensive research interests due to effi-
cient permeation out of the blood circulation into tumor tissues [130]. Although the
perfluorocarbon liquid cores initially show poor ultrasound contrast, significantly
enhanced ultrasound contrast can be achieved upon being triggered into gaseous
phase [131]. Usually, ultrasound irradiation with a relatively high-pressure
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amplitude is applied to trigger the perfluorocarbon liquid into gaseous phase, which
is called as acoustic droplet vaporization (ADV). Yet, the pressures and frequencies
of conventional diagnostic ultrasound are proved not sufficient to vaporize the
surface-stabilizing agents of the droplets [132]. As an alternative way, optical drop-
let vaporization (ODV) has been recently reported to induce perfluorocarbon nano-
droplets [133]. Laser irradiation instead of ultrasound exposure was used to trigger
the liquid-to-gas transition of perfluorocarbon nanodroplets incorporating optical
absorbing materials. Upon exposure to relatively low pulsed laser energy, conven-
tional photoacoustic signals can be generated due to the transient thermoelastic
expansion of the optical absorbers. Contrarily, when the laser energy is beyond a
certain threshold, the energy absorbed by optical absorbers may conduce to a suf-
ficiently high local temperature, triggering the liquid-to-gas transition (vaporiza-
tion) of the droplet. Consequently, the generation of much stronger (nonlinear)
temporary photoacoustic signals can be induced compared to those from thermo-
elastic expansion [80]. Moreover, the triggered gas phase can cause remarkable
contrast enhancement to ultrasound imaging as well [134]. Up to now, a variety of
optical absorbers have been explored for ODV materials to induce perfluorocarbon
nanodroplets. For example, PbS nanoparticles, gold nanostructures [135], and ICG
[82] have demonstrated great potential for ODV-based photoacoustic and ultra-
sound imaging applications.

Recently, Jian et al. fabricated an India ink incorporated optically triggerable phase-
transition perfluorohexane nanodroplets (INDs) within a poly-lactic-co-glycolic acid
(PLGA) shell by using a modified three-step emulsion process. The nanodroplets could
provide not only three types of contrast mechanisms, conventional/thermoelastic pho-
toacoustic, phase-transition/nonlinear photoacoustic, and ultrasound imaging contrasts,
but also a new avenue for photoacoustic effect-mediated tumor therapy (Fig. 4.18)
[136]. Perfluorohexane with a boiling point of 56 °C can be triggered to gaseous phase
by the heat generated from ink based on photothermal conversion. The INDs under-
went a liquid—gas phase transition both in vitro and in vivo upon pulsed laser illumina-
tion above a relatively low energy threshold (0.5 mJ/cm?), offering excellent contrasts
for photoacoustic and ultrasound dual-modality imaging.

It was found that both traditional and thermoelastic photoacoustic imaging could
be enhanced greatly by using the INDs, and the photoacoustic amplitude increased
linearly with increasing IND concentrations. When the laser energy is increased to
8 mJ/cm?, the photoacoustic signal raised to 10 times larger than the conventional
signals immediately and then declined to a lower steady state after nearly 30 s. In
vivo ultrasound imaging experiment was performed on tumor-bearing nude mice.
After the intratumoral injection of INDs followed by laser irradiation for 10 s
(12 mJ/cm?), the ultrasound signal was enhanced 20 times. It indicated that in vivo
vaporization of INDs can be triggered with low laser energy within short irradiation
time. The triggered gaseous bubbles can produce a significant acoustic impedance
mismatch with the surrounding environment, providing excellent contrast for ultra-
sound imaging in vivo. Thus, the ultrasound imaging could be used to identify the
liquid-to-gas process. Interestingly, the nanodroplets have been shown to be capable
of destructing cancer cells in vivo with further increased laser energy to ~18 mJ/cm?
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Fig. 4.18 (a) Schematic illustration of the architecture of IND NPs; (b) US images in routine
(gray scale) and contrast (color scale) modes of the INDs, pure ink (same ink particle concentra-
tion as that incorporated in INDs), and pure droplet (without any ink incorporated; with the same
PLGA concentration as in INDs) solutions before and after laser irradiation with a fluence of 5 mJ/
cm? for 10 s (532 nm, Nd:YAG laser). (¢) In vivo B-scan photoacoustic images of the tumor area
before and after intratumoral injection of 40 mg/mL INDs, pure ink, and pure droplets (Reprinted
with permission from Ref. [136], Copyright 2014, Theranostics publishing)

for 3 min. The obvious coagulative necrosis and massive cell injuries were observed
presumably due to the photoacoustic effect induced shock-wave generation from
the particles of the incorporated India ink. In another work, the same group reported
the similar results by loading both Dil dye and gold nanoparticles into the perfluo-
rohexane nanodroplets to replace India ink [137]. Therefore, the multifunctional
phase-transition nanodroplets have potential to serve as a theranostic agent for
photoacoustic/ultrasound dual-modality molecular imaging and targeted, localized
cancer therapy.
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4.9 Conclusion and Perspective

Multifunctional ultrasound contrast agents can be constructed by loading various
functional components, such as doxorubicin, paclitaxel, ICG, quantum dots, gold,
grapheme, and Fe;0,, into the shells and/or core domains of UCAs, followed by
outfitting with ligands for targeting delivery to the tumor sites. Each component has
a different function, such as molecular targeting, contrast-enhanced imaging (ultra-
sound, fluorescence, MRI, CT, photoacoustic imaging, etc.), and therapy (chemo-
therapy, photothermal therapy, photodynamic therapy, gene therapy, or combined
therapy). Therefore, state-of-the-art UCAs can serve as a theranostic platform to be
capable of noninvasive imaging diagnosis, real-time imaging guidance, and remote-
controlled therapy.

Image-guided therapy based on multifunctional UCAs enables real-time feed-
back on the biodistribution and the target site accumulation of pharmacologically
active agents, allowing for the optimization of drug delivery systems in general, as
well as for predicting treatment responses. Furthermore, attempts can be made to
correlate the in vitro characteristics of drug carriers to their in vivo capabilities by
visualizing and validating some of the basic properties of drug delivery systems.
Consequently, it is expected that even more efforts will be invested in developing
multifunctional UCAs and that these systems and strategies will contribute substan-
tially to realizing the potential of targeted therapeutic interventions. Nevertheless,
many important problems still need to be solved, such as the limited payload of
MBs and the short circulation time. Future work should focus on the development
of highly stable, biocompatible, targeted multifunctional ultrasound imaging and
therapeutic agents and accelerate their clinical translation. Thus, the continued col-
laboration between chemists, biologists, and clinicians is particularly essential to
adapting often biologically incompatible UCAs with outstanding imaging proper-
ties for realistic uses.
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Chapter 5

Next-Generation Ultrasonic Theranostic
Agents for Molecular Imaging and Therapy:
Design, Preparation, and Biomedical
Application

Hairong Zheng, Yuanyi Zheng, Fei Yan, Mian Chen, and Pan Li

5.1 Introduction

Since the first reported use of ultrasound contrast agents (UCAs) in 1968, the
increased needs regarding clinical applications have triggered the rapid develop-
ment of next-generation UCA. UCAs are highly echogenic microbubbles with
many unique properties, which can basically improve the sensitivity of conven-
tional ultrasound imaging to the microcirculation that can be exploited to improve
both diagnoses and therapies.

UCAs rely on the different ways in which sound waves are reflected from inter-
faces between substances. This may be the surface of a small air bubble or a more
complex structure. Commercially available contrast media are gas-filled microbub-
bles that are administered intravenously to the systemic circulation. Microbubbles
have a high degree of echogenicity, which is the ability of an object to reflect the
ultrasound waves. The echogenicity difference between the gas in the microbubbles
and the soft tissue surroundings of the body is immense. Thus, ultrasonic imaging
using microbubble contrast agents enhances the ultrasound backscatter, or reflec-
tion of the ultrasound waves, to produce a unique sonogram with increased contrast
due to the high echogenicity difference.

UCA can be used to image blood perfusion in organs, measure blood flow rate in
the heart and other organs, and has other applications as well. The resonance of
microbubbles in response to an incident ultrasound pulse results in nonlinear har-
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monic emission that serves as the signature of microbubbles in microbubble-specific
imaging. Various targeting ligands can be conjugated to the surface of microbubbles
to attain ligand-directed and site-specific accumulation for targeted imaging. On the
other hand, inertial cavitation and destruction of microbubbles can produce a strong
mechanical stress enhancing the permeability of the surrounding tissues and can
further increase the extravasation of drugs from the blood into the cytoplasm or
interstitium. Stable cavitation by high-frequency ultrasound can also mildly increase
tissue permeability without causing any damage even at a high acoustic pressure.
Microbubbles can carry drugs, release them upon ultrasound-mediated microbubble
destruction, and simultaneously enhance vascular permeability to increase drug
deposition in tissues.

In addition to current developments in UCA technology, this review introduces
the design, preparation, and biomedical application of next-generation ultrasonic
theranostic agents in molecular imaging and therapy.

5.2 Design and Preparation

5.2.1 The Development Process and Classification of UCA

Agitated saline as the original UCA was injected into the heart, and then the cloud-
like echoes were imaged from the aortic root [1]. Since then, many efforts have been
made to develop effective UCA for clinical applications. Table 5.1 shows some
commercially available UCA.

The first generation of UCA air bubbles was produced on the basis of the hand-
cranked concussion of saline or hydrogen peroxide water. For example, Takada
et al. [9] used carbon dioxide mixed with physiologic saline and injected through a
catheter positioned into the hepatic artery for small hepatic carcinomas’ ultrasound
detection. This kind of bubbles has many shortages in its application, such as
extremely unstable with short lifetime, nonuniform and too big in size, incapable of
pulmonary capillary transport, easy to form air embolism, and so on [10].

Table 5.1 Some commercially developed UCA

Agent Stabilization Gas Manufacturer Reference

Albunex® Albumin Air Mallinckrodt Medical, |[2]
Inc.

Levovist® Galactose Air Schering AG [3]

SHUS563A Polymer Air Schering AG [4]

Optison® Albumin Perfluoropropane Molecular [51
Biosystems Inc.

Aerosomes® Lipid Perfluoropropane ImaRx [6]
Pharmaceutical

SonoVue™ Lipid Sulfur hexafluoride | Bracco Corp. [7]

Imagent US® Surfactants Perfluorohexane Alliance [8]

Pharmaceutical
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The second generation of UCA was air bubbles stabilized by a phospholipid or
albumin shell. For instance, Feinstein et al. [11] first used sonication method to
make repeatable and stable albumin-coated air microbubbles, which had a longer
lifetime, uniform and smaller in size, and could pass pulmonary circulation for left
ventricular echocardiography imaging. Albunex® (Mallinckrodt Medical, Inc. St.
Louis, MO) and Levovist® (Schering AG, Berlin, Germany), as the representative
products of the second generation of UCA, are presently in clinical application.

However, air-based agents are still not stable enough in vivo and can be rapidly
destroyed after administration in the bloodstream [12]. The main reason is that
air can diffuse through the shell and then dissolve in the surrounding medium within
1 min, leading gas loss from the microbubbles. To address this issue, low solubility
and dispersion gas are used as alternative to air. For example, fluorocarbon, with
low surface tension, high fluidity, and excellent spreading characteristics, was used
as a gas-filled agent, providing minutes of contrast duration in vivo [13]. Optison®
(Molecular Biosystems), Aerosomes® (ImaRx Pharmaceuticals), and Imagent US®
(Alliance Pharmaceutical) are currently in commercial availability, which can also
be recognized as the third generation of UCA.

In recent years, there has been growing development for the notion of the fourth
generation of UCA, called targeted UCA. They are gas-filled microbubbles with
targeting ligands attached to their shells [14]. They can circulate through the organ-
ism and accumulate at the target tissue for ultrasound molecular imaging. In addi-
tion, the fourth generation of UCA can also be used as carriers for drug- or
gene-targeted delivery. All these will further promote the ability of ultrasound for
early detection and therapeutic strategy of disease.

As the shell covering the surface of the bubbles is crucial for its stability and
targeting ligand modification, the designing and selection of the shell become par-
ticularly important. In general, the shell can be divided as follows:

e Human albumin (such as Optison®). Howeyver, it is usually limited by its poor
stability, temperature sensitivity, and immunogenicity.

e Lipid (such as SonoVue™), which is biocompatible, stable, and easy to be modi-
fied and functionalized for drug or gene delivery.

* Biodegradable polymer (such as SHUS563A, AI-700), which also has a good
property, but needs larger acoustic pressure to cause the nonlinear resonance
than lipid microbubbles.

 Surfactant (such as Imagent US®). Span60, tween40, tween80, or other nonionic
surfactants are usually used to fabricate microbubbles.

5.2.2 Microbubble Production Techniques
5.2.2.1 Traditional Methods

Traditional methods, such as sonication, mechanical agitation, or freeze-drying
(lyophilization), are used to produce microbubbles [15, 16].
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Sonication method is based on the generation of the positive and negative pres-
sure under high-frequency vibration, and the negative pressure will result in the gas
dissolution in the solution form tiny bubbles. Meanwhile, the organic molecules
such as lipids, proteins, or other amphipathic polymers dissolved in the solution will
quickly cover the surface of gas core and then stabilize the formed microbubbles.
Although sonication can produce microbubbles efficiently, it still faces some chal-
lenges. For example, the process parameters, such as the power and position of the
transducer in the liquid, are not easily controlled, which will cause poor reproduc-
ibility, and are not suitable for large-scale production. In addition, it is hard to keep
aseptic in the production process and face the possibility of heavy metal pollution.
Moreover, the hyperthermal effect of sonication will destroy the shell of micro-
bubbles and lead to the inactivation of functional molecules (e.g., ligands, drugs, or
genes) within microbubbles.

Mechanical agitation method is based on high-frequency mechanical oscilla-
tions, which will make different temporal phase between positive and negative
pressure in each point of solution. The presence time and intensity of the negative
pressure will influence the size of microbubbles. In general, the higher the frequency,
the faster the conversion between positive and negative pressures, which leads to
the shorter presence time of negative pressure and the smaller size of the micro-
bubbles. On the other hand, the lower the amplitude, the smaller the intensity of the
negative pressure, which also leads to the smaller size of microbubbles. This method
can handle the shortage of sonication method mentioned above. However, it is
difficult in size and shell thickness control, leading to the instability of acoustic
characteristics.

Freeze-drying method is a common method for polymer- or phospholipid-coated
microbubble preparation. In brief, microspheres with water core were prepared by
double emulsion solvent evaporation, and then water congeals into ice. Subsequently,
using vacuum freeze-drying made the ice core from the solid phase to the gas phase
to form hollow microbubbles. In addition, the liposomes composed by phospholipid
and lyoprotectant will also take shape of porous structure during freeze-drying pro-
cess, and then the gas can be sealed in the cavities and form microbubbles after
filling with saline and shaking. The advantage of this method is more convenient for
transport, storage, and reconstruction.

5.2.2.2 Microfluidic Chip Methods

With the development of microelectromechanical systems (MEMS), T-junction and
flow-focusing-based microfluidic chip methods have been established for micro-
bubble production [17, 18]. Compared to the traditional methods above, these meth-
ods are more convenient for the size and distribution of microbubbles. The principle
of T-junction is that the front of dispersed gas phase meets the continuous solution
phase at the cross region of the T-shaped junction and then is pressed, forming
microbubble in the downstream. Meanwhile, as shown in the Fig. 5.1, flow-focusing
method could be divided into three stages: (1) the gas flow enters into the channel
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Fig. 5.1 (a—d) Formation of water-in-silicone oil droplets using a flow-focusing design with an
embedded circular orifice. (e) Graph showing decreasing droplet size and increasing frequency of
formation with increasing oil flow rate (Reprinted with permission from Ref. [18]. Copyright
2006, Royal Society of Chemistry)

and extends to the outlet, while the width of the gas flow is unchanged; (2) the gas
flow constrains the liquid flow toward the outlet and increases the hydrostatic pres-
sure of the upstream and outlet, leading the width of the gas flow to become thinner;
and (3) with the Rayleigh—Plateau being unstable, the gas flow becomes fractured
and the bubble is released, then the gas flow goes back to the upstream of the outlet
for the next cycle. Talu et al. [19] used this method to produce stable monodisperse
lipid microbubbles, which could last for several months. However, with different
experimental parameters, such as capillary numbers, Weber number, and the shape
and size of the cross-sectional channel, the microbubble formation mechanism will
be different, and only part of the phenomenon has got a reasonable explanation. In
addition, the production rate and efficiency are still very low, which is not suitable
for large-scale production so far.
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5.2.3 Preparation of Targeted Microbubbles

In addition to output-stabilized and size-designed microbubbles, how to construct
these microbubbles with target ability is very significant for molecular imaging and
therapy. The most common method is modification of the microbubble shell surface
with targeted group, such as antibodies, peptides, glycoproteins, and other small
molecules [20, 21]. As microbubbles are limited within the blood vessels after
intravenous administration, the targeting sites mainly focus on the surface of the
vascular endothelial cells, which exhibit many special adhesion molecules, such as
the integrin family [22], selectin family [23], and immunoglobulin superfamily
[24]. It was reported that A,B; integrin, endoglin, and vascular endothelial growth
factor receptor (VEGFR) were three of the best characterized molecular markers of
tumor angiogenesis [25]. Thus, the evaluation of microbubbles targeted to these
markers could be used for tumor detection. In general, there are three methods for
the modification of the microbubbles with targeted agents:

* Non-covalent adsorption. By adjusting the solution pH, ionic strength, and tem-
perature, microbubbles can be interacted with targeted agents by electrostatic,
n-effects, van der Waals forces, or hydrophobic effects. This method is very
simple, but the targeted ability of obtained particle is poor in vivo, which is eas-
ily influenced by the complex environment in blood.

* Covalent cross-linking reaction. One way is to prepare the shell of microbubbles
with active groups first and then covalent binding these active groups with tar-
geted agents through chemical reactions, such as the reaction of amine and car-
boxyl groups or click chemistry reaction. The other way is using a cross-linker,
which has active groups at both ends of its chemical structure and then has a
covalent cross-linking reaction with target agents and the shell of microbubbles,
respectively. Unlike non-covalent adsorption, covalent cross-linking reaction is
stable mechanically and thermally, so it is difficult to break once formed (Fig.
5.2a) [26].

* Biotin—avidin system. Biotin is a small molecule widely distributed in vivo and
can be easily synthesized. It has an unusual structure composed of aureido
(tetrahydroimidizalone) ring and valeric acid side chains, which can be cova-
lently combined with an antigen, antibody, enzyme, or nucleic acid. This process
is called biotinylation and will not change the activity of markers. Meanwhile,
avidin is a tetrameric protein containing four identical subunits, each of which
can bind to biotin with a high degree of affinity and specificity. Thus, biotinyl-
ated target agents will be very easily grafted onto the surface of avidin-modified
microbubbles (Fig. 5.2b) [26].

In the preparation process, some issues need to be paid attention. First, it should
consider the order of modification process, such as before or after the generation of
bubbles, especially when some targeting agents are easily inactivated. Second, opti-
mization of the ligand number and its distance from the shell is helpful for the suc-
cess of microbubble targeting. Third, it is necessary to get rid of excess free targeting
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Fig. 5.2 Ligand architectures. Cartoons show different schemes for the presentation of various
ligand types: (a) small hydrophilic ligands can be covalently attached to the distal end of the car-
rier lipopolymer. The diffusion of the ligand is dictated by the polymer chain dynamics; (b) large,
protein ligands can be attached by biotin (red) and avidin (yellow) linkage. The large size (60 kDa)
and multiple binding pockets in the avidin create a sort of scaffold that is supported by the poly-
meric brush (2-5 kDa) (Reprinted with permission from Ref. [26]. Copyright 2007, Annual
Reviews)

agents from the microbubbles. If not, the free targeting agents will also bind to the
targeted organs and reduce the recognition efficiency of microbubbles.

5.2.4 Drug-Loaded Microbubbles

Microbubbles is not only used as UCA but is also introduced as a promising drug
delivery platform for drug delivery. Structurally, microbubbles consist of a gas core,
surrounded by a monolayer or multilayer polymer shell. Based on this special struc-
ture, drug could be attached to the external surface by covalent or non-covalent
bonds or incorporated the drugs into the polymer shell via an intercalation mecha-
nism (Fig. 5.3) [27]. For example, lipid microbubbles with the positively charged
groups of the shell are usually used for DNA loading through electrostatic interac-
tions [28]. After loading, the structure and function of DNA are intact even after
insonation. More interestingly, using microbubbles as DNA delivery vehicles can
protect DNA from enzymatic degradation and enhance the transfection efficiency
[29]. Compared with liposome drug delivery systems, microbubble-based drug
delivery systems present more superiority. On the one hand, microbubble is a good
UCA for ultrasound imaging, which is beneficial for real-time tracking drug
distribution. On the other hand, at high ultrasound intensities, microbubbles begin
to oscillate violently, resulting in the destruction of the microbubbles, which is
known as inertial cavitation. This phenomenon is very useful for drug-controlled
release that will increase drug concentration on the targeted location and reduce the
side effects of drug to normal tissues.



160 H. Zheng et al.

Fig. 5.3 Different strategies of microbubbles to load drugs. (a) Drugs may be attached to the
membrane surrounding the microbubble. (b) Drugs may be imbedded within the membrane itself.
(¢) Materials, e.g., DNA, may be bound noncovalently to the surface of the microbubbles. (d)
Microbubbles might also be formulated to load the interior with drug and gas, or hydrophobic
drugs can be incorporated into a layer of oily material that forms a film around the microbubble,
which is then surrounded by a stabilizing membrane. (e) In this example, a targeting ligand is
incorporated on the membrane allowing targeted delivery of the drug. Note that although in these
examples the stabilizing materials are shown as lipids, but it could also be polymeric materials
(Reprinted with permission from Ref. [27]. Copyright 2002, Elsevier)

However, microbubble-based drug delivery systems also face some challenges.
First, after injection into the systemic circulation, the half-life of microbubble in the
blood is relatively short. Second, for the size reason, microbubbles are mainly lim-
ited within the blood vessels that are not conducive for drug penetration. Third, the
amount of drug carried in microbubble is relatively limited, and it may not be able
to prevent leakage of drugs from the bubble. Therefore, it is necessary to optimize
the parameters of microbubble, such as size, charge, components, the thickness of
the shell, or the surface modification situation.

5.2.5 Fluorocarbon-Based UCA

It has been reported that the contrast enhancement effect was mainly dependent on
microbubble size. Large microbubbles (>4 um) strongly enhanced the ultrasound
imaging with positive contrast, while small microbubbles (<2 um) showed little
enhancement [30]. However, large size of microbubbles is a major limitation to
delivering drugs to the outside of the blood vessels or the central nervous system. It
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Fig. 5.4 The phase transition of perfluorocarbon was used for the construction of UCA (Reprinted
with permission from Ref. [31]. Copyright 2011, American Chemical Society)

means that the requirements of microbubble-based ultrasound imaging and that of
drug delivery system are different, which is not conducive for ultrasonic theranostic
agent construction. To solve this problem, the phase transition of liquid perfluoro-
carbon can be used (Fig. 5.4) [31]. When the external pressure is reduced to vapor
pressure or the temperature rises to above the boiling point, liquid—vapor phase
transition will occur. Perfluorocarbon, compounded with only carbon and fluorine,
has good properties, such as low surface tension, high fluidity, high inertness, and
nontoxicity. Perfluoropentane is one of the most used perfluorocarbon for liquid—
vapor phase transition, whose boiling point is about 29 °C at atmospheric pressure
[32]. By the construction of nanoscale liquid perfluoropentane emulsion with
targeted agents, it can be used as nanocarrier for drug delivery. Moreover, under
certain condition, liquid perfluoropentane conversion into vapor phase results in the
significant increase in particle size, which is beneficial for ultrasound imaging.
For example, Rapoport et al. [33—-35] have developed a series of drug-loaded
perfluorocarbon nanoemulsions by the walls made of biodegradable block copoly-
mers. Upon intravenous injections, these nanoemulsions could be observed with a
long-lasting, strong, and selective ultrasound contrast in the tumor, indicating their
coalescence into larger, highly echogenic microbubbles in the tumor tissue and the
capability of combining ultrasonography and targeted chemotherapy.

5.2.6 Multimodality UCA

Each medical imaging modality has its unique strengths and limitations. In clinical
practice, the use of multiple modalities may help complete the comprehensive
assessment of patients, which means that multiple contrast agents will be given to
the patients. The use of multiple agents might increase the economic burden of
patients and increase the toxicity and might have interference with each other.
Therefore, in recent years, the idea of developing composite contrast agent, which
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is qualified to enhance the imaging of multiple imaging techniques, has gained
popularity among researchers, and they have come to realize that the multimodality
imaging agents can be used to exploit the merits of different imaging modalities to
obtain beneficial information for diagnosis and the different imaging modalities
could be harnessed with complementary abilities rather than any modality alone in
tandem [36]. In order to meet the needs of multimodal imaging, people investigated
the integration of two or more imaging modalities within a single device for simul-
taneous acquisition of anatomical, functional, and molecular information of bio-
logical tissue [37]. Ultrasound-based mono-modal imaging possesses many merits
such as portability, nonionizing radiation, cost-effectiveness, and high temporal
resolution. But there also exist insufficiencies including high operator dependence
and being easy to be affected by bone or gas. The observation plane of ultrasound is
too small to obtain comprehensive anatomical structure information. And the mark-
edly increased resolution of ultrasound with higher frequencies is at the cost of
limited depth of penetration. Thus, the fusion of ultrasound with other imaging
modalities to produce multimodality imaging can make up these drawbacks and
improve the diagnosis accuracy, which also extends the range of ultrasound molecu-
lar imaging [38].

A variety of modalities have been explored for multimodality imaging, including
ultrasound (US), nuclear modalities such as positron emission tomography (PET)
and single-photon emission computed tomography (SPECT), magnetic resonance
imaging (MRI), optical imaging, photoacoustic imaging (PA), and more. Currently,
there are three important areas of multimodality molecular imaging research:
multimodality instrumentations for image collection, software tools for image
construction/registration, and multimodality imaging agents for obtaining molecular
information of diseases. The following introduces the ultrasound-based contrast
agents for multimodality imaging.

5.2.6.1 US/PA

The combination of ultrasound and photoacoustic imaging supplies a nonionizing,
noninvasive, real-time imaging technique capable of visualizing optical absorption
properties of tissue at reasonable depth and high spatial resolution, which is a
rapidly emerging biomedical and clinical imaging technique. The benefits of the
combination are not at the expense of existing ultrasound or photoacoustic imaging
functions. The photoacoustic imaging systems are inherently compatible with ultra-
sound imaging, thereby enabling multimodality imaging with complementary con-
trast. It has technical significance to develop the highly optical absorption and
biocompatible optical contrast agents in the UCA since photoacoustic imaging is
highly sensitive to optical absorption.

Indocyanine green (ICG) is one of the first optical contrast agents approved by
the Food and Drug Administration (FDA) for clinical applications [39]. The fluores-
cence emission peak of ICG, with an excitation wavelength of 748-789 nm and
emission wavelength of 814-851 nm, falls in the near-infrared wavelength range
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with deep penetration of light [40]. The encapsulation of ICG in the ultrasound
microbubbles (MBs) or nanobubbles (NBs) will prolong its circulation half-life and
protect it from nonspecific molecular interactions [37]. Xu et al. [41] reported that
the encapsulation of ICG in the poly(lactic-co-glycolic acid) (PLGA) MBs has
yielded dual-mode contrasts for simultaneous US and fluorescence imaging of can-
cer and they observed more stabilized absorption and fluorescence emission charac-
teristics for aqueous and plasma suspensions of ICG-encapsulated microbubbles.
They also fabricated multiple tumor simulators by entrapping ICG MBs or NBs at
various concentrations in gelatin phantoms for simultaneous US and PA imaging.
And they conjugated the MBs and NBs with CC49 antibody to target TAG-72, a
human glycoprotein complex expressed in many epithelial-derived cancers and
found that the ICG MBs and NBs can be potentially used as a general contrast agent
for multimodal intraoperative imaging of tumor boundaries and therapeutic margins
[42].

Gold nanoparticles (GNP) are another optical contrast agent and have a wide
application due to their unique physicochemical properties [43]. The GNPs may
also be loaded in the MBs or NBs. Simultaneous photoacoustic and US imaging
have been observed from GNP-loaded perfluorocarbons droplets, as shown in
Fig. 5.5.

In addition to ICG and GNPs, other optical absorption agents, such as India ink,
can also be encapsulated in MBs and NBs. Jeon et al. [44] reported generated micro-
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Fig. 5.5 Simultaneous photoacoustic and US imaging with GNP-loaded perfluorocarbons drop-
lets. (a) Ultrasound and photoacoustic images of one vertical slice through the tumor. (b) Before
irradiation and (c) after irradiation (808 nm for 2 min, in region /eft of the marker curve), essen-
tially all cells were killed. (d—f) Converting light absorption into heat by the photothermal effect
of AuRNBs and PBS. (g—i) The NIR laser for pretreatment and treatment after 2 days and 14 days
(Reprinted with permission from Ref. [43]. Copyright 2013, Royal Society of Chemistry)
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bubbles (a standard UCA) in a solution of methylene blue (a standard photoacoustic
dye). India ink-loaded MBs and NBs have been fabricated by a modified double
emulsion process [45].

5.2.6.2 US/MRI

MRI is an imaging modality widely used for disease diagnosis and for making ther-
apeutic schedule. The major disadvantage of MRI is its low sensitivity, which results
in quite long acquisition times. The fusion of MRI and ultrasound can simplify or
settle a series of problems such as spatial and temporal registration, showing great
potential for broad application in clinical practice.

Superparamagnetic iron oxide (SPIO) has been a hotspot in the field of multimo-
dality imaging. Many reports showed that SPIO in combination with microbubble
can be used for both ultrasound and MR imaging in order to achieve good spatial and
temporal resolution. Wang et al. [46] developed the superparamagnetic poly(lactic-
co-glycolic acid) (PLGA) microcapsules (Fe;O0,/PLGA) for the application in ultra-
sound/magnetic resonance dual-modality biological imaging. Hydrophobic Fe;O,
nanoparticles were successfully integrated into PLGA microcapsules by a typical
double emulsion evaporation process. Brismar et al. [47] developed an US/MRI
dual-mode contrast agent by the introduction of iron oxide nanoparticles (SPIONs)
in the shell or on the external surface of the poly(vinyl alcohol) MBs. The presence
of SPIONs provided enough magnetic susceptibility to the MBs to accomplish good
detectability both in vitro and in vivo. Liu et al. [48] reported the fabrication of iron
oxide nanoparticle-embedded polymeric microbubbles as dual-mode contrast agents
for hybrid MR/US imaging. These magnetic nano-in-micro imaging probes were
prepared via a one-pot emulsion polymerization to form poly(butyl cyanoacrylate)
microbubbles, along with the oil-in-water (O/W) encapsulation of iron oxide
nanoparticles in the bubble shell. These hybrid imaging agents showed strong con-
trast in US and an increased transversal relaxation rate in MR.

Based on nanoparticle-based UCA for molecular ultrasound imaging using
acoustic droplet vaporization (ADV) [49, 50] or optical droplet vaporization (ODV)
[51, 52], Yuanyi Zheng and his group in Chongqing Medical University recently
have fabricated the magnetic yolk—shell spheres via a surfactant-assembly sol—gel
coating process and a following spontaneous self-transformation procedure. As
shown in Fig. 5.6, the perfluorohexane (PFH) was infused into the yolk—shell
spheres by capillary action. These nanoparticles could enhance the MRI imaging,
and upon exposing to an alternating current (a.c.) magnetic field, the magnetic
energy was efficiently transformed into thermal energy by the magnetic droplets,
thus leading to the vaporization of the loaded PFH, and a large number of bubbles
are released from the mesopores in the outer shells. The generated gas bubbles not
only could increase echogenicity for ultrasound imaging but also enhanced the
magnetic thermal tumor ablation through stimulating a series of cavitation-related
bio-effects, such as mechanical oscillation, cell membrane opening, and free radical
release.
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5.2.6.3 US/CT

Like MRI, CT has been widely used in the clinic as well. The major disadvantage
of CT is its low sensitivity, which results in quite long acquisition times. Thus, the
fusion of CT and ultrasound also can simplify or settle a series of problems such as
spatial and temporal registration, showing great potential for broad application in
clinical practice.

The earliest study on the US/CT dual-mode imaging employed liquid perfluoro-
carbon emulsion, the perfluorooctyl bromide (PFOB) nanoparticles. They have the
native capability of being UCAs’ and CT contrast agents [53, 54]. Liquid PFOB
nanoparticles are stable against pressure, air, heat, and shear press. Due to their high
boiling point (143 °C), nanosize diameter (60~nm), and stability in vivo, PFOB
nanoparticles have stronger tissue penetration ability and long circulation life [55].
Although their backscattering signal is weak because of their small size and liquid
core, they come to strong echogenicity when accumulated in tissue, thereby obvi-
ously enhancing the signal while reducing the background noise. Also, the bromide
atom creates hindrance for X-ray to penetrate, thus could be used to enhance CT
imaging. As shown in Fig. 5.7, Dai et al. [56] developed an US/CT dual-mode imag-
ing and theranostic microcapsules by introducing gold nanoparticles into poly(lactic
acid) microcapsules via a double-microemulsion method, followed by depositing
grapheme oxide onto the microcapsule surface through electrostatic layer-by-layer
self-assembly technique. They proved that the microcapsules could serve as a con-
trast agent to simultaneously enhance US imaging and X-ray CT imaging in vitro
and in vivo.

5.2.6.4 Other Imaging

In order to meet the needs of better location and visualization of tumor margins,
triple-modality imaging strategies have also been explored. Kim et al. [57] used
gold, iron oxide, and islet cells to synthesize capsule-in-capsules which provided
immunoprotection for xenografted cells and were detectable by MRI, CT, and US
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Fig. 5.7 Illustration of the fabrication process of microcapsule of Au@PLA-(PAH/GO) by layer-
by-layer (LBL) technique (Reprinted with permission from Ref. [56]. Copyright 2013, Elsevier)

trimodal imaging. Application of these capsules provided a useful strategy to non-
invasively detect the spatial and temporal kinetics of the quantity and location of
xenografted islets. Barnett et al. [58] designed novel immunoprotective alginate
microcapsule formulations containing perfluorocarbons (PFCs) that may increase
cell function, provide immunoprotection for xenografted cells, and simultaneously
enable multimodality imaging. The results showed that fluorinated capsule could be
detected by micro-CT, ultrasonography, and MRI triple-modality imaging. As
shown in Fig. 5.8, Kircher et al. [59] reported a triple-modality strategy, which is the
first to allow combined MRI, photoacoustic imaging, and Raman imaging (MPR).
They developed a gold-silica-based SERS nanoparticle coated with Gd** ions and
found that after these MPR nanoparticles accumulated in the orthotopic mouse glio-
blastoma but not in healthy brain tissue due to the enhanced permeability and reten-
tion (EPR) effect. The duration time for the particles in the tumor is more than 1
week and could be detected with all three modalities in living mice with at least
picomolar sensitivity. Qin et al. [60] reported a photoacoustic imaging (PAI), MRI,
and PET triple-modality imaging strategy. They introduced the tyrosinase (TYR)
gene into cells, and the expressed tyrosinase catalyzes the synthesis of melanin from
tyrosine precursors. The melanin could be imaged by three modalities including
photoacoustic imaging (PAI), MRI, and PET since melanin has a broad optical
absorption spectrum which provides contrast for PAI and has the ability to chelate
metal ions (e.g., Fe**) which provides contrast for MRI13. And, PET can be realized
through introducing the melanin avid probes such as N-(2-(diethylamino)ethyl)-
8F-5-fluoropicolinamide (‘*F-P3BZA) as a PET reporter probe.
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Fig. 5.8 Triple-modality MPR concept. Detectability of MPRs by MRI allows for preoperative
detection and surgical planning. Photoacoustic imaging, with its relatively high resolution and
deep tissue penetration, is then able to guide bulk tumor resection intraoperatively. Raman imag-
ing, with its ultrahigh sensitivity and spatial resolution, can then be used to remove any residual
microscopic tumor burden. The resected specimen can subsequently be examined using a Raman
probe ex vivo to verify clear tumor margins (Reprinted with permission from Ref. [59]. Copyright
2012, Nature Publishing Group)

5.3 Biomedical Applications

5.3.1 Targeted UCA

UCAs have been widely used for enhanced diagnostic imaging in clinical practice.
With the advent of targeted UCA, contrast-enhanced ultrasonography has emerged
into molecular imaging for displaying pathophysiological processes at molecular
and cellular level.

5.3.1.1 Imaging Angiogenesis

Angiogenesis is an important pathophysiological process involved in a broad spectrum
of diseases such as cancer, rheumatoid arthritis, and atherosclerosis. Noninvasive
imaging modality is very useful in the early detection of the tumors, the assessment
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of atherosclerotic plaques, and for monitoring response to therapy. Targeted contrast
ultrasonography with microbubbles provides a promising noninvasive molecular
imaging approach to visualize and evaluate angiogenesis. Since specific endothelial
receptors would be overexpressed during different phases of angiogenesis, various
targeted microbubbles conjugating with ligands have been designed to imaging
angiogenesis process. These microbubbles are mainly targeted to endothelial adhe-
sion molecules which are involved in activation and remodeling, growth factor
receptors, and specific markers for inflammatory cells in vascular remodeling [61—
63]. A large number of studies have been focused on ultrasound molecular imaging
of tumor with targeted microbubbles as angiogenesis plays a very important role
during the process of tumor occurrence and progress. The ability to visualize and
qualify angiogenesis of targeted microbubbles not only allows the early diagnosis of
solid tumors or metastasis but also helps choose appropriate adjuvant anti-angio-
genesis therapy based. Avp3 integrin, endoglin, and vascular endothelial growth
factor (VEGF) receptor (VEGFR?2) are three of the best characterized molecular
markers of tumor angiogenesis. The evaluation of microbubbles targeted to these
markers has been extensively studied in various tumor models by many groups.
Deshpande prepared microbubbles respectively targeted to these three markers and
used the microbubbles to evaluate their temporal expression levels in three solid
tumors. It is found that contrast-enhanced ultrasound imaging with these targeted
microbubbles allows longitudinal assessment and monitoring of expression levels
of a,f; integrin, endoglin, and VEGFR2 in breast, ovarian, and pancreatic cancer
xenografts in mice. In addition, these targeted microbubbles can visualize the
expression variety of different molecular markers among different tumors and the
change at different tumor stage [64].

VEGFR?2 is a primary angiogenic marker for angiogenesis and the development
of pathological conditions such as cancer, diabetic retinopathy, and neovascular
age-related macular degeneration [64—66]. This receptor is expressed mainly by
endothelial cells and is upregulated in the tumor vasculature to promote
angiogenesis.

Microbubbles targeted to VEGFR-2 have been used for in vivo noninvasive
detection and quantification of VEGFR-2 expression in hepatocellular carcinoma,
breast, thyroid, and prostate cancer in animal experiments and to differentiate
benign from malignant lesions. Furthermore, this targeted contrast agent is likely
useful in the prediction of response to anti-angiogenic therapy as it can monitor the
tumor angiogenic activity [67—70]. The biotin—streptavidin linkage method is com-
monly used to prepare VEGFR-2 targeted microbubbles, but it cannot be used in
clinic due to the immunogenic response in humans. Recently, Pochon et al. [71]
developed a kind of clinically translatable microbubble (BR55) with a heterodimer
peptide targeting the vascular endothelial growth factor receptor 2 (VEGFR-2). It
has been widely used to detect, qualify, and monitor angiogenesis in vitro or in vivo
study. Grouls et al. [72] reported that VEGFR-2-targeted microbubbles enable the
distinction of early stages of liver dysplasia from normal liver in transgenic mouse
model. Bzyl et al. [73] applied 3D molecular ultrasound using clinically translatable
VEGFR-2-targeted microbubbles (BRS5S5) to assess angiogenic activity in very small
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breast lesions in nude mice and suggested that it is potential to detect and characterize
these lesions.

5.3.1.2 Imaging Ischemia Disease

Ultrasound molecular imaging with microbubbles targeted to selectins and other
biomarkers in vascular endothelium has been well described in ischemic disease
model. Unique advantages including noninvasiveness, rapid and early detection,
quantification, accurate localization, and guidance for therapeutic intervention have
been validated in many studies. P- and E-selectin-targeted microbubbles have been
used to detect myocardial and renal ischemic injury and show the potential applica-
tion in humans [74, 75].

Clinical evaluation and management of the patients with chest pain which is sug-
gestive of acute coronary syndromes (ACS) remains a common problem. The diag-
nosis of transient myocardial ischemia is challenging especially in patients without
clear symptoms or electrocardiographic and/or biomarker features. For myocardial
ischemia followed by reperfusion, the expression of molecular marker such as selec-
tins in endothelial cells would change at very early stage which could be detected by
ultrasound molecular imaging. Hyvelin et al. [76] used dual selectin-targeted micro-
bubbles to detect and monitor the time course of expression of selectins after resolu-
tion of the ischemic event in rats. It is shown that targeted microbubbles produced
high late-phase enhancement for ultrasound imaging within the ischemic myocar-
dium area compared with remote myocardial tissue and persisted up to 24 h after the
acute ischemic event, which validates the value of ultrasound molecular imaging for
detecting transient myocardial ischemia. The diagnosis of ACS based on the detec-
tion of ischemic memory is a promising application for the imaging modality using
targeted UCA because of noninvasiveness, convenience, low cost, and early detec-
tion. Leng et al. [77] developed a biodegradable polymer microbubble contrast agent
targeted to human E-selectin via a short synthetic peptide and found that it enables
echocardiographic detection of recent ischemia through ultrasound molecular imag-
ing, providing a noninvasive method for myocardial ischemic memory imaging to
identify acute coronary syndromes. As shown in Fig. 5.9, ultrasound molecular
imaging with microbubbles targeted to endothelial ICAM-1 provides more reliable
and earlier evidence of a recent myocardial ischemic event in the late phase of reper-
fusion compared with routine methods such as electrocardiography, echocardiogra-
phy, and plasma troponin I levels [78].

5.3.1.3 Diagnosis of Inflammatory Disease

In clinic, there have been applications of nontargeted commercial microbubbles
with contrast-enhanced ultrasound imaging (CEUS) for diagnosing and monitoring
inflammatory disease. In patients with stricture of the bowel lumen and resultant
incomplete mechanical bowel obstruction in the context of Crohn’s disease, it is
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Fig. 5.9 Results of ultrasound molecular imaging. The risk area for ischemia during left anterior
descending branch occlusion (a, marked by arrows) resolved after reperfusion (b). Examples of
background-subtracted color-coded contrast-enhanced targeted ultrasound images over the time
course (1, 8, and 24 h) of reperfusion with MBICAM and MBISO injection in three different mice
and one sham mouse are shown in (c—j). The areas of enhancement produced by MBICAM in the
late phase, marked by arrows (h and j), correspond to the risk area for ischemia (a). The VI of
MBICAM and MBISO in both the ischemic anterior wall and nonischemic posterior wall of each
group was quantified (k). *P<0.05; #P=0.000-0.004. MBICAM, microbubbles with rat anti-
mouse ICAM-1 monoclonal antibody; MBISO, microbubbles with nonspecific rat antibody. Data
are given as mean=+SD. Scale bar=3 mm (same scale bar in c—j) (Reprinted with permission from
Ref. [78]. Copyright 2010, Oxford University Press)

important to determine if there is active inflammation at the site of stricture or if the
strictured segment is fibrotic. The quantitative analysis of small bowel wall contrast
enhancement after microbubble contrast agent injection may differentiate inflam-
matory from fibrotic ileal strictures [79]. CEUS can also help discern mass-forming
pancreatitis from pancreatic neoplasm. The use of quantitatively evaluated transab-
dominal contrast-enhanced ultrasonography with microbubbles can help in the dif-
ferentiation of patients with mass-forming pancreatitis from patients with pancreatic
adenocarcinomas. The performances of this imaging modality are similar to those
of CECT in the diagnosis focal pancreatitis [80, 81]. These studies help accumulate
experience in the diagnosis of inflammatory disease with UCA.

The imaging of inflammation is an ideal application for targeted UCA, and they
are increasingly used in preclinical studies to measure the expression of vascular
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markers during inflammation process. The strategy for imaging inflammation with
microbubbles has been targeted to endothelial cell adhesion molecules that are
upregulated in response to proinflammatory stimuli and that participate in leukocyte
recruitment. Ligands for adhesion molecules such as the intercellular adhesion mol-
ecule (ICAM) family, vascular cell adhesion molecule-1 (VCAM-1), and selectins
are conjugated to the shell surface of microbubbles. The use of these targeted micro-
bubbles has been examined in experimental models of several typical inflammatory
diseases such as Crohn’s disease (CD) and inflammatory bowel disease (IBD) [82,
83]. In these studies, targeted imaging with contrast ultrasound enabled accurate
qualifying and monitoring of inflammation and correlated well with the spatial
extent expression of inflammatory cell activity on immunohistochemistry.

As shown in Fig. 5.10, Bachmann et al. [84] carried out research on targeted
ultrasound imaging of inflammatory disease for the first time. A microbubble con-
trast agent targeted to mucosal addressin cellular adhesion molecule-1 was devel-
oped and used to detect and quantify intestinal inflammation in experimental ileitis.
This study firstly confirmed the potential value of ultrasound molecular imaging in
diagnosing and monitoring inflammation activity in patients with IBD.

P-selectin glycoprotein ligand 1, expressed on the surface of leukocytes, is the
natural ligand of both P- and E-selectins. A recombinant P-selectin glycoprotein
ligand immunoglobulin G [rPSGL-Ig] is currently being evaluated as an anti-
inflammatory drug in clinical trials. Microbubbles functionalized with a recombi-

Fig. 5.10 MBy-targeted, contrast-enhanced transabdominal US in SAMP mice. (a) Healthy AKR
mice showed weak background signal following either MB; or (b) MB), infusion, whereas (e)
accumulations of MB); produced strong acoustic echoes that appear as bright regions in color-
coded images. (d) Background-subtracted color-coded images of MBI in SAMP mice produced
little baseline signal. (¢) Histologic analysis of ileal tissues isolated from AKR control (panel B,
green box) showed normal bowel architecture with no evidence of inflammation, whereas (f) ileal
tissues obtained from bright regions of SAMP mice showed gross morphologic changes, including
acute and chronic inflammation (scale bar =250 mm), indicative of severe disease (scale bar=250
um) (Reprinted with permission from Ref. [84]. Copyright 2006, Elsevier)
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nant P-selectin glycoprotein ligand-1 analogue rPSGL-Ig (MBrPSGL-Ig) displayed
firm in vitro binding on the coating of both recombinant E- or P-selectin, with an
efficiency similar to microbubbles comprising antibody specific for E-selectin
(MBE) or P-selectin (MBP). The molecular imaging study demonstrates that
MBrPSGL-Ig provides imaging signal higher than those measured with antibody or
sialyl Lewis X containing microbubbles. Therefore, microbubble conjugated with
rPSGL-Ig is a powerful agent to image the expression of both E- and P-selectins in
the context of an inflammatory process [85]. Wang et al. [86] bond rPSGL-Ig to the
microbubble shell to develop a clinically translatable dual-targeted (P- and
E-selectin) contrast agent for the quantification of inflammation in murine acute
colitis model with IBD. The dual-targeted microbubbles showed strong attachment
to both human and mouse P- and E-selectins, and the combination with contrast-
enhanced ultrasound specifically enables detection and quantification of inflamma-
tion. The US imaging with MB selectin correlates well with FDG uptake at PET/CT
imaging which has been widely used clinically and can be used to evaluate the dis-
ease activity in patients with IBD. The study provides evidence for the further clini-
cal application of targeted UCA in inflammatory disease.

5.3.1.4 Molecular Imaging of Intravascular Atherosclerosis
and Thrombus

The use of ultrasound molecular imaging with targeted microbubbles includes the
early and rapid detection of atherosclerosis [§7-89] and identification of plaque
vulnerability. There are many potential targets for molecular imaging in atheroscle-
rosis that could be useful in diagnosing or managing atherosclerotic disease. A con-
siderable amount of research in ultrasound-targeted imaging of atherosclerosis has
been performed in vitro and animal experiments [90-92].

Differentiating stable from vulnerable atherosclerotic plaques is crucial for the
interventional treatment to prevent acute atherothrombotic events. Assessing future
risk of atherosclerosis plaque may rely on the detection of early inciting events such
oxidative stress, lipid accumulation, or upregulation of endothelial cell adhesion
molecules that participate in inflammatory activity. Favorably, inflammatory pheno-
type of atherosclerotic plaques could be demonstrated by targeted ultrasound imag-
ing. It is capable of rapidly quantifying vascular inflammatory changes that occur in
different stages of atherosclerosis [87].

In animal models of disease, ultrasound molecular imaging of ICAM-1, VCAM-
1, and P-selectin has been shown to produce signal enhancement preferentially at
sites of plaque formation and to reveal the degree of underlying plaque inflamma-
tory activity. Other potential biomarkers in vessel endothelium have also been
explored to develop targeted microbubbles for the demonstration of inflammatory
changes.

Contrast-enhanced ultrasound imaging with microbubbles targeted toVCAM-1
and P-selectin is used to detect the earliest stages of atherosclerotic disease even
prior to the development of fatty streaks, suggesting this technology may be useful
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for the next generation of preventive therapies. Platelet-endothelial interactions
have been linked to increased inflammatory activation and prothrombotic state in
atherosclerosis. Contrast-enhanced ultrasound (CEU) imaging with microbubbles
or cyclic RGD-modified microbubbles targeted to activated glycoprotein IIb/IIIa
could achieve a noninvasive in vivo detection of inflammation-activated platelets
and thrombosis in large arteries, thus providing a potential tool for identification of
vulnerable atherosclerotic plaques before the advent of serious clinical events [93].

Short-term treatment with apocynin in atherosclerosis reduces endothelial cell
adhesion molecule expression. This change in endothelial phenotype can also be
detected by ultrasound molecular imaging before any measurable decrease in
macrophage content and is not associated with a detectable change in oxidative
burden [94].

Dysregulated endothelial vWF is suggested to be a marker for high-risk athero-
sclerotic disease. Molecular imaging using GPIba as a targeting moiety can detect
the presence of activated vWF on the vascular endothelium. This strategy may pro-
vide a means to noninvasively detect an advanced prothrombotic and inflammatory
phenotype in atherosclerotic disease [95].

It is useful to image thrombus formation in large vessels or in the microcircula-
tion for making treatment decisions in patients with acute atherothrombotic
syndromes such as stroke and TIA or in patients at high risk for cerebral embolic
disease. Targeted microbubbles were used to image thrombus formation or platelet—
endothelial interactions more than a decade ago.

Wang et al. [96] conjugated lipid-shell-based gas-filled microbubbles to a single-
chain antibody specific for activated glycoprotein IIb/Illa and demonstrated that
contrast-enhanced ultrasound with these microbubbles could selectively target
activated platelets, thus allowing real-time molecular imaging of acute arterial
thrombosis and monitoring of the success or failure of pharmacological thromboly-
sis in vivo. As shown in Fig. 5.11, Nakatsuka et al. [61] developed thrombin-sensi-
tive contrast agent—aptamer cross-linking strand—aptamer cross-linked microbubbles
that produce ultrasound harmonic signal only when exposed to elevated thrombin
levels. The thrombin aptamer cross-linking strand (TACS) that responds to throm-
bin was incorporated into microbubble shell, and the binding of thrombin results in
the complete displacement of the polymer—-DNA strands. As the thrombin concen-
tration increases, TACS strands are removed from the bubble shell, and full,
unhindered oscillation can occur, producing very sharp harmonic peaks. These
smart stimulus-responsive contrast agents have excellent potential for improving
cardiovascular imaging techniques and the diagnostic power of an important imag-
ing modality.

In ultrasound molecular imaging, the attachment performance of microbubble
contrast agent varies depending on the fluid shear stress as well as on the micro-
bubble and substrate molecular composition and site densities [62]. Shear forces
from flow is the greatest challenge for adherent microbubbles in large vessels [63].
To improve contrast-enhanced visualization of targeted microbubbles in circulation,
several strategies have been taken to increase their binding ability with molecular
markers expressed on the vessel lumen. Ferrante et al. [62] applied dual targeting
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Fig. 5.11 Design of aptamer-activated microbubbles. (a) Schematic representation of fluores-
cence activation by thrombin binding. (b) Thrombin aptamer cross-linking strand (TACS). (c)
Fluorescence emission spectra of DSPE-PAA-FAM and DSPE-PA A-Quencher (blue), after addi-
tion of TACS (red) and addition of thrombin (green) (4 ex=465 nm). (d) Microbubble suspension
after sonication. (e-f) Bright field and fluorescence images of cross-linked bubbles. (g—h) Bright
field and fluorescence images of cross-linked bubbles after addition of thrombin. Fluorescence
increases after TACS interacts with thrombin. Scale bar=5 pm (Reprinted with permission from
Ref. [61]. Copyright 2012, Wiley-VCH)

method to improve microbubble contrast agent adhesion to VCAM-1 and P-selectin
under flow. The results suggest that dual-targeted contrast agents may be useful for
atherosclerotic plaque detection at physiologically relevant shear stresses.

In addition, ultrasound at very low pressures and long pulse lengths can be used
to force acoustically active agents along the axis of the ultrasound beam without
disruption of the agent. Borden et al. [97] have demonstrated that this acoustic
“radiation force” can be used to localize contrast agents along the wall of a vessel
both in vitro and in vivo for an appropriately directed ultrasound beam. The radia-
tion force may present a means to assist the adhesion or accumulation of targeted
contrast agents by increasing the proximity of flowing agents to adhesion ligands,
by reducing the velocity of flowing agents, and by causing free microbubbles to be
attracted to already-adherent microbubbles [98]. Wu et al. [99] developed a micro-
bubble contrast agent targeted to vascular cell adhesion molecule-1 (VCAM-1)
(CD106) and coupled it with a magnetic guidance system, which could improve the
efficacy of contrast-enhanced molecular ultrasonography of atherosclerosis in the
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aorta. The magnetic targeted microbubble system results in greater attachment to
endothelial VCAM-1 in atherosclerotic aortas in conditions of high shear stress and
improved detection of early inflammatory changes of atherosclerosis.

5.3.2 Theranostic Applications
5.3.2.1 General Introduction

UCA have been used for diagnostic imaging since a few decades ago. In recent
years, with the development of microbubbles and acoustic particles carrying drug,
gene, or other therapeutic substances, their function has extended to therapeutic
area, attracting increasing interest in targeted therapy, especially in the treatment of
cancer and cardiovascular and inflammatory disease. And some UCAs are directly
applied to image-guided therapy or synergistic treatment [100—104]. Ultrasound-
mediated drug delivery using contrast agent is a safe and noninvasive approach for
targeted drug delivery. Microbubbles based on a shell encapsulating a high-
molecular weight gas with very low water solubility is the most widely used form
for contrast-enhanced ultrasound imaging as well as drug or gene delivery.
Perfluorocarbon gas-filled microbubbles are sufficiently stable for circulating in the
vasculature as blood pool agents, they act as carriers of drug or gene until they reach
the site of interest. Then diagnostic ultrasound can be applied to image the micro-
bubbles, and simultaneously therapeutic ultrasound at low intensity can be used to
burst these microbubbles at this site, causing localized release of the drug or gene
[105, 106]. Furthermore, microbubble cavitation induced by therapeutic ultrasound
facilitates the permeabilization of surrounding capillary and cell membranes,
resulting in improved cell uptake or enhanced transfection efficiency [107]. In addi-
tion, microbubbles binding with therapeutic antibodies or peptides not only serve as
probes for ultrasound molecular imaging but also generate targeted therapy after
destruction by sonication [96, 108, 109]. Other types of UCA such as microbubble—
liposome particle complex [110-112], acoustic liposome, and phase-shifted perflu-
orocarbon emulsion are also developed and used for image-guided drug or gene
delivery [113-115].

Many strategies have been described to use microbubbles as drug or gene carri-
ers, and ultrasound-targeted microbubble destruction (UTMD) technology has been
demonstrated in a number of studies. Therapeutic substance can be encapsulated
into the inner space or incorporated into the shell of microbubbles, and they can also
be attached to the microbubble surface. In other studies, microbubbles and the ther-
apeutic substance can be coadministered, taking advantage of increased cell and
capillary permeability only after UTMD [116]. Incorporating and encapsulating
unstable bioactive substance into microbubbles has additional advantages, including
protection against degradation or disintegration and decrease of systematic side
effects after intravenous administration [117, 118]. Various physicochemical con-
cepts are demonstrated to produce UCA carrying therapeutics according to their
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properties. Charged therapeutics (e.g., DNA, RNA) can be coupled electrostatically
to the outer MB surface if cationic lipids or denatured proteins are used. Lipophilic
molecules can be integrated into the monolayer of phospholipids microbubbles.
Biodegradable polymer materials are used to prepare microbubbles or acoustic
nanoparticles loaded with various therapeutic substances.

Various therapeutic substances have been delivered with UTMD system in ani-
mal experiments, including drugs, small molecules, and gene therapy vectors.
Microbubbles served as delivery vehicles in most studies as they produce excellent
enhanced ultrasound imaging as well as cavitation effect, which are both crucial to
improve therapeutic efficacy. However, the UTMD system is faced with inherent
difficulties. Microbubbles have a short circulation time in vivo (3—15 min half-life),
and their drug loading capacity is seriously limited by both the thin shell (few nano-
meters) and gas core [119, 120].

Hence, using microbubbles as a gene therapy vector may have superiority as
usually only one application may be required for gene therapy and a rather low
payload can suffice for a therapeutic response. Moreover, gene therapy vectors
mostly have to be locally administered.

To increase the drug payload, thick-shelled microbubbles are developed using
polymeric materials or proteins, offering a much larger loading space. In addition,
acoustically active lipospheres with a thick drug-carrying oil layer have much
higher payload for hydrophobic drugs [121, 122]. The loading capacity of MBs for
plasmid DNA can be increased by raising their positive surface charge [123]. For
this purpose, cationic materials are added and incorporated into the shell during the
process of MBs’ preparation, and multiple layer technique can be used [28, 124].

As shown in Fig. 5.12, conjugating nanometer-sized particles (e.g., liposomes,
lipoplexes) to microbubbles may take advantage of both the high loading capacity
of particles and fine acoustic properties of microbubbles [110]. These hybrid vehi-
cles can be used for both drug and gene delivery, and the performances in vitro and
in animal models have been studied in several groups [111, 112]. Phase-shift per-

Avidin

Liposome
DSPE-PEG2k
DSPE-PEG2k-Biotin

Lipid monolayer of
microbubble

Fig. 5.12 Illustration of a microbubble carrying liposomes on its surface. Microbubbles coated
with 5 % DSPE-PEG2k and 5 % DSPE-PEG2k-biotin were conjugated with liposomes carrying 5
% DSPE-PEG2k-biotin and 5 % NBD-cholesterol via avidin molecules (Reprinted with permis-
sion from Ref. [110]. Copyright 2007, Elsevier)
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fluorocarbon nanoemulsions and nanodroplets as microbubble precursors are devel-
oped to overcome the limitations of microbubbles such as short circulation time and
poor extravascular penetration. These stable, nanoscaled microbubble precursors
could effectively accumulate in tumor tissue by passive or active targeting and then
convert into microbubbles in situ under the condition of ultrasound exposure, heat-
ing, or laser irradiation. Ultrasound activates phase transition of drug-loaded emul-
sions via acoustic droplet vaporization (ADV) and locally releases the drug. This
novel drug delivery system has shown excellent therapeutic potential in targeted
cancer therapy [49, 114, 125].

5.3.2.2 Imaging, Drug and Gene Delivery, and Image-Guided Therapy

Chemotherapy is the most important nonsurgical method for treatment of cancer,
but systemic toxicity becomes one of the biggest challenges. Various targeted drug
delivery systems have been developed to resolve this major issue. The technique of
ultrasound-targeted microbubble destruction (UTMD) for drug and gene delivery
has shown an attractive application in disease treatment, especially in cancer therapy
[105, 126, 127]. A variety of MBs loaded with antitumor drugs have been success-
fully developed and have produced promising therapeutic effect in combination
with ultrasound in vitro and in vivo [113, 122, 128].

Antitumor drug-loaded MBs are injected to the circulation and fragmented when
exposed to a certain intensity of ultrasound. The resultant fragments containing
drug then begin to accumulate within the tumor and slowly release drug. Thus, a
targeted and sustained antitumor effect is obtained. The tumor inhibition may be
further enhanced through the enhanced permeability and retention (EPR) effect at
the cellular and capillary levels in tumor tissue in the presence of microbubble [120,
129-131]. As demonstrated in a number of studies [132, 133], UTMD-mediated
delivery system has been successfully used to increase the local drug concentration
and to enhance the antitumor effect in animal models. In sonicated tumors, the
doxorubicin concentration was significantly higher than that in contralateral tumors
without ultrasound exposure, resulting in the improved therapeutic efficacy.

The first studies with drug-loaded MBs were made by Unger et al. Paclitaxel and
doxorubicin are the most commonly used chemotherapeutics in ultrasound and
microbubble-mediated drug delivery system. Fokong et al. [134] developed a type
of poly(butyl cyanoacrylate) (PBCA)-based hard-shell MB and show that both
hydrophilic and hydrophobic model drugs can be efficiently and stably entrapped
within the ~50 nm shell of PBCA MB. They functionalized the surface of
fluorophore-loaded MB with anti-VEGFR2 antibodies and found that it enables
image-guided and targeted model drug delivery to tumor blood vessels. Their find-
ings indicate that polymer-based MBs are highly suitable systems for image-guided,
targeted, and triggered drug delivery to tumors and tumor blood vessels.

Generally, solid, ultrasound accessible, and well-perfused solid tumor would
allow for the treatment of UTMD system. Nonetheless, some key issues such as
accurate controlled release, quantitative analysis, and systemic side effects due to
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nonspecific distribution of microbubbles remain to be investigated in future pre-
clinical studies. In addition, the main challenge at present is that MBs suffer from a
low drug loading content; therefore, they do not generally result in an efficient ther-
apeutic delivery vehicle especially in cancer therapy [135—137]. In the preclinical
studies, for gene delivery with plasmids attached to the microbubble shell, 10-100
times typical human dose of MBs is needed to obtain a therapeutic effect [110, 138].
This causes a big obstacle for clinical use in the future.

Indeed, many attempts have been made to increase payload of MBs in recent
years. Though conjugating liposomes to microbubble and making an inner oil layer
in the bubble shell can improve the loading capacity to some extent, the drug pay-
load remains rather limited. Moreover, these methods based on the complex trans-
formation of microbubble structure may lead to some new challenges, such as low
yields, instability, and the loss of the capability to be imaged and controlled by
ultrasound [113, 135, 137]. An alternative option to solve this problem may consist
in decreasing the dosing by selecting the antitumor drug with a powerful activity,
which would also reduce the dose of microbubble injection. Clearly, the smaller the
dose of drug required for therapeutic efficacy, the smaller the number of MBs
needed for the delivery system. Therefore, it is advantageous to develop the MBs
that can carry antitumor drugs capable of powerful activity at a low dosage, in order
that the low loading obstacle can be overcome. Li et al. [139] designed HCPT-
loaded phospholipid MBs and showed that it is possible to overcome the low drug
loading obstacle of microbubble as well as the disadvantages of 10-HCPT in clini-
cal use. They successfully loaded phospholipid MBs with 10-HCPT at a high encap-
sulation efficiency and loading content. 3.12 ml HLMs formulation (~1.6x 10'°) is
expected to carry about 4 mg of 10-HCPT which is sufficient to obtain therapeutic
efficacy in clinical application, and thus the required amount of MBs is greatly
reduced to a reasonable dose for intravenous injection.

In recent years, phase-shift nanoemulsions and droplets have been developed and
used as both UCA and drug carriers. These novel delivery vehicles have many more
advantages such as better stability and stronger penetrability compared to conven-
tional microbubble contrast agent, facilitating long circulation time and extravascu-
lar molecular imaging. Furthermore, they are favorable to be developed as contrast
agent for multimodal imaging due to a well-established preparation technology.
There has been a growing interest for the research on development and application
of this novel delivery system for cancer therapy.

It has been a long history for UCA in the application of cardiovascular system.
Microbubble contrast agent was firstly used as an agent for blood pool imaging.
There have been a large number of studies for the application of UCA in cardiovas-
cular disease including ischemia disease, atherosclerotic plaque, and venous throm-
bus. Thus, ultrasound-mediated drug or gene delivery system has been widely used
in the treatment of cardiovascular diseases. Relatively, much more interest was con-
centrated on gene delivery with UCA. The superiority of UTMD delivery system
for the targeted therapy of cardiovascular diseases has been demonstrated in numer-
ous studies. Compared to conventional method, UTMD technology has unique
advantages such as image-guided delivery and enhanced vascular and cellular
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permeability. In particular, UTMD induces transient and reversible opening of
blood-brain barrier (BBB), facilitating drug release from microbubbles and extrav-
asation into brain tissue.

Inducing angiogenesis is an important strategy to treat ischemia diseases in the
field of cardiovascular system. UTMD-induced angiogenesis by gene delivery has
been applied to the treatment of myocardial infarction [140], injury after stroke
[141], peripheral vascular disease [142], etc. Different forms of vascular endothelial
growth factor (VEGF) plasmid DNA in combination with UTMD was used to
induce angiogenesis in rat and mouse hearts [140, 143] or limbs [144]. Wang et al.
[145] attached pcD2VEGFI121 gene to microbubbles and used UTMD strategy to
improve the transfection efficiency in rats with myocardial infarction. The effec-
tiveness of UTMD-mediated gene delivery for the treatment of cardiovascular dis-
ease needs to be demonstrated in large animal models in future studies.

The imaging of inflammation is an ideal application for targeted UCA, since it
involves the expression of adhesion molecules by the endothelial cells lining the
vascular system. UTMD-mediated drug or gene delivery system has also been
induced to treat inflammatory disease such as atherosclerosis and Crohn’s disease
(CD). Tlaxca et al. [82] developed and evaluated MBs bearing luciferase plasmid
and functionalized them with antibodies to MAdCAM-1 (MB-M) or VCAM-1
(MB-V), biomarkers of gut endothelial cell inflammation. UTMD was then per-
formed to deliver luciferase plasmid to the GI tract in inflamed mesenteric endothe-
lium in the CD-like TNFAARE mouse model, and targeted luciferase expression in
the midgut was achieved. The study demonstrates that microbubble contrast agent
in combination with UTMD has the potential to be a minimally invasive treatment
strategy to ameliorate CD and other inflammatory conditions.

In addition, UCA enhances the role of ultrasound image guidance for tissue
biopsy, radiofrequency, or thermal ablation of lesions [146—148]. Tardy et al. [70]
use BR55, a new VEGFR2-specific UCA to image prostate tumors in an orthotopic
model in the rat and compare the contrast enhancement with that of SonoVue. They
found BR55 showed a high binding affinity to prostate tumors, resulting in a strong
enhancement of the lesions as early as a few minutes after contrast injection,
whereas only minimal nonspecific accumulation was found in the healthy part of
the gland. BR55 can provide additional information by highlighting the sites of
active angiogenesis, which would be particularly valuable for prostate cancer detec-
tion and for biopsy guidance.

Recently, a growing interest can be seen in therapeutic applications of ultrasound
in sonothrombolysis [149]. Combined with thrombolytic drugs, the treatment of acute
ischemic stroke can be further improved by ultrasound and microbubbles. The main
mechanisms of microbubble-enhanced sonothrombolysis may involve acoustic cavi-
tation and thermal effects. This potential therapeutic application of microbubble con-
trast agent is supported by a broad range of in vitro and in vivo study and compared to
conventional drug treatment or ultrasound without microbubbles [150—153].

Another therapeutic function of UCA is to induce temporary opening of BBB,
thus enabling therapeutic agent delivery into the brain leading to significant
improvement of treatment efficacy for central nervous system (CNS) disease such
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Fig. 5.13 Application of multifunction microbubbles for focused ultrasound-induced brain tumor
drug delivery (Reprinted with permission from Ref. [154]. Copyright 2014, Ivyspring International
Publisher)

as brain tumor. The presence of BBB is a significant impediment to the delivery of
therapeutic agents to the brain for treatment of brain diseases. As shown in Fig.
5.13, UCA combined with focused ultrasound can be developed as a noninvasive
method for transiently increasing the permeability of the BBB to promote drug
delivery to targeted regions of the brain. The benefit of UCA such as microbubble-
induced transient and local opening of BBB has been demonstrated in a number of
studies [154—157].

5.4 Summary and Outlook

With the aforementioned microbubble technology, ultrasonic theranostic agents can
serve as a multifunction platform that is useful not only in diagnoses but also in
therapies, permitting simultaneous imaging and localization of the therapy.

5.4.1 Superiorities and Advantages

Ultrasonic theranostic agents have the significant superiorities regarding the nonin-
vasion, feasibility, and effectiveness in clinical applications. Most importantly,
ultrasonic theranostic agent-based imaging allows real-time evaluation of blood
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flow, which is safer than molecular imaging modalities such as radionuclide imag-
ing because it does not involve radiation. Feasible, targeting strategies for micro-
bubbles are versatile and modular, and targeting a new area only entails conjugating
a new ligand. In addition, since microbubbles can generate such strong signals, a
lower intravenous dosage is needed, and micrograms of microbubbles are needed
compared to milligrams for other molecular imaging modalities such as MRI con-
trast agents.

5.4.2 Challenges and Limitations

Although ultrasonic theranostic agents have the clear advantages in aspects of
molecular imaging and therapy, they suffer from the following disadvantages.
Obviously, microbubbles have low residence times in circulation because they
either get taken up by immune system cells or get taken up by the liver or spleen
even when they are coated with PEG. Besides, given that microbubbles burst at low
ultrasound frequencies and at high mechanical indices (MI), which is the measure
of the acoustic power output of the ultrasound imaging system, increasing MI
increases image quality, but there are trade-offs with microbubble destruction, and
their destruction could cause local microvasculature ruptures and hemolysis to
some extent. Targeting ligands that bind to receptor characteristic of intravascular
diseases can be conjugated to microbubbles, enabling the microbubble complex to
accumulate selectively in areas of interest in preclinical experiments or clinical
practices; however, they can be immunogenic since most current targeting ligands
used are derived from animal culture, which will limit their application scopes.
Furthermore, low targeted microbubble adhesion efficiency, which means a small
fraction of injected microbubbles bind to the area of interest, is one of the main
reasons that targeted contrast-enhanced ultrasound remains in the preclinical devel-
opment stages.

The applications of ultrasonic theranostic agents in microbubble-specific imag-
ing, ultrasound-aided drug delivery, and targeted imaging and therapy are promis-
ing but require further improvement for clinical use.
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Chapter 6

Multifunctional Hollow Mesoporous Silica
Nanoparticles for MR/US Imaging-Guided
Tumor Therapy

Yu Chen, Ming Ma, Hangrong Chen, and Jianlin Shi

6.1 Introduction

With the fast development of nanotechnology, nanomedicine, as one of the most
important branches of nanotechnology, steps into the ever-increasing development
to benefit the human health [1, 2]. Nanomedicine is a multidisciplinary research
frontier related to chemistry, material science, biology, and biomedicine [2]. The
research of nanomedicine in oncology includes drug delivery, molecular imaging,
synergistic therapy, theranostics (concurrent diagnostic imaging and therapy), etc.
For instance, the delivery of anticancer drugs via nanocarriers can substantially
improve the bioavailability of drugs, enhance therapeutic index, and mitigate the
side effects [3—6]. In addition, the introduction of nanoprobes as the contrast agents
(CAs) can cause the contrast-enhanced diagnostic imaging performance, which can
even realize the molecular imaging of cancer cells [7-9]. On this ground, nanomedi-
cine shows very promising prospects to provide an alternative but highly effective
strategy to combat the cancer.

Largely due to the high prospects of nanomedicine in cancer treatment, abundant
biocompatible nanosystems with varied chemical compositions and nanostructures
have been developed, which can be mainly classified into three types, including
organic materials, inorganic materials and organic/inorganic hybrid nanosystems.
Organic nanomaterials possess the chemical composition that is very similar to the
composition of the human body; thus, they show high biocompatibility and biode-
gradability [10-13]. Comparatively, biocompatible inorganic nanosystems exhibit
high chemical/thermal stability and high drug-lading capacity and multifunctional-
ity [5, 6]. Various inorganic nanoparticles have been developed in nanomedicine,
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such as silica [14, 15], magnetic Fe;O,4, quantum dots, MnO, [16], graphene [17—
20], MoS, [21, 22], mesoporous carbon [23], etc. Among all these inorganic nano-
systems, mesoporous silica nanoparticles (designated as MSNs) with well-defined
mesopores have attracted even more attentions in nanomedicine. On one hand, the
elements silica and oxygen are both the necessary elements for the human body, i.e.,
they possess high biocompatibility. On the other hand, the mesoporous nanostruc-
ture of MSNs endows them with large surface area, high pore volume, and tunable
pore sizes, facilitating the encapsulation of guest molecules with high loading
capacity and sustained releasing performance. In addition, abundant surface chem-
istry of MSNs (e.g., Si-OH) makes the surface engineering possible, such as
PEGylation, targeting, responsive modification, etc. Based on these merits, MSNs
have found the broad applications in anticancer drug delivery, antibacterial, antime-
tastasis of cancer cells, various diagnostic imagings, biosensing, and even tissue
engineering [24-28]. Further systematic biosafety evaluations (e.g., biodistribution,
biodegradation, hemocompatibility, histocompatibility, excretion) reveal that MSNs
are highly biocompatible at the desirable doses, indicating their high potential for
clinical translations [5, 29].

MSNs with unique hollow nanostructure (hollow MSNSs, designated HMSNs)
are a new subfamily of MSNs combining the merits of both MSNs and hollow nano-
structure [30-36]. The introduction of hollow nanostructure into MSNs can endow
them with high cargo-loading capacity and reduce the dose frequency [37-39].
Importantly, HMSNs can further reduce the deposition of foreign matters in the
body; thus, they have even higher biocompatibility compared to MSNs. The fabrica-
tion of HMSNSs has become the ever-hot research topic in nanomedicine [40—43].
Figure 6.1a shows the typical design strategy to engineering HMSNSs for biomedical
applications, including loading drugs, targeting modification, PEGylation,

Drug for %

chemotherapy %ﬁ,
A
: Y

Drug molecules

Targeting

HMSNs
CAs

Organic-modifications

Structural/compositional design of HMSNs
HMSNs for imaging-guided cancer therapy
Fig. 6.1 Schematic illustration of the structural/compositional design of HMSNs for biomedical

applications (a) and HMSNs in blood stream and tumor tissues for MRI imaging-guided HIFU
cancer therapy (b)
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multifunctionalization of CAs, etc. For example, their high drug-loading capacity
has been demonstrated, and the corresponding high biocompatibility has been eval-
uated [44—47]. Especially, these HMSN-based hollow nanoparticles show the high
performance in diagnostic imaging, especially in imaging-guided cancer therapy
[37, 48]. In addition, the large hollow interior and thin mesoporous silica shell can
respond to the ultrasound irradiation for contrast-enhanced ultrasonography [49—
52]. Paramagnetic/superparamagnetic functionalization of HMSNs can further
endow them with the roles for T;-/T,-weighted magnetic resonance imaging (MRI)
[48].

In this chapter, we focus on the biomedical applications of HMSNs for tumor
diagnostic imaging and therapy, especially for ultrasonography/MR imaging, and
high-intensity focused ultrasound (HIFU) synergistic therapy. Importantly, HMSNs
can transport within blood vessels and accumulate into tumor tissues, which can
treat the tumor for ultrasound focusing therapy and chemotherapy (Fig. 6.1b) under
the imaging guidance. The design, synthetic strategies, and characterizations of
HMSN-based nanofamilies will be summarized in detail, especially focusing on a
novel “structural difference-based selective etching” strategy for tuning the crucial
composition/nanostructure of HMSNs, such as particle size, pore size, organic—
inorganic hybridization, multifunctionalization, etc. The unresolved critical issues
and further developments of HMSN-based nanosystems for imaging-guided cancer
treatment and clinical translation will be briefly discussed in the final section.

6.2 Design, Synthesis and Characterization of HMSNs

6.2.1 Synthetic Approach for HMSNs

Based on the advantages of nanosynthetic chemistry, HMSNs with different mor-
phologies and nanostructures have been successfully synthesized. Typically,
HMSNs were fabricated by either soft-templating or hard-templating approach
(Fig. 6.2) [53]. In principle, the templates are pre-introduced followed by the self-
assembly of hydrolyzed/condensed silica/organosilica precursor and surfactants on
the surface of templates to form the core/shell structure. After removing the tem-
plates and pore-making agents (surfactants), HMSNs with well-defined mesopo-
rous shells and large hollow interiors can be fabricated. In this regard, the introduced
templates and self-assembly process substantially influence the crucial/structural
parameters of HMSNS, i.e., these parameters can be precisely controlled by choos-
ing adequate templates and adopting desirable synthetic processes.

The hard-templating method has been extensively adopted for the construction
of hollow nanoparticles, especially for the synthesis of HMSNs [53]. As early as
1998, Frank Caruso et al. successfully realized the fabrication of hollow silica
spheres with particulate sizes between 720 and 1000 nm by using colloidal polysty-
rene (PS) latex particles as the hard templates [54]. Without using the pore-making
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Mesoporous silica shell

Hollow interior
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Coating process
—_—

Template Core/shell HMSNs
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Fig. 6.2 Schematic illustration of templating synthesis for HMSNs

agents such as surfactants, these hollow silica nanoparticles presented no mesoporous
structure within the shell. Thus, they had very limited applications because the large
hollow interior was inaccessible to guest molecules outside of the particles.
Fortunately, Giannelis et al. made the significant progress of fabricating HMSNs
with well-defined mesopores in the shell by introducing hexadecyltrimethylammo-
nium bromide (CTAB) as the structural-directing and pore-making agent during the
synthesis [55]. Especially, monodispersed spherical HMSNs were successfully pre-
pared by this facile and scalable approach using PS as the hard template. Importantly,
the as-synthesized HMSNs showed the well-defined mesopores with high surface
area (>1000 m?%g). The particle size and shell thickness were controlled by either
choosing the PS with varied sizes or changing the amounts of adopted silica precur-
sors. In addition, the PS-based hard templates were also adopted by Koumoto et al.
to synthesize HMSNs for the sustained release of loaded dye molecules [56].

The hard-templating approach also facilitates the fabrication of HMSNs with
different morphologies simply by changing the shapes of hard templates. Shi et al.
realized the fabrication of ellipsoidal HMSNs by using ellipsoidal hematite particles
as the hard templates [57]. The surface of ellipsoidal hematite could be uniformly
coated with a mesoporous silica shell by using tetraethoxysilane (TEOS) and
n-octadecyltrimethoxysilane (CTMS) as the co-silica precursor. After the dissolv-
ing of hematite core under acidic condition, ellipsoidal HMSNs with the sizes of
around 100-200 nm could be synthesized, which exhibited the high drug-storage
capability of as high as 726 mg/g (ibuprofen).

Compared to hard-templating approach, the soft-templating method is another
efficient methodology to fabricate HMSNS, especially for HMSNs with highly
ordered mesoporous structure in the shell. In 2003, Shi et al. successfully pre-
pared HMSNs with 3D-ordered mesopore network by using an oil (TEOS)-in-
water emulsion as the soft template, which exhibited the improved hydrothermal
stability [58]. The particles synthesized by this approach, however, showed the
severe aggregation, limiting their extensive applications. To partially solve this
problem, they further used (—)-N-dodecyl-N-methylephedrinium bromide
(DMEB) micellar aggregates in water as the soft templates to fabricate highly
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dispersed HMSNs with well-defined mesopores in the shell [59]. Lu et al.
self-assembled [C;F;O(CFCF;CF,0),CFCF;CONH(CH,);N*(C,Hs),CH;I"] (FC4)
and organosilica (1,2-bis(trimethoxysilyl)ethane, BTEB) to form vesicle as the
soft templates for the fabrication of organic—inorganic hybrid HMSNs with highly
ordered mesopores within the shell. However, the morphology was not very well-
defined, restricting their further biomedical applications [60]. Tang et al. reported
a fast silicification process in dilute silicate solution to fabricate HMSNSs using a
vesicle template of cetyltrimethylammonium bromide—sodium dodecyl sulfate—
Pluronic P123 (C,TAB-SDS-EO,,PO,4,EO,) at a SDS/C;(TMAB ratio of 0.6-0.8
[61]. Interestingly, Mokaya et al. used supercritical CO,-in-water emulsion as the
soft template to synthesize HMSNs [62]. Although various soft-templating pro-
cesses can produce HMSNs with ordered mesopores in the shell, most of HMSNs
synthesized by this method are not well defined in morphology and severely
aggregated. In addition, the particle size, morphology, and mesopore size are dif-
ficult to be controlled using this method because of the intrinsic drawbacks of
soft-templating method, i.e., this method is very sensitive to the synthetic pro-
cesses, which is difficult to be controlled. Therefore, HMSNs fabricated by the
soft-templating route are seldom to be used for biomedical applications, espe-
cially for in vivo evaluations where HMSNs with high dispersity and uniform
particle size/morphology are strongly required.

6.2.2 Structural Difference-Based Selective Etching Strategy

The typical hard-templating approach was based on the different physiochemical
properties between the core and shell to remove the core part and leave the shell
intact [53]. The chemical compositions between the core and shell are typically dif-
ferent, which can cause the specific physiochemical property differences to realize
the creation of the hollow interior. Very recently, a unique “structural difference-
based selective etching” strategy has been developed to tune the key structural
parameters of HMSNs by building the structural differences between the core and
shell while keeping the chemical composition almost the same [30, 63].

It is well known that the Si-O-Si bond of silica framework can be broken under
either alkaline condition or HF etching (Fig. 6.3). This principle has been exten-
sively used in industry for the treatment of glasses or ceramics. This chemical
essence can be defined as “silica-etching chemistry.” Shi’s group elaborately used
this etching principle to construct HMSNs by building a Si0,@mSiO, core/shell
nanostructure where solid silica was used as the inner core followed by coating a
mesoporous silica shell onto the surface of initially introduced SiO, core [30]. By
using FTIR and ®Si MAS NMR characterizations, they found that the mesoporous
silica shell exhibited significantly higher silica condensation degree than that of the
solid silica shell, i.e., the shell possessed relatively higher stability than the core.
After the treatment of SiO,@mSiO, nanoparticles under mild alkaline condition,
the solid silica core could be completely removed while the mesoporous silica shell
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Fig. 6.3 Chemical reactions involved in silica-etching chemistry: (1) reversible alkaline etching
and (2) irreversible HF etching

Fig. 6.4 TEM images of HMSNs (a, inset, single HMSN with high magnification) and rattle-type
HMSNS (b, inset, selected SEM image of broken rattle-type HMSN to show the hollow structure)
(Reprinted with permission from Ref. [30]. Copyright 2010, American Chemical Society)

kept intact based on this stability difference between the core and shell. Based on
this artificially introduced structural difference, highly dispersed HMSNs with well-
defined mesoporous and hollow nanostructure could be obtained (Fig. 6.4a), which
exhibited high loading capacity for anticancer drug molecules (doxorubicin) [30].
Interestingly, the interface between the core and shell of sSiO,@mSiO, could be
etched away to produce rattle-type HMSNs simply by changing the etchant
concentrations.

It is important to note that this “structural difference-based selectively etching”
strategy can be facilely used to control the chemical composition and nanostructure
of HMSNE. Firstly, the mature synthetic chemistry for SiO, nanoparticles as the core
guarantees the easy adjusting of the particle sizes of HMSNs. By choosing SiO, core
with different sizes, HMSNs could be synthesized from dozens of nanometers to



6 Multifunctional Hollow Mesoporous Silica Nanoparticles... 195

several hundred nanometers [30]. Secondly, the pore sizes of HMSNs could be tuned
simply by controlling the etching process [64]. When the core of SiO,@mSiO,
nanoparticles was etched away, the shell was also under the mild etching. Thus, the
initial mesopores created by surfactant micelles could be enlarged by the chemical
etching process. Based on this mechanism, the mesopore sizes of HMSNs could be
controlled from 3.2 nm to larger than 10 nm, which provides the possibility of using
HMSNSs as the nanocarriers to encapsulate and delivery of large biomacromolecules,
such as proteins, enzymes, and genes. Thirdly, the chemical composition of HMSNs
also determines their practical applications and related biological behaviors. By a
specific chemical homology principle, Shi’s group further coated a periodic mesopo-
rous organosilicas (PMOs) onto the surface of solid silica nanoparticles to produce a
specific SiO,@PMOs core/shell nanoparticles (Fig. 6.5a). By further etching the
solid silica core away, molecularly organic—inorganic hybrid hollow PMOs (desig-
nated as HPMOs) with phenylene-bridged organosilica framework could be fabri-
cated (Fig. 6.5b, c¢), which were featured with the incorporated organic groups within

Shell composition

Fig. 6.5 (a) Schematic illustration of molecularly organic—inorganic hybrid framework of
HPMOs; TEM (b) and SEM (c) images of hybrid HPMOs (Reprinted with permission from Ref.
[65]. Copyright 2013, John Wiley & Sons)
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the Si-O-Si framework [65]. These specific organic—inorganic hybrid nanomaterials
showed unique biological effects, such as significantly lowered hemolytic effects
against red blood cells. They also exhibited the enhanced delivery performance for
antimetastasis drugs (silibinin) to inhibit the migration and invasion of cancer cells.
Importantly, these obtained hybrid HMSNSs could be used for the fabrication of other
functional nanoparticles, such as hollow mesoporous carbon nanoparticles (HMCNs)
[23]. In addition, the multi-shell nanostructure of HMSNs was reported to be tuned
by the successive coating process of mesoporous silica shell by employing different
structural-directing agents [42].

The alkaline etching process is a reversible chemical reaction, which means that
the presence of reverse reaction may bring with the by-products (Fig. 6.3).
Comparatively, the chemical etching by HF is a very fast irreversible reaction,
which indicates that this etching principle could avoid the production of by-products.
Based on HF etching, the constructed hollow/rattle-type HMSNs have been reported
for the delivery or co-delivery of hydrophobic anticancer drugs to circumvent the
multidrug resistance of cancer cells [66]. A similar HF-based etching process to
prepare rattle-type HMSNs was developed by Tang et al. for the delivery of docetaxel
in efficient cancer chemotherapy [46, 67]. The main drawback of HF is the high
toxic effect of the etchant (HF), which should be carried out under strict environ-
ment to avoid the influences to the human body and environment.

6.2.3 Design and Fabrication of HMSN-Based Multifunctional
Composite Nanocapsules

There are typically three routes to functionalize HMSNs for imaging-guided ther-
apy, i.e., putting functional nanocrystals into the hollow interior of HMSNs [37, 48],
dispersing nanoparticles into the mesopores [68, 69], and anchoring nanocrystals
onto the surface of HMSNs [70, 71]. The “structural difference-based selective
etching” strategy could be further extended for the fabrication of mesoporous silica-
based composite nanoparticles with functional nanocrystals within the hollow inte-
rior. It has been well demonstrated that various functional inorganic nanocrystals M
(M=Fe;0,, Au, Ag, quantum dots, etc.) could be coated by a uniform silica layer to
form the M@SiO, core/shell nanostructure [72, 73]. By further coating another
mesoporous silica layer onto the surface of M@SiO, to form M@Si0,@mSiO,
nanoparticles, the middle solid silica layer could be selectively etched away to form
rattle-type nanoparticles M@ Void @mSiO,. This specific hollow composite nano-
structure shows the following unique structural property relationships. On one hand,
the functional M nanocrystals could be used for various catalytic or bioimaging
applications. On the other hand, the large hollow interior could endow the carrier
with high cargo-loading capacity, especially for drug molecules. In addition, the
well-defined mesoporous silica shell provides the diffusion pathways for guest mol-
ecules to access the functional M core and large hollow interior. Therefore, this
specific M@ Void @mSiO, nanostructure shows the great potential for various appli-
cations, especially in catalysis and biomedicine [63].
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The well-defined mesopores also provide the room for the functional nanoparti-
cles. Various nanoparticles, such as MnO, [68], Fe;0, [74], Au [75], etc., have been
dispersed into the mesopores of mesoporous materials. In addition, magnetic Fe;O,
nanoparticles were successfully coated onto the surface of MSNs for concurrent
MR imaging and chemotherapy [71].

6.2.4 Developments of the Crucial Structural/Compositional
Parameters of HMSNs

For biomedical applications, the crucial structural/compositional parameters play
the determining roles in biological behaviors and therapeutic/diagnostic perfor-
mances of HMSNSs. The different particle sizes of HMSNs have the varied biodistri-
butions. In addition, HMSNs with tunable pore sizes can realize the delivery of
drugs with different molecular sizes. The inert Si-O-Si framework has the low bio-
degradable rate, which severely restricts their further clinical translation. The intro-
duction of physiologically active organic groups provides an alternative way to tune
the biological effects of HMSNS for clinical translations.

Additionally, there is still no standard synthetic method for the fabrication of
HMSNs, which would cause the biological evaluation results of HMSNs incompa-
rable with the reported results. Therefore, it is still urgent to develop an easy,
environment-friendly, low-cost, and scalable approach to synthesize HMSNs with
strictly desirable key compositional/structural parameters to meet the requirements
of clinical translation.

6.3 HMSN:s as the Contrast Agents (CAs) for MR Imaging

HMSNSs are featured with large surface area, high pore volume, tunable pore size, and
abundant surface chemistry. The high therapeutic performance of HMSNs for drug
delivery shows great potential for clinical translation. Functionalization of MSNs
toward HMSN-based hybrid composites could endow them with unique theranostic
functions, i.e., concurrent diagnostic imaging and therapy. In this part, the main pro-
gresses of HMSN-based composite materials for magnetic resonance imaging (MRI)
are introduced, including T;- and T,-weighted MR imaging for cancer theranostics.

6.3.1 HMSNs for T,-Weighted MR Imaging

The large mesopores of mesoporous silica provide the anchoring points for para-
magnetic centers, which can be used for T,-weighted MR imaging. In this regard,
the paramagnetic center can get the enhanced accessibility to water molecules to
enhance the T;-weighted MRI performance. For instance, Lin et al. grafted Gd
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chelates into the mesopores of mesoporous silica nanoparticles for contrast-
enhanced T,-weighted MR imaging [76]. The relaxivity r; could reach as high as
28.8 mM/s at 3 T and 10.2 mM/s at 9.4 T. The well-defined mesopores facilitated
the high performance of Gd-based T;-weighted MRI CAs, which were further dem-
onstrated by several similar researches [77-81]. Shi’s group also modified the mes-
oporous surface of rattle-type Au@ Void @mSiO, with Gd-Si-DTPA for concurrent
dark-field light-scattering cell imaging and T,-weighted MR imaging [48]. The fab-
ricated Au@mSiO, showed strong surface plasma-enhanced absorption, and the
relaxivity r; could reach as high as 7.43 mM/s. Thus, this mesoporous composite
nanocapsule could be used for dual-modality diagnostic imaging and concurrent
anticancer drug delivery.

Manganese (Mn)-based T;-weighted MRI contrast agents could also be inte-
grated with mesoporous silica for MRI-based theranostic applications. Hyeon et al.
coated a mesoporous silica shell onto the surface of MnO nanoparticles, followed
by acid etching to form a hollow MnO core (designated as HMnO@mSiO,,
Fig. 6.6a, b) [82]. The designed HMnO @mSiO, exhibited relatively low relaxivity
(r;=0.99 mM/s), but they could be used for long-term labeling and MRI tracking
(Fig. 6.6¢, d) of adipose-derived mesenchymal stem cells (MSCs). Chou et al. fur-
ther encapsulated Ir(III) complex phosphorescence dye into HMnO@mSiO, to

a é Electroporation

) Cell
Labeling

Mno MnO@msio, HMnO@msSiO,

Mesenchymal
Stem Cell

Day 1 Day 6 Day 14

Fig. 6.6 (a) Schematic illustration of the synthetic procedure of HMnO @mSiO, core/shell hollow
nanoparticles for labeling MSCs; (b) TEM image of HMnO@mSiO, nanoparticles; in vivo MR
imaging of transplanted MSCs; (c¢) no hyperintense signal in mouse transplanted with unlabelled
MSCs; and (d) hyperintense signal present in mouse transplanted with HMnO@mSO,-labeled
MSCs (Reprinted with permission from Ref. [82]. Copyright 2011, American Chemical Society)
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Fig. 6.7 Schematic illustration of the formation and loading of MnO, nanoparticles into the meso-
pores of HMSNs (Reprinted with permission from Ref. [68]. Copyright 2012, Elsevier)

endow them with concurrent T;-weighted MR imaging and photodynamic-therapy
functions [83].

To further improve the T;-weighted MR imaging capability of MnO;-
functionalized MSNs, MnO, nanoparticles were dispersed into the mesopores of
MSNs [68]. The large surface area of well-defined mesopores could guarantee the
high dispersity of Mn-based paramagnetic centers to interact with water molecules,
causing the high MRI performance. MnO, nanoparticles were in situ formed within
the mesopores by the direct redox reaction between KMnO, and surfactants
(Fig. 6.7). Based on this strategy, the relaxivity r; could reach 2.28 mM/s. The same
strategy was recently also developed for disperse paramagnetic Fe centers into the
mesopores for T;-weighted MR imaging [74]. Importantly, MnO,-loaded HMSNs
exhibited the pH-responsive T;-weighted MR imaging performance due to the
unique breakup nature of encapsulated MnO, nanoparticles within the mesopores
[69]. The released Mn" reached the maximum chances to intact with water mole-
cules, causing the improved MR imaging performance. The relaxivity r; in mild
acidic environment could reach as high as 8.81 mM/s (pH=5.0, Fig. 6.8a, b). In vivo
evaluations directly demonstrated that the tumors could be clearly and continuously
distinguished with the assistance of MnO,-functionalized HMSNs (Fig. 6.8c—g).
The slow lighting up of the tumor tissues in T;-weighted MR imaging was due to
the gradual release of Mn" under the mild acidic environment of tumors.

6.3.2 HMSNs for T,-Weighted MR Imaging

Functionalization of HMSNs with magnetic property can endow them with the
function of contrast-enhanced T,-weighted MRI performance (designated as MRI-
T,). The early magnetic mesoporous composite material was based on the coating
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Fig. 6.8 (a) T, and (b) T, relaxivity of HMSNs at different pH values (7.4 and 5.0); in vivo T-
weighted MR imaging of tumors (c) before and after intravenous administration of HMSNs for (d)
5 min, (e) 15 min, (f) 30 min, and (g) 30 min (Reprinted with permission from Ref. [68]. Copyright
2012, Elsevier)

process to form a mesoporous silica shell onto the surface of magnetic Fe;O,
nanoparticles (core/shell structured Fe;O,@mSi0O,). For example, the synthesized
magnetic Fe;0,@mSiO, nanoparticles were found to have the sustained drug-
releasing performance for loaded drug molecules [84, 85]. Further coating a fluores-
cent quantum dot layer onto the surface of magnetic mesoporous composites can
endow the carrier with the specific functions of fluorescent/MR dual-modality
imaging and chemotherapeutic performances [86]. Hyeon et al. fabricated small
Fe;0,@mSi0, nanoparticles by phase-transferring process for in vivo T,-weighted
MR imaging of tumors [87]. They also coated ultrasmall Fe;O, nanoparticles onto
the surface of mesoporous silica nanoparticles for in vivo T,-weighted MR imaging
[71].

The elaborate creation of the large hollow interiors within the core/shell Fe;0,@
mSiO, nanoparticles to produce Fe;0,@Void@mSiO, can significantly enhance
their loading capacity for drug molecules. In this regard, Fe;0,@ Void@mSiO,
nanoparticles can function as the unique theranostic agent for concurrent cancer
diagnostic imaging and chemotherapy. By the thermal treatment of Fe,0;@mSiO,
at high temperature under reducing atmosphere, Shi’s group created the hollow inte-
rior between the Fe,O; core and mesoporous silica shell and transformation of Fe,O5
into Fe;O, simultaneously [85]. Based on structural difference-based selective etch-
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ing strategy, the middle solid silica part of Fe;0,@SiO0,@mSiO, nanoparticles
could be easily removed for enhanced doxorubicin-loading capacity and chemo-
therapy efficiency [48]. The T,-weighted MR imaging of tumor-bearing mice
showed contrast-enhanced negative imaging performance. Further researches con-
cerning clinical translation of Fe;0,@ Void@mSiO, should be focused on the bio-
safety evaluations and targeting modifications to improve the MRI-T, performance
of Fe;0,@ Void @mSiO,.

Other types of hollow mesoporous composite nanocapsules could be synthesized
based on the mature nanosynthetic chemistry. For instance, Wu et al. recently devel-
oped an in situ decomposition/reduction approach to fabricate a unique hollow
nanostructure with magnetic Fe;O, and mesoporous silica double shells (Fig. 6.9a,
designated as HMMNS) [88]. The initial B-FeOOH core could be transformed into
hollow porous Fe;O, upon thermal treatment. Further folic acid and fluorescent
RBITC grafting could endow HMMNS with targeting and fluorescent property,
respectively (designated as HMMNS-R/P). The high T,-weighted MRI performance
of HMMNS-R/P was demonstrated by the imaging of the liver and spleen of mice
(Fig. 6.9b—d). After delivery of anticancer drug docetaxel and camptothecin into
cancer cells, HMMNS-R/P showed enhanced anticancer effect due to the improved
bioavailability of hydrophobic anticancer drugs.

6.4 HMSNs as the Contrast Agents (CAs) for Ultrasound
Imaging

Ultrasound imaging is one of the most widely used imaging techniques in recent
years owing to their advantages in low-cost, noninvasive, and portable real-time
imaging. However, compared with other techniques, such as MRI, CT, and PET, the
ultrasound imaging often suffers from low resolution. To solve this problem, the
ultrasound contrast agents (UCAs) are widely used in medical diagnosis, which can
increase the returning ultrasound signal and offer the enhanced borders or tissue
resolution owing to the high echogenicity difference. Based on the material compo-
sition, the UCAs can be classified as two main types, containing organic- and
inorganic-based materials. Currently, the most frequently used UCAs are the gas-
filled microbubbles with their shells composed by albumin, galactose, lipid, or poly-
mers [89]. The organic-based UCAs often possess much higher compressibility
with about ten orders of magnitude more than any solid and liquid in tissues owing
to their soft and elastic shells, thus making UCAs highly echogenic. However, the
early clinically applied UCAs, such as the Echovist and Albunex microbubbles, are
subjected to instability after intravenous injection with only a few seconds in in vivo
blood half-life. To increase the imaging stability and in vivo circulation time, a
series of perfluorochemical-based CAs were launched in recent years, several of
which, such as SonoVue, Optison, and Imagent, have been FDA approved and
applied for the clinical therapy. However, the structure stability and particle size of
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organic-based UC agents still cannot satisfy the accurate imaging of the tumor
region. Furthermore, they generally suffer from dramatic structure collapse in a
short time after intravenous injection, along with uncontrolled leakage of perfluoro-
chemical before reaching the targeting region. For example, the mean terminal half-
life of SonoVue and Optison were measured to be only 12 and 1.3 min, respectively.
To address above problems, a number of reports about inorganic silica-based UCAs
have been presented for US imaging in recent decade [50]. The advantages of silica-
based UCAs mainly consist of the following aspects: (1) excellent biocompatibility
and biodegradability; (2) controllable nanoparticle size and homogeneous size dis-
tribution; (3) good stability and the rigid shell that could endure pressure and ultra-
sound radiation; and (4) easy for further functional modification. Herein, the recent
progresses of the silica-based UCAs are summarized as follows.

6.4.1 Imaging Mechanism of HMSN-Based UCAs

The structural instability of organic-based UCAs generally fails to satisfy the
requirements of clinical diagnosis application, including long-term storage in liquid
state before administration and the continuous ultrasound imaging in biological
body. Thus, great efforts have been paid to their stability improvement during past
decades. Therein, the medium of the inner core has been progressively upgraded
from free gas bubbles (e.g., O,, N,) to the liquid droplets (e.g., fluorocarbon liquid);
meanwhile, the composition of the outer shell has been gradually developed from
micelles to liposomes and proteins. Recently, silica-based hollow materials have
been widely researched for the US contrast imaging, mainly based on their signifi-
cantly enhanced stability compared to organic substances. Additionally, the positive
experimental results of the biosafety and biocompatibility of silica nanoparticles
further accelerate the development of silica-based hollow materials toward the clini-
cal research.

It is considered that the effectiveness of UCAs is dependent on their dynamic
response to the applied ultrasonic field. Unfortunately, the rigid silica shell under-
goes the weak volumetric oscillation and thus exhibits much lower energy ultra-
sonic scattering than organic microbubbles. Therefore, for ultrasound imaging
purpose, an optimal particle structure is needed to further increase the intensity of
ultrasonic scattering signals. One strategy is to decrease the shell thickness of
UCAs. In this strategy, the shell thickness must be accurately controlled as thin as
possible, which is sufficient to maintain the particle stability and not to impede the

Fig. 6.9 (a) Schematic illustration of the synthetic process for HMMNS-R/P; (b) in vivo T,-
weighted MRI of the (b) liver and (c¢) kidney/spleen before and after intravenous injection of
HMMNS-R/P (dose, 2.5 mg Fe/kg); (d) the changes of T,-weighted MRI signal intensity corre-
sponding to b and ¢ (Reprinted with permission from Ref. [88]. Copyright 2011, John Wiley and
Sons)
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Fig. 6.10 (a) SEM images of polystyrene particles with a diameter of 2089+ 150 nm; (b) TEM
image shows polystyrene—silica core/shell particles revealing thin silica lamination (silica shell
50 nm, particle diameter 550 nm); (c) the etched hollow particles under TEM (Reprinted with
permission from Ref. [51]. Copyright 2009, John Wiley and Sons)

volumetric oscillation. Hu et al. have proved that the hollow silica particle, with
both micrometer particle size and thin particle wall, could exhibit the same ultra-
sound imaging efficiency as the commercial applied SonoVue CAs at the initial
time [50]. Importantly, the imaging of hollow silica particles can last for more than
20 min, which was much longer than the commercial SonoVue (only for about
16 s). The results also demonstrated that the silica particle with the solid sphere
structure exhibited no obvious imaging and was acoustically inactive, while the thin
shell of hollow particles played important effect on the ultrasound imaging. Lin
et al. fabricated the hollow silica capsules with thin shells (below 30 nm) through
the Stober reaction of tetraethyl orthosilicate (TEOS) and organosilanes on the hard
template of polystyrene (PS) spheres, demonstrated as Fig. 6.10 [51]. The diameter
of the capsules could be varied from 160 nm to 2520 nm based on the size of PS
core. Meanwhile, they elaborately introduced several special organosilanes, such as
octyltriethoxysilane (OTES) and bis[3-(trimethoxysilyl)-propyl]amine (TSPA), into
the silica condensation to increase the elasticity of silica shell. The ultrasound
images obtained using a Siemens Acuson Sequoia 512 scanner demonstrated that
the hollow particles composed by TEOS, OTES, and TSPA requires a minimum
imaging mechanic index (MI) around 0.5 for the sufficient acoustic-pressure ampli-
tude. Meanwhile, the silica shell can tolerate up to the maximum MI of 1.5, above
which the destruction will occur. Importantly, in comparison with the lipid-based
system (the maximum MI is 1.0), the silica shell is more stable to be handled in a
wide MI range. In current status, scientists mainly focused on the characterization
of the sensitivity of silica capsules to ultrasound frequency, as well as optimizing
the materials properties in terms of insonation and biocompatibility.

Another strategy is to create multilayers in single UCA. It was theoretically sup-
posed that the multilayer structure possesses the larger ultrasound scattering than
single-layer bubbles, owing to the virtue of multiple scattering/reflection interfaces.
That is, the ultrasound waves can be scattered and reflected by every interface con-
taining the outer surface and inside interface, resulting in an accumulative ultra-
sound signal. However, almost all of shell materials (such as phospholipid, PLGA,
and protein) tend to form one-layer structure after the self-assembly process for the
lowest interface energy. Thus, the fabrication of the multilayer microbubbles based
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Fig. 6.11 In vitro ultrasound imaging enhanced by MLBs with varied layer numbers in power
Doppler mode: (a) PBS as the control, (b) single layer, (¢) double layers, (d) triple layers, (e)
quadruple layers, and (f) quintuple layers (Reprinted with permission from Ref. [90]. Copyright
2014, American Chemical Society)

on organic substance remains a great challenge to date. In contrast, SiO, material
exhibits rigid framework and can be structurally stable in various solvents. Two
typical methods in silica chemistry, including hydrolytic condensation of silicon
precursors and chemical etching of Si-O-Si bonds, could be alternatively and flexi-
bly applied in the preparation of SiO,-based US agents with different structures. To
realize the enhanced US contrast imaging, Wang et al. developed a multilayer
microbubbles (MLBs) with overall size below 1 um (Fig. 6.11) [90]. It is found that
the contrast enhancement of MLBs is layer dependent and the backscatter signals
linearly enhance with the layer numbers. The gray value of five-layer microbubbles
exhibited obviously higher gray values (237 dB) in power Doppler mode compared
to the one-layer samples (80 dB). Very recently, we systematically investigated the
advantages of rattle-type silica particles (with two convex interfaces as shown in
Fig. 6.12) on ultrasound imaging compared with the solid and hollow structure par-
ticles (with one convex interface) [91]. Especially, the effects of interface numbers
on ultrasonic scattering and reflection were quantitatively measured by the simula-
tion calculations. The results demonstrated that the reflection contribution percent-
age (IRC) of rattle-type silica particles showed about 39 % increase compared to
that of both solid and hollow-shaped particles. Meanwhile, for linear scattering con-
tribution (ISC), the value of rattle-type silica particle increased about 44 % and
47 % compared to that of solid and hollow particles, respectively. The further acous-
tic measurements of three types of silica particles are well consistent with the above
theoretic results. Thus, we considered that the multilayer particles with ultrathin-
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walled thickness are promising as the next generation of UCAs for their specific
structural advantages toward excellent US imaging.

6.4.2 Phase-Change Material (PCM)-Encapsulated HMSN-
Based UCAs

HIFU as a noninvasive and fast therapeutic technique could allow the deposition of
ultrasound energy inside the human body. The energy level carried in HIFU radia-
tion is several orders of magnitude greater than that of a general diagnostic ultra-
sound beam, which is enough to induce cell death through the coagulation necrosis
route. Recent studies found that the temperature-sensitive fluorocarbon compounds,
including perfluoropentane (PFP), perfluorohexane (PFH), perfluorooctyl bromide
(PFOB), etc., could exhibit a “liquid to gas” biphase transition by HIFU irradiation,
which can generate acoustic-imaging difference for the in situ detection of the HIFU
therapy process. However, these fluorocarbon compounds are super-hydrophobic
and poorly soluble in the physiological media, which is limited by the intravenous
use. To improve the solubility of fluorocarbon, a series of temperature-sensitive
fluorocarbon liquid-encapsulated HMSNs (FC-HMSNs) were designed by Shi’s
group to improve the solubility of fluorocarbon liquid, thus lowering the HIFU
energy threshold and enlarging the lesion site [92, 93].

Considering about the rigid silica shell and nanometer-sized particle, the
FC-HMSNs are not ideal in contrast imaging at physiological temperature under
standard diagnosis US, which exhibits very limited contribution to the improvement
of the contrast ultrasound imaging owing to substantial reduction of the nonlinear
backscattering. In contrast, the tissue environment can exhibit significant heat gen-
eration under the HIFU irradiation, by which the “liquid to gas” biphase transforma-
tion of some fluorocarbon can be generated. Such vaporization process has been
considered to enable the nanometer-sized FC-HMSNSs to generate large amounts of
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Fig. 6.13 (a) Schematic illustration of the fabrication process of PFH-HMSNS. (b) Confocal laser
scanning microscopy (CLSM) images of empty HMSNs (a—c) and PFH-HMSNs (d—f) at room
temperature (a, d), heated at 70 °C for 5 s (b, e) and at 70 °C for 10 s (c, f) (¢) The ultrasound
imagings of the PBS solution and PFH-HMSNSs after heat treatment. (Reprinted with permission
from Ref. [92]. Copyright 2012, John Wiley and Sons)

micrometer-sized bubbles by a fusion process of encapsulated fluorocarbon nano-
bubbles, which can be used for maximally scattering fundamental ultrasound signals
thus substantially improving the capabilities of ultrasound imaging, as demonstrated
in Fig. 6.13a [94]. The related fusion mechanism and imaging effect have been
proved based on a facile heat treatment experiment tracked by microscopy. As dem-
onstrated by Fig. 6.13b, a sequential swelling and merging process of fluorocarbon
nanobubbles can be observed after heating perfluorohexane (PFH)-encapsulated
HMSNs (PFH-HMSNS5) up to a temperature higher than the boiling point of PFH,
and comparatively, the blank control (HMSNs without PFH) can hardly generate any
microbubbles. Furthermore, the stable imaging effect was found in the presence of
PFH-HMSN s after heat treatment compared to that of PBS control (Fig. 6.13c).
Thus, the PFH-HMSNSs are expected to be efficiently uptaken by the tumor tissues
while realizing the highly effective HIFU imaging by the bubble fusion process.
Besides the fluorocarbon liquid, a natural and high biocompatible “solid-liquid—
gas” (SLG) triphase transition medium L-menthol (LM) was also introduced as inner
core medium [95]. It is noted that LM is a high-volatile solid at room temperature,
which can continuously generate the volatile gas in a relatively mild manner. Thus,
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Fig. 6.14 Schematic illustration of the synthesis route of HMSN-LM and the bubble generation
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compared to the FC-HMSNs with abrupt and violent biphase transition, this
LM-HMSN exhibits the controllable, mild, and continuous phase transition process
under HIFU irradiation, as indicated in Fig. 6.14. Such a variance in transition process
could generate obvious difference in the US imaging when increasing the environ-
ment temperature of US imaging contrast. For FC-HMSNs, both the contrast and
average gray values under B fundamental modality and CPSI modality exhibited an
abrupt process, with rapid increase in the first 30 s and drop drastically after 30 s. On
the contrary, for LM-HMSNSs, they could reach maxima in 2 min and maintain at this
value for more than 30 min. Meanwhile, a comparative experiment of US imaging at
50 °C environment confirmed the LM-HMSNs could generate the highest imaging
quality compared to PBS control and empty HMSNSs, especially under tissue har-
monic and contrast pulse sequence modalities. This bubbling-generated US imaging
enhancement by LM-HMSNs under HIFU irradiation was further confirmed in the
in vivo investigation using VX-2 rabbit model [95]. The mechanism of US imaging
enhancement of LM-HMSNSs is attributed to the emergence of high echogenic bubble
due to the evaporation of liquid LM, which is similar as in FC-HMSNs. More impor-
tantly, compared to FC-HMSNs, LM-HMSNSs exhibit more continuous enhancement
of real-time US imaging under HIFU irradiation originating from relatively slow
“solid-liquid—gas” (SLG) triphase transition process, which could significantly
decrease the synergistic agent dose and enhance the therapeutic duration time.

6.4.3 Intelligent Design of HMSN-Based UCAs

The intelligent biomedical nanosystems have been widely studied in recent years
mainly based on the virtues of tumor microenvironment in pH value, reducing con-
dition and enzyme activity. Generally, the organic- or inorganic-based intelligent
drug delivery systems often require a polymer coating, nano-cap or nano-valve
switches, on the surface to realize the rapid drug release when reaching the tumor
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region. Comparatively, the study on the intelligent UCA is still in infancy mainly
owing to the fatigue of efficient structure design that could realize the clear echo-
genic change under different microenvironments. Especially, the traditional micro-
bubbles will suffer from the structure collapse under the specific microenvironment
in the tumor region, which cannot offer the efficient tumor imaging with environ-
mental responsiveness. Very recently, a novel kind of intelligent UCAs based on
HMSN polymer nanocomposite with both good structure stability and sensitivity to
microenvironment change has been proposed, since such nanocomposite could dra-
matically increase their particles size once the redox stimulus in the tumor region is
received [96]. The copolymer of polyethylene glycol-disulfide (S-S)-hyaluronic
acid (PEGHA-SS) coated onto the outer surface of nanoparticles can generate the
dramatic structure transition from the cross-linking to retrocross-linking state by the
redox stimulus in tumor, accompanied by a significantly increased diameter from
about 300 nm to 850 nm. This diameter increase could lead to remarkable enhance-
ment in mean gray scales for the retrocross-linking state (with the values of 62, 72,
102) compared to the cross-linking state (with the values of 80, 88, 135) under
B-mode, contrast mode, and harmonic mode, respectively.

As we know, hydrogen peroxide (H,0,), as the typical component of reactive
oxygen species (ROS), was often involved in numerous ailments, such as cancer,
inflammatory diseases, and diabetes mellitus. Recently, Gu et al. applied the PBNPs
to react with H,O, to produce oxygen bubbles with the sizes from 5 pm to 30 pm in
the inflammatory regions, as demonstrated in Fig. 6.15 [97], where the acoustic
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Fig. 6.15 The schematic illustration of the O, bubble generation process by PBNPs [97] (Reprinted
with permission from Ref. [97]. Copyright 2012, John Wiley and Sons)
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change of tissue experiencing oxidative stress could make the tissues detectable by
US imaging. The in vivo study results demonstrated that the mean gray scale of the
US images remains at baseline intensity levels in the liver of mice without inflam-
matory disease. In contrast, the mean gray scale of US images in the liver with
inflammatory treatment was increased by about 80 % after 15 min of PBNPs injec-
tions, which could be utilized as the easy approach for the H,O, quantification. Such
PBNPs nanosystem exhibits significantly high imaging capability as proved by the
in vitro imaging results, demonstrating that the exploration of new biocompatible
compounds with both the nanometer particle size and the stimuli-responsive bubble
generation function is a promising strategy for the future intelligent US imaging.

Silica nanoparticles exhibit a wide range of potential in the US contrast imaging
application. They have become one of the most rapidly developing subjects in the
field of biomedical imaging. As illustrated above, the silica nanoparticles with dif-
ferent shell structures (thin-walled, multiple-walled, and environment-responsive
polymer) and interior substances (fluorocarbon and L-menthol) have been success-
fully designed for the US imaging. Although more and more researches are launched
in recent years, it must be clearly recognized that the development of silica-based
UCA is just at its starting stage. There are still abundant unknown problems deeded
for more deep investigations.

Considering the approval in clinical applications, the application of silica-based
UCAs needs the successful control of several factors in fabrication process, includ-
ing the particle shape, size, dispersal, surface coating, and interior substance.
Moreover, though no systematic researches on the harmful effects of hollow silica-
based nanoparticles have been obtained, their biodegradability, biocompatibility,
and short-and long-term effects in the body will have to be investigated in preclini-
cal research.

From the perspective of clinical application, it was considered that the introduc-
tion of a small amount of silica components into the FDA-approved delivery sys-
tems, e.g., PLGA, lipid- and protein-based materials, may become the important
trend toward highly efficient UCAs. It is anticipated that diversity of silica precur-
sors, such as polysiloxane, silane coupling agents, or silica nanodots, can be effi-
ciently combined with traditional polymeric nanosystems by the chemical or
electrostatic interaction, to highly improve the structure stability and in vivo life-
time without losing their imaging efficiency. More importantly, such a strategy of
material design based on FDA-approved delivery system could maximally lower the
hurdles of clinical application.

6.5 HMSNs for HIFU Tumor Therapy

High-intensity focused ultrasound (HIFU) has been regarded as the most represen-
tative noninvasive therapeutic modality for the treatment of diseases [98, 99]. In
principle, the ultrasound generated by the transducer outside the body can be
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focused onto the lesion part within the body. The high-energy deposition of an ultra-
sound can generate the transient high temperature to ablate the tumor tissue [100,
101]. In this regard, the lesion tissue can be removed without the need of traditional
bleeding surgical process. The high performance and significantly mitigated side
effects of HIFU show the great potentials for the therapy of cancer. However, the
HIFU-based therapeutic efficiency for the tumor tissue in deep organs is less effec-
tive because of the low-energy deposition within tumor tissue caused by the energy
loss during long-range transportation. The sole increase of the ultrasound power
outside the body may cause the damage of the skin and tissue in the ultrasound-
propagation path. Therefore, it is highly desirable to develop new technologies to
solve this critical efficiency and safety issues for HIFU-based cancer therapy.

6.5.1 HMSN-Based Composite Nanocapsules
Jor Imaging-Guided HIFU Cancer Surgery

Nano-biotechnology provides an alternative but highly efficient strategy to syner-
gistically improve the HIFU-based therapeutic efficiency against cancer [102].
Especially, the introduction of nanomaterials into tumor can significantly change
the acoustic microenvironment of tumor tissues to improve the energy deposition of
the ultrasound. Although traditional microbubbles showed the synergistic effect for
enhancing the HIFU efficiency [93, 94, 103], the large particle size and low stability
severely restrict their further clinical translations.

Recently, Wang et al. encapsulated perfluorohexane (PFH) with low boiling
point (~65 °C) into HMSNs (mesoporous silica nanocapsules, also designated as
MSNCs) for substantially enhanced HIFU cancer surgery [92]. As the first para-
digm, the unique nanostructures of MSNCs could play three roles. Firstly, the SiO,
shell with well-defined mesopores provides the diffusion path for PFH to access the
hollow interiors. Secondly, the hollow interior of MSNCs could store large amounts
of PFH to improve the bioavailability of hydrophobic PFH. Thirdly, the well-defined
morphology and nanoparticulate sizes guarantee the efficient in vivo transportation
to accumulate into tumor tissue. The hydrophobic PFH within the hollow interior of
MSNCs exhibited unique temperature-responsive phase-transformation behavior.
Upon HIFU irradiation, PFH could diffuse through the mesopores to form the
microbubbles as demonstrated both in vitro and in vivo. The high in vivo synergistic
effect against liver tumor of rabbits by HIFU irradiation was observed by in situ
B-mode ultrasound imaging. Pathological examinations (hematoxylin and eosin,
H&E) revealed that highly compact and denatured cancer cells remained at the
HIFU power of 400 W for 2 s without the assistance of MSNC-PFH. Comparatively,
the introduction of MSNC-PFH could cause the significant cell apoptosis/necrosis,
demonstrating the high synergistic effect of MSNC-PFH composite.

For HIFU-based cancer surgery, the accurate predetermination of tumor position
is of great significance for efficient and safe ablation of tumor tissues [104].
Ultrasound imaging and MR imaging are the two clinically used imaging modalities
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for HIFU guidance [99]. To further improve the imaging performance of MRI, the
MnO, nanoparticles were homogeneously dispersed into the mesopores of HMSNs
to fabricate unique mesoporous composite nanocapsules (MCNCs) [105]. The
MnO, nanoparticles within the mesopores can act as the CAs for T;-weighted MR
imaging. In addition, the large hollow interiors and well-defined mesopores could
realize the loading and delivery of PFH for HIFU-based synergistic therapy. In this
regard, the designed MCNCs could be used for T,-weighted MRI-guided HIFU
cancer surgery. Ex vivo evaluation against degassed bovine liver (Fig. 6.16a) showed
that the coagulated liver tissue treated by PFH-MCNCs/PBS (150 W/cm?, 5 s
86.5 mm?; 250 W/cm?, 5 s 153.1 mm®) was considerably larger than the groups
receiving PBS (150 W/cm?, 5 s 31.7 mm?; 250 W/cm?, 5 s 66.6 mm?) and MCNCs/
PBS (150 W/cm?, 5 s 43.7 mm?; 250 W, 5 s 109.3 mm?®), demonstrating the high
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Fig. 6.16 (a) Ex vivo evaluation of synergistic antitumor effect of PFH-MCNCs/PBS by calculat-
ing the coagulated-tissue volumes of a degassed bovine liver under the HIFU irradiation condition
of 150 W/cm?, 5 s, and 250 W/cm?, 5 s; (b) schematic illustration of MRI-guided HIFU cancer
surgery of hepatic neoplasm in rabbits; (¢) the intensities of T;-weighted MR imaging of liver
tumor before and after intravenous administrations of PFH-HMCNs/PBS; (d) in vivo coagulated
necrotic-tumor volumes after the HIFU irradiation (150 W/cm?, 5 s; inset, digital photo of tumor
tissues after HIFU irradiation) [105] (Reprinted with permission from Ref. [105]. Copyright 2011,
John Wiley and Sons)
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synergistic effect caused by PFH-MCNCs. After intravenously administration of
PFH-MCNC s into rabbit, they could accumulate into tumor tissue to guide the
HIFU irradiation by MRI (Fig. 6.16b). In vivo T;-weighted MR imaging showed
that the boundaries between tumor and normal tissues became clearer by the
contrast-enhanced MRI effect of CAs. The T;-weighted MRI signal of tumor also
gave the significant increase (Fig. 6.16c¢), verifying that PFH-MCNCs entered the
tumor tissue. The in vivo synergistic effect of PFH-HMCNs for tumor ablation was
further demonstrated by nearly 8.8 and 1.8 times increases in coagulated tumor
volume compared to PBS and MCNCs/PBS (Fig. 6.16d).

Ultrasound-guided HIFU cancer surgery has been extensively used in clinic
since both the imaging and therapy are based on ultrasound, which means that the
imaging and therapeutic apparatus can be easily integrated with each other. Because
of the excellent contrast-enhanced ultrasound imaging performance, HMSNs could
be potentially used for ultrasound-guided HIFU cancer surgery (Fig. 6.17a). Wang
et al. developed a unique organic—inorganic hybrid HMSN-based composite nano-
capsules for targeting, redox-responsive ultrasound imaging, and ultrasound
imaging-guided HIFU therapy [96]. The surface of HMSNs was grafted with a
redox-responsive copolymer of polyethylene glycol-disulfide (S-S) hyaluronic acid
(designated as MCNC-PEG-HAgs, abbr. as MPHgs) for targeting (HA) and redox
responsiveness (disulfide bond). The introduction of MPHSS-PFH could substan-
tially enhance the ultrasound imaging (Fig. 6.17b) and HIFU ablation efficiency, as
demonstrated by the gray changes in the ultrasound imaging (Fig. 6.17c, d). This
intelligent HMSN-based hybrid nanocapsule shows the great potential for
ultrasound-guided HIFU ablation of tumor because of their high imaging perfor-
mance of ultrasonography and synergistic effect for HIFU ablation.

6.5.2 HMSN-Based Composite Nanocapsules for Combining
Drug Delivery and HIFU Cancer Surgery

Traditional fluorocarbon PFH shows the fast and explosive vaporization behavior
upon HIFU irradiation, which cannot exert the role of sustained HIFU-based syner-
gistic therapy. To overcome this drawback, Zhang et al. recently substituted PFH
with the biocompatible L-menthol (LM) to be encapsulated into HMSNs [95]. The
loaded LM could enhance the HIFU therapeutic efficiency continuously. In addi-
tion, the loading of liquid LM into HMSNSs could realize the concurrent loading of
hydrophilic and/or hydrophobic anticancer drugs. After the phase change into solid
state, the drug molecules could be stably encapsulated into the hollow interior.
Upon external HIFU irradiation, the SLG triphase change could also trigger the
release of drugs. Thus, this intelligent HMSN-based nanosystem could concurrently
act as the excellent HIFU-responsive drug-releasing carrier and satisfactory HIFU-
based synergistic agent.
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Fig. 6.17 (a) Schematic illustration of ultrasound-guided HIFU cancer surgery; (b) in vivo ultra-
sound images of tumor before and after the administration of MPHgs-PFH and then post-HIFU
irradiation; ultrasound images of (c) pre- and (d) post-HIFU treatment of tumors after the injection
of MPHgs-PFH for 30 min [96] (Reprinted with permission from Ref. [96]. Copyright 2013, John
Wiley and Sons)

To further improve the HIFU-based therapeutic outcome, Ma et al. recently
designed a new type of composite nanocapsules, i.e., camptothecin (CPT)/perfluo-
rooctyl bromide (PFOB) as the core and poly(lactic-co-glycolic acid) (PLGA)/thin
silica as the shell (Fig. 6.18) [106]. The composite nanocapsules showed high drug-
loading capacity for CPT (up to 19 %) and the PLGA/thin silica shell was very
sensitive for focused ultrasound. Importantly, the PFOB inner core was very ultra-
sound sensitive to synergistically improve the HIFU-ablation efficiency. Meanwhile,
it was found that this nanocapsule displays a very slow release of CPT drug in the
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Fig. 6.18 Schematic illustration of the synthetic procedure for CPT/PFOB@SNCs [106]
(Reprinted with permission from Ref. [106]. Copyright 2014, John Wiley and Sons)

blood stream but a nearly complete release after exposure to 140 W of HIFU for
5 min. More importantly, the in vivo therapeutic experiment results demonstrated
that controlled release of CPT/PFOB@SNCs could efficiently kill the remaining
cancer cells after HIFU therapy and thus effectively inhibited tumor recurrence.
Thus, it was considered that the designed composite nanocapsules could be simul-
taneously used as the synergistic agent for HIFU surgery and the controlled drug
delivery for chemotherapy, which exhibits significant potential for the clinical
application in noninvasive therapy.

The introduction of nanoparticles as the synergistic agents to enhance the HIFU-
ablation efficiency occurred very recently. Thus, the actually clinical safety and
efficiency of nanoparticle-based synergistic agents should be further clarified in
detail based on more research data to support it. The synergistic mechanism also
requires further evaluations, testing, and modeling. HMSN-based drug delivery has
been almost fully demonstrated; thus, their chemotherapeutic performance to assist
HIFU cancer surgery is very promising. However, the accurate synergistic effect of
HMSN-based chemotherapy and HIFU ablation is still unclear, which needs further
determinations. In addition, other suitable phase-changing materials, besides PFH,
PFOB, and LM, with desirable boiling points, should be further developed to per-
fect the HMSN-based nanosystems for HIFU-based cancer therapy.
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6.6 Conclusions and Outlook

In summary, this chapter presents and discusses the specific topic on the US/MRI-
guided tumor treatments based on elaborately designed and synthesized HMSNss.
The current development of the soft-/hard-templating strategies for HMSNs is
firstly discussed in detail. The control of the crucial structural/compositional param-
eters and multifunctionalization of HMSNs are then also discussed. The approaches
of functionalizing HMSNSs for ultrasonography and MR imaging are afterward
revealed to introduce HMSN-based composite nanocapsules for diagnostic imag-
ing. Finally, the very recent developments of HMSN-based composite nanosystems
for HIFU-based cancer surgery are introduced, including HMSNs as the synergistic
agent for enhancing the HIFU-ablation efficiency, functionalized HMSNs as the
MRI and ultrasonography CAs for diagnostic imaging-guided HIFU therapy, and
HMSN-based nanosystems for concurrent HIFU-triggered chemotherapy and HIFU
ablation of tumor.

The systematic research work has demonstrated the high performance of HMSNs
in diagnostic imaging (ultrasonography and MRI) and HIFU-based cancer synergis-
tic therapy. However, the further clinical translations of these HMSN-based com-
posites still encounter several critical issues to be solved, listed as follows:

(i) The biological effects and biosafety of HMSNs have not been fully revealed
and determined, which will substantially hinder their further clinical transla-
tions. The inert Si-O-Si framework of HMSNSs, though not highly complete
structurally, leads to low biodegradable rate, which should be substantially
improved by developing several strategies, such as ion doping or organic—inor-
ganic hybridization. The multifunctionalization of HMSNs would cause the
complexity of the nanosystems, making the biological evaluations more com-
plicated and difficult. Thus, more in vivo animal experiments should be con-
ducted for biosafety evaluations until all the biosafety issues are fully addressed.

(i) The performances of HMSNs for diagnostic imaging and therapeutic applica-
tion should be further improved for cancer treatments. The active targeting of
HMSNS s should be further constructed to guarantee the efficient accumulation
of HMSNs within tumor tissue. In addition, the particle size, pore size, mor-
phology, and dispersity should also be further optimized to satisfy the require-
ments of different biomedical applications. Especially, the shell elasticity and
thickness of HMSNs should be controlled to improve their ultrasonography
performances.

(iii) The current researches of HMSN-based nanosystems have mainly concen-
trated on some fundamental and scientific aspects. To realize the clinical trans-
lation, the collaborations among fundamental researches and R&D departments
of companies/industries are of great importance to fast promote the practical
applications. Much more efforts should be devoted to these collaborations, in
order to exhibit a clear and standard route for the commercialization of these
promising nanosystems.
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Although there are still some unsolved issues to be addressed, the high perfor-
mance and fast development of HMSNs in biomedicine show great prospect for
imaging-guided cancer treatment, especially in ultrasound-based cancer imaging
and therapy. Based on the advances of nanosynthetic chemistry, abundant new
HMSN-based nanosystems are promising to meet the strict requirements of bio-
medicine. On this ground, HMSNs will find the practical applications to benefit the
human health in personalized cancer treatment in near future.
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Chapter 7

Multifunctional Nanoprobes for Multimodality
Targeted Imaging and Therapy of Gastric
Cancer

Daxiang Cui

7.1 Introduction

Gastric cancer (GC) is the fourth commonest cancer and the second leading cause
of cancer-related mortality worldwide [1]. Gastric cancer is the second most com-
mon cancer, and the third leading cause of cancer-related death in China [2].
Although gastroscopy has been broadly used for screening early gastric cancer
patients, gastric cancer remains very difficult to cure effectively, primarily because
most patients present advanced stages of the diseases. Therefore, how to identify
early gastric cancer has become a great challenge.

In 1999, we first proposed the project of developing gastric cancer prewarning
and early diagnosis system [3]. Since 1999, we try to realize gastric cancer prewarn-
ing and early diagnosis by screening early gastric cancer biomarkers, developing
new detection method of gastric cancer biomarkers, and establishing gastric cancer
prewarning database including molecular imaging database, biomarker database,
and information treatment platform [4, 5]. Especially under the support from
Chinese Nano Key Fundamental Project (n0.2010CB933900), we have achieved
great advances in this field.

Great advance has been made in molecular imaging, which has been actively
explored potential applications such as tumor early diagnosis, in vivo genotyping,
targeted imaging and simultaneously therapy, and surgery navigation [6]. These
advances highly depend on the development of multifunctional nanoprobes and also
highly depend on the development of nanomaterials and nanotechnology.
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Nanotechnology makes an important contribution toward cancer prevention,
diagnosis, imaging, and treatment [7]. It not only provides unprecedented capability
for carrying multiple diagnostic and therapeutic payloads in the same package but
also facilitates targeting delivery into specific sites across complex biological barri-
ers [8]. The multifunctional integrated system combines different properties such as
tumor targeting, imaging, and selective therapy in an all-in-one system, which will
provide more useful multimodal approaches in the battle against cancer.

To date, gastric cancer therapeutic methods mainly include surgery, radiation,
and chemotherapies, which are generally very effective for early and in situ gastric
cancers, but advanced and metastatic cases do not respond to chemotherapy or radi-
ation therapies [9]. Resistance to chemotherapy-induced apoptosis is a major cause
for the failure of conventional therapies. The current prognosis of gastric cancer is
very poor with 5-year survivals of less than 24 % [10]. Therefore, how to recognize,
track, or kill early gastric cancer cells is a great challenge for patients with early
gastric cancer.

Current studies show that gastric cancer is not particularly sensitive to traditional
therapies, especially to chemotherapy agents, which seems to be closely related to
numerous intrinsic or acquired properties of gastric cancer stem cells (CSCs) [11].
Despite the hypothesis of CSCs being challenged, growing evidence has been pro-
vided to support the existence of CSCs. The notion that CSCs give rise to GC and
may be responsible for invasion, metastasis, and resistance to conventional treat-
ment has profound implications for anticancer targeted therapies [9]. Therefore,
GCSC-based targeted therapy is destined to be one of the most effective anticancer
strategies.

Immunological studies highly suggest that the reasons for metastasis and recur-
rence of GC can be summarized as follows [6]:

1. The intrinsic antigenicity weakness of tumor cells and immunological surveil-
lance of the host cannot identify and eliminate the malignant cells that are dis-
tributed out of the resection field and the peripheral lymphoid organs.

2. Immunological surveillance defect or dysfunction of the host. After the tradi-
tional therapy was done, the residual tumor cells escaped from immunosurveil-
lance revived again.

3. The substantial toxicities of most traditional curative intents, which is often com-
promised by the extreme feeble immunity of the patient.

Therefore, it is very necessary to develop new therapeutic strategies that could
enhance the host immunosurveillance and/or improve immunogenicity of the tumor
cell.

Since Obama, the President of the USA, proposed precision medicine project in
January of 2015, how to realize precision medicine has become a hotspot. Genomics,
big data, and molecular imaging have become key tools to realize precision medi-
cine. Herein we review the main advances of multifunctional nanoprobes for tar-
geted imaging and therapy of gastric cancer in our team over the past several years,
explore the clinical translational prospects, and discuss the concepts, issues,
approaches, and challenges, with the aim of improving the clinical application of
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multifunctional nanoprobes for targeted imaging and therapy of gastric cancer in the
near future.

7.2 Multifunctional Fluorescent Magnetic Nanoprobes
for Targeted Imaging and Therapy of Gastric Cancer

In 2007, we controllably prepared silica-coated CdTe quantum dots and superpara-
magnetic nanoparticle composites (FMNPs) with strong fluorescent signals and
excellent magnetic properties [12]. We also observed that as-prepared nanoparticles
own good biocompatibility and stability [5].

7.2.1 BRCAAI Antibody-Conjugated FMNPs
Jor Targeted Imaging

In 1999, we screened out and cloned BRCAA1 gene (breast cancer-associated anti-
gen 1 gene) from breast cancer cell line MCF-7 cells [AF208045, also called
ARIDA4B (AT-rich interactive domain-containing protein 4B)] and identified its anti-
gen epitope peptide SSKKQKRSHK [13]. We also prepared BRCAAT1 polyclonal
antibody and observed that the BRCAA1 protein exhibited overexpression in almost
65 % clinical specimens of gastric cancer tissues [14]. We also observed that
BRCAAL antigen is overexpressed in gastric cancer cell lines such as MKN-1,
MKN-74, SGC-7901, KATO-III, and MGC803 cells [15]. Therefore, we predict
that BRCAAT1 protein may be one potential targeting molecule for in vivo gastric
cancer cells.

Based on our previous work, we fully took the advantages of FMNPs and
BRCAAL antigen, prepared monoclonal antibody against BRCAA1 protein, pre-
pared BRCAA1 monoclonal antibody-conjugated fluorescent magnetic nanoprobes
(BRCAAI1-FMNPs), employed nude mice model loaded with gastric cancer of
5 mm in diameter and IVIS imaging system and magnetic resonance imaging sys-
tem, and investigated the feasibility of as-prepared nanoprobes for in vivo targeted
dual-modality imaging of gastric cancer.

As shown in Table 7.1, we successfully obtained two BRCAA1 monoclonal anti-
body cell lines with high specificity. As shown in Table 7.2, BRCAA1 monoclonal
antibody-conjugated FMNP nanoprobes were successfully prepared with coupling
ratio of more than 80 %.

By monitoring real-time fluorescence intensity in the whole body, the tumor tar-
geting character of the anti-BRCAA1-FMNP probe was easily determined in the
nude mice loaded with gastric cancer MGC803 cells. As shown in Fig. 7.1a, the
whole animals produced fluorescent signals within 30 min of postinjection of nano-
probes, and the subcutaneous tumor tissues could be clearly delineated from the
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Table 7.1 Titers of BRCAA1 monoclonal antibodies in ascites fluid induced by hybridoma clone
cells by ELISA

Antibody titer*
Clone BRCAAI (C)-OVA® BRCAAI (C)-BSA® BSA® OVA®
S-200-5 1,024,000 1,024,000 <1000 <1000
S-335-5 128,000 512,000 <1000 <1000

“The reciprocal of ascites fluid dilution, the first dilution of ascites fluid was 1:1000
"The antigens were coated on ELISA plate

Table 7.2 Coupling rate measurement of FMNP-BRCAAI antibody

The concentration of BRCAA1
Total concentration of the antibody in residual reaction Coupling
anti-BRCAAI1 antibody (ng/pL) mixture (ng/pL) rate (%)
1 1000.0 197.3 80.27
1000.0 191.2 80.88
3 1000.0 203.0 79.70

surrounding background tissue between 1 and 12 h postinjection, with maximum
contrast occurring at 6 h postinjection. Strong fluorescence signal was still detected
in the tumor site at 6 h postinjection, which indicated that the anti-BRCAA1-FMNP
nanoprobes were preferentially accumulated in the tumor tissues. Indeed based on
the results in Fig. 7.1b, the higher tumor to background ratio (TBR) value highly
suggested that as-prepared nanoprobes preferentially accumulated in tumor tissues
compared to normal control tissues. This was confirmed by fluorescence images,
which showed that the fluorescence signal of as-prepared nanoprobes in the tumor
site was strongest among all mice organs as shown in Fig. 7.1c. In addition, after 12
h postinjection of anti-BRCAAI1-FMNP nanoprobes, fluorescence intensity in
tumor was still observed clearly, while the uptake of prepared nanoprobes in normal
organs was not obvious. These data highly suggest that the prepared nanoprobes can
target highly efficient tumor tissues inside nude mice loaded with gastric cancer. We
also observed that those nanoprobes in the whole mouse body almost completely
disappeared at 12 h postinjection, we also detected the partial nanoprobes exited out
from the cholecyst system, and the time-dependent cholecyst clearance of nano-
probes highly suggests that as-prepared nanoprobes cannot stay inside nude mice
for longer time; thus, as-prepared nanoprobes own good biosafety [16].

In vivo MR imaging was performed on nude mice loaded with subcutaneous
gastric cancer at 12 h post_injection. Representative images of T2 maps were shown
in Fig. 7.2; after injecting the nanoprobes, a significant change in signal intensity
was observed in some regions of tumors, indicating that there existed accumulation
of the nanoprobes in tumor site as shown in Fig. 7.2b, as the arrow showed. As a
control, after the mice model with gastric cancer was injected with FMNPs for 12 h,
MR imaging was performed in mice, which did not show intensive signal in tumor
area (Fig. 7.2a).
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Fig. 7.1 In vivo fluorescence images of tumor accumulation and tissue distribution for anti-
BRCAA1-FMNP nanoprobes in MGC803 human gastric tumor-bearing athymic nude mice. (a) In
vivo fluorescence images of athymic nude mice bearing MGC803 human gastric tumor were
obtained after injection of anti-BRCAA1-FMNP nanoprobes at different time points. The tumor
location is specified with an arrow: A-1, 0 h; A-2, 0.5 h; A-3, 1 h; A-4, 3 h; A-5, 6 h; A-6, 12 h.
(b) TBR [tissue to background (muscle) ratio] value. The TBR value was determined as follows:
TBR = (tumor signal-background signal)/(background signal). (¢) Ex vivo fluorescence images of
dissected organs and tumor of mice bearing MGC803 human gastric tumor sacrificed at 12 h after
injection of anti-BRCAA1-FMNP nanoprobes. The fluorescence images of dissected organs and
tumor were obtained using a fluorescence imaging system with a 630 nm emission filter. (d)
Biodistribution of anti-BRCAA1-FMNPs in mice after intravenous injection. Several time points
after injection, iron amounts in tissue samples were evaluated by ICP mass spectrometry (n=3)
(Reproduced from Ref. [17] by permission of Springer Science + Business Media)

In vitro evaluation of excised major tissues including the liver, lung, spleen, kid-
ney, and heart, as well as the tumor, indicated that the anti-BRCAA1-FMNP probes
were mainly uptaken by the tumor tissues, which exhibited strong fluorescence sig-
nals, as shown in Fig. 7.1d, whereas other tissues including the liver, lung, spleen,
and heart uptook anti-BRCAA1-FMNP nanoprobes very less, which furtherly indi-
cates that as-prepared anti-BRCAA1-FMNP nanoprobes can target gastric cancer
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Fig. 7.2 In vivo MR imaging of anti-BRCAA1-FMNP nanoprobes. (a) MR imaging of the mice
model with gastric cancer injected with FMNPs for 12 h and (b) MR imaging of the mice model
with gastric cancer injected with anti-BRCAA1-FMNPs for 12 h (Reproduced from Ref. [17] by
permission of Springer Science + Business Media)

tissues. We also used H&E staining to check all organs, and no obvious damages
were observed in important organs.

Therefore, we successfully prepared a novel anti-BRCAA1-FMNP nanoprobes,
which can be used for in vivo two-modal imaging such as fluorescent imaging and
magnetic resonance imaging, own an obviously specific targeting ability toward a
gastric cancer tissues with 5 mm in diameter during 0.5 and 12 h of postinjection,
and own good biocompatibility. The as-prepared multifunctional nanoprobes also
can be used for hyperthermia therapy of gastric cancer under in vitro alternating
magnetic field irradiation and have great potential in applications such as simultane-
ous imaging and targeting therapy of clinical gastric cancer in the near future [17].

7.2.2 HAI-178 Antibody-Conjugated FMNPs for Targeted
Imaging and Therapy

We also prepared another important nanoprobe, that is, HAI-178 antibody-
conjugated fluorescent magnetic nanoprobe, which was successfully used for tar-
geted imaging and hyperthermia therapy of gastric cancer. Dr. Jian Ni group
prepared specific monoclonal antibody against a-subunit of ATP synthase, named
as HAI-178 antibody, and provided HAI-178 antibody to my group. Our primary
studies showed that a-subunit of ATP synthase also exhibited overexpression in
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gastric cancer cells and 94.7 % clinical gastric cancer tissues, with no or very low
expression in normal gastric mucous tissues, and it should be a potential biomarker
with diagnosis value.

We prepared HAI-178 antibody-conjugated fluorescent magnetic nanoparticles
(HAI-178-FMNPs) and co-incubated with gastric cancer MGC803 cells and gastric
mucous GES-1 cells. Gastric cancer-bearing nude mice models were established
and were injected with prepared HAI-178-FMNPs via tail vein and were imaged by
magnetic resonance imaging (MRI) and small animal fluorescent imaging system.
Results showed that a-subunit of ATP synthase exhibited high expression in 94.7 %
gastric cancer tissues. Prepared HAI-178-FMNPs could target actively MGC803
cells, realized fluorescent imaging and magnetic resonance imaging of in vivo gas-
tric cancer, and actively inhibited growth of gastric cancer cells. HAI-178 antibody-
conjugated fluorescent magnetic nanoparticles own great potential in applications
such as targeted imaging and simultaneous therapy of in vivo early gastric cancer
cells in the near future [18].

7.2.3 FMNP-Labeled MSCs for Targeted Imaging
and Hyperthermia Therapy

We also prepared FMNP-labeled human MSCs and realized targeted imaging and
hyperthermia therapy of gastric cancer. We firstly proposed the concept of stem cell
nanotechnology, which is an emerging interdisciplinary field, which refers to the
application of nanotechnology in stem cell research and development. Although
great advances in the field of stem cells have been and being made, several obstacles
must be overcome before their therapeutic application can be realized. These include
the development of advanced techniques to understand and control functions of
microenvironmental signals and novel methods to track and guide transplanted stem
cells. The application of nanomaterials and nanotechnology in stem cell research
and development exhibits attracting technological prospects, which provide a new
chance to solve current problems that stem cell research and development meets
[19, 20].

Mesenchymal stem cells (MSCs) are multipotent stem cells that can differentiate
into a variety of cell types, including: osteoblasts (bone cells), chondrocytes (carti-
lage cells), and adipocytes (fat cells). MSCs possess immunosuppressive or immu-
nomodulatory properties and have the characteristics of home to the sites of active
tumorigenesis. Thus, MSCs can be considered as a candidate cell type for cell-
based tissue engineering, cancer therapeutics, and regenerative medicine applica-
tions. However, the distribution and final fate of MSC cells inside human body are
still not clarified well, which urgently need the novel labeling and in vivo tracking
technology.

As shown in Fig. 7.3, MSCs were characterized. The silica-coated fluorescent
superparamagnetic nanoparticles (FMNPs) were prepared, were evaluated in their
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Fig. 7.3 Morphology and immunophenotypic characterization of MSCs. (A) The fibroblastic
morphology of passage 3 MSCs (magnification=x100); (B) MSCs stained with FITC-conjugated
CD29 antibody (x200); (C) MSCs stained with PE-conjugated CD90 antibody (x200); (D), (E),
and (F) MSCs analyzed by FACS for the positive expression of CD29 (D) and CD90 (E) and nega-
tive expression of CD45 (F); (G) differentiated osteoblasts tested with alkaline phosphatase stain-
ing (x100); (H) differentiated adipocytes characterized by oil red O staining (x100); (I)
differentiated chondrocytes verified by toluidine blue staining (x100) (Reproduced from Ref. [21]
by permission of Springer Science + Business Media)

effects on mesenchymal stem cells (MSCs), and were used to label MSCs and then
observed the distribution and final sites of the labeled MSCs in vivo in nude models
loaded with gastric cancer. Some chemoattractant cytokines were analyzed by
ELISA and Western blotting. As shown in Fig. 7.4, MSCs were labeled with FMNPs
efficiently and kept stable fluorescent signal and magnetic properties within 14
days, FMNP-labeled MSCs could target and image in vivo gastric cancer cells after
being intravenously injected for 14 days, FMNP-labeled MSCs could significantly
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Fig. 7.4 Fluorescent imaging of FMNP-labeled MSCs targeting gastric cancer cells in vivo. (A)
The in vivo fluorescent images show that tumor sites of the mice in the test group had fluorescent
signals after postinjection of FMNP-labeled MSCs at 7 and 14 days (right) and tumor sites of the
mice in the control group had no fluorescent signal after postinjection of FMNPs at 7 and 14 days
(left). (B) The fluorescent imaging of major organs show that no signal was detected in the tumor
and organs of the control group (left) and obviously fluorescent signals were detected in the tumor
tissues of the test group (right) (Reproduced from Ref. [21] by permission of Springer
Science + Business Media)

inhibit the growth of in vivo gastric cancer because of hyperthermia effects, and
CCL19/CCR7 and CXCL12/CXCR4 axis loops may play key roles in the targeting
of MSCs to in vivo gastric cancer. This FMNP-based labeling and tracking technol-
ogy has great potential in applications such as labeling and tracking implanted cells,
evaluating cell therapeutic effects, and recognizing and mapping early gastric can-
cer cells [21].

7.3 Multifunctional QD Probes for Fluorescent Imaging,
Genotyping, and Therapy of Gastric Cancer

7.3.1 RGD-Conjugated RNase A-Associated dRQDs
Jor Targeted Imaging and Therapy

Colloidal semiconductor nanocrystals (NCs), also known as quantum dots (QDs),
have gained immense attention due to their unique optical properties, including a
broad absorption with narrow photoluminescence spectra, high quantum yields, low
photobleaching, and size-dependent emission-wavelength tunability [22]. These
fascinating properties make QDs a promising candidate for biological imaging and
labeling probes, with significant advantages over conventional fluorescent dyes.
However, the toxicity associated with cadmium-containing QDs turned out to be a
chief hurdle for in vitro and in vivo biomedical diagnostics [23]. For this reason, a
variety of attempts have been made to reduce the toxicity of QDs and improve their
biocompatibility, which has become a rapidly growing area of nanoscience research.
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Although the surface modification strategy proves to be prosperous, to select an
appropriate surface coating material is not easy. More recently, due to the excellent
biocompatibility and bioabsorbility, some proteins have been immobilized on the
surface of QDs to produce low-toxicity protein—QD hybrid nanomaterials.
Additionally, protein molecules have also been adopted to serve as the biomolecular
templating agent to regulate the formation of inorganic nanostructures [24]. We
reported the first application of bovine pancreatic ribonuclease A (RNase A) as a
biomolecular templating agent for preparing CdTe QD clusters in aqueous phase via
a chemical reduction approach. We have chosen RNase A due to its unique features.
RNase A is a low-molecular-weight protein (124 residues, 13.7 kDa, pI 9.4) with a
globular configuration (2.2, 2.8, 3.2 nm). The outstanding thermal stability of the
protein is well known, thereby being able to endure the high temperature in our
synthesis process. Recently, other groups have reported that RNase A was able to
inhibit the development of cancerous cells depending on its enzymatic activity of
degrading cellular RNA and has been used as a chemotherapeutic agent in clinical
trials. It was found that RNase A inevitably lost its native conformation to form
denatured RNase A (dRNase A)-capping CdTe QD clusters (dRQDs). Moreover,
dRNase A not only effectively reduced the cytotoxicity of CdTe QDs but also unex-
pectedly induced a temporal evolution of the luminescence during a 50-day storage
period under ambient conditions, as shown in Fig. 7.5. As shown in Fig. 7.6, pre-
pared RNase A-QDs composed of QD clusters, the potential synthesis mechanism
is shown in Fig. 7.7. Inspired by these fascinating properties, dRQDs was associated
with native RNase A by the physical absorption, which was then coupled with
cyclic arginine—glycine—aspartic acid (RGD) peptide c(RGDfK) that served as the
targeting biomolecule. A novel multifunctional nanosystem RGD-conjugated
RNase A-associated dRQDs (RGD-R-dRQDs) was built up for synchronous tar-
geted cellular imaging and therapeutic applications [25].

7.3.2 Her2 Antibody-Conjugated RQDs for Targeted Imaging
and Therapy of In Situ Gastric Cancer

One kind of multifunctional HER2 monoclonal antibody-conjugated RNase
A-associated CdTe quantum dot cluster (HER2-RQD) nanoprobes was prepared,
and its cytotoxicity was evaluated. Subcutaneous gastric cancer nude mouse models
and in situ gastric cancer SCID mouse models were established and were intrave-
nously injected with HER2-RQD nanoprobes, and the biodistribution and therapeu-
tic effects of HER2-RQDs in vivo were evaluated. Results showed that HER2-RQD
nanoprobes could selectively kill gastric cancer MGC803 cells, as shown in Fig.
7.8, could target imaging subcutaneous gastric cancer cells at 3 h postinjection and
in situ gastric cancer cells at 6 h postinjection, and could inhibit the growth of gas-
tric cancer tissues and extended survival time of gastric cancer-bearing mouse mod-
els, which is closely associated with destroying functional RNAs in cytoplasm by
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Fig. 7.5 (a) Photograph of freshly prepared CdTe QD suspension with different emitting colors in
the presence of RNase A as a biomolecular templating agent under a handheld UV lamp. (b)
Corresponding UV—vis absorption and normalized photoluminescence (PL) spectra (Reproduced
from Ref. [25] by permission of John Wiley & Sons Ltd)

RNase A released from HER2-RQD nanoprobes, preventing protein synthesis, and
inducing cell apoptosis, as shown in Fig. 7.9. High-performance HER2-RQD nano-
probes exhibit great potential in applications such as in situ gastric cancer targeted
imaging and selective therapy in the near future [26].

7.3.3 BRCAAI and Her2 Monoclonal Antibody-Conjugated
PQDs for Targeted Imaging and Therapy

In order to observe multi-target molecule imaging of gastric cancer, we chose the
CdSe/ZnS (core/shell) quantum dots (QDs) as prototypical materials, synthesized
one kind of new amphiphilic polymer including dentate-like alkyl chains and mul-
tiple carboxyl groups, and then used prepared amphiphilic polymer to modify QDs,
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Fig. 7.6 (a) TEM image of as-prepared dRQD539. A typical cluster is labeled with a white circle.
(b) High-resolution TEM image (HR-TEM) of an individual CdTe QD. (c¢) Schematic diagram to
explain the difference in image contrast in the HR-TEM image during imaging in the vertical sec-
tion. (d) Powder X-ray diffraction (XRD) pattern of dRQD539. Standard diffraction lines of cubic
CdTe and cubic CdS are shown for comparison (Reproduced from Ref. [25] by permission of John
Wiley & Sons Ltd)
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Fig. 7.7 (a) Normalized photoluminescence (PL) spectra of dRQD539 (excitation wavelength
Aex=400 nm). The three solid lines are the corresponding PL spectra of the same sample stored for
0day (0 d), 20 days (20 d), and 50 days (50 d), respectively. The blue dotted line is the PL spectrum
of the 50-day-stored dRQD539 after sonicating for ~15 min in an ultrasonic cell crusher. (b)
Normalized PL spectra of TGA-capping CdTe QDs stored for 0, 20, and 50 days, respectively. (c)
Schematic illustration of the potential mechanism for the redshift of emission peaks of dRQD539
during the storage period under ambient conditions (Reproduced from Ref. [25] by permission of
John Wiley & Sons Ltd)
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Fig.7.8 Optical images of HER2-RQD nanoprobe in in situ gastric cancer mice. (A) Fluorescence
image of HER2-RQD nanoprobe targeted in situ gastric cancer tissue. (B) Bioluminescence image
of in situ gastric cancer tissue. (C) Overlay image of fluorescence and bioluminescence imaging.
(D) 3D image of HER2-RQD nanoprobe targeted gastric cancer tissue. (E) Ex vivo fluorescence
image of the dissected organs of the mice sacrificed at 24 h postinjection of HER2-RQD nano-
probes. (F) Biodistribution of HER2-RQDs in mice after intravenous injection. The amounts of
RQDs in tissue samples were evaluated by ICP mass spectrometry (n % 3). (G) Bioluminescence
imaging signals of gastric tumor tissues in in situ gastric cancer mice after treated with HER2-
RQDs for 4 weeks (Reproduced from Ref. [26] by permission of Elsevier)
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Fig. 7.9 Therapeutic mechanism of as-prepared nanoprobes: HER2-RQD nanoprobes could spe-
cifically enter into gastric cancer cells, and RNase A was released from the HER2-RQD nano-
probes under the acid environment, which degraded total RNAs inside gastric cancer cells,
inhibiting RNA translation and protein synthesis, and finally induced tumor cells’ apoptosis
(Reproduced from Ref. [26] by permission of Elsevier)

resultant amphiphilic polymer engineered QDs (PQDs) were conjugated with
BRCAAT1 and Her2 monoclonal antibody, and prepared BRCAA1-antibody- and
Her2-antibody-conjugated QDs were used for in vitro MGC803 cell labeling and
in vivo targeted imaging of gastric cancer cells. Results showed that the PQDs
exhibited good water solubility, strong photoluminescence (PL) intensity, and good
biocompatibility. BRCAAT1-antibody- and Her2-antibody-conjugated QD nano-
probes successfully realized targeted imaging of in vivo gastric cancer MGC803
cells. BRCAA1-antibody- and Her2-antibody-conjugated PQDs own great poten-
tial in applications such as single-cell labeling and in vivo tracking and targeted
imaging and therapeutic effects’ evaluation of in vivo early gastric cancer cells in
the near future [27].

7.4 Multifunctional Upper Conversion Nanoprobes
for Targeted Imaging and Therapy of Gastric Cancer

Upconversion nanoparticles (UCNPs), especially lanthanide-doped nanocrystals,
have stolen the limelight due to their seductive optical and chemical features such
as low toxicity, large Stokes shifts, high resistance to photobleaching, and
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photochemical degradation [28, 29]. Moreover, near-infrared (NIR) excitation con-
tributes to the autofluorescence minimization, a larger penetrating depth, and less
harmfulness to cells compared with traditional ultraviolet (UV) excitation. On the
other hand, the composites of UCNPs with other materials exert superior perfor-
mance in a sense broadening the range of biological applications from multimodal-
ity imaging, targeted therapy, to biodetections and bioassays. My group firstly
reported the OA/ionic liquid two-phase system combining the merits of thermal
decomposition method, the ionic liquid (IL)-based strategy, and the two-phase
approach is introduced to synthesize high-quality lanthanide-doped NaGdF 4
upconversion nanocrystals with different crystal phases in OA phase and IL phase
through a one-step controllable reaction. As shown in Fig. 7.10, oil-dispersible
cubic-phase NaGdF 4:Yb, Er (Ho, Tm) nanocrystals with ultrasmall size (~5 nm)
and monodispersity are obtained in the OA phase of the two-phase system via an
IL-based reaction. More importantly, water-soluble hexagonal-phase NaGdF 4:Yb,
Er nanocrystals are obtained in the same system simply by adopting an extremely
facile method to complete the dual-phase transition (crystal-phase transition and
OA-phase to IL-phase transition) simultaneously. The synthesized lanthanide-
doped NaGdF4 upconversion nanocrystals are effective for dual-mode UCL imag-
ing and CT imaging in vivo [30]. Based on this basis, we also improved the synthesis
condition and developed phase- and size-controllable synthesis of hexagonal upcon-
version rare-earth fluoride nanocrystals through an oleic acid/ionic liquid two-phase
system [31], and prepared nanoparticles were successfully used as magnetic
nanorattle materials for magnetism-directed targeting imaging and chemical ther-
apy [32].

7.4.1 Lanthanide-Doped NaGdF4 Upconversion Nanocrystals
Jor Dual-Mode UCL Imaging and CT Imaging
and Targeted Chemical Therapy

Nanoparticle-based drug system has become a hotspot. How to realize chemical
drugs targeted delivery has become a key scientific problem. Nanoengineered drug
delivery systems could improve the clinical performance of traditional chemothera-
peutic agents and reduce overall toxicity by enhancing the specificity of the drug’s
delivery through tumor targeting and making elevated local dosages possible.
Lanthanide-doped NaGdF4 upconversion nanocrystals own obvious advantages
such as near-infrared (NIR) to vis upconversion (UC) excitation. As shown in Fig.
7.11, a nanostructure with both UC and magnetic properties was prepared, named
as nanorattle, which contains a hollow volume that can accommodate a drug pay-
load. Prepared nanorattle hollow spheres are composed of rare-earth-doped NaYF4
shells with a Si O2-coated Fe304 inner particle, fabricated through an ion-exchange
process. The SiO2 shell consists of many holes, which can be used for encapsulat-
ing drugs into inner part. As shown in Fig. 7.12, prepared nanorattles can target
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Fig. 7.11 Synthetic procedure for the drug-loaded Fe304@SiO2@a-NaYF/Yb, Er nanorattles
(DOX-MUC-F-NR) (Reproduced from Ref. [31] by permission of American Chemical Society)

tumor tissues under given external magnetic field and also can realize MRI imaging
and NIR fluorescent imaging, as well as release filled drugs in tumor site, markedly
inhibiting growth of in vivo tumor tissues. Prepared nanorattles also are confirmed
to be good biocompatibility; therefore, prepared nanorattles own great potential in
applications such as tumor targeting and imaging and simultaneously treating in the
near future [31].

7.4.2 Folic Acid-Conjugated Silica-Modified Upconversion
Nanoprobes for Targeted UCL and CT Imaging

Folic acid-conjugated silica-modified LaF;:Yb,Tm upconversion nanoparticles
(UCNPs@Si0,-FA) with high La content in single particle were strategically
designed and prepared for simultaneous targeting dual-modality imaging of upcon-
version luminescence (UCL) and X-ray computed tomography (CT) [33]. LaF;
UCNPs were synthesized by a novel oleic acid (OA)/ionic liquid (IL) two-phase
system. Afterward, folic acid molecule was covalently anchored on the surface of
UCNPs with silane coupling agent. The UCNPs@Si0,-FA exhibits good stability,
water dispersibility and solubility, noncytotoxicity, good biocompatibility, highly
selective targeting, excellent X-ray attenuation, and UCL emission under excitation
at 980 nm. In vivo UCL and CT images of mice show the UCNPs @ SiO,-FA can be
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Fig. 7.12 (a) Schematic illustration of targeting of DOX-loaded multifunctional drug carrier to
tumor cells assisted by an externally applied magnetic field (MF). (b) Tumor location as defined
by MUC-F-NR intensity increases with 1 h magnetic field treatment. Mice bearing H22 xenograft
tumor were injected with DOX-loaded MUC-F-NR (1 mg/kg) and subjected (+MF) or not sub-
jected (MF) to the magnetic field for 1 h. At 24 h postinjection, mice were imaged in vivo. (¢) The
luminescence signal was measured from the whole tumor in vivo and ex vivo (Excitation was
provided by the CW infrared laser at 980 nm and upconversion luminescence signals were col-
lected at 650nm = 10nm. (Fluence rates for 980 nm excitation light were 80 mW/cm?). (d) Tumor
volume changes of saline-treated mice compared to mice treated with MUC-F-NR, DOX, and
DOX-loaded MUC-F-NR over 21 d in the absence and presence of magnetic field. Data show
mean+SD (n=5,%p e 0.05) (Reproduced from Ref. [31] by permission of American Chemical
Society)

used in targeting dual-modality imaging. These results suggest that the as-prepared
nanoprobe is a good candidate with excellent imaging and targeting ability for tar-
geting dual-modality imaging of UCL and CT.

Multimodal contrast agent-based folic acid-conjugated silica-modified
LaF;:Yb,Tmup conversion nanoparticles (UCNPs @SiO,-FA) with high La content
in single particle were strategically designed and developed. We have demonstrated
that UCNPs@Si0,-FA is a good candidate with excellent imaging and targeting
ability for UCL imaging and CT imaging in vivo. The prepared UCNPs @SiO,-FA
exhibits good stability, water dispersibility and solubility, noncytotoxicity, good
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Fig.7.13 TIllustration of the “blasting” method for fabricating porous UNs (Reproduced from Ref.
[36] by permission of The Royal Society of Chemistry)

biocompatibility, highly selective targeting, excellent X-ray attenuation, and UCL
emission under excitation at 980 nm. Our results indicated that the synthesized
UCNPs@Si0,-FA is effective for simultaneous targeting dual-modality imaging of
UCL and CT [34, 35]. It could bring novel opportunities to the next generation of
theranostic nanoprobes for simultaneous diagnosis and treatment in vivo.

The phase transition of upconversion nanocrystals (UNs) from cubic to hexago-
nal structure is of fundamental importance in improving the luminescence intensity
by about one or two orders of magnitudes, but the mechanism is still not well under-
stood, and efforts to completely transfer the phase from cubic to hexagonal struc-
ture remain a difficult and challenging task. We also developed a novel synthesis
method of UCPs, hydrothermal system in which an anion induces the phase transi-
tion process to give simultaneous control over the size, morphology, phase, and
emission properties. As shown in Fig. 7.13, it shows the mechanism of the “blast-
ing” method for fabricating porous UCPs. We confirm for the first time that the
crystal cell oriented rotation driven by an anion in a hydrothermal system promoted
the phase transition, and the energy zone figure of the phase transition from cubic
to hexagonal structure has been figured out, as shown in Fig. 7.14; we have success-
fully applied the structural mechanic finite element calculations to validate the
reaction process. We have also demonstrated that porous UNs can be rationally
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Fig. 7.14 (I) In vitro CT images (a) of lanthanide-doped NaGdF4 upconversion “nanoclusters”
(sub-5 nm) suspended in aqueous solution. CT attenuation (HU) plot (b) of NaGdF4 changes along
with the concentration of each sample from 0.2 to 10 mg ml™ to further investigate the CT contrast
effect. (II) Images of control group before injection: (c) photograph of the nude mouse model
loaded with gastric cancer MGC-803 cells, (d) X-ray image, and (e—g) CT images of nude mouse
as the control group. (IIT) CT images (h—k) and (IV) MRI images (/-n) with NaGdF4 upconversion
“nanoclusters” through intravenous injection under the function of passive targeting (Reproduced
from Ref. [36] by permission of The Royal Society of Chemistry)

tuned in size (down to 15 nanometers), phase (cubic or hexagonal), and emission
properties at precisely defined conditions and were effective for in vitro and in vivo
CT imaging [36].

7.5 Multifunctional Gold Nanoprobes for Targeted Imaging
and Therapy

GNPs are within the same size domain as many biomaterials, including enzymes,
antibodies, and protein receptors. Combined with the unique properties of materials
in the nanoscale range, gold nanoparticles provide scope for making measurements
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more efficiently than existing molecular materials. Since light absorption from
biologic tissue components is minimized at NIR wavelengths, most NPs for in vivo
imaging have been designed in order to strongly absorb in the NIR region so as to
be used as effective contrast agents [37].

Optical coherence tomography (OCT) is an imaging modality that provides
cross-sectional subsurface imaging of biological tissues at micrometer-scale resolu-
tion. Briefly, the OCT system can generate a signal based on refractive index mis-
matches and scattering events. The extra scattering is achieved by using AuNPs,
which possess both absorption and scattering properties in the NIR region and pro-
vide optical contrast for improved diagnostic imaging at higher light intensities.
This property has been used in order to increase the contrast of tumors in mice. Au
nanoshells accumulate preferentially in the tumor and so increase the contrast more
than in other tissues [38]. In situ OCT based on spherical AuNPs in ophthalmology
and dental imaging has also been reported [39]. Moreover, an extension of OCT —
photothermal OCT — can fill the spatial niche for in vivo imaging of NP delivery
[40].

X-ray, computed tomography (CT), and micro-CT techniques can offer excellent
improvements in terms of medical diagnosis. The basic process of these techniques
is to detect the X-rays that pass through a sample by exposing a charge-coupled
device detector. Due to their high atomic number and electrodensity (e.g., 79 and
19.32 g/em?, respectively, vs. the typical X-ray contrast agent, iodine, with values of
53 and 4.9 g/cm?, respectively), AuNPs have higher attenuation coefficients and are
proposed to be used as better contrast agents for X-ray imaging, CT, and micro-CT
[39]. AuNPs have demonstrated greater contrast than the iodine-based agents that
are currently used in the clinic, as well as reduced toxicity and prolonged circulation
times. Moreover, imaging Au at 80-100 keV reduces the signal interference derived
from bone absorption and therefore would allow for dose reduction. In addition,
fluorescent bioimaging is also achieved with luminescent AuNCs, which can be
used for multimodal fluorescence/CT imaging without the need for having two dif-
ferent elements. Via glutathione capping and folic acid conjugation, the as-prepared
nanoprobe could target a xenotransplanted tumor model in nude mice, as evaluated
by fluorescence/CT dual-mode imaging. Although it is not very common, X-ray
fluorescent imaging of AuNPs represents a bioimaging technique with great poten-
tial. This method could be of great interest once there are imaging systems in place
that have sufficient sensitivity to NP concentrations and, at the same time, are capa-
ble of distribution measurements at appropriate tissue depths for in vivo and in vitro
studies. Consequently, Ricketts et al. reported that a high detecting sensitivity of
AuNPs can be achieved using X-ray fluorescence, enabling a greater depth imaging
in comparison with optical modalities [41, 42].

Photoacoustic imaging (PAI) is a hybrid imaging technique; however, it has only
become an efficient method of biomedical imaging in recent decades. The develop-
ment for PAI accounts for the improvement in the machining process and innovative
technology relating to the contrast agent. Briefly, after excitation by a laser, a pho-
toabsorber (e.g., an internal photoabsorber, such as hemoglobin, or an external pho-
toabsorber, such as photoacoustic contrast agents) is heated, leading to thermoelastic
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expansion. Such expansion can cause acoustic pressure elevations and therefore
produce ultrasound waves (usually a rise of 1 mK can cause an 800 Pa pressure
rise), which are then detected by a sound transducer before finally being recon-
structed as photoacoustic images. NPs, especially AuNPs with NIR absorbance due
to their intrinsic LSPR, are very promising for use as photoacoustic signal amplifi-
ers. Two important commercialized, small animal PAI systems are MSOT (iThera
Medical GmbH®, Munich, Germany) and Nexus 128 (Endra Life Sciences®, MI,
USA). The iThera system is based on multispectral optoacoustic tomography and
Nexus 128 is based on hemispherical PAI. Despite the adoption of different strate-
gies for 3D imaging, they are both excellent examples of focusing on a crucial
problem in bioimaging and thus obtaining images with high resolution and even
in-depth functional information. Unlike OCT, PAI is speckle-free. For example,
PEG-coated Au nanoshells have been used as contrast agents in order to image their
circulating distribution in the vasculature in the rat brain using PAI. The images of
the distribution of nanoshells circulating in the vasculature of a rat brain achieved
by deep-penetrating NIR light presented a gradual enhancement of the optical
absorption in the brain vessels. Au nanorods and Au nanoprisms have also been
extensively used in bioimaging due to their ability to have their maximum plasmon
resonance tuned further into the NIR region. Although PAI is promising for applica-
tions in biomedical imaging, drug delivery, and PTT, there are some challenges for
PAI based on the AuNP platform. First, although its application in cancer imaging
has been abundant over the last 5 years, most of the results are obtained from sub-
cutaneous cancer models and are confined within angiography. However, the advan-
tage of PAI is its deep penetration at a high resolution and the potential for in situ
cancer diagnostics. The reason for this is the limitation of the laser energy. According
to the American National Standards Institute (ANSI), the energy for skin exposure
is advised to be lower than 20 mJ/cm?, but deep penetration is difficult to achieve in
this range, so the detection limit needs to be improved by enhancing the NIR absorp-
tion of AuNPs. Au nanorods, nano-cages, nanoprisms, or nanostars are particularly
useful as PAI contrast agents. Second, the scan speed needs to be improved for
PAI. Although this mainly needs the improvement of the mechanical drive, AuNPs
at the range of 100 nm, which can prolong the circulation time, may solve this prob-
lem via another method. Diagnostics usually require the combination of anatomic
imaging as well as functional imaging at the same time. The former can provide the
precise location of organs, and the latter is for imaging the anatomical structures of
the area of interest. This goal is achieved by either multimodal bioimaging or bio-
imaging techniques that can achieve the both [43—46].

Theranostics refers to the combination of diagnostics and therapeutics. Due to
their LSPR, the strong NIR light absorption of AuNPs makes them a great potential
application in PTT, which possesses efficacy and noninvasiveness. There are numer-
ous PTTs based on AuNPs (e.g., antibody- or small-molecule-conjugated AuNPs in
tumor therapy). Combined with the aforementioned PAI, AuNPs have great poten-
tial to be used as theranostic platforms.
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7.5.1 Folic Acid-Conjugated Gold Nanorods for Targeted
Imaging and Therapy

Multifunctional nanoprobes are designed to own various functions such as tumor
targeting, imaging, and selective therapy, which offer great promise for the future of
cancer prevention, diagnosis, imaging, and treatment. As shown in Fig. 7.15, silica
was applied to replace cetyltrimethylammonium bromide (CTAB) molecules on the
surface of gold nanorods (GNRs) by the classic Stober method, thus eliminating
their cytotoxicity and improving their biocompatibility. Folic acid molecule was
covalently anchored on the surface of GNRs with silane coupling agent. The resul-
tant folic acid-conjugated silica-modified GNRs show highly selective targeting, as
shown in Fig. 7.16, and prepared GNR probes could target and combine tumor cells,
exhibiting golden color, enter into tumor cytoplasm by endocytosis pathway as
shown in Fig. 7.17, enhance radiation therapy (RT) and photothermal therapy (PTT)
effects on MGCB803 gastric cancer cells as shown in Fig. 7.18 and Fig. 7.19, and also
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Fig. 7.15 Synthetic procedure of GNR-SiO2-FA (Reproduced from Ref. [47] by permission of
Elsevier)

Fig. 7.16 Dark-field scattering images. (A) Low magnification image of targeted MGC803 cells
incubated with 50 mM GNR-SiO2-FA for 2 h and (B) high magnification image of targeted
MGC803 cells incubated with 50 mM GNR-SiO2-FA for 30 min, monitored by dark-field micros-
copy (Reproduced from Ref. [47] by permission of Elsevier)
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Fig. 7.17 The thin-section TEM images of MGCS803 cells incubated with 50 mM of GNR-
SiO2-FA for 2 h. (a) Control MGC803 cells and (b—f) representative ultrastructures of MGC803
cells incubated with GNR-SiO2-FA. Arrows denote the GNR-SiO2-FA or their aggregates
(Reproduced from Ref. [47] by permission of Elsevier)
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Fig. 7.18 The proliferation photographs (A) and cell viability (B) of MGC803 cells incubated
with 100 mL of varying concentration of GNR-SiO2-FA for 24 h upon 6 Gy of X-ray irradiation.
In the photographs (A), the fop column of the cells is without irradiation, and the bottom column
of the cells is with irradiation (Reproduced from Ref. [47] by permission of Elsevier)



7 Multifunctional Nanoprobes for Multimodality Targeted Imaging and Therapy... 249

Fig. 7.19 Photothermal therapy effects on MGCS803 cells incubated with 12.5 mM of GNR-
SiO2-FA for 24 h at 37 °C in the dark prior to irradiation for 3 min with 808 nm laser. (A) MGC803
cells on the laser spot, (B) MGC803 cells on the boundary of laser spot, and (C, D) dark-field
images of MGC803 cells after irradiation (Reproduced from Ref. [47] by permission of Elsevier)

exhibit strong X-ray attenuation for in vivo X-ray and computed tomography (CT)
imaging. In conclusion, the as-prepared nanoprobe is a good candidate with excel-
lent imaging and targeting ability for X-ray/CT imaging-guided targeting dual-
mode enhanced RT and PTT [47].

7.5.2 Cetuximab-Conjugated Gold Nanoparticles for SERS
Imaging and Therapy

Inspired by the ability of SERS nanoantennas to provide an integrated platform to
enhance disease targeting in vivo, we developed a highly sensitive probe for in vivo
tumor recognition with the capacity to target specific cancer biomarkers such as
epidermal growth factor receptors (EGFR) on human cancer cells and xenograft
tumor models. As shown in Fig. 7.20, we used ~90 nm gold nanoparticles capped
by a Raman reporter, encapsulated and entrapped by larger polymers and an FDA
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Fig. 7.20 (A) Antibody—drug gold SERS nanoantennas — 90 nm AuNPs surrounded by a Raman
reporter, encapsulated and entrapped by a larger polyethylene glycol (PEG) polymer and covered
with a FDA approved antibody-drug conjugate, the Cetuximab. (B) The drug-Raman NPs can eas-
ily bind to EGF receptors(EGFR), blocking the EGF protein from reaching the cancer cells and
inhibit the signalling cascade. The activation of this cascade will consequently stop proliferation
and survival of targeted cells. (Reproduced from Ref. [48] by permission of Elsevier)

antibody—drug conjugate — cetuximab (Erbitux®) — that specifically targets EGFR
and turns off a main signaling cascade for cancer cells to proliferate and survive.
These drug/SERS gold nanoantennas present a high Raman signal both in cancer
cells and in mice bearing xenograft tumors. Moreover, the Raman detection signal
is accomplished simultaneously by extensive tumor growth inhibition in mice, mak-
ing these gold nanoantennas ideal for cancer nanotheranostics, i.e., tumor detection
and tumor cell inhibition at the same time [48].

7.5.3 BRCAAI Antibody-Conjugated Gold Nanoprisms
Jor Targeted Photoacoustic Imaging and Photothermal
Therapy

The development of high-resolution nanosized photoacoustic contrast agents is an
exciting technological advance as well as a challenge. Herein, two functionalized
gold nanoprisms (AuNprs), PEG/RGD-AuNprs and PEG/Brcaal-AuNprs, were
synthesized and used as a combinatorial methodology for in situ photoacoustic
imaging, angiography, and local hyperthermia using orthotopic and subcutaneous
murine gastric carcinoma models. PEG/RGD-AuNprs are available for tumor angi-
ography, and PEG/Brcaal-AuNprs are used to target and for in situ imaging of
gastric carcinoma orthotopic tumor models. In situ photoacoustic imaging allowed
for anatomical and functional imaging at the tumor site. In vivo tumor angiography
imaging showed enhancement of the photoacoustic signal in a time-dependent way.
Furthermore, photoacoustic imaging showed that tumor vessels were clearly



7 Multifunctional Nanoprobes for Multimodality Targeted Imaging and Therapy... 251

a b

Background signal (a.u.)
Au NPrs signal (a.u.)

Background signal (a.u.)

Fig. 7.21 Optoacoustic signals in vivo; (a) anatomical (preinjection of the contrast agent) opto-
acoustic image, taken a wavelength of 710 nm, of a CD-1 mouse xenografted subcutaneously with
a HT-29 tumor cell line in the lower back region. The tumor is visible at the bottom of the image.
Blood vessels are also visible around the middle of the image and correspond to the iliac veins and
arteries in the vicinity of the intestines; (b) multispectral optoacoustic images of a CD-1 nude
mouse bearing a subcutaneous HT-29 tumor cell line and injected with AuNPrs. Anatomical back-
ground images acquired at a wavelength of 710 nm and autoscaled per image (black and white).
AuNPr distribution is shown on a red to yellow scale with a low signal threshold chosen at 20 % of
maximum signal (Reproduced from Ref. [49] by permission of John Wiley & Sons Ltd)

damaged after local hyperthermia. This is the first proof of concept using two gold
nanoprism probes as high sensitive contrasts and therapeutic agents for in situ tumor
detection and inhibition. These smart antibody/peptide AuNprs can be used as an
efficient nanotheranostic platform for in vivo tumor detection with high sensitivity
as well as for tumor targeting therapy, which results in tumor size reduction and
increase mice survival after local hyperthermia with a single-dose injection. As
shown in Fig. 7.21, we prepared PEG-modified AuNprs, which were successfully
used for in vivo photoacoustic imaging of gastrointestinal tract [49].

7.5.4 CD44v6 Antibody-Conjugated Gold Nanostars
Jor Photoacoustic Imaging and Photothermal Therapy
of Gastric Cancer Stem Cells

Developing safe and effective nanoprobes for targeted imaging and selective therapy
of gastric cancer stem cells (GCSCs) has become one of the most promising antican-
cer strategies [50-57]. As shown in Fig. 7.22, gold nanostar-based PEGylated multi-
functional nanoprobes were prepared with conjugated CD44v6 monoclonal antibodies
(CD44v6-GNS) as the targeting ligands. It was observed that the prepared nanoprobes
had high affinity toward GCSC spheroid colonies and destroyed them completely
with a low power density upon near-infrared (NIR) laser treatment (790 nm, 1.5 W/
cm?, 5 min) in vitro experiment. Orthotopic and subcutaneous xenografted nude mice
models of human gastric cancer were established. As shown in Fig. 7.23, biodistribu-
tion and photothermal therapeutic effects after being intravenously injected with the
prepared nanoprobes were assessed. Photoacoustic imaging revealed that CD44v6-
GNS nanoprobes could target the gastric cancer vascular system actively at 4 h postin-
jection, while the probes inhibited tumor growth remarkably upon NIR laser irradiation
and even extended survivability of the gastric cancer-bearing mice. The CD44v6-
GNS nanoprobes exhibited great potential for applications of gastric cancer targeted
imaging and photothermal therapy in the near future [58—68].
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Fig. 7.22 Schematic illustration of the GNS-PEG-CD44v6 nanocomplex synthesis process and
the mechanism of GCSC targeted PTT (Reproduced from Ref. [68] by permission of IVY Press)

7.5.5 Folic Acid/ce6-Conjugated Gold Nanoclusters for NIR
Fluorescent Imaging and Photodynamic Therapy

Gold nanoclusters (GNCs) attract increasing attention due to their potential applica-
tions in sensing, catalysis, optoelectronics, and biomedicine. As shown in Fig. 7.24,
the formation of highly fluorescent glutathione (GSH)-capped GNCs is achieved
through the delicate control of the reduction kinetics and thermodynamic selection
of the Au(I)-SG complexes. Furthermore, the GNC-based nanoprobes are devel-
oped by the covalent coupling of folic acid (FA) and PEG (polyethylene glycol) on
the surface of GNCs directly, followed by trapping photosensitizer (chlorin e6, Ce6)
within PEG networks and attaching to the GNC surface. The fabricated nanoprobes
(Ce6@GNCs-PEG 2 K-FA) possess a uniform particle size (hydrodynamic diame-
ter~ 6.1+ 1.2 nm), without affecting the yield of singlet oxygen of the trapped Ce®6.
In vitro studies show the enhanced cellular uptake and satisfactory photodynamic
therapy (PDT) effectiveness toward MGC-803 cells when compared with free Ce®6.
As shown in Fig. 7.25, the biodistribution and excretion pathway studies of the
nanoprobes in MGC-803 tumor-bearing nude mice reveal their superior penetration
and retention behavior in tumors, while the preserved features of renal clearance
and stealthy to reticuloendothelial system are mainly attributed to the small hydro-
dynamic diameters and the FA-capped PEGylated ligands. The enhanced PDT effi-
cacy and the nontoxicity to mice provide an exciting new nano-platform with
promising clinical translational potential [69-76].
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Fig. 7.23 Infrared microscopic imaging: deionized water (A) and GNS (B) in a tube upon NIR
laser irradiation (790 nm, 0.3 W/cm?, 3 min); subcutaneous tumor of GC without (C) and with (D)
injection of GNS-PEG-CD44v6 upon NIR laser irradiation (790 nm, 1.5 W/cm?, 3 min). The nude
mouse of GC subcutaneous xenograft, injected with nanoparticles before (E) and after (F) laser
irradiation treatment (790 nm, 1.5 W/cm?, 3 min); (G) tumor growth curves of four groups after
treatment with GNS-PEG-CD44v6, GNS-PEG, and PBS, respectively, upon NIR laser irradiation
(790 nm, 0.8 W/cm?, 5 min); and the untreated control group. Error bars represent standard devia-
tion (n=10/group). *p<0.05, **p<0.01 (student’s  test); (H) survival rate of GC tumor-bearing
mice within 8 weeks after treatment (Reproduced from Ref. [68] by permission of IVY Press)

7.5.6 Gold Nanoparticles as a High Efficient siRNA Delivery
System

Gold glyconanoparticles (GlycoNPs) are full of promise in areas like biomedicine,
biotechnology, and materials science due to their amazing physical, chemical, and
biological properties. Here, siRNA GlycoNPs (AuNP@PEG @Glucose @siRNA) in
comparison with PEGylated GlycoNPs (AuNP@PEG@Glucose) were applied
in vitro to a luciferase-CMT/167 adenocarcinoma cancer cell line and in vivo via
intratracheal instillation directly into the lungs of B6 albino mice grafted with
luciferase-CMT/167 adenocarcinoma cells. As shown in Fig. 7.26, siRNA GlycoNPs
but not PEGylated GlycoNPs induced the expression of proapoptotic proteins such
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Fig. 7.24 Schematic illustration of the preparation of the GNC-based nanoprobes and their appli-
cations in vitro and in vivo (Reproduced from Ref. [76] by permission of John Wiley & Sons Ltd)

as Fas/CD95 and caspases 3 and 9 in CMT/167 adenocarcinoma cells in a dose-
dependent manner, independent of the inflammatory response, evaluated by bron-
choalveolar lavage cell counting. Moreover, in vivo pulmonary delivered siRNA
GlycoNPs were capable of targeting c-Myc gene expression (a crucial regulator of
cell proliferation and apoptosis) via in vivo RNAi in tumor tissue, leading to an
~80% reduction in tumor size without associated inflammation [15, 42, 69, 77-84].

Up to now, functionalized gold nanoparticles have been optimized as an effective
intracellular in vitro delivery vehicle for siRNAs to interfere with the expression of
specific genes by selective targeting and provide protection against nucleases.
However, few examples of suchlike in vivo applications have been described so far.
We report the use of siRNA/RGD gold nanoparticles capable of targeting tumor
cells in a lung cancer syngeneic orthotopic murine model. Therapeutic RGD-
nanoparticle treatment resulted in successful targeting evident from significant
c-myc oncogene downregulation followed by tumor growth inhibition and pro-
longed survival of lung tumor-bearing mice, possibly via avp3 integrin interaction.
Our results suggest that RGD gold nanoparticle-mediated delivery of siRNA by
intratracheal instillation in mice leads to successful suppression of tumor cell pro-
liferation and respective tumor size reduction. These results reiterate the capability
of functionalized gold nanoparticles for targeted delivery of siRNA to cancer cells
toward effective silencing of the specific target oncogene. What is more, we demon-
strate that the gold nanoconjugates trigger a complex inflammatory and immune
response that might promote the therapeutic effect of the RNAI to reduce tumor size
with low doses of siRNA [82, 85].
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Fig. 7.25 (a) In vivo fluorescence imaging of MGC-803 tumor-bearing mouse after intravenous
injection of Ce6@GNCs-PEG 2K-FA over a period of 24 h. (b) Representative ex vivo fluores-
cence images of major organs and tumors of mice after different postinjection times. T (tumor), H
(heart), Li (liver), S (spleen), Lu (lung), Br (brain), Bl (bladder), K (kidney). The right columns
were the corresponding 3D surface plot images of pixel intensities obtained from the tumor regions
using NIH Image] software. (¢) Quantitative biodistribution of Ce6 @GNCs-PEG 2K-FA in differ-
ent organs and tumors based on ROI analysis of the average fluorescence intensity from tumors and
normal tissues (three mice per group). (d) Representative fluorescence images of tumor cryosec-
tions (10 pm). Images presented are bright-field, blue fluorescence (DAPI), red fluorescence (>590
nm), and merged (overlap) images. Scale bar, 100 pm (Reproduced from Ref. [76] by permission
of John Wiley & Sons Ltd)

7.6 RNA Nanoparticles for Targeted Imaging and siRNA
Therapy of Gastric Cancer

In recent years, there have been several new nano-delivery systems with different
materials and physicochemical properties to be developed [86—89].However, effec-
tive strategies to block tumor progression and prevent metastasis are still very few,
and there exist several challenges including specific cancer targeting, tissue penetra-
tion, intracellular delivery, toxicities, and side effects due to organ accumulation,
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Fig. 7.26 (a) Multifunctional siRNA glyconanoparticles (siRNA GlycoNPs) trigger apoptotic
pathways (b) with the expression of cell death receptors (Fas) and caspases. The death domain-
containing receptor Fas can sense an external signal and activate the apoptosis pathway through the
Fas-related death domain. This pathway is mediated by the activation of caspase 8, followed by
direct cleavage of downstream effect or caspases. The apoptosis pathway can also be initiated in
the cytoplasm through activation of intracellular changes resulting in the release of proapoptotic
factors from the mitochondria. The release of these factors leads to the activation of caspase 9 and
ultimately results in the activation of effector caspases (e.g., caspase 3) and consequently to cell
death by apoptosis. (¢) The siRNA GlycoNPs also have the capacity to trigger gene silencing via
activation of the RNA interference pathway, by double-stranded RNA (i.e., siRNA), promoting
nucleolytic degradation of the target mRNA and/or translational suppression (Reproduced from
Ref. [84] by permission of The Royal Society of Chemistry)

nonspecific cell entry, particle heterogeneity, aggregation, dissociation due to dilu-
tion after systemic injection, and unfavorable pharmacological profiles. In recent
years, RNA nanotechnology, as an emerging nano-platform, has shown great pros-
pect in clinical theranostic applications [90]. RNA nanoparticles can be fabricated
with precise control of shape, size, and stoichiometry, as demonstrated by the pack-
aging RNA (pRNA) of the bacteriophage phi29DNA packaging motor, which forms
dimers, trimers, and hexamers, via hand-in-hand interactions of the interlocking
loops [45, 46]. The pRNA contains an ultra-stable three-way junction (3WJ) motif,
which can be assembled from three short fragments with extremely high affinity.
Recently, Prof. Peixuan Guo group has obtained the crystal structure of the pRNA-
3WIJ motif and a variety of therapeutic RNA nanoparticles using the pRNA-3WJ
and pRNA-X motifs as scaffolds have been constructed. The pPRNA-3WJ nanopar-
ticles display thermodynamically stable properties, including high melting tempera-
ture with low free energy, resistance to denaturation in 8 M urea, and resistance to
dissociation at very low concentrations in the blood. Boiling-resistant RNA
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nanoparticles with controllable shapes and defined stoichiometry have recently
been reported. Various functional groups, such as imaging agents; targeting ligands,
such as receptor-binding aptamers; and therapeutic modules, such as siRNA,
miRNA, or ribozymes, can be integrated into the 3W1J scaffold without affecting the
folding and functionality of the core motif and incorporated functional moieties.
Upon 2'-fluoro (2'-F) modifications of uracil (U) and cytosine (C) nucleotides, the
RNA nanoparticles become resistant to RNase degradation with enhanced in vivo
half-life while retaining authentic functions of the incorporated modules.
Furthermore, the pPRNA nanoparticles are nontoxic, are non-immunogenic, and dis-
play favorable biodistribution and pharmacokinetic profiles in mice. These favor-
able findings prompted the use of this novel platform for the treatment of stomach
cancer, which is one of the challenging tasks in clinical oncology [91-100].

Such targeted delivery systems need a ligand-receptor pair that specifically
existed in cancer cells. Many, but not all, cancer cells, including stomach, ovary,
lung, breast, kidney, endometrium, colon, and hematopoietic cells, overexpressed
folate receptors (FRs) than normal cells for high uptake of folate, since folate is an
essential component during DNA replication and methylation in highly proliferat-
ing cells. Folic acid (FA), a synthetic oxidized form of folate, has been widely used
as a ligand conjugate in various cancer targeting materials. BRCAAI (breast cancer-
associated antigen 1, AF208045) has been confirmed to exhibit overexpression in
breast cancer and gastric cancer and no or lower expression in normal gastric
mucosa and normal breast tissues. Our previous studies have demonstrated that gas-
tric cancer MGC803 cells were transfected with constructed plasmids of shRNA-
BRCAAL, the cell growth was greatly inhibited, and the rate of cell apoptosis was
significantly higher than those of untransfected group and mock plasmid transfected
group. We also screened out a new antigen epitope SSKKQKRSHK and also
screened out matched two monoclonal antibody cell lines and successfully prepared
monoclonal antibody-conjugated fluorescent magnetic nanoparticles and realized
the targeted imaging and hyperthermal therapy of in vivo gastric cancer. Therefore,
the BRCAAI gene is a potential therapeutic target for gastric cancer.

My group cooperated with Prof. Peixuan Guo group, adopted an innovative RNA
nanotechnology approach to overcome some of the aforementioned challenges, and
reported for the first time a new strategy to target and deliver therapeutic BRCAAI
siRNA to in vivo stomach cancer tissues using FA-conjugated pRNA-3W1J nanopar-
ticles, as shown in Fig. 7.27, and prepared RNA nanoparticles displayed 5 nm in
diameter, tree fork shaped, using folate as target molecule. Our objective is to con-
struct multifunctional, thermodynamically, and chemically stable RNA nanoparti-
cles harboring sequences that allow specific binding to stomach cancer-specific cell
surface antigens or receptors resulting in the internalization of RNA nanoparticles
into target cells and delivery of the siRNA, miRNA, and drugs for attaining syner-
gistic effects for the treatment of stomach cancer, as shown in Fig. 7.28, and pre-
pared RNA nanoprobes could actively target in vivo gastric cancer cells, less
aggregation in other organs, which show that prepared RNA nanoparticles own
good targeting ability. We also investigated the effects of prepared RNA nanoparti-
cles on the regression of gastric cancer tissues in vivo, as shown in Fig. 7.29,
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Fig. 7.27 Global structure of the therapeutic RNA nanoparticles with BRCAA1 siRNA. (a)
Design of the RNA nanoparticles. Left is the one used in animal trial. Right is the extended one to
prepare the AFM images. (b) AFM image of extended 3WJ RNA nanoparticles. The RNA com-
plex in left of a is estimated to be around 10 nm. Due to convolution of the tip size (~10 nm in
diameter) in AFM images, features smaller than the size of the tip cannot be resolved. To charac-
terize the structure of the RNA constructs, the 3WJ nanoparticles were extended by 39-60 base
pairs (in red color), which is within the persistence length of dsRNA and will not affect the 3WJ
folding as described before 31, to generate the AFM image as shown (Reproduced from Ref. [101]
by permission of Macmillan Publishers Ltd)

prepared RNA nanoparticles can inhibit the growth of in vivo gastric cancer cells,
and the tumor grew slower and slower. We also investigate the potential molecular
mechanism by Western blotting, which may be associated with Rb upregulation and
Bcl-2 downregulation as well inducing cell apoptosis, and our results fully confirm
that prepared RNA nanoparticles own potential clinical applications such as tumor
theranostics in the near future.

RNA interference via the use of small interfering RNA (siRNA) is a powerful
and useful tool to block gene function through sequence-specific posttranscriptional
gene silencing, playing an important role in the downregulation of gene expression.
siRNAs can be transfected into mammalian cells by a variety of methods that influ-
ence the strength and duration of the silencing response, which in turn is affected by
the amount of siRNA effectively delivered and by the potential of each siRNA to
suppress its target. Nevertheless, naked siRNAs show extremely short half-lives due
to RNases activity, poor chemical stability, and dissociation from the vector. In fact,
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Fig. 7.28 (a) Representative in vivo fluorescence images of MGC803-tumor-bearing mouse after
iv injection with FA-AlexaFluor647-labeled pRNA nanoparticle. The tumor areas are indicated
with arrows. (b) Representative ex vivo images of tumors and organs. Labels: 1, tumor; 2, heart;
3, liver; 4, spleen; 5, lung; 6, stomach; 7, kidneys; 8, bladder; 9, muscle. (¢) The average fluores-
cence intensities from the tumor areas of postinjection (Reproduced from Ref. [101] by permission
of Macmillan Publishers Ltd)

the major obstacle to clinical application is the uncertainty about how to deliver
siRNA with maximal therapeutic impact [101].

7.7 Carbon Dot-Based Nanoprobes for Targeted Imaging
and Photodynamic Therapy

Carbon dots (C-dots), a very recent rising star, as a class of zero-dimensional carbon
nanomaterials, possess some of the same major advantageous characteristics of
quantum dots (QDs), such as high photostability, tunable emission, and large
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Fig. 7.29 Tumor size curve as the posttreatment time increases (Reproduced from Ref. [101] by
permission of Macmillan Publishers Ltd)

two-photon excitation cross sections. Moreover, C-dots exhibit nonblinking fluores-
cence and excellent water solubility and are cheaply produced. Particularly, C-dots
without heavy metal content are more environmentally friendly and can be much
safer for biological applications. As shown in Fig. 7.30, we strategically designed
and prepared novel multifunctional chlorin e6-conjugated C-dots (C-dots-Ce6) as
the light-triggered theranostics for simultaneous enhanced near-infrared fluorescent
imaging and photodynamic therapy (PDT) by FRET mechanism [102—108].
Carbon dots exhibit great potential in applications such as molecular imaging
and in vivo molecular tracking. However, how to enhance fluorescence intensity of
carbon dots has become a great challenge. We report for the first time a new strategy
to synthesize fluorescent carbon dots (C-dots) with high quantum yields by using
ribonuclease A (RNase A) as a biomolecular templating agent under microwave
irradiation. The synthesized RNase A-conjugated carbon dots (RNase A@C-dots)
exhibited quantum yields of 24.20 %. The fluorescent color of the RNase A@C--
dots can easily be adjusted by varying the microwave reaction time and microwave
power. Moreover, the emission wavelength and intensity of RNase A@C-dots dis-
played a marked excitation wavelength-dependent character. As the excitation
wavelength alters from 300 to 500 nm, the photoluminescence (PL) peak exhibits
gradually redshifts from 450 to 550 nm, and the intensity reaches its maximum at an
excitation wavelength of 380 nm. Its Stokes shift is about 80 nm. Notably, the PL
intensity is gradually decreasing as the pH increases, almost linearly dependent, and
it reaches the maximum at a pH=2 condition; the emission peaks also show clearly
a redshift, which may be caused by the high activity and perfective dispersion of
RNase A in a lower pH solution. In high pH solution, RNase A tends to form RNase
A warped carbon dot nanoclusters. Cell imaging confirmed that the RNase A@C--
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dots could enter into the cytoplasm through cell endocytosis. 3D confocal imaging
and transmission electron microscopy observation confirmed partial RNase A@C--
dots located inside the nucleus. MTT and real-time cell electronic sensing (RT-CES)
analysis showed that the RNase A@C-dots could effectively inhibit the growth of
MGC-803 cells. Intra-tumor injection test of RNase A@C-dots showed that RNase
A @C-dots could be used for imaging in vivo gastric cancer cells. The as-prepared
RNase A@C-dots are suitable for simultaneous therapy and in vivo fluorescence
imaging of nude mice loaded with gastric cancer or other tumors. We have devel-
oped a microwave-assisted one-step synthesis of C-dots with citric acid as carbon
source and tryptophan (Trp) as both nitrogen source and passivation agent. The
C-dots with uniform size show superior water solubility, excellent biocompatibility,
and high quantum yield. Afterward, the PEI (polyethylenimine)-adsorbed C-dot
nanoparticles (PEI@C-dot) were applied to deliver survivin siRNA into human
gastric cancer cell line MGC-803. The results have confirmed the nanocarrier exhib-
ited excellent biocompatibility and a significant increase in cellular delivery of
siRNA, inducing efficient knockdown for survivin protein to 6.1 %. In addition,
PEI@Cdots complexes mediated survivin silencing, the arrested cell cycle progres-
sion in G1 phase, and cell apoptosis was observed [109]. Carbon dots may be one
kind of good contrast agent and drug delivery system.

7.8 Dendritic Cell and Tumor Cell Fused Vaccine
for Targeted Imaging and Enhanced Immunotherapy
of Gastric Cancer

Dendritic cells (DCs) have been broadly used for clinical therapy of tumor patients
and achieved good therapeutic efficacy, displaying the great promising potential in
clinical cancer immunotherapy. How to enhance DC immunotherapeutic effect in
cancer targeted immunotherapy and prevention is still a great challenge. My group
is for the first time to prepare the allogenic DCs and gastric cancer cell fused vac-
cine combined with cytokine-induced killer cells (CIKs), which realized targeted
imaging and enhanced immunotherapy of gastric cancer (GC). The fused vaccine
was prepared by PEG-mediated fusion between the mature DCs and inactive gastric
cancer MGC803 cells. The immunotherapeutic and prophylactic potential of the
fused cells (FCs) was evaluated in tumor-bearing, post-surgery, and tumor-free mice
models. The migration and homing process of near-infrared region quantum dots
(NIR-QDs) labeled FCs were investigated by real-time animal imaging system.
Results showed that the FCs and FC + CIKs could trigger the tumor-specific CTLs
(cell toxic lymph cells) against GC cells, target the tumor tissue initiatively and
enhance the prophylactic effects, suppress the tumor growth remarkably in vivo,
make several tumor tissues in nude model disappeared. This is only very initiative
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result, further clinical study will continue to carry out. The allogenic DCs and tumor
cell fused vaccine can be used for targeted imaging and enhanced immunotherapy
of GC, and the FC + CIKs strategy owns great potential in clinical applications such
as early therapy and prevention of tumor-metastasis and relapse in near future
[110-113].

7.9 Oral Microcapsule Endoscopy Combined
with Nanoprobes for Gastrointestinal Imaging

One kind of oral microcapsule endoscopy was successfully developed by Prof.
Guozheng Yan in Shanghai Jiao Tong University as shown in Fig. A, which is com-
posed of several sensors and power system; realizes real-time ultrasensitive detec-
tion of five parameters such as temperature, pH value, pressure, hemoglobin, and
imaging in gastrointestinal tract; obtained registration certificate of medical devices
in China in 2003; and has been used in almost 100 hospitals [114]. Based on the oral
capsule endoscopy system, Prof. Yan designed one kind of new type of oral fluores-
cent nanoprobes and obtained clear fluorescent imaging of gastrointestinal lesions.
As shown in Fig. 7.31c, the control image without fluorescent signal was shown in
Fig. 7.31b, and the prepared oral endoscopy is with the size of less than 2 cm, as
shown in Fig. 7.31a. Furtherly integrated with oral RGD/BRCAAI antibody-
conjugated gold nanoprism probes, the oral capsule endoscopy system can obtain
clearer molecular imaging of gastric intestinal tumors and simultaneously realize
photothermal therapy in vivo, which provide a new pathway for quick theranostics
of clinical gastrointestinal tumor or patients with precancerous lesions.

Fig. 7.31 Microcapsule endoscopy combined with fluorescent probes for in situ gastric lesion
imaging. (a) Oral microcapsule endoscopy; (b) normal image of human gastric lesion; (c) fluores-
cent image of human gastric lesion incubated with nanoprobes (Unpublished data, Prof. Guozhen
Yan provided)
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7.10 Clinical Translational Prospects of Multifunctional
Nanoprobes

There have been more than several ten thousand publications regarding nanoprobes
in the last decade, and very few of the assessed nanoprobes progressed from bench
into bedside. According to Drolet and Lorenzi’s “continuum” theory, when a new
basic science discovery transfers into proposed human application, proven clinical
application, and clinical practice and finally raises public health impact, there are
three “translation chasm” gaps that must be bridged. These gaps are human (T1),
clinical trials (T2), and translation to practice (T3). Although there have been very
promising applications of nanoprobes in many areas, they are still at an early stage
of development on the way to reaching the bedside; in other words, they are mostly
in the T1 stage, although they may come into clinical trials.

To date, there are several nanoprobes to enter into clinical trials or obtain FDA
permission. For example, in 2011, a clinical trial of insulin-coated AuNPs was
approved by Midatech Ltd (UK). In addition, AuroShell® (Au@silica nanoshells)
from Nanospectra (Nanospectra Biosciences, TX, USA), which is used for thermo-
therapy, was approved by the FDA in 2012. This has been proven to be effective at
an earlier stage in a murine glioma model and in the ablation of prostate cancer in a
canine model. Another example is from McNeil’s laboratory; after their reports of
the biodistribution, immune response, and interactions of AuNPs with human blood,
they used AulNPs as a drug delivery system in order to impair the toxicity of TNF-a.
It is confirmed to be safe to inject up to three times the amount that had been lethal
with previous versions. The modified drug Aurimune™ (CYT-6091) from
Cytlmmune Sciences (MD, USA) is a TNF-a-bound, PEGylated colloidal
AuNP. Aurimune has passed through a phase I clinical trial and is entering a phase
IT trial. It is reported that the systemic TNF toxicity of Aurimune was decreased
dramatically compared with TNF alone (e.g., the fever side effect was managed)
and the target effect was realized. Another product, AuriTol™ (CYT-21001), also
from Cytlmmune Sciences, has reached the preclinical stage [37, 114].

An example of a fast, in vitro, Au-based biomedical application is the FDA-
approved Verigene® detector device (Nanosphere, IL, USA), which utilizes
oligonucleotide-coated AuNPs in order to capture DNA. The Verigene system
enables clinicians to rapidly identify and treat the bacteria and viruses that are
responsible for some of the most complicated, costly, and fatal infectious diseases
[37, 115].

My group established the new method of RNase A-assisted carbon dot synthesis
and finished biosafety evaluation of carbon dots in national drug safety evaluation
center, confirming to be very safe under the dosage of 100 mg/kg body weight, and
we also prepared hyaluronic acid/RGD-conjugated carbon dots and realized tar-
geted imaging and operation boundary identification of in situ gastric cancer and
finished 40 specimens of clinical trials, showing the prepared nanoprobes can image
the metastasis lymph nodes and display the surgery boundary of gastric cancer.

Although some nanoprobes get through the clinical trials and obtained FDA per-
mission to enter into clinical application, inorganic nanoparticle-based multifunc-
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tional nanoprobes exist to be greatly disputed for clinical application, and the
reasons are summarized as being unable to be degraded in vivo and long-term left-
over in the body, and the further toxicological mechanism is not clarified well.
Development of targeting, safe, high-efficient nanoprobes has become a great chal-
lenge. Only to solve the biosafety of nanoprobes, multifunctional nanoprobes can
be possible to enter into clinical application in the near future [115-117].

7.11 Conclusion Remark

In summary, gastric cancer is one kind of common tumor worldwide, and how to
realize theranostics of gastric cancer is a great challenge. Current advances show
that gastric cancer therapeutic strategies should focus on early diagnosis and opera-
tion therapy, enhanced immunotherapy, and killing gastric cancer stem cells to over-
come multidrug resistance (MDR). Facing these strategies, we designed and
prepared series of multifunctional nanoprobes for targeted imaging and therapy of
gastric cancer, including series of fluorescent magnetic nanoprobes, series of quan-
tum dot nanoprobes and carbon dots, series of gold nanoprobes, series of upconver-
sion nanoprobes, RNA nanoprobes, and nanoprobes for killing gastric cancer stem
cells and enhanced immunotherapeutic efficacy. To date, carbon dot-based nano-
probes were evaluated to confirm their safety and were used for identifying the
boundary of gastric cancer and tracking metastasis lymph nodes, exhibiting clinical
application prospect. In the future, the main challenges to the translational research
of these nanoprobes will focus on the better understanding of the interactions
between nanoparticles and biomacromolecules and the immune system, the homo-
geneity of the material preparations, the paucity of the knowledge regarding perti-
nent biomarkers, and concern regarding biocompatibility. Green synthesis of
nanoparticles, multimodality bioimaging (especially PAI), SERS analysis, and ther-
anostics are particular fields of interest. However, designers must possess a system-
atic view from the beginning as they approach the goal of nanoprobes for translational
medical research.
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Chapter 8
Functional Nanoparticles for Molecular
Imaging-Guided Gene Delivery and Therapy

Tianxin Miao, Yu Zhang, Yun Zeng, Rui Tian, and Gang Liu

8.1 Introduction

Gene therapy has been tremendously applied in treatment of various diseases and
disorders. Over 1800 gene therapy clinical trials have been completed, ongoing, or
already gained approval worldwide until the year 2012, providing an effective and
global recognized effect treatment for cancer, cardiovascular, and other severe dis-
eases [1]. However, the inefficient delivery of genes to target tissues and the inabil-
ity to monitor delivery of genes and therapeutic responses at both cellular and tissue
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FUNCTIONAL NANOPARTICLES FOR MOLECULAR IMAGING GUIDED GENE DELIVERY

Fig. 8.1 Schematic representation of multifunctional nanoparticles for molecular imaging-guided
gene delivery (Reprinted from Ref. [2], Copyright 2010, with permission from Elsevier)

level hinder the success of gene therapy. Fortunately, molecular imaging strategy
provides a vital role in assisting gene therapy in a noninvasive and spatiotemporal
manner. To better optimize the effectiveness of gene therapy, numerous functional
nanoparticles have been developed to achieve this goal while visualizing the deliv-
ery process (Fig. 8.1) [2]. This chapter will provide an overview of various function-
alized nanoparticles with unique physiochemical properties for molecular
imaging-guided gene therapy. In addition, the concept of functionality and cell
response will be explored. These multifunctional systems will promote diagnostic
evaluation and gene therapy development and predict clinical outcomes, achieving
the promise of personalized and advanced medicine.

Gene therapy has great potential to treat various diseases ranging from cystic
fibrosis, macular degeneration, Parkinson’s disease, and different types of cancers
[3-6]. The definition of gene therapy is transferring therapeutic genes into a cell to
replace or silence defective ones associated with human disease [2]. Usually, when
we replace a gene, we use DNA, and when we try to silence a gene, we use
siRNA. Since the discovery of RNAI, there has been an increased interest in devel-
oping small interfering RNA (siRNA)-based therapies to complete the sequence-
specific posttranscription silencing of aberrant genes in diseases such as cancer [7].
The intrinsic mechanism of RNAi pathway is to silence genes posttranscriptionally.
The whole process can be triggered by microRNA (miRNA), short hairpin RNA
(shRNA), and synthetic siRNA [8]. The reason why siRNA attracts more applica-
tion is that it can be introduced into cell directly with processing by enzyme but
requires to be delivered into cytoplasm [7]. Generally, four types of barriers prevent
its successfully systemic delivery. First, naked siRNA exhibits poor stability in vivo
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due to the quick degradation of RNase. Furthermore, rapid clearance by the kidney
also shortens its half-life time [9]. Second, the chemical (hydrophilic) and electro-
static (negative) properties hinder its passing through the plasma membrane [10].
Third, off-target effects can be generated due to silencing of genes that have partial
homology with the siRNA and engagement of the immune system components to
cause immune stimulation [11]. Last, the competence from miRNAs will also
inhibit siRNA application since they share the same endogenous pathway [12].
Therefore, the design of safe, efficient, and targetable siRNA delivery vectors
remains a major challenge for the success of gene therapy [13].

Fundamentally, there are two types of gene delivery vectors, viral and nonviral
vectors. Viral vectors such as adenoviruses and retroviruses have been widely
applied in gene therapy for their high transfection efficiency. Nevertheless, immu-
nological problems, insertional mutagenesis, and restrictions in the size of the trans-
fected gene limit its further application in human clinical trials. Therefore, nonviral
vector has acquired more and more attention in the past few years as they can over-
come the immune and toxicity issues. Nonviral particles are capable of delivery
genetic materials, i.e., DNA or RNA, through cellular barriers [14]. Extensively,
studies have been worked on improving the transfection efficacy from nonviral
nanoparticles [15]. Researchers are searching for nonviral vectors that have high-
loading genes, go through cellular barriers without causing immune response, and
release genes into targeted cell nucleus. To better localize the gene delivery inside
the cellular membrane, visualizing the entire intra-nucleus process without degrad-
ing the genetic materials becomes important in designing the nonviral vectors.
Hence, it’s crucial to design noninvasive while sensitive methods that could not only
carry genes across cellular membrane barriers but exploit unique optical or mag-
netic properties for spatiotemporal molecular imaging of gene delivery [2].

The success of gene therapy mainly depends on the development of gene delivery
vector while improved by the molecular imaging as to monitor delivery process.
Molecular imaging greatly improves the way researchers and clinicians visualize and
investigate complex biochemical phenomena. The definition of molecular imaging is
noninvasive, real-time visualization of biochemical events at the cellular and molecular
level within living cells, tissues, and/or intact subjects. In general, molecular imaging
involves specialized instrumentation used alone or combines with targeted imaging
agents, to visualize tissue characteristics and/or biochemical markers. The result gained
from molecular imaging will not only help understand biological phenomena and iden-
tify regions of pathology but also provide insight on the mechanisms of disease [16].

Nanoparticles are available for multiple chemical modifications. They can be
modified through reactions with metal alkoxides, epoxides, such as propylene
oxide, and alkyl or aryl isocyanates. In addition, grafting synthetic polymers to the
substrate surface is another strategy to improve the chemical functionality and alters
the surface topology of the native inorganic and organic materials [17]. All these
surface modification could expand nanoparticles’ application in guiding medicine
toward more informed treatment and management, named “theranostics” [18, 19].
In assisting gene therapy, the probes will provide direct or indirect evaluation of
gene delivery or even gene expression, guiding therapeutic gene delivery and moni-
toring therapeutic response [20].
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8.2 Major Non-radiation Medical Imaging Techniques

We have generally discussed the role of medical imaging in disease detection, prog-
nosis, and treatment planning in specific for gene therapy. Major medical imaging
techniques include X-ray CT, magnetic resonance imaging (MRI), ultrasound imag-
ing, positron emission tomography (PET), single-photon emission CT (SPECT),
optical imaging, and photo acoustic imaging. The inherent quantum characteristics
of inorganic nanoparticles make them excellent contrast agents of various imaging
techniques. Contrast agent is a medical medium with application to improve the
contrast of structures of fluids compared to non-interested area within the body in
medical imaging. The term “contrast” refers to the signal difference between adja-
cent regions, which could be “tissue and bone,” “tissue and vessel,” or “tissue to
tissue (i.e., tumor to normal tissue).” In this session, we will provide a general intro-
duction of major non-radiation imaging techniques — MRI and optical imaging.

8.2.1 Magnetic Resonance Imaging (MRI)

MRI is currently one of the most powerful diagnosis tools in medical science [21].
It is a nonionizing imaging technique, which would produce extraordinary signal
contrast for the soft tissue by detecting the nuclear spin of hydrogen atoms inside
human bodies [22]. The principle of MRI is based on nuclear magnetic resonance
along with the relaxation of proton spins — that is, when the excited nuclei would
return to its initial state after removing the radio-frequency (RF) pulse generated by
the machine. By measuring the longitudinal relaxation (T1) and the induced magne-
tization on the perpendicular plane disappearing according to the dephasing of the
spins (T2), the MRI is able to generate graphs inside human body. Based on the two
different obtained signals, MRI contrast agents are categorized into T1 and T2
binary type. Commercially available T1 contrast agents are usually paramagnetic
complexes, such as Gd-related compounds, whereas T2 contrast agents are usually
nanoparticles, such as superparamagnetic iron oxide (SPIO) [23]. It needs to be
noted that while T1 contrast agents brighten the final signal images of interested
part, T2-weighted contrast agents actually reduce signal intensity compared to the
normal tissue.

As stated above, T1 relaxation is the process of recovering equilibrium after
imposing RF pulse. Human bodies are comprised with different types of molecules
with various T1 relaxation time. However, the addition of paramagnetic ions (i.e.,
Gd** and Mn?*") will elevate the relaxation potential and thus reduce T1 relaxation
time. This is the mechanism of T1-weighted contrast agents to improve the capability
of producing brighter signal in images between interested cells or tissues and adja-
cent area. Actually, gadolinium (Gd*") has been widely applied in clinician and is
shown to be one of the most powerful T1 contrast agents [24]. Approximately, 10
million MRI studies are performed worldwide using Gd**-based contrast agent each
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year [25]. Gd chelates (i.e., Gd-N,N’,N”,N’’-tetracarboxymethyl-1,4,7,10-
tetraazacyclododecane (Gd-DOTA) and Gd-diethylenetriaminepentaacetic acid
(Gd-DTPA)) are commonly used Gd compounds for MRI contrast agent. However,
they exhibit poor sensitivity and rapid renal clearance, which strictly limit their
in vivo application. Therefore, researchers have tried to incorporate Gd chelates on
or inside the nanoparticle system, which will not only reduce the toxicity of Gd** but
increase targeted cellular uptake and thus selectively enhance the signal. In addition
to Gd chelates, manganese (Mn**)-related compounds also extensively discovered
to shorten T1 relaxation time [26]. Nevertheless, the free form of manganese® is
toxic and thus needs to be “shelled” before administration. The current only avail-
able FDA-approved manganese contrast agent would be Mangafodipir trisodium
(Mn-DPDP, Teslascan™). More complex studies are warranted to extend the clini-
cal application of manganese contrast agent. T2-weighted contrast agent would
mostly rely on iron nanoparticles, which would be discussed in detail in the follow-
ing session. Note that researchers have tried to design both T1- and T2-weighted
contrast agents to obtain multifunctional magnetic resonance imaging probes at the
same time [27].

8.2.2 Optical Imaging

Optical imaging shows advantages in spatial resolution and detection sensitivity in
cellular imaging against other medical imaging modalities. However, the autofluo-
rescence of the tissue as well as the light attenuation limits its further application
in vivo. Due to its limit penetration ability, optical imaging except near-infrared
spectroscopy is mostly applied to examine superficial objects and shallow lesions,
such as the subcutaneous or surgically exposed organs, tumors, sentinel lymph
nodes, and lymphatic vessels, as well as retinal and choroidal vasculatures [28].
Nanoparticles in assisting optical imaging consist of quantum dots (QDs), gold
nanoparticle, and nanoparticles containing organic dyes. There are also fluoro-
phores conjugated silica matrix, which exhibit more than twofold increase in quan-
tum efficiency [29]. Detail information about QD and gold nanoparticles will be
discussed in the following session.

It should be noted that due to the limitations in cost, imaging time, resolution,
specificity, and detection sensitivity, single-imaging techniques might not be useful
for examining one particular aspect of disease or are limited to one stage of thera-
peutic intervention. Therefore, integrating several imaging techniques into one uni-
fying platform would be a better choice in some extent. Researchers have tried to
design nanoparticles for multimodality imaging. For instance, labeling cy5.5 onto
iron nanoparticle would obtain a dual-imaging agent for both MRI and NIR imaging
[30]. People also conjugate %Cu chelates onto SPIO to achieve PET/MRI dual-
modality nanoparticles [31].

Currently, imaging-guided gene therapy is predominantly applied in cancer
therapy. This is because therapeutic genes are often needed to be delivered into
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tumor tissue site while slip off for the healthy tissue to eliminate the side effects.
However, after administrating into the circulation system, the therapeutics tends
to distribute to the whole body bloodstream via osmosis force. Furthermore, they
can be hydrolyzed, enzymatically degraded, and excreted through urinary system
quickly. To resolve these issues, targeted delivery of gene therapeutics with
nanoparticles has been developed to enhance biodistribution, increase circulation
half-life, and protect them from microenvironments and thus increasing efficacy
and reducing side effects. Therefore, one of the most important parts for imaging-
guided gene therapy is to monitor the biodistribution, blood circulation, and tumor
accumulation of drug molecules [22]. For example, SPIO and MnSO4 have been
extensively applied in assisting MRI [32, 33]. Molecular imaging also offers valu-
able insight on tumor response for treatment such as angiogenesis inhibition [34].
Aside from monitoring drug distribution, controlling drug distribution in vivo can
also be achieved by the magnetic drug targeting, which could be viewed as an
extensive application of imaging-guided gene/drug therapy. The intrinsic mecha-
nism of this application depends on the magnetic moment of the externally applied
magnetic field. With appropriate external applied magnetic field, therapeutic
agents conjugated to magnetic nanoparticles can be attracted to local tissue region
under magnetic guidance [35].

8.3 Functionality of Nanoparticles for Imaging-Guided
Gene Delivery

As stated above, multiple obstacles, either extra- or intracellular, have impeded the
efficacy of gene therapy. Such problems involve the low stability of genetic materi-
als in the blood, poor cellular uptake and inefficient endosomal escape, and disas-
sembly of the nanoparticles in the cytoplasm. Consequently, researchers have been
working on tackling these problems in achieving efficient, targeted, and safe nonvi-
ral gene delivery utilizing DNA or RNA contained materials that are intended to
respond to various extra- or intracellular stimuli (Fig. 8.2) [36]. Figure 8.3 summa-
rizes all the possible multifunctional strategy for molecular imaging-guided gene
delivery.

8.3.1 Stabilization of Nucleic Acid Complexion

The incorporation of delivery vector into gene therapy is to protect the native nucleic
acids from degradation in the bloodstream. To generate an electrostatically stable
environment, cationic polymers, such as polyethylenimine (PEI), poly-L-lysine
(PLL), and polyamidoamine (PAMAM), have been used to form nanocarriers for
gene delivery [37-39]. Furthermore, decreasing the size and net surface charge will
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Fig. 8.2 Schematic illustration of multiple stimuli-responsive approaches to overcoming multidi-
mensional (extra- or intracellular) barriers for nonviral gene vector (Reprinted from Ref. [36],
Copyright 2012, with permission from Elsevier)

also promote cellular uptake. Nevertheless, they also interact with anionic blood
proteins, forming aggregates and thus leading to rapid clearance by reticuloendo-
thelial system (RES). The high ionic environment in the human bloodstream will
also debilitate the electrostatic interaction between the cationic carriers and the
anionic nucleic acids, resulting an ahead release of genetic materials rather than in
the targeted tissue [36]. Stimuli-reducible linkages (i.e., glutathione-cleavable
disulfides) have been cross-linking nucleic acid and polymer complex to increase
the stability of nucleic acid complexion [40]. However, it should be noted that the
cross-linking effects shall be accurately controlled and reversible inside the targeted
cell, avoiding over-stabilization. To address this issue, the choice of appropriate
stimuli-responsive polymers that not only provide desired stability in circulation
system but disassemble intracellularly causing burst release of delivered genetic
materials is crucial for achieving efficient gene therapy [36].
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Fig. 8.3 Schematic representation of multifunctional strategy for molecular imaging-guided gene
delivery

8.3.2 Stimuli-Triggered Cellular Uptake: Passive and Active
Targeting Effect

It is well recognized that targeted gene delivery is a significant approach for accu-
mulation of therapeutic genes in target tissues/cells while reducing side effects [41].
Incorporation active targeting moieties, such as peptides, folic acid, antibodies, and
aptamers, have been commonly applied in designing nanoparticles for imaging-
guided gene therapy [42—45]. Generally, two strategies, i.e., “passive targeting” and
“active targeting,” are applied in cancer-targeted gene delivery (Fig. 8.4) [13].

The mechanism of passive targeting comes from the principle of enhanced
permeation and retention (EPR) effect of delivery systems, proposed by
Matsumura and Maeda in the year 1986 [46]. The rapid invading tumors have
tremendous number of endothelial pores in tumor vessels with size ranging from
10 to 1000 nm, allowing nanoparticles to accumulate in the same location. This is
also the reason why researchers aim to design nanomaterial for cancer therapy.
Thus, the size of nanoparticles is a significant factor for nanocarriers retaining in
the tumor location [47].

In contrast to “passive targeting,” which takes advantages of the pathological
characteristics of the tumor tissue dissimilar to the normal tissue, “active targeting”
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Fig. 8.4 Schematic illustration of the mechanism of EPR effect and “active targeting process.”
Blood flow is the crucial driving force for imaged-guided gene delivery. The cancer tissue tends to
accumulate nanoparticles much more than the normal tissue due to the poorly aligned defective
endothelial cells with wide fenestrations, lacking a smooth muscle layer, or innervation with a
wider lumen, and impaired functional receptors for angiotensin II. By conjugating target moieties
onto nanoparticles, we are able to elevate the delivery efficacy to cancer cells due to the specific
high numbers of receptors located on the cancer cell membrane (Reprinted from Ref. [13],
Copyright 2014, with permission from Elsevier)

utilizes specific ligand-receptor-mediated interactions between nanoparticles and
cancer cells. The well-known ligand-receptor pairs are listed but not limited to
folate with folate receptor [48], arginine-glycine-aspartic (RGD)-generated
sequence with integrin [49], anti-epidermal growth factor receptor (anti-EGFR)
[50], necitumumab (member of epidermal growth factor (EGF) protein), and GE11
peptide [51] with epidermal growth factor receptor (EGFR). The interactions
between these ligand-receptor pairs will increase the binding affinity of nanoparti-
cles to cancer cells and thus elevate the cellular uptake via endocytosis, which will
be verified by quantitative pharmacokinetic and biodistribution analysis [52].

8.3.3 Stimuli-Reducible PEGylation

Polyethylene glycol (PEG) is the most well-known synthetic polymer in the emerg-
ing field of biomaterials for drug delivery. Recently, natural material has been modi-
fied with PEG for the fabrication of microcapsule coatings [53, 54], mucoadhesive
polymers [55, 56], self-assembling nanospheres [57, 58], and hybrid microspheres
[59, 60]. The ability of PEG to influence the pharmacokinetic properties of drugs
and drug carriers has been used to modify many different pharmaceutical com-
pounds and components [61]. Biocompatibility and stealth behavior make PEG an
ideal material to avoid opsonization and subsequent elimination by the reticuloen-
dothelial system [62]. In addition, PEG-modified products are less immunogenic
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and antigenic; hemolysis and aggregation of erythrocytes may also decrease, as can
the risk of embolism. However, PEGylation also affects endosomal escape, due to
steric impedance. Hence, reversible PEGylation, such as “extracellular enzyme-
triggered dePEGylation,” has been developed to overcome the poor adhesion and
internalization of nanoparticles to cells [63, 64].

8.3.4 Facilitated Endosomal Escape

Endocytosis is one of the major cellular uptake mechanisms, specifically for large
biological agents such as DNA, siRNA, and proteins. However, these agents are
often trapped in endosomes and degraded by enzymes in the lysosome. Therefore,
facilitating endosomal escape is essential in completing gene therapy either with or
without the guidance of molecular imaging (Fig. 8.5) [65].

Generally, four types of mechanisms have been used to design nanocarriers to
facilitate endosomal escape: (1) pore formation inside the endosomal membrane,

Lysosome

Fig. 8.5 Schematic illustration of the process of cell internalizing therapeutics via endocytosis
and subsequent endosomal escape (Reprinted from Ref. [65], Copyright 2011, with permission
from Elsevier)
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which generates on the interplay between a line tension that closes the pore and a
membrane tension that enlarges the pore size [66]; (2) proton sponge effect, which
triggers an extensive inflow of ions and water into the endosomes, initiating rupture
of the endosomal membrane and release of the entrapped components [67];
(3) external fusion into the endosomal membrane, which destabilizes the membrane
structure via fusogenic peptides in a number of fusion systems [68]; (4) photo-
chemical disruption, which generates singlet oxygen with short lifetime, destroying
the endosomal membrane, whereas the contents of the organelles remain intact and
are delivered to the cytosol [69].

8.3.5 Controlled Intracellular Localization

After cellular internalization and endosomal escape, the biological agents are capa-
ble of delivering inside cells. However, different types of delivered nucleic acids
have different effective location. That’s why we need to control intracellular local-
ization of therapeutic genes. Plasmid DNA should be transfected inside the nucleus,
whereas RNA interference usually happens in the cytoplasm [70]. To go through the
nucleus barrier for plasmid DNA, the smaller size (<40 kDa) is usually required
[71]. Tt could also be boosted by the nuclear localization signals (NLS), which are
similar mechanisms for active targeting via ligand-receptor pair [72].

The functionalities discussed above have successfully enhanced diagnostic eval-
uation, gene therapy efficacy, and clinical outcome prediction, satisfying the prom-
ise of advanced and personalized medicine. The combination of the above strategies
with different targeting ligands, imaging labels, genetically engineered genes, and
many other agents will serve for effective and controlled imaging-guided gene ther-
apy. In the second part of this chapter, various types of functional nanoparticles and
systems for molecular imaging-guided gene delivery will be discussed in detail, and
some of the most advanced examples will be highlighted.

8.4 Various Functional Nanoparticles and Systems
for Molecular Imaging-Guided Gene Therapy

8.4.1 Polymer-Based Nanoparticles

Negatively charged DNAs can be protected by cationic polymers, forming complex
nanoparticles through electrostatic interactions. It is the most widely applied nonvi-
ral gene delivery vectors. They provide several advantages, such as (a) the ability to
encapsulate wide ranges of DNA or siRNA and prolong the release in vitro and
in vivo, (b) large surface area available for targeting ligands, and (c) performing
good stability [22]. Several factors account for the high gene transfection efficiency,
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including molecular weight, surface charge, amphiphilicity, as well as the structure
and shape of nanoparticles. Commonly widely applied polymers include polyethyl-
enimine (PEI) [73], chitosan [74, 75], poly-L-lysine (PLL) [76], poly(amidoamines)
[77], and their derivatives [78, 79]. Copolymer of hydrophobic polymers and hydro-
philic polymers is used to synthesize self-assembled therapeutic carriers.
Multifunctional responsive polymer, which is designed to respond to external stim-
ulus (i.e., pH or electromagnetic radiation), is also actively explored in drug deliv-
ery [22]. As stated in the previous chapter, PEGylation has been widely used to coat
polymeric nanoparticles to further extend the circulation time and try to avoid clear-
ance by the mononuclear phagocytic system [80]. Another modification strategy to
achieve similar goal would be utilizing polaxamers and polaxamer copolymers [81].

The traditional methods to prepare polymeric nanoparticles include spontaneous
emulsification, salting out/emulsification-diffusion, solvent evaporation, solvent
diffusion, and use of supercritical CO, among others. Via these methods, the size for
obtained polymeric nanoparticles could range from a few nanometers to hundreds
of nanometers. The particle diameter has significantly influenced its circulation life
in vivo. Researchers have found out that the nanoparticles with less than 200 nm
will possess longer life compare to large particles [82, 83]. Another critical issue
related to the therapeutic effect is the mechanical properties of nanoparticles.
Beningo et al. have found out that rigid particles are easier to be engulfed by mac-
rophages compared to soft particles. These are important implications in immune
clearance of nanoparticles [84]. In addition, the shape also has its intriguing effect
on the various functionalities of nanoparticles. These features will serve good appli-
cation of gene delivery. The incorporation of imaging techniques allows researchers
and clinicians to visualize the whole process of gene delivery and therefore is able
to identify important issues involved.

8.4.2 Dendrimer-Based Nanoparticles

Dendrimers are innovative cubic dimensional, hyperbranched globular nanopoly-
meric architectures with nanoscopic size, narrow polydispersity index, excellent
controlled molecular structure, and multiple available functionalities at the periph-
ery and cavities. Thus, it becomes one of the most commonly applied nonviral vec-
tors for gene delivery [85]. Dendrimers usually are multivalent macromolecules
based on a well-defined cascade motif with three distinct components: a central
core, repeated braches, and terminal functional group. The perfectly and defect-free
monodisperse characteristics and controllable spherical shapes make it a very useful
type of cargo system for drug/gene delivery. Researchers also extent its application
for protect catalytic agents, immunodiagnostics, and contrast agents [86—88].
Amongallthemultifunctional polymers, the amino-terminated poly(amidoamines)
(PAMAMs) are the most frequently used dendrimers for gene transfection. The
positively charged PAMAM dendrimers and the negatively charged anionic phos-
phate groups on the DNA backbone form electrostatic bonds and result in the



8 Functional Nanoparticles for Molecular Imaging-Guided Gene Delivery and Therapy 285

formation of nanoscale complexes that could prevent DNA degradation. The
selection of potential generation and peripheral structure of dendrimers is crucial
for successful gene delivery. Low generation is required to biocompatibility issue.
However, the weak electrostatic interactions result in a lower transfection. High
generation would solve the transfection efficiency issue but may be toxic to cells
due to the large number of cationic amino groups introduced into the system.
Consequently, it is significant to balance. Recently, several types of dendrimer-
based nanoparticles have been developed for both gene delivery and monitoring.

8.4.3 Lipid-Based Nanoparticles

Lipid-based nanoparticles, such as liposomes and micelles, have acquired much
attention in the past few decades [89, 90]. The formation of lipid-based nanoparti-
cles utilizes the electrostatic interactions between the negatively charged nucleic
acids and positively charged polymers. Therefore, the number of positive charges
on the cationic lipid has significantly influenced the transfection efficiency. In addi-
tion, the linkage between the hydrophobic and cationic portion of the molecules and
the structure of the hydrophobic moieties are also important considerations for
designing lipid-based nanoparticles.

Lipid coatings seal the drug or gene perfectly, providing enhanced biocompati-
bility of the nanoparticles with good pharmacokinetics. The incorporation of imag-
ing techniques into the gene cargo lipid-based systems is new but promising
(Fig. 8.6) [91, 92]. Various types of imaging agents, such as quantum dots, iron
oxide nanoparticles [93], and gold nanoparticles [94], have been utilized to func-
tionalize lipid-based nanoparticles. Drug or imaging agents loading into liposomes
can be achieved via the (1) liposome formation in an aqueous solution saturated
with soluble drug, (2) use of organic solvents and solvent exchange mechanism, (3)
utilization of lipophilic drugs, and (4) use of pH gradient methods [95].

The administration of lipid-based nanoparticles is via extravasation into the
interstitial space from the bloodstream. Since the size of liposomes is of nanosize,
they are easily removed by mononuclear phagocyte system (MPS). Therefore,
reducing opsonization of liposomes via PEGylation is very important to increase
their circulation time in the bloodstream [96]. Additionally, these cargo systems can
also be surface modified with targeting peptides to increase the binding affinity
[97].

Many lipid-based drug delivery cargo systems are going to clinical trial [98]. The
first FDA approval nanodrug actually is lipid based, named Doxil®. Doxil® is a lipo-
somal formulation of doxorubicin for cancer therapy in AIDS-related Kaposi sar-
coma and multiple myeloma [99]. Speaking of cancer therapy, one of the most
attracted applications in this field is the potential of liposomes to fight against mul-
tidrug resistance acquired by cancer. Ogawara et al. have shown that PEG liposomal
doxorubicin (Doxil®) has antitumor effects on both doxorubicin-resistant and
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Fig. 8.6 (a) Schematic chart for amphiphilic lipids. (/) Amphiphiles are consisted of a hydrophilic
head with a hydrophobic tail. (II) Lipids aim to form micelles usually have a larger hydrophilic
head than its hydrophobic tail. (/1) Two hydrophobic tails would be needed to form bilayer-
forming lipids. (/V) PEGylation is utilized to enhance pharmacokinetic properties. (V) The utiliza-
tion of cholesterol will stabilize liposomes from degradation. (b) List of available lipid aggregates
for in vivo use. (/) Micelles can be generated either from the micelle-forming lipids or from PEG
lipids. (1) The convention structure of liposome is phospholipid bilayer. (/) Conjugating PEG
lipids and cholesterol will stabilize liposomes as stated before. (IV) Microemulsions consist of a
surfactant (amphiphile) monolayer covering oil. (V) Hydrophobic nanoparticles can be incorpo-
rated inside micelles. (VI) The bilayer structure of lipids could be used to cover nanoparticles, such
as silica, mica, glass, or iron oxide (Reproduced from Ref. [91] by permission of John Wiley &
Sons Ltd)

non-doxorubicin-resistant C26 cells [100]. However, there’s still no evidence of
liposomes on promoting gene delivery for resistant cells. More studies would be
needed to provide better understanding of lipid nanoparticles in gene therapy.

8.4.4 Iron Oxide Nanoparticles

Iron oxides comprised the main part of magnetic nanoparticles (i.e., magnetite and
maghemite) and are the most commonly applied T2-weighted MRI contrast agent.
When the size of magnetic nanoparticles within the size limit, which is the flipping
rate of coupled magnetic moments, increases rapidly until no net magnetization can
be observed, this type of magnetic particles is called superparamagnetic nanoparti-
cles [101]. The superparamagnetic limit of iron oxide nanoparticle is between 20
and 25 nm at room temperature. They often possess colloidal stability, which allows
nanoparticles free of interactions without external magnetic field. However, they
will align with the field and reach saturation after applying magnetic field [102].
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SPIOs have been widely applied in biomedical research, including MRI contrast
agent, hyperthermia, and cell separation/labeling [103—106].The popularity of
SPIOs accounts for four reasons: (1) SPIOs provide T2-weighted images based on
MRI system; (2) magnetic properties can be manipulated and therefore gain various
contrast agent with different enhancement; (3) the degradation product could be
metabolized and integrated into serum Fe pool to form hemoglobin or other meta-
bolic process; therefore, it’s biocompatible; and (4) SPIOs have a large surface area
for drug and gene carrying. All these good features have extended its application for
in vivo molecular imaging and gene delivery [2].

The traditional synthesis method of the magnetic nanocrystals is the coprecipita-
tion of ferric and ferrous ions in aqueous solutions. The method is facile and green,
utilizing non-harmful substrates. However, the product exhibits wide size distribu-
tion and defects in the crystal structure [108]. Sun et al. have prepared high-quality
iron oxide nanoparticle with thermal decomposition in organic phase [109]. The
naked nanoparticles are unstable due to the high surface energy. Nevertheless, sur-
face modification of nanocrystal techniques has made it possible to be stable for
biological applications. Without optimized surface modification, the gene may not
strongly bind to IONPs, resulting in the instant release of the therapeutic gene dur-
ing the delivery process. A common strategy to overcome this issue is to use cat-
ionic polymers, such as PEI (Fig. 8.7), PLL, chitosan, or dextran as discussed above
in the polymeric session. For example, dextran-coated SPIOs can gather in the liver

Fig. 8.7 Schematic representation of the preparation and intracellular uptake of Alkyl-PEI2k-IOs/
siRNA complexes (Reproduced from Ref. [107] by permission of John Wiley & Sons Ltd)
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due to phagocytosis by the reticuloendothelial system (RES) and therefore are able
to detect liver tumor since it lacks phagocytic activity [110]. A novel type of GdIO
nanoparticles was prepared by thermal decomposition of the mixture of iron oleate
and gadolinium oleate precursors. Increased signals in T1-weighted MR images and
reduced signals in T2-weighted MR images with the increased metal concentrations
of GdIO nanoparticles demonstrated that GdIOs can act as both negative and posi-
tive contrast agents.

As stated in the previous session, the principle of magnetic guidance has been
applied for selective delivery of therapeutic agents to target sites with external per-
manent magnetic fields. This is extensively applied with IONPs. For instance,
IONPs with lipid coating will exhibit excellent stability under fluidic condition and
are capable of accumulating at desired places with a gradient magnetic field and
thus enhancing siRNA silencing efficiency with the magnetic force-assisted trans-
fection [111]. In another study, dual-modality contrast agent was designed for
siRNA delivery and green fluorescent protein (GFP) to NIH 3 T3 cells with PEI
coating. Driven by the external magnetic force, the transfection depth could reach
2.1-3.3 mm in 3D cell culture [112]. The magnetic-assisting gene therapy has been
more and more popular. However, it is still unknown whether the magnetic-targeted
delivery is better than EPR effect mediated by either passive or active targeting
ligands [13].

8.4.5 Quantum Dots

Quantum dots (QDs) are colloidal nanosized semiconductor particles, exhibiting spe-
cial electronic and optical properties that are tunable with different sizes and shapes
[113]. QDs could be excited over a wide range of wavelengths and emit narrow sym-
metric bands with limited photobleaching that can be fine-tuned during the synthesis
techniques [114, 115]. Despite the emergence of other materials, the most popular
material choices remain CdSe [116] and CdTe [117]. In order to improve the lumines-
cence properties, T=the typical structure of QDs is core-shell construction with an
inorganic capping layer of ZnS surrounding the nanocrystal core (e.g., CdSe/ZnS)
[118]. Due to the large surface area-to-volume ratios of QDs, the surface modification
would be a significant consideration for developing all types of assays, bioprobes, and
biosensors based on QDs. In addition to retain the favorable optical properties of QDs,
the surface modification strategy should also allow bioconjugation, impart aqueous
solubility, and not impede the efficient use of FRET. The synthesis of QD bioconju-
gates is essential for designing multifunctional bioprobes and biosensors. Figure 8.9
provides several general modification strategies. Enzymes [119], small molecular-
binding proteins [120], antibodies [121], and oligonucleotides [122] are lists of bio-
recognition agents that have been conjugated onto QDs. The development of simple
and effective conjugating chemistry, which is orthogonal to common biological func-
tions, will be prestigious strategies for preparation of QD conjugates. With such
chemistry, we are able to facilitate QDs with a variety of unique biomolecules and
thus enable to extend application for bioanalyses [123] (Fig. 8.8).
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8.4.6 Other Organic and Inorganic Nanoparticles
8.4.6.1 Carbon Nanotubes

Carbon nanotubes are hollow cylindrical molecules formed in a series of hexagonal
lattice structure through carbon atoms with 7 bonding. It has been explored for
many biomedical applications since it first came out in the year 1991 [124]. Based
on the formation structure, carbon nanotubes are categorized with two dominant
forms: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nano-
tubes (MWCNTs). Both SWCNTs and MWCNTs can be functionalized with a pyr-
rolidine ring, and then a wide variety of biomolecules, imaging agents, and drugs
can be conjugated [125]. Carbon nanotubes have a wide variety of structures, with
diameter ranging from 0.4 to 100 nm. Lengths typically range from hundreds of
nanometers up to tens of micrometers [2]. Pantarotto et al. first utilized carbon
nanotubes as gene vector [126]. Since then, researchers have been utilized it to
design multifunctional biomaterials for gene therapy due to carbon nanotubes’
appealing features, such as unparalleled optical/electrical properties and needle-like
shape. The process of penetrating the cell membrane through a nanoneedle model
can be visualized via transmission electron microscopy (TEM) [126]. Generally,
nucleic acids can either be covalently functionalized by oxidation of the carbon
nanotubes in acidic condition by 1,3-dipolar cycloaddition or stacking with carbon
nanotubes using nonpolar ring via hydrophobic or 7 — 7 interaction. Electrostatic
interactions will also be useful to bind plasmid DNA; however, ammonium func-
tionalization is pre-request [2].

Two advantages about carbon nanotubes as nonviral gene delivery system include
the unique length-to-diameter ratio and surface modification. Although there is little
knowledge about the effect of length-to-diameter ratio, it is still an important param-
eter to control the complexion of nucleic acids with carbon nanotubes [127]. It
should be pointed out that both SWCNTs and MWCNTs have been used as nucleic
acid delivery vector. However, more researchers would be needed to discuss the
relationship between spatial/morphology properties and gene transfection efficacy
(Fig. 8.9) [128].

The other advantage would be its larger surface area available for chemical mod-
ification. The goal of surface medication of carbon nanotubes for gene therapy is to
increase the complexed nucleic acids and thus enhance the gene transfection
efficiency. However, over conjugating nucleic acid may hinder the carbon nanotubes
from translation into cells due to the high electrostatic surface charges. Therefore, it
is crucial to balance the amount of loading nucleic acids while maintaining the neu-
tral electrostatics [128]. To increase the quantity of complexed nucleic acid, cationic
groups have been conjugated onto the surface of either SWCNTs or MWCNTs. For
instance, PEI, which is rich in amines, was functionalized onto MWNTSs to deliver
plasmid DNA to a panel of different mammalian cells, such as COS7, HepG2, and
293 cells [129]. Other amine-conjugated carbon nanotubes are also reported to
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Fig. 8.9 List of two types of carbon nanotubes and various types of surface modification strategy
with possible nucleic acid cargo for gene delivery using carbon nanotubes. Single-walled or multi-
walled carbon nanotubes can serve as structural backbone available for numerous surface modifi-
cations to achieve sufficient gene delivery. Plasmid DNA (double-stranded red and blue structure),
siRNA (single-stranded orange structure), ODNs (single-stranded green structure), and aptamers
(single-stranded pink structure) have been incorporated into carbon nanotube system. Taking
advantage of different cationic coatings that adsorbed onto the surface of CNTs will extend their
application in gene therapy (Reprinted from Ref. [128], Copyright 2013, with permission from
Elsevier)

explore the transfection abilities of carbon nanotubes via gene delivery both in vitro
and in vivo [130-132].

We have discussed the multiple requirements for gene therapy vectors. These
also need to fit into the demanding criteria for carbon nanotubes. In addition, the
correlation between vector characteristics and the choice of genetic cargo to be
delivered into target cells should also be considered as a major factor. Carbon nano-
tubes have shown to successfully deliver plasmid DNA [133], siRNA [134], shRNA
[128], miRNA [135], oligonucleotides (ODNs) [136], and aptamers DNA/RNA
[137]. The geno-pharmacology of carbon nanotube-mediated gene therapeutic can
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be divided into three categories. First, the ex vivo gene transfection of isolated cells
returns the modified cells back to the host. There’s little evidence showing the effec-
tiveness of using carbon nanotubes here. Only splenic B cells and cortical neurons
have been shown to be effective [138]. A more widely used application would uti-
lize carbon nanotube for gene therapy via direct presentation of the genetic cargo to
the targeted tissue. The application includes intratumorally for cancer therapy or
intracranially for various neurological applications [128]. Various types of siRNA
have been incorporated in the carbon nanotube system. siRNA targeting HIf-1a
would significantly reduce the gene activity though the tumor size was not shown to
be shrank [139]. However, in another study, peri-lesion stereotactic administration
of carbon nanotube, siCaspase-3 constructs, will not only diminish neurodegenera-
tion but also elevate functional preservation of motor capabilities in diseased ani-
mals [132]. The last category falls into the in vivo delivery via the bloodstream for
gene therapy. By conjugating NGF and Asn-Gly-Arg peptide motif, Wang et al.
were able to design RNAi/near-infrared (NIR) photothermal-combined therapy
with excellent antitumor activity [140]. Researchers also invented carbon nanotube-
loaded electrodes or biosensors. With the support of hydrogel system, plasmid DNA
(encoded with vascular endothelial growth factor (VEGF) and Ang(1)) has been
encapsulated into carbon nanotubes non-covalently to create implantable bioactive
stents for prevention therapy of stenosis and vascular damage following surgery and
angioplasty [141]. It should be noted that recently researchers have tried to design
dual-delivery vector using carbon material. By using Alkyl-PEI2k for surface pas-
sivation, photonic Cdots could be simply developed into a simple and versatile
nanoparticulate siRNA and delivery vehicle [142].

The idea of utilizing carbon nanotubes as gene delivery vehicle is promising with
various attractive characteristics. However, there’s still gaps where research may fit
in, such as the formulation of genetic cargo and finding the most efficacious route
of delivery in vivo. Upon these engineering issues, modulating inherent reactions
from the host’s immune system, inflammatory potential, and cytotoxicity are still
great needs to make carbon nanotubes as great candidate for gene therapy [128].

8.4.6.2 Silica Nanoparticles

As the major component of sand and glass, silica is a versatile material, which is
available for chemical and physical modification and therefore gains wide applica-
tion in nanobiotechnology as gene carrier or fluorescent nano-probes [143]. The
following distinctive properties of silica nanoparticles have made it an applicable
material for controlled release delivery application. (1) The particle size can range
from 50 to 300 nm, providing a capable agent for endocytosis by living animal and
plant cells without causing significant cytotoxicity. (2) The size distribution is nar-
rowed down between 2 and 6 nm, and therefore, it can have a more precise release
file compared to the uneven nanoparticles. (3) Silica nanoparticles are stable under
heating, high pH, mechanical loading, and hydrolysis environment, becoming a
more reliable and foreseeable agent for gene therapy. (4) The large unique porous
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structure will not only load huge amount of drugs or genes but also avoid drug leak-
ing since there is no interconnectivity between individual channels. (5) The large
surface area makes it available for various chemical and physical modification. It
should be noted that silica nanoparticles have both internal and external surface,
allowing double functionality design to be achieved in single particle with different
moieties [144]. The goal is “to achieve effective cellular delivery”. Then both
anchoring group and charging transfer group will be modified onto the surface of to
allow for electrostatic interaction with DNA [145]. PLL is also bound to silica
nanoparticles for enhancing intracellular delivery of oligonucleotides. The incorpo-
ration of fluorescein isothiocyanate (FITC) helps to visualize and monitor the entire
process. PLL also shortens the endosome/lysosome entrapped time since it could
destabilize the lipid membrane, which therefore protects DNAs from staying in the
acidic environment too long. Ring opening N-carboxyanhydride (NCA) polymer-
ization and click chemistry will be used to engraft PLL onto silica nanoparticles
with density of one chain per 1 nm?, which will be an effective modification strategy
for developing functionalized silica nanoparticles [146].

Researchers have tested the biocompatibility of silica particles by different
methods. Common microscopic method shows cell morphology remains the
same after coculturing with silica nanoparticles. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) test confirmed there’s no significant difference
for mitochondrial activity before or after exposing to silica nanoparticles [147, 148].
To really visualize and confirm the intracellular uptake of silica nanoparticles, peo-
ple have utilized flow cytometry [149], transmission electron microscopy [144], and
confocal fluorescent microscopy [150] along with various types of fluorescents. The
future research focus on silica nanoparticles will be to utilize functionalized silica
nanoparticles to perform specific tasks inside cells, such as altering cellular pro-
cesses by sequestration or immobilization of metabolites or other functional bio-
molecules [150].

8.4.6.3 Gold Nanoparticles

Gold nanoparticles (AuNPs) have been widely applied over the past decades in
photothermal therapy, DNA mismatch detection, biosensing, molecular imaging,
and gene therapy. The unique optical properties presented by AuNPs come from the
strong and tunable surface plasmon resonance (SPR) in the near-infrared (NIR)
spectroscopy range, which can trigger photothermal effect with hereby a variety of
biological activities. In addition to the SPR property, AuNPs can be easily tailored
to a desirable shape and size [13]. They can be prepared in a wide range of mono-
disperse sizes, from 2 to 250 nm, and can be synthesized into a variety of shapes,
which will affect their properties. Possible shapes include gold nanorod, nanoplates,
branch nanostructures, and nanoparticles [151]. Actually, it is the size and shape
that affect SPR. This is because the plasmon is confined to the surface, and as the
diameter gets smaller, the energy required to collectively excite motion of the sur-
face plasmon electrons increases [152]. Therefore, AuNPs with diameter close to
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Fig. 8.10 Schematic representation of the idea of biologically functional cationic phospholipid-
gold nanoplasmonic carriers. (a) The cationic phospholipid bilayer member surrounded gold nano-
plasmonic carriers are able to deliver various types of biomolecules such as RNA oligonucleotides,
DNA oligonucleotides, siRNA, proteins, and drugs by binding to the positively charged surface or
by incorporation into the membrane. (b) While cetrimonium bromide (CTAB) dissociated from the
nanorods’ surface will affect the performance of gold nanorods, the nontoxic bioGNPs are highly
stable and able to obtain unique optical properties for plasmonic-based applications (Reprinted
with the permission from Ref. [154]. Copyright 2009 American Chemical Society)

5 nm would have a maximum absorbance at 520 nm. However, the maximum absor-
bance could shift to more than 1000 nm if we have tuned the particle size larger than
5 nm. This maximum absorbance also refers to the colors of the nanoparticles [153].
In addition, AuNPs have the capability to form covalent bonds for surface modifica-
tion, especially with thiol group. Thiolation of AuNPs using cysteamine would
demonstrate enabled biofunctionalization, improve colloidal stability, and maintain
plamonic properties and good biocompatibility under physiological conditions
(Fig. 8.10) [154].

Due to the versatile properties, AuNPs attract wider application than SPIOs and
fall into three major categories: (1) AuNPs for labeling and visualizing, (2) AuNPs
for gene delivery vehicle, and (3) AuNPs as heat source [155].

AuNPs as Labeling and Visualizing One of the AuNPs’ traditional applications
would be immunostaining. The goal of immunostaining is to label specific mole-
cules by antibody so that they can be visualized owing to the contrast with other
structures or molecules of the cell. The protocol of immunostaining with AuNPs
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requires the fixation of cells and addition of antibody-conjugated AuNPs afterward.
The antibody will direct AuNPs to bind specific interested region, while the AuNPs
will provide extraordinary contrast for TEM imaging with high lateral resolution
and larger structures can also be imaged with optical microscopes [155]. The
antibody-conjugated AuNPs can also be specific to the organ of interest in animal,
which allow them to be contrast agents for X-rays. However, the colloidal nanopar-
ticles only possess short circulation time, and therefore, it can be cleared from the
bloodstream by the liver and kidneys fast. Nevertheless, gold nanoparticles can be
imaged with signal-to-noise ratio with X-ray computer tomography, and therefore,
short exposure time would be enough for imaging, reducing radiation at the same
time [156, 157]. Conjugating Gd supramolecular complexes or IONPs makes
AuNPs as good MRI contrast agent. To synthesize Gd-conjugated AuNPs, surface
modification with a supramolecular ligand which could ultimately complex the Gd
ion will be performed after synthesizing AuNPs [158]. The idea of combining IONP
and AuNP is to design a triple probe for MRI/CT imaging contrast agent and optical
imaging. There are two ways to associate them — iron oxide core with gold surface
or gold core with iron surface. These dual MRI/optical agents are also of practical
interest due to the advanced catalytic properties [159].

AuNPs for Gene Delivery Vehicle AuNPs can be loaded with massive DNA as
nanobullets for gene therapy inside cells. DNA will be absorbed onto the surface of
AuNPs and shot into the cells along with AuNPs [160]. Depending on the size of
loaded gold particles, it will require different types of guns with various gas pres-
sure or electric discharges [161]. Three major reasons account AuNPs’ wide appli-
cation. First, they can be synthesized in a measurable fashion with low size
distribution [162]. Second, multiple functional moieties, not only nucleic acids but
also targeting agents, can be surface modified onto AuNPs [163]. Finally, the cyto-
toxicity, biodistribution, and in vivo excretion properties can be precisely controlled
via the particle size, shape, and surface functionality [164, 165].

AuNPs as Theranostics When gold particles absorb light, the instinct free elec-
trons in the free electrons are excited, which then cause the collective oscillation of
the free electrons. Via interaction between the crystal lattice and the electrons, the
electrons relax and the thermal energy is transferred to the lattice. Then the heat
would dissipate into the surrounding tissues in vivo [166]. This provides an effec-
tive treatment for cancer called “hyperthermia.” The idea of hyperthermia is to uti-
lize the sensitivity of body temperature. It is known that the human temperatures
above 37 °C lead to fever and temperatures above 42 °C are lethal. Therefore, we
can direct colloidal AuNPs to cancer area by conjugating the particle surface with
ligands that are specific to receptors overexpressed in cancer cells. If we could stim-
uli particles to heat, then the temperature of cells close to the particles is raised, and
therefore, these cells can be killed [167]. The AuNPs’ heating property can be stim-
ulated by absorption of light. Therefore, with appropriate surface chemical modifi-
cation, we will be able to design AuNPs targeting to tumor area and killing cancer
cells. Since the size and quantity can be controlled in vivo, AuNPs are able to kill
cancerous tissues without exposing the entire organism to increase the temperatures
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[168]. The heating property also could dissociate double-stranded DNA into two
single strands. Therefore, researchers have conjugated DNA onto AuNPs to locally
deliver DNA into cells. Similar concepts have also been used to disassemble protein
aggregates by local heating [169].

8.5 Conclusions

Fifteen years ago, Dr. Verna said that “there are only three problems in gene therapy-
delivery, delivery and delivery.” Until now, “delivery” is still the main issue for
achieving successful gene therapy. Multifunctional nanoparticle-based gene deliv-
ery systems have shown great success due to the following: (1) nanoparticles are
usually biologically degradable with minimal cytotoxicity, (2) nanoparticles have
wide surface area available for chemical modification to improve the physiochemi-
cal characteristics with simple purification method, and (3) nanoparticles have
unique optical and magnetic properties, making it possible to visualize the delivery
process both in vitro and in vivo [13]. However, such novel nanoparticles are now
still in lab research period, among which very few types of them have gone to clini-
cal trial. The aggregation or disintegration of nanoparticles and the toxic effects
associated with exposure to inorganic nanoparticles hinder their application in clini-
cal application. More translational research would be needed to expand and testify
the nanoparticles’ role in gene therapy. Collaborations from multidisciplinary sub-
jects, including engineering, chemistry, biology, and medicine, would be of great
need to design multifunctional nanoparticles for imaging-guided gene delivery and
to provide versatile treatment strategies for various diseases including cancer.
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Chapter 9
Multifunctional Mesoporous/Hollow Silica
for Cancer Nanotheranostics

Huiyu Liu, Linlin Li, Shunhao Wang, and Qi Yang

9.1 Introduction

Cancers now figure among the leading causes of morbidity and mortality world-
wide. According to the world cancer reports of WHO, there were 14 million new
cases and 8.2 million cancer-related deaths in 2012. The number of new cases is
expected to rise by about 70 % over the next two decades [1]. Most likely because
of a late stage at diagnosis and limited access to timely and standard treatment,
cancer survivals tend to be poorer in developing countries. These, no doubt, will
largely increase the global burden of cancer [2, 3].

To ease the growing burden, the progresses in the areas of nanoscience and
nanotechnology allow us to do more with less. Using extremely miniaturized
technologies, nanotechnology is now possible to carry out more innovative and
effective approaches in cancer research, including prevention, diagnosis, monitor-
ing, and therapy [4-9]. Now, this concept has been defined as “nanomedicine” for
the application of nanotechnology to the prevention and treatment of various kinds
of disease in human beings. By 2008, 20 nanomedicines have been approved by the
FDA [10]. For now, over 200 of nanomedicines have been approved or in various
stages of clinical study, like Doxil®, DaunoXome, and Abraxane [11]. The basic
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points of the dramatically increasing nanomedicine are based on three rules: (a)
efficient loading of the drugs, (b) successful delivering the given drugs to the tar-
geted region, and (c) successful releasing the drug [12, 13].

Nanomedicines can be simply divided into organic nanomedicines and inorganic
ones. Organic drug delivery systems include liposomes, dendrimers, polymeric
micelles, and drug—polymer conjugates [14—17]. Inorganic ones mainly have silica
NPs, gold NPs, iron oxide NPs, carbon materials, and other hollow or porous inor-
ganic NPs [18-26]. Among these NPs, mesoporous silica NPs have attracted signifi-
cant interest because of their good biocompatibility and high drug loading for
in vivo applications (Scheme 9.1) [18, 27]. The origin study of silica-based meso-
porous materials has been almost simultaneously started by Mobil Corporation in
the USA [28] and Kuroda research team in Japan in the 1990s [28]. After almost 20
years, the performance of exceptionally high surface, uniformly sized, hydrophilic
surface favoring long circulation, excellent biocompatibility, versatile silane chem-
istry for surface functionalization, ease of large-scale synthesis, and low cost of NP
production has led to various applications of MSNPs as “nanocarriers” for the drug
cargos. In 2011, Cornell dots (C dots), a kind of fluorescent silica nanoparticle with
~6 nm size, have been designed for lighting up cancer cells and helping cancer
therapy which has been approved by the FDA for its first-in-human clinical trial [18,
29]. This no doubt highlights the great potential in clinical translation of MSN
delivery platform.
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Scheme 9.1 Various mesoporous/hollow silica (MHSN)-based nanocomposites for multimodal-
ity imaging and combination therapy
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Promised by their fascinating drug delivery properties, mesoporous/hollow silica
nanoparticles (MHSN) are recently reviewed for their theranostic applications [30].
The new concept of “nanotheranostics” is raised for the integrating of diagnostic
imaging and therapy, which brings new vision for personalized cancer therapy [31].
The potential merits of the imaging-guided nanotheranostics compared with single
diagnosis and/or therapy are obvious: (A) It could integrate several different imag-
ing probes into one particle, providing comprehensive and accurate diagnosis than
one. (B) It shows the potential in combination or synergetic effect for a more effec-
tive therapy. (C) It helps to predict the therapeutic responses with simultaneous
monitoring of the efficacy of therapeutic interventions. (D) It may be used to moni-
tor and quantify the drug releasing during therapy. This chapter aims to introduce
some state-of-the-art examples in MHSN for their multimodal imaging and nano-
theranostics for cancer therapy, to highlight the reasons why silica has been consid-
ered as an excellent candidate as versatile multifunctional platform, and to conclude
with our personal perspectives on the future directions in which this field might be
focusing.

9.2 MHSN-Based Fluorescent Optical Imaging (FOI)
and Medical Imaging

9.2.1 MHSN-Based FOI

Developing noninvasive, quantitative, real-time visual observation requires various
noninvasive imaging techniques. In vivo fluorescence imaging technique has been
widely used in biomedical research because of its advantages of sensitive detection,
quick imaging, simple operation, and no radioactive harm. Aiming for these proper-
ties, the key point is the design of the imaging probe with high sensitivity. In recent
years, with the development of nanotechnology, a variety of functional fluorescent
nanomaterials have been developed and applied for in vivo imaging-guided therapy,
especially those who have high signal-to-background ratio, good biocompatibility,
and excellent optical properties. Some typical fluorescence optical imaging (FOI)
probes include organic fluorescent dyes [32, 33], quantum dots (QD) [34, 35], car-
bon nanotubes [36, 37], graphene [38], upconversion nanoparticles [39—-42], carbon
dots [43, 44], and the like. This part will focus on in vivo FOI probes using fluores-
cent silica nanoparticles. In most cases, silica has been used as a coating protection
layer for the above functional fluorescent probes.

Organic fluorescent dye-containing MHSN can be prepared by conjugating or
loading fluorescent dyes into the MHSN matrix. This is an efficient method to pro-
tect the organic dyes from quenching or degrading [45]. Besides, dye-doped MHSN
can also enhance their circulation half-life via enhance permeation (EPR) effect in
targeting tumor, which will help getting detailed information during therapy. For
example, a fluorescein isothiocyanate (FITC)-conjugated mesoporous silica
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nanoparticle (MSN) has been developed to deliver antisense PNA and silence B-cell
lymphoma 2 (Bcl-2) protein expression in cancer cells [33]. It is a simple way to
overcome the problems of poor cell permeability of antisense peptide nucleic acid
(PNA). Mou et al. have synthesized a series of MSNs with a good control in size,
polydispersity, and morphology. They have functionalized them with a fluorescent
dye and Herceptin to target breast cancer for combined therapy and imaging [46].
FOI usually suffers a problem of photon propagation in targeting tissues. To over-
come this problem, near-infrared (NIR) dye-based nanoprobes are popularly used in
many studies [47-50]. Lo’s group has developed an NIR MSN by entrapping
indocyanine green (ICG) into MSN via electrostatic interactions. ICG is an
FDA-approved NIR dye in clinical use with an emission in the NIR window [47].
Using this nanoprobe, Lo et al. also have studied the influence of the surface charge
on the biodistribution of ICG-MSN. The results have suggested that it has the
possibility to control the biodistribution and excretion by tuning the surface charge
of MSN [51].

Recently, fluorescent MHSN particles with a diameter <10 nm gained much
attention. Among them, Cornell dots are attractive as the first inorganic diagnostic
bio-probe in clinical trial. They have been synthesized in Wiesner’s group [24, 52].
After that, a kind of ultrasmall (<10 nm) multicolor dot has been developed in the
same group using a catalyst of ammonium hydroxide. The particle is ~9.3 nm with
unique single pore. Green (TMR) and blue (DEAC) dyes have been conjugated to
this ultrasmall single-pore fluorescent silica nanoparticle (Fig. 9.1b) [52], while for
NIR fluorescence, silane-conjugated Cy5.5 is added into the reaction along with
tetramethoxysilane (TMOS), and the quantum enhancement of the Cy5.5 was
around 1.3-fold. Biodistribution demonstrated that these Cornell dots have an
increase in renal excretion and a decrease liver uptake compared to the pristine par-
ticles without modification (Fig. 9.1a) [24].

In addition to organic fluorescent dyes, some fluorescent carbon dots (CDs), gra-
phene quantum dots [53], gold clusters [54, 55], and semiconductor quantum dots,
such as CdSe [56, 57], CdTe [58], and CuSe/ZnS [34, 59], have been incorporated
into MHSN particles or coated with solid silica layer. Although this structure can
increase the hydrophilic size of these dots, it is still attractive for the stability, water
solubility, and low toxicity brought by the silica framework.

Carbon nanomaterials, such as carbon nanotubes, nanofibers, and graphenes, are
becoming increasingly important in many applications. The conventional carbon
materials are a typical kind of narrow bandgap material and generally do not have
fluorescent properties. However, recent studies show that carbon nanotubes can
emit fluorescence under certain conditions [36, 37]. The surface of carbon nanopar-
ticles by polymer modification also can produce strong fluorescence. With the non-
toxic, cheap, good stability, and other advantages, fluorescent carbon materials
show a promise in the in vivo imaging. Graphene quantum dots (GQDs) have been
first reported by Wang et al. to be embedded into MHSN spheres as a biolabel
through a solvothermal route. Graphite oxide is the carbon source and
3-(2-aminoethylamino)-propyltrimethoxysilane is a surface modifier. Attractively,
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Fig. 9.1 (A) (a) Schematic of a single-pore PEGylated MSN, (b) normalized fluorescent correla-
tion spectroscopy curves for Cy5.5 dye with/without mC dots, and (¢) TEM image of the Cy5.5
mC dots (Reprinted with permission from Ref. [24]. Copyright 2012 American Chemical Society)
(B) (a) Schematic illustration of the synthesis of ultrasmall mesoporous silica nanoparticles with
different particle size and morphology and (b) particle size distributions as determined by TEM
image correlate particle morphology with size (Reprinted with permission from Ref. [52].
Copyright 2013 American Chemical Society)
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the GQDs not only can be served as fluorescent chromophores but also can affect
the formation of MHSN’s bilayer architecture [53].

Noble metal nanoclusters have obtained great attention in this decade [60, 61].
Different from plasmonic gold or silver nanoparticles, gold or silver nanoclusters
only have a few numbers of atoms (<150). The main reason for their high fluores-
cence has been speculated to be the interband transition of Au 5d'° to 6sp with or
without the ligand metal charge transfer between the metal and the ligands. Mark’s
group has synthesized a library of silica (100 nm)-gold cluster (2 nm) shell-core
nanoparticles, with high Stokes shift and good monodispersity. Attractively, their
fluorescence shows good stability in 5 months, indicating the perfect protective role
of silica shell [54].

Semiconductor nanocrystals, also known as QDs, are composed of II-VI and
III-V elements. The particle size is generally between 1 and 10 nm [62, 63].
Compared with the traditional fluorescent dyes, QDs exhibit excellent optical and
mechanical properties. Firstly, they have broad excitation spectrum, narrow emis-
sion spectrum, and high quantum yield. By adjusting the particle size, one can
obtain a series of QDs with different emitting lights from the UV to the NIR. Also,
QDs with different emission fluorescence can be excited by the same excitation
source, realizing a multichannel biological detection. In addition, QDs have a larger
Stokes shift which can effectively avoid the excitation interference on the signal and
improve the imaging sensitivity. Again, QDs have a strong resistance to photo-
bleaching, showing good and large molar extinction coefficient. Based on these
excellent characteristics, QDs have been widely applied to various fluorescent opti-
cal imaging techniques [34]. Silica coating is considered as an effective way to
reduce the long-term toxicity caused by the elements (e.g., cadmium, selenium, and
tellurium) commonly used in the synthesis of QDs. For instance, Gong et al. have
synthesized PEGylated liposome CdSe/ZnS (QDs)/MHSN core—shell nanoparticles
by layer-by-layer coating for cell imaging. The novel system significantly enhanced
biocompatibility by liposome and MHSN coating. And MHSN can also reduce the
toxicity of QDs through inhibiting the oxidation process on the surface of QDs [64].
In another study, Xia and his coworkers have proposed a multifunctional nanocom-
posites by incorporating gold nanorods (Au NRs) and CdSe/ZnS QDs into folic acid
(FA)-conjugated silica matrix to achieve computed tomography (CT) and fluores-
cence imaging and active targeting photothermal therapy by FA targeting ligand
(Fig. 9.2) [65].

Upconversion fluorescence nanoparticle (UCNP) is a kind of rare earth lumines-
cent material. It can emit a short wavelength fluorescence under the excitation of a
long wavelength. Generally, the short wavelength is 400-850 nm under an excita-
tion by 980 nm light. Compared to other fluorescence imaging probes (fluorescent
dyes and semiconductor quantum dots), UCNP has the advantages of low toxicity,
good chemical stability, high fluorescence signals, and large Stokes shift [42].
In addition, the excitation light of UCNPs is normally infrared light which can
effectively avoid the absorption and scattering of the fluorescence of biological
tissues, avoid the interference of organisms’ autofluorescence, and enhance the
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Fig. 9.2 (a) Schematic illustration of the synthetic procedure of Au NR@SiO,@QD-FA. (b) TEM
images of (a) Au NR@SiO, and () enlarged TEM image of a single Au NR@SiO,@QD. (c¢) In
vitro targeted fluorescence imaging of HeLa cells and A549 cells. (a) Digital photographs of
NP-treated cells under bright light, (b) HeLa cells treated with Au NR@SiO,@QD-FA, (¢) HeLa
cells treated with Au NR@SiO,@QD, and (d) A549 cells treated with Au NR@SiO,@QD-FA
illuminated by 365 nm UV light (Reproduced from Ref. [65] by permission of The Royal Society
of Chemistry)

signal-to-noise ratio. An inert silica shell on UCNPs is favorable to convert the
hydrophobic nanocrystals (NCs) to water, increase emission intensity, and decrease
the toxicity. Shi’s group has synthesized size-controllable and monodisperse
MHSN-coated UCNP (NaYF,:Tm/Yb/Gd) for near-infrared fluorescence and mag-
netic resonance imaging (MRI). It’s worth noting that MHSN shell not only reduces
fluorescence quenching and toxicity of UCNPs but also improves imaging contrast
for T,-weighted MRI by facilitating interaction between water molecules with
gadolinium-based core [66]. In addition, new NIR dye-doped core—shell-structured
nanocomposites (NaYF,:Er**, Yb* @Si0,) with both diagnostic and therapeutic fea-
tures have been synthesized in single nanoparticles by Shan et al. In this structure,
NaYF,:Er**,Yb* nanoparticles are used as optical agents in bioimaging for diagno-
sis. And the therapy has been achieved by NIR dye-doped core—shell-structured
NaYF,Er*, Yb**@SiO, nanocomposites [41]. Recently, Niu et al. have loaded
Gd,0;:Yb/Er and anticancer drugs into mesoporous silica with 2D MCM-41 and
3D MCM-48 network by one-step process, which is modified by 5 nm gold nanopar-
ticles. Interestingly, the photothermal effect of gold nanoparticles was excited and
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Fig. 9.3 (a) Schematic structure diagram of DOX-loaded MCM-41-Gd @ Au and MCM-48-Gd @
Au. (b) Curve of plotting the upconversion luminescence enhancement factor with different MCM-
41(48)-Gd/Au molar ratios (insets are the luminescent photographs for (@) MCM-41-Gd, (b)
MCM-41-Gd@Au, (c) MCM-48-Gd, and (d) MCM-48-Gd@ Au with MCM-41(48)-Gd/Au of 4).
(¢) CLSM images of human SKOV3 ovarian cancer cells incubated with MCM-41-Gd @ Au+DOX
at 37 °C (30 min (a—c), 3 h (d—f)) (Reprinted with permission from Ref. [40]. Copyright 2014
American Chemical Society)

anticancer drugs were released at the same time under 980 nm NIR irradiation. And
the luminescence intensity of UCNPs is also enhanced by gold nanoparticles due to
the surface plasmon resonance (SPR) effect (Fig. 9.3) [40].

9.2.2 Medical Imaging

Medical imaging refers to the use of several different technologies to obtain the
internal body image in order to diagnose, monitor, or treat medical conditions and
diseases. From the 1950s of the last century, medical imaging has entered into a
rapid development period. Today, almost all of the physical methods have been
more or less penetrated into the field of medical imaging. They provide more and
more precise and accurate structure of the human body, playing a critical role in
improving the effectiveness of clinical diagnosis and treatment. Modern medical
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imaging technology mainly includes ultrasound imaging, X-ray computed tomogra-
phy (CT), magnetic resonance imaging (MRI), positron emission tomography
(PET), etc. They are similar in terms of basic principles: acquiring the internal
images with the help of certain kind of physical energy (such as X-ray, ultrasound,
and so on) by interacting with the human tissue, the detector receives the returned
energy from the human tissue, which carries the morphology, structure of internal
body tissues or organs, and physiological function of information. These informa-
tion are extracted, calculated, and simulated and finally shown in the form of images.
In this part, we will discuss some imaging modalities integrated into silica nano-
composites for medical imaging.

9.2.2.1 Ultrasound

Ultrasound imaging (sonography) uses high-frequency acoustic wave to obtain the
images of soft tissues, such as muscles and internal organs. The advantages of ultra-
sound imaging are noninvasive, nondestructive, low cost, and easy portability [67,
68]. The most important point is that it can provide real-time dynamic image of
human body section. However, it still has some limitations in clinical practice [69].
Because the human body gas and bones will hinder the ultrasonic beam, ultrasound
imaging is not suitable for organs rich in bubbles, such as the lung, gastrointestinal
organs, and the bone. Because of its physical properties and ultrasonic constraints,
the quality of the acquired image is usually poor, and the edge of the image is fuzzy.
So, the accuracy of ultrasonic imaging diagnosis highly relies on the operator’s
experience.

Ultrasound contrast agents (UCAs) provide the possibility to overcome the above
problems [70]. The common ultrasound contrast agents include phospholipid-
coated microbubbles [71-73], fluorocarbon gases, nonionic surfactant-encapsulated
microbubbles [74], biodegradable microencapsulate [75], and liquid fluorocarbon
nanocapsule [76]. Recently, several groups have reported using silica-based nano-
materials as the ultrasound contrast agents [77-81]. Lin et al. have used polystyrene
template core coated with thin silica lamination as a UCA. The designed sizes are
below 4 pm for a safe passage through the pulmonary capillary bed (Fig. 9.4) [82].
Martinez et al. have used polystyrene spheres as templates coated with ~10 nm
porous silica shell to make a mesoporous hollow silica. Then, the particles are filled
with perfluorocarbon gas as an efficient ultrasound contrast agents. This structure is
attractive for its uniform size control, strong adsorption to tissue and cells immobi-
lizing particles at the tissue injection site, a long imaging lifetime, and a silica sur-
face that can be easily modified with targeting ligands or small molecules to adjust
the surface charge and polarity [83].

Different from these strategies, Zhang et al. have designed a brand-new structure
using double-scattering/reflection layers in a single silica particle, compared to
those UCAs with the same composition but different structures. This twofold or
more scattering to incident ultrasound may have a higher utilization efficiency in
incident ultrasound energy than that of a single layer nanoparticle [84].
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Fig. 9.4 (a) (a—c) SEM and TEM images of the growth of hollow silica-based shell (~550 nm, c)
including negatively charged polystyrene particles (2089+150) nm (a) and polystyrene-silica
core—shell particles (silica shell 50 nm, ~550 nm) (b). (d—e) SEM and TEM images of octyl-
triethoxysilane (OTES)-bis[3-(trimethoxysilyl)-propyl]Jamine (TSPA)-tetraethyl orthosilicate
(TEOS) composite hollow particles, respectively (both shells <30 nm), which collapses within
high-vacuum electron microscopy (2580 nm), and (f) SEM (left) and TEM (right) images of com-
posite laminate of TSPA-TEOS particles that also have shells <30 nm, retaining a stiff spherical
shape (2150 nm), with few particles collapsed. (b) In vitro ultrasound images. For CPS scanning
mode, the gain was kept at 10 dB with varying MI, MI=(a) 0.53, (b) 0.73, (¢) 0.9, and (d) 1.5. (e)
Image uses a mechanical index (MI) scale to illustrate the insonation pressure amplitude range for
contrast enhancement (Reproduced from Ref. [82] by permission of John Wiley & Sons Ltd)

9222 CT

A computed tomography (CT) scan is an imaging method that uses X-rays to create
the pictures of the body. It shows a faster scan rate and high-resolution cross-
sectional scanning. Especially, because of the good skeletal penetration of X-ray,
CT could get a high accuracy in the diagnosis of intracranial tumors. But CT imag-
ing also has its limitations. The first problem is that X-ray radiation may cause
human body’s injury. Even with the most advanced instrument having a very low
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level of radiation dose, the damage 1is still inevitable [85, 86]. At the same time,
because the density difference of the human body soft tissue is not obvious, the
resolution of CT for soft tissue is low, so it is difficult to get a clear image of the soft
tissue without contrast agent.

The most contrast agent of CT used in clinic is iodine compound [87-89]. But
the small-molecule iodine contrast agent can be rapidly excreted from the kidney,
resulting in a very short imaging time and limiting their application. More impor-
tant, a considerable number of patients are allergic to iodinated contrast agents, thus
delaying the disease diagnosis. Recent studies found that the inorganic nanoparti-
cles as CT contrast agents hold a promise in CT imaging [90, 91]. In addition to the
contrast enhancement, it has long blood circulation and easy functionalities.

Xue et al. have fabricated a multimodal imaging probe by loading iodinated oil
into fluorescent mesoporous silica-coated SPIONs (i-fmSi0,@SPIONs). SPIONs
have been prepared by a coprecipitation of ferric and ferrous salts. The mesoporous
silica shells are subsequently coated with a silica sol-gel reaction. This probe has an
advantage of imaging soft tissue via MRI, seeing electron-dense materials through
CT, and observing fluorescence by FOI [92]. Because of a higher X-ray absorption
coefficient than iodine agents, gold is now attractive for CT imaging. Zhou et al.
have fabricated a promising CT imaging contrast agent for in vivo gastric cancer.
They have synthesized gold clusters coated with silica shells, then conjugated folate
as a multimodal probe (AuNCs @SiO,-FA). The attenuation value (HU) of the probe
is to evaluate the CT contrast effects of the probe by a micro-CT equipment. HU is
found to exhibit a well-correlated linear relationship (R?=0.9917) as a function of
the probe’s concentration, and the after-to-before signal ratios are, respectively, 3.83
and 4.26, presenting distinguished CT signals [93].

Similar to Au atom, Bi has the largest atomic number (Au, 79; Bi, 83) and X-ray
attenuation coefficient (Bi, 5.74 cm? g~! at 100 keV), implying that Bi might be the
most promising contrast agent of CT. In a communication, Chen et al. have devel-
oped a dual-modal probe composed of Bi,S; nanoparticles and QDs for CT/
FOI. Because of the use of a reverse microemulsion method, Bi,S; NPs are uniform
and monodispersed. Then they are wrapped with QDs in SiO,. The results have
proved Bi,S;—QD @SiO,—PEG is excellent in the CT and fluorescence imaging both
in vitro and in vivo (Fig. 9.5) [94].

9.2.2.3 MRI

Magnetic resonance imaging (MRI) is a clinically used medical imaging technique
to investigate the anatomy and physiology of the body in both health and disease. It
is a powerful noninvasive imaging technique that provides contrast between differ-
ent soft tissues of the body, which makes it especially useful in imaging the brain,
muscles, heart, and cancers compared with other medical imaging techniques.
Compared with CT imaging, MRI doesn’t use any ionizing radiation, so it is a safer
imaging modality. In MRI, a T,-weighted image generally shows the normal soft
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Fig. 9.5 (a) X-ray CT imaging of Bi,S;-QD @SiO,—PEG nanoparticles as a function of the con-
centration. (b) In vivo X-ray CT imaging (heart (a, open arrow), liver (double arrow), spleen (hol-
low arrow), and kidneys (b, solid arrow)) of a mouse at different time points after injecting
Bi,S;:—QD @8Si0O,—PEG nanoparticles (0.6 mg Bi per g body weight) by the tail vein (Reproduced
from Ref. [94] by permission of The Royal Society of Chemistry)

tissue anatomy such as fat, whereas a T,-weighted image reveals pathological
phenomena such as tumors and inflammation.

MRI contrast agents can change the relaxation times of atoms within the body
tissue and modify the contrast in the image. The most commonly used intravenous
MRI contrast agents are based on chelates of gadolinium that is used for a kind of
T;-weighted imaging in clinic. However, with high nephrotoxicity, neurotoxicity,
and rapid metabolism from the body, gadolinium(IIl)-containing MRI contrast
agents have been incorporated into silica nanoparticles to decrease the Gd** leakage
and increase biocompatibility, blood circulation time, and tumor-targeting ability
after intravenous administration. Early in 2004, Mou and coworkers have loaded
gadolinium into mesoporous silica using cationic long-chain surfactant as a tem-
plate and gadolinium hydroxide and tetraethoxysilane (TEOS) as precursors. The
covalent bonding between metal and the silica network makes it less susceptible to
leach in contrast to ion-exchanged metal species [95].

Prof. Wenbin Lin at University of North Carolina has done lots of works in this
scope [96, 97]. They put forward that grafting of Gd chelates onto MSN can increase
the efficiency of MR contrast agents, because of MSN could carry a large payload
of Gd centers and enhance water accessibility of the Gd chelates [98, 99]. They have
loaded Gd-DTTA into MSN with a high loading mount of 15.7-20.1 wt%. On a per
millimolar Gd basis, the particles have an r, of 28.8 mM~! s7! at 3 T MRI scanner
and 10.2 mM' s7! at 9.4 T. The r, relaxivities are 65.5 mM~"' s at 3 T and 110.8
mM-!s!at 9.4 T, respectively. The r, and r, values on a per millimolar particle basis
are 7.0x10° mM' 57! (3 T)/2.48%10° mM~" s7!' (9.4 T) and 1.6x10° mM~' s7! (3
T)/2.7x10° (9.4 T), respectively. The relaxivity values are larger than their synthe-
sized solid silica nanoparticles that are coated with multilayers of Gd-DTPA deriva-
tive [96]. The effectiveness of MSN-Gd is evaluated in vivo. After tail vein injection
of a low dosage of 2.1 pmol kg™ MSN-Gd, a significant T,-weighted enhancement
is visible in the aorta of a DBA/I J mouse 15 min postinjection. They also have
grafted Gd-DTPA chelates onto the surface of MSNs [100]. With a low dosage of
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2.1 pmol kg~! by intravenous injection, the MSN-Gd nanocomposites have a signifi-
cant T;-weighted enhancement. And at a higher concentration of 31 pmol kg, it
can be an efficient T,-weighted contrast agents. Kleitz and coworkers have synthe-
sized 3D pore network hybrid GdSi,O, MSN with cubic /a3d mesopore structure to
facilitate mass transport processes. It provides a significant increase in 'H longitudi-
nal relaxivity (18.5 s™' mM™'; 4.6 times higher than Gd-DTPA) and low r,/r, ratios
(1.56) [101]. Lee and coworkers have synthesized Mn**-doped silica nanoparticles
for hepatocyte-targeted T,-weighted MRI [102]. The nanoparticles have unique MR
contrast-enhancing characteristics that activated T,-weighted MR imaging only
under low pH conditions by liberating Mn?* irons from the nanoparticles. Thus, it
results in a differentiation of enhancement periods between tumor and normal tis-
sues. Shi and coworkers have found that Mn?**-doped MSN could be used simultane-
ously for T;- and T,-weighted MR imaging with high r; and r, values. They have
deduced that it may be attributed to the T, relaxivity time shortening by ultrasmall
manganese oxide nanoclusters (<2 nm), while higher surface-to-volume ratio exhib-
ited a larger proportion of nanocompensated surface spins on the antiferromagnetic
core and higher magnetization values, which may cause shorter T, relaxation time
and thereafter higher r, value (Fig. 9.6) [103].

In addition to paramagnetic molecular complexes of gadolinium (Gd**) and man-
ganese (Mn?*) chelates, nanoparticles with the paramagnetic ion such as Gd,O;
[104] and MnO [105] nanoparticles also can accelerate longitudinal (T)) relaxation
under low concentrations as T;-weighted MR contrast agents. For increasing the
biocompatibility and improving biodistribution, silica is coated onto these kinds of
nanoparticles. Lin and coworkers have coated MgO nanorods with a silica layer for
T;-weighted image [106]. Hyeon, Gilad, and coworkers have synthesized hollow
manganese oxide (HMnO)-encapsulated mesoporous silica with core—shell struc-
ture (HMnO@mSiO,) by acidic etching MnO-encapsulated mesoporous silica
[107]. The paramagnetic HMnO @mSiO, nanoparticles show significantly higher
molar T, relaxivity than previously reported MnO composite nanoparticles. It is
explained the improvement of HMnO @mSiO, over MnO @mSiO, without hollow
structure might be contributed from that the increased surface area-to-volume ratio
further increased the exchange of the water with Mn** ions. Chou and coworkers
have synthesized 2-3 nm antiferromagnetic a-iron oxide-hydroxide (x-FeOOH)
nanocolloids within the pore of MSNs as T;-weighted contrast agents (Fig. 9.7)
[108]. The nanocomposites show low magnetization (M,) of 0.0006 at H=2 T at
300 K, which is four orders of magnitude smaller than any current ultrasmall iron
oxide NPs (>5 emu g') reported to date, hence ensuring the low r, (xM,) (7.64
mM-™' s7!) and r,/r, ratio (2.03) at 4.7 T.

Superparamagnetic nanoparticles (SPIO) and ultrasmall superparamagnetic iron
oxide (USPIO) as T, imaging contrast agents including Feridex, Combidex, Resovist,
Lumirem, and Clariscan have been approved to use in clinic [109]. However, it
appears that all these agents have not been widely used for different kinds of rea-
sons. Now in preclinical studies, silica is used as a coating material to encapsulate
superparamagnetic nanoparticles to form a core-shell nanocomposite. It can
improve the dispersal ability and increase chemical stability and biocompatibility,
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Fig. 9.6 (a) Schematic formation process of manganese-loaded dual-mesoporous silica spheres
(Mn-DMSSs). (b) TEM images of Mn-DMSSs (a, b). (¢) In vivo T,- and T,-weighted MR images
of SD rat liver before and after intravenous injection of Mn-DMSS nanoparticles with a dose of
0.5 mg Mn kg! at different time points (5 and 15 min) on a 3.0 T MRI scanner (Reprinted with
permission from Ref. [103]. Copyright 2013 American Chemical Society)



Fig. 9.7 (a) TEM images of (a) wormlike mesoporous silica (WMSN) (CTAB) and (b) FeOOH/
WMSN. (b) In vivo T;-weighted image of mouse brain and kidney (a, d) 0 and (b, e) 10 min, and
(c, f) subtraction image of these two time frames, (g) subtraction T;-weighted images of a mouse
liver and kidney (first row) and bladder (second row) 10, 20, 40, 60, and 90 min after intravenous
injection of FeEOOH/WMSN-PEG. Sequential enhancement of the renal pelvis followed by the
urinary bladder is noted (Reprinted with permission from Ref. [108]. Copyright 2013 American
Chemical Society)
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which may open many new clinical applications of the magnetic nanoparticles. In
2004, Kopelman and coworkers have reported synthesizing silica-embedded iron
oxide nanoparticles for T,-weighted images and chemically modified the particle
surface to reduce nonspecific protein binding [110]. Sanchez and coworkers have
incorporated nanomaghemite into mesoporous silica particles, and the synthesized
hybrid nanomaterials are used for hyperthermia and an effective T,-weighted MRI
[111]. Lee and coworkers have synthesized superparamagnetic iron oxide nanopar-
ticles (SPIONs) directly in the pores of silica nanotubes (SNTs). The nuclear mag-
netic resonance (NMR) relaxivities of 500 nm particles in length and of 60 nm in
diameter were r;=1.6 mM~' s7! and r,=264 mM~' s7!, and for the particles of 2 pm
in length and 70 nm in diameter, the r, and r, were 3.0 and 358 mM™' s7!, respec-
tively [112]. Shi and coworkers have synthesized thiol-functionalized superpara-
magnetic silica composite nanoparticles for T,-weighted MR imaging [113]. Briefly,
5 nm magnetite nanoparticles and polystyrene;q-block-poly(acrylic acid);s(PS;g-b-
PAA ) in oil phase are self-assembled into micelle-like aggregates. The nanocom-
posites are further coated with silica layer by hydrolysis and condensation of
3-mercaptopropyltrimethoxysilane (MPTMS). The as-prepared composites have a
size smaller than 100 nm, and the size and magnetic nanoparticles in each nanocom-
posite could be tailored. Delville and coworkers have reported the fine-tuning of the
relaxometry of yFe,O;@Si0, core—shell nanoparticles by adjusting the thickness of
the coated silica layer [114]. They have found that the silica thickness had a signifi-
cant impact on the r; at low By field, r,, and 1, relaxivities at medium and high B,
field, as a result of decreased outer-sphere relaxation effects. This result provides
clues for the design of magnetic nanoparticle-based contrast agents and their opti-
mization for specific applications in medical diagnosis.

In providing complementary diagnosis information, nanocomposite with dual-
contrast T;- and T,-weighted magnetic resonance imaging is also developed [115,
116]. Recently, it is found that ultrasmall magnetic Fe;O, nanoparticles (<6 nm) can
be used as T, or T+ T, dual MR CAs [117]. Besides that incorporating one chemi-
cal or nanoparticle that simultaneously possesses T;- and T,-weighted imaging abil-
ity, silica as matrix can perfectly integrate two or more kinds of entities into one
nanoparticle.

Yang and coworkers have synthesized gadolinium-labeled superparamagnetic
iron oxide and coated it with silica for targeted dual-contrast T;- and T,-weighted
MRI of tumor [115]. They also have developed multifunctional arginine—glycine—
aspartic acid (RGD) peptide-conjugated nanoscale coordination polymers (NCPs)
with a diameter of about 80 nm using 1,1’-dicarboxyl ferrocene as building blocks
and Gd™ ions as metallic node and coated it with silica to form nanocomposites
[118]. After intravenous injection into mice with tumor overexpressing high-affinity
a,fB; integrin, it shows that the signal of T;-weighted MR imaging is positively
enhanced 47+5 % and negatively decreased 33+5 % from T,-weighted MR imag-
ing. This kind of T,-weighted positive and T,-weighted negative enhancement in the
dual-mode MR imaging can significantly improve the diagnosis accuracy.
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9.224 PET

Positron emission tomography (PET) is a functional imaging technique with a
nuclear medicine that produces three-dimensional image of the body [119]. It has
the advantages of selective imaging for a particular organ or tissue, tracing the
abnormal changes on the function, metabolism, and genes of human organs with
accurate quantitative analysis. Because the radioactive isotope has a certain half-
life, PET imaging can realize the dynamic observation with “selective angiography
ability” and “dynamic function determination ability.” However, because PET sys-
tem is expensive and complicated to operate, radioactive isotope is still an unsafe
factor, and PET is not used widely. Thus, it is urgent to develop contrast agents for
PET to increase imaging contrast and decrease radical dose.

Now, the most widely applied PET-active isotope in clinic is '8F, typically in the
form of ¥F-labeled fluorodeoxyglucose in order to target the tracer to high-glucose-
using cells. However, the half-life of '8F is very short (109.8 min). Radioisotopes of
other elements under research have similar shortcomings. Silica can be used as coat-
ing materials to decrease the toxicity, increase the bloodstream circulation, and
improve the targeting ability of these isotopes. Kim and coworkers have tethered *F
onto MSN with particle size of 100-150 nm. After i.v. injection into mice bearing a
subcutaneous U87 MG tumor, the *F-MSN shows a persistently strong tumor sig-
nal in PET-CT imaging, whereas the mice given free '®F have considerably less
tumor uptake with a renal clearance of '®F activity [120]. Lindén and coworkers
have immobilized ¥Zr* through covalent attachment of the complexing agent
p-isothiocyanatobenzyldesferrioxamine (DFO-NCS) to large-pore MSNs. The
87r-DFO-MSNs with dose of 0.5 mg kg™! into mice show an order of magnitude
lower than previously reported PET-MSN for PET imaging [121].

Cai and coworkers have conjugated copper-64 (%Cu, t,,=12.7 h) and 800 CW (a
near-infrared fluorescence dye) onto MSN for PET and NIR fluorescence multi-
modal imaging. The nanoparticles are also tethered with a human/murine chimeric
monoclonal antibody TRC105 to target tumor vasculature for tumor-specific imag-
ing (Fig. 9.8a, b) [122]. They also have developed *Cu-tethered MSN for actively
targeted PET imaging and drug delivery (Fig. 9.8c) [123]. The first-in-human clini-
cal trial of ultrasmall inorganic hybrid nanoparticles, “C dots,” has been tethered
with I for PET imaging, together with NIR fluorescence dye of Cy5 for fluores-
cent imaging [124]. Kang and coworkers have developed a silica nanoparticle incor-
porating ®®Ga, NIR dye, and magnetic particles for multimodal PET/MRI/NIRF
imaging [125].

9.2.2.5 Photoacoustic Imaging (PAI)

PAI is an emerging noninvasive and nonionizing imaging technique developed in
the twenty-first century [126, 127]. During PAI process, nonionizing laser pulses
penetrate into biological tissues. The biological tissues absorb the laser energy
based on the characteristics of their composition. The delivered energy will be
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absorbed and converted into heat by a transient increase in temperature (~10 mK),
then contraction stress changes and leads to subsequent thermoelastic expansion of
the absorbent, generating an ultrasonic acoustic signal which can be detected by
wideband transducers surrounding the object. Because of the advantageous integra-
tion of both optical imaging and acoustic imaging, PAI can realize a propagation of
the photons in the diffuse region with a relatively lower scattering coefficients (~2-3
orders) of absorbents compared with other optical imaging method. This is favor-
able to overcome the main challenge caused by the hemoglobin absorption and tis-
sue scatter in optical imaging [128], which enables PAI up to ~50 mm deep with a
resolution of <1 mm [129].

Gold-based NPs are one of the most outstanding materials being explored for
PAT, such as gold nanorods [130, 131], NPs [132], nanocages [133], agglomerates
[134], hollow nanoshells [135], and composite materials [136, 137]. Interestingly,
silica coating has an enhancement in the gold-based PAI. Chen et al. have reported
that silica shell as a dielectric shell has a great impact on the photoacoustic signal of
gold nanorods. About threefold higher photoacoustic signals are generated by
silica-coated gold nanorods than that of nanorods without silica coating. The authors
speculate the main reason is the difference in the optical absorption between the
gold nanorod with and without silica coating. After silica coating, the absorption of
gold nanorods increases due to the dielectric constant change of the environment,
resulting in a strong increase in the photoacoustic signal [138].

Jokerst et al. also have used silica-coated gold nanorod as a contrast agent for
photoacoustic imaging of mesenchymal stem cells in rodent muscle tissue. Different
from Chen’s report, they think the silica coating favors the cellular uptake more than
fivefold than non-coating one. At the same time, no obvious toxicity or proliferation
changes are observed in cells in the contrast agent group. They think this low back-
ground technique allows imaging of down to 100,000 cells in vivo (Fig. 9.9) [139].

Compared to gold-based NPs, the absorption coefficients of carbon nanomateri-
als are relatively low. But this doesn’t hinder their applications as various bioimag-
ing contrast agents [140], including PAI and thermoacoustic imaging [141]. For
example, Pramanik et al. used a single-walled carbon nanotube (SWNT) as a non-
invasive approach to detect the sentinel lymph node. SWNTSs are fabricated using
the carbon vapor deposition (CVD) method with Fe as the metal catalyst and show
promise in significant signal enhancement in PAI [142]. SWNTs also can be offered
as an MRI contrast agent. Liu et al. coated SWNT with mesoporous silica for
imaging-guided combination therapy of cancer. The main role of mesoporous silica
shell is for loading therapeutic molecules combined with PAI and MRI [143].

In the above parts, we describe various modern medical imaging technologies.
But each imaging method has its own shortcomings. For example, the optical imag-
ing has a limited penetration depth and low space resolution; MRI’s sensitivity is
low but has a high cost, and its imaging needs longer time; PET imaging has a high
cost, and the patient has potential radiation threat. Recently, multimodal imaging
probes can combine optical imaging and molecular imaging to realize high sensitiv-
ity and high-resolution image. As introduced above, silica is the most widely used
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Fig. 9.9 (a) TEM images of silica-coated gold nanorods (SiGNRs) (a), confirmation of SiGNRs
inside mesenchymal stem cells (MSCs) (), and in vivo PA images after injecting SIGNR-labeled
MSCs (c). (b) In vivo B-mode (gray scale) and PA (red) images of a positive control (0.7 nM
SiGNRs; left), negative control (0 nM SiGNRs (no cells); middle), and 800 000 SiGNR-labeled
MSC:s (right) all in 50 % Matrigel/PBS into the hind limb muscle of an athymic mouse by intra-
muscular injection (Reprinted with permission from Ref. [139]. Copyright 2012 American

Chemical Society)
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framework for integrating the multiple kinds of imaging agents into one nanoparti-
cle for multimodal imaging with easiness of synthesis, uniform size, tunable struc-
ture, and good biocompatibility.

9.3 MHSN-Guided Imaging and Therapy
for Nanotheranostics

“Theranostics” is coined to define the efforts to develop more specific, individual-
ized therapies for various diseases into one single agent [144]. With the deeper
understanding of tumor biology, people more and more realize that the microenvi-
ronment, inner regulation, and dynamic changes of tumor could cause great differ-
ences between individual tumor patients. This arose from the fact that most diseases,
including cancer, are immensely heterogeneous. All existing therapies are only
effective for limited patients at a selective stage of disease. Therefore, it is very
necessary to closely monitor the efficacy of treatment during cancer therapy, allow-
ing for a more accurate diagnosis and specific treatment plan.

The emergence of nanotechnology offers the possibility of combining diagnosis
and therapy together. Though nanoparticle-based theranostics are still in very early
stages of development, the individual part of imaging and therapy is struggling into
clinical trials. Personalized medicine will no doubt make NP-based theranostics one
of the research hotspots. In the above section, we discuss the research development
of silica-based FOI and medical imaging. Besides, silica MHSN is a good drug car-
rier for hydrophobic [145] and hydrophilic drugs [146, 147], genes [148], and other
therapeutic modalities [149-151]. In addition, silica also has the potential to help
overcome the severe toxic side effect of chemodrugs to normal tissues due to the
lack of tumor selectivity, reversing the multidrug resistance (MDR) to free chemo-
therapeutic drugs and the deadly metastases of cancer cells [152]. Therefore, in this
part, we will focus on the buildup and application of silica-based imaging-guided
therapies, as well as on the understanding of the association of functional modalities
which may affect the transport, delivery, and release of the silica-loading cargos.

9.3.1 Silica-Guided Imaging and Chemotherapy
9.3.1.1 Silica-Guided FOI and Chemotherapy

Dr. Brinker’s group has done a lot of work in a new structure “protocell” [153—157].
It is constructed by the liposome fusion on an MHSN simultaneously loading the
imaging and therapy cargos, creating a “protocell” for the delivery across the cell
membrane [155]. This structure has a very interesting property. The lipid membrane
on silica core could retain a fluidity and stability in the biological environment com-
pared with liposomes with the same membrane but without silica-supported core.
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When the targeting ligand anchored on the liposome membrane, protocell structure
can achieve avid binding for targeting cells with relatively low densities of targeting
ligands. They report a very impressive 10,000-fold greater affinity of protocells
modified with a targeting peptide binding to human hepatocellular cancer cells than
that of hepatocytes, endothelial cells, or immune cells (Fig. 9.10) [157]. They also
proved protocells have a 10- to 100-fold greater capacity for siRNA loading in phys-
iological conditions [158]. By synergistically combining properties of MSNs and
liposomes, protocells can load a mixture of therapeutic (toxins, drugs, and siRNA)
and diagnostic agents (QDs, dyes). The results prove that this structure was favor-
able in promoting positive targeting and endosomal escaping.

Huan et al. also have done much work in silica-based theranostics. They attempt
to conjugate the FOI organic molecular dyes (FITC, ICG, and the like) on the meso-
porous silica cores along with loading the chemotherapeutic agents to human tumors
in nude mice [159-162]. These attempts include coating PEI/PEG layer on MSNP
for the stromal targeting of the PDAC tumors. This design enables delivering the
TGF receptor kinase inhibitor which could interfere the pericyte-mediated stromal
vascular obstruction and then promoting efficacy of the second-wave therapeutic
agents. Recently, they have developed a custom-designed procedure in coating lipid
biofilm on MSNPs. A high-loading gemcitabine (GEM) is rapidly encapsulated in
the silica core. This biofilm procedure also allows the co-delivery of the hydropho-
bic PTX in the liposome shell in a ratiometric-controlled fashion. Compared to the
therapy effects on tumor growth of the negative control (saline), paclitaxel (PTX)/
GEM co-delivering liposome-MSNP shows a significantly higher rate of tumor
shrinkage than that of other groups. The group of GEM/PTX-loaded particles needs
12 times Abraxane to get the comparable tumor shrinkage of the PTX/GEM
co-delivering liposome-MSNP group. This is promising in a treatment plan for the
sequential therapy by two chemodrugs.

Our group has paid much attention to the rattle-type mesoporous silica theranos-
tics [163—175]. In our studies, FOI agent (FITC) is conjugated to the PEGylated
silica nanorattle for loading docetaxel. The loading efficiency was as high as 32 %.
About 80 % of drugs are released within 5 days. The study also has proved that the
doxorubicin (DOX) showed pH sensitivity from the silica nanorattle, showing a
high drug release rate at pH 4 than at pH 7.4. This behavior benefits drug releasing
in the cytoplasm of cancer cells after their endocytosis (Fig. 9.12c) [167]. By con-
jugating NIR dye of ICG onto the particles, the silica nanorattles can realize real-
time NIR FOI during drug delivery in vivo. We also have proved this fluorescent
silica nanorattle could be efficiently anchored to the mesenchymal stem cells by
conjugating the specific antibody (CD73, CD90, and the like). The intracellular
retention time for silica nanorattles is over 48 h, which is enough for the cell-guiding
tumor-tropic delivery [166]. He et al. have synthesized oxygen-deficient lumines-
cent mesoporous silica nanoparticles for synchronous drug delivery and imaging. In
their typical synthesis, triethoxysilane (TES) is selected instead of the common
used TEOS as silicon source to fabricate MSN. Oxygen vacancies are produced by
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A

Fig. 9.10 (a) Schematic illustration of the nanoporous particle-supported lipid bilayer, depicting
the disparate types of therapeutic and diagnostic agent that can be loaded within the nanoporous
silica core, as well as the ligands that can be displayed on the surface of the supported lipid bilayer
(SLB). (b) Targeted delivery of multicomponent cargos (calcein (green), an Alexa Fluor
647-1abeled dsDNA oligonucleotide (magenta), RFP (orange), and CdSe/ZnS quantum dots (teal))
to the cytosol and nuclei of HCC cells (Reprinted with permission from Macmillan Publishers Ltd:
Ref. [157], copyright 2011)
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dehydrogenation between O;Si-H terminal groups during post-calcination at 600
°C. This consequently induces the defect-related luminescence of MSN endowing
the particle as the potential theranostic candidate [176].

9.3.1.2 Silica-Guided Medical Imaging and Chemotherapy

Hyeon et al. have focused a lot on the iron oxide nanocrystal coated with a silica
shell [177]. Then the monodisperse particles are functionalized with FITC and rho-
damine B. The FOI is used to measure the particle internalization in cancer cells.
Moreover, the r; and r, relaxivity values of particles are 3.40 and 245 mM™' s,
respectively. DOX is also loaded to evaluate its therapeutic efficacy in the SK-BR-3
cell line [178].

Additionally, they further report the synthesis of dye-doped iron oxide-coating
MSNs for multimodal imaging. In this approach, FITC or tetramethylrhodamine
(TRITC) is conjugated in the channels, and the iron oxide is chemically assembled
to the exterior surface of MSNs. DOX is also loaded into the particles, and effective
antitumor efficacy was realized in the B16-F10 cell line [179].

Chen et al. have synthesized a kind of ellipsoidal rattle-type mesoporous silica
with magnetic Fe;0, core using a selective etching strategy [180]. Fe;O, core, as the
T, contrast agent, plays a monitoring role on the therapeutic efficiency. DOX is
loaded into the particles for a higher drug loading and sustained release [181]. They
also designed a structure of mesoporous silica-coating Bi,S; nanoparticles (BMSN)
by surfactant-induced condensation method. The most advantage of this particle is
the high X-ray enhancement and high DOX-loading efficiency (45 %). The compa-
rable study shows that the BMSN group in the X-ray therapy has only a 2.10-fold
increase in tumor volume through 24 days, while in the X-ray beam treatment alone
group, the tumor volume increases to 4.40-fold. Thus, it is expected that the BMSN's
can be applied as a highly efficient multifunctional nanosystem to realize the
enhanced chemo- and radiotherapy in the further clinical applications (Fig. 9.11) [182].

Besides silica-based MRI-/FOI-guided theranostics, Chen et al. have fabricated
functional mesoporous SiO, nanoparticles with the ability of positively targeting
positron emission tomography (PET) imaging and drug delivery in 4 T1 tumor-
bearing mice. About 80 nm silica nanoparticles are conjugated with thiol groups,
PEGylation, TRC105 antibody (specific for CD105/endoglin), and $Cu labels,
holding great potential for future image-guided drug delivery and targeted cancer
therapy [123].

9.3.2 Silica-Guided Imaging and Phototherapies

Light therapy or phototherapy consists of exposure under daylight or specific wave-
lengths of light using lasers, light-emitting diodes, fluorescent lamps, and the like.
In most cases, phototherapy is associated with the treatment of skin disorders.
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Recently, researches pay much attention to the application of phototherapy into
cancer cell killing. In this approach, cancer cells are exposed under the light, prefer-
ably NIR light (which has a high tissue penetration ability in this light window),
involving a phototherapy agent to convert light energy into heat or generating reac-
tive oxygen species (ROS), further killing cancer cells without causing serious dam-
age to the normal tissues. In this part, we will focus on the silica-guided imaging
and phototherapies.

9.3.2.1 Silica-Guided Imaging and Photothermal Therapy

Various photothermal agents have been used as a versatile, multimodal platform for
both cancer diagnosis and therapies. Organic photothermal agents include indocya-
nine green (ICG, a clinically approved agent) [183, 184], heptamethine indocyanine
dye [185], polypyrrole NPs [186, 187], and the like. Typical inorganic photothermal
agents include various gold-based nanomaterials (nanorods [188], nanoshells [157,
171, 189], and nanocages) [190, 191], carbon-based nanomaterials (nanotubes
[192], graphene [193], spheres [194]), CuS nanoparticles [195-200], transition
metal dichalcogenides [201, 202], and the like.

Gold nanorods have a long surface plasmon resonance (LSPR) which can be
adjusted between 650 and 950 nm. But this nanomaterial bears some disadvantages:
low specific surface area limiting the drug loading, prone to aggregate resulting in a
blueshifting spectrum, and a relative higher toxicity due to the surface cetyltrimeth-
ylammonium bromide (CTAB) bilayers. Zhang et al. have developed gold nanorods
coated with mesoporous spheres as a cancer theranostic platform. The silica shell is
~30 nm with a large specific surface area for high loading of DOX. Without conju-
gating other imaging probes, two-photon imaging (TPI) contrast properties of gold
nanorod are employed in this study to observe the intracellular behaviors of the
particles. Under NIR light irradiation, DOX has a triggered release, thus providing
two therapeutic modes alone with TPI [203]. However, this design also has a prob-
lem. Because the interactions between chemotherapeutic molecules and the inner
cavities of silica are weak, there is a rising concern of the drug premature release
during blood circulation. To overcome it, Liu et al. introduce 1-tetradecanol (TD) as
a gatekeeper to regulate the drug release. TD is a phase-changing material with a
melting temperature of 39 °C. Their designed DOX-loaded GNR@MSNPs-FA
nanoparticles can realize a synergistic therapy for local heating, chemotherapy, and
gate-controlled drug release. Given the photoacoustic imaging performance of
GNR, this nanoparticle can also be used in diagnosis [204].

Our group has developed a structure of a thin gold nanoshell on a mesoporous
silica nanorattle core. The positively charged surface of nanorattle simplifies the
gold nanoshell coating process. This structure has a compact and thin gold shell,
uniform size, tunable NIR light absorption, and high payload of drug properties.
We conjugate ICG for the FOI. Our cellular and in vivo research results show that
the synergistic effects of gold nanoshells on silica nanorattles are better than the
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Fig. 9.12 (a) Schematic illustration of the synthetic process of Bi2S3 nanoparticles with a coating
of mesoporous silica (BMSNs) and its application in interstitial therapy. (b) (a) Cytotoxicity pro-
files of PC3 cells after 24 h of treatment with free DOX, DOX-loaded BMSNs, BMSNs +P-32 RT,
and DOX-loaded BMSNs +P-32 RT. The concentration of DOX drug and BMSNs was fixed at 5.0
and 100.0 pg/mL, respectively. For P-32 RT treatment, the cells were cultured with P-32 at differ-
ent irradiation doses (0.0075, 0.015, and 0.03 mCi). (b) The tumor volume at 24th day after each
treatment (saline, BMSNs, P-32 RT, and BMSNs+P-32 RT) was demonstrated by the photograph
(Reprinted from Ref.[182], Copyright 2015, with permission from Elsevier)

chemotherapy or photothermal therapy alone [157]. In a following study, we
conjugate a positive targeting molecular transferrin on the surface of gold shells.
FITC is loaded for FOI of the particles. The results demonstrate that a single NIR
light irradiation could completely regress the tumor growth (Fig. 9.12a, b) [171].
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In other studies, magnetic NCs are encapsulated in the silica nanoparticles, then
coated with gold nanoshell, for photothermal therapy and MR imaging [205-208].
But this design often causes a low content of Fe;O, in the final nanocomposites,
inducing weak MRI [209, 210]. Sharma et al. have developed sub-50 nm gold-
speckled silica nanoparticles, combining fluorescent and photothermal properties.
The green fluorescence is doped into the particles for a cellular visualization [209].
Liu et al. have used single-walled carbon nanotubes (SWNTs) coated with mesopo-
rous silica-loading DOX. Upon the NIR light irradiation, the drug triggered a release
resulting in a synergistic cell killing. SWNTs can be used as both PA and MR imag-
ing agent due to their strong NIR absorbance and metal NP decoration [143].

9.3.2.2 Silica-Guided Imaging and Photodynamic Therapy

Photodynamic therapy (PDT) is also called photochemotherapy using photosensi-
tizers selectively sensitive to the light. Under a specific light irradiation, photosen-
sitizers generate ROS, such as singlet oxygen ('O,) and free radicals, and become
toxic to kill cancer cells. PDT has been applied in the clinic for some medical condi-
tions like wet age-related macular degeneration and malignant cancers [211].
However, because most photosensitizer molecules have disadvantages of hydropho-
bility, like prone to aggregate, low quantum yield, low extinction coefficients, and
absorption at relatively short wavelengths, nanoparticles have been widely explored
as photosensitizers, such as polymeric nanoparticles, liposomes, ceramic nanopar-
ticles, proteins, gold nanoparticles, carbon nanomaterials, quantum dots (QDs),
upconversion nanoparticles (UCNPs), and so on [212-221].

For silica-guided imaging and photodynamic therapy, Huang et al. have con-
structed photo-theranostics of silica-coated gold nanoclusters conjugated with Ce6
for fluorescence imaging-guided PDT. Mesoporous silica-coating shell enables a
high Ce6 photosensitizer loading and decreases the undesired release of Ce6 during
its blood circulation. Both fluorescence of Ce6 and luminescence of gold clusters
are responsible for the FOI of the particles’ subcellular behaviors (Fig. 9.13) [222].
Lv et al. have used upconversion luminescent GdOF:Ln as core and mesoporous
silica as shell for cancer therapy. Due to the codoped Yb/Er/Mn in GdOF, the red
emission from the GdOF:Ln is greatly enhanced and can transfer energy to ZnPc,
the photodynamic agent, and then produce the singlet oxygen. At the same time,
carbon dots outside the shell are a photothermal agent to generate heat under 980 nm
NIR light irradiation. Simultaneously, heat will accelerate the DOX release, result-
ing in a synergistic therapy. Also, rare earth ions have doped in the particles and
endow them with excellent UCL imaging, magnetic resonance imaging (MRI), and
computed tomography (CT) imaging (Fig. 9.14a) [223]. Zhao et al. have presented
a core—shell-structured Fe;0,@mSiO,. Fe;O, nanoparticles are synthesized by a
common coprecipitation method, then mesoporous silica is coated, and methylene
blue (MB), a hydrophilic phenothiazinium photosensitizer, is encapsulated. Their
10, generation capability is assessed by DPBF, a 'O, probe in acetonitrile which
reacts with 'O, causing a decrease in the DPBF absorption at 400 nm. The studies
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Fig. 9.14 (a) Schematic illustration for the synthesis of GAOF:Ln@SiO, ZnPc-CDs microcapsule
and bio-application for multiple imaging and antitumor therapy (Reprinted with permission from
Ref. [223]. Copyright 2015 American Chemical Society). (b) (a) Schematic diagram and (b)
in vitro evaluation of synergetic chemo-/radiotherapy effects on HeLa cells after co-incubated with
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show this particle could serve as both an FOI and PDT probe in the cancer therapy
[224].

Different from the above studies, Zhao et al. have used mesoporous silica shells
as a spacer to adjust the enhancement factors of one- and two-photon excitation
fluorescence of the gold nanorods for a porphyrin molecule, T790. They have found
when the separation distance between gold nanorods and T790 was varied from 34
to 20 nm, the enhancement factors are 2.1 and 11.8, respectively. This particle is
attractive for two-photon cell imaging and two-photon photodynamic therapy with
improved efficiency [225].

9.3.3 Integration of Multimodal Imaging and Combination
Therapy

As expounded in the above section, multimodal imaging may increase the accuracy
of diagnosis by integrating the advantages of multiple modalities for complemen-
tary functional imaging. Meanwhile, integration of several kinds of therapeutic
methods into one combination therapy may increase the therapeutic efficacy and
decrease cancer recurrence and metastasis. With the versatile silica as matrix, mul-
tiple kinds of imaging modalities include MRI, FOI, CT, and others, as well as
therapeutic agents such as chemotherapeutic drugs, photosensitizer, and photother-
mal converting agents. The ability for multimodal imaging cannot only increase the
accuracy of diagnosis but monitor the therapeutic outcome of the combination ther-
apy and track the biodistribution of nanoparticles [226]. Song and coworkers have
coated mesoporous silica layers onto gold nanorod and tether a fluorescent dye of
RBITC onto silica for fluorescent imaging. Chemotherapeutic drug of DOX is
loaded into mesoporous silica for chemotherapy along with photothermal therapy
from gold nanorod [227]. Khlebtsov and coworkers have coated gold/silver nano-
cage with mesoporous silica that was functionalized with photodynamic sensitizer
Yb-2,4-dimethoxyhematoporphyrin (Yb-HP). The nanocomposites can combine
the ability of PDT, PTT, and fluorescent imaging into one nanoparticle [228].
Similarly, Wang and coworkers have created a double-walled Au nanocage/silica
nanorattle by combining two “hollow-excavated strategies” of galvanic replacement
and “surface-protected etching.” The hollow nanocomposites integrate the ability of
surface-enhanced Raman scattering (SERS), chemotherapy, and photothermal

<
<

Fig. 9.14 (continued) 0.5 pg/mL free Dtxl/UCMSNs-Dtxl. (¢) Schematic diagram and (d) in vitro
evaluation of synergetic radio-/photodynamic therapy effects on HeLa cells after co-incubated
with 150 pg/mL UCMSNSs-HP. (¢) Schematic diagram and (f) in vitro evaluation of synergetic
chemo-/radio-/photodynamic therapy effects on HeLa cells after co-incubated with 5 pg/mL
UCMSNs-HP-Dtxl. (g) Schematic diagram of synergetic chemo-/radio-/photodynamic trimodal
therapy as well as magnetic/upconversion luminescent (MR/UCL) bimodal imaging with HP/Dtx1
co-loaded UCMSNs (UCMSNs-HP-Dtxl) (Reprinted from Ref. [233], Copyright 2014, with per-
mission from Elsevier)
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therapy [229]. Stevens and coworkers have integrated gold quantum dots within the
mesoporous and hollow silica nanoparticles, alongside larger gold nanoparticles
within the shell’s central cavity. The “quantum rattle” structure integrates three
complementary imaging modalities of near-infrared fluorescence, photoacoustic,
and magnetic resonance imaging, as well as the chemotherapy and photothermal
therapy [230]. Cui and coworkers have coated mesoporous silica layer onto gold
nanorods for concurrent photothermal therapy and enhanced radiation therapy and
CT imaging [231]. Lin and coworkers have coated mesoporous silica onto upcon-
version luminescent (UCL) GdOF:Ln (codoped with Yb/Er/Mn) and conjugated
PDT agent (ZnPc) and carbon dots for photothermal therapy. Among the elements,
Gd** ions can play an effective role as the intermediate sublattice in enhancing the
doped activator efficiency, and Gd*/Yb**-doped particles have been proved to be
excellent CT contrast agents due to the high atomic and strong X-ray attenuation.
The loaded DOX can be stimuli released with thermal effect. Thus, the nanocom-
posites have integrated fluorescent imaging, MRI, CT imaging, and combination
therapy of PDT, PTT, and chemotherapy [223].

Shi and coworkers have done lots of works focused on multimodal imaging-
guided combination therapy. They reported the synthesis of multifunctional MR
imaging-guided high-intensity focused ultrasound (HIFU) synergistic agents for
cancer surgery based on hollow mesoporous silica [232]. Manganese oxide nanopar-
ticles are synthesized in situ within the mesopore network of hollow mesoporous
silica nanocapsules (MCNCs), which act as T;-weighted MR imaging agent.
Perfluorohexane (PFH) is encapsulated into the hollow interior, which can easily
gasify and generate bubble when heat is generated by HIFU. The nanocomposites
can be delivered to the targeted tumor tissue in the liver of rabbits for focused ultra-
sound to achieve an enhanced synergistic therapeutic effect in HIFU. They also
have synthesized sub-80 nm rattle-structured silica nanocomposites with upconver-
sion luminescent NaYF,: Yb/Er/Tm @NaGdF, core—shell particle as core and meso-
porous silica as shell. The nanocomposites have incorporated a radio-/photosensitizer
hematoporphyrin (HP) and radiosensitizer/chemodrug docetaxel (Dtxl). Under NIR
excitation and X-ray irradiation, the synergetic chemo-/radio-/photodynamic tri-
modal therapy could induce a complete tumor elimination with the assistance of
simultaneous magnetic/upconversion luminescent bimodal imaging (Fig. 9.14b)
[233].

With deeper research and knowledge, many kinds of nanocrystals have been
found to have multiple abilities for diagnosis and therapy. For instance, plasmatic
gold nanorods, nanoshells, and nanocages not only can be used as a photothermal
conversion agent but also can be used as a contrast agent of CT or photoacoustic
imaging. Magnetic nanoparticles for MRI also are developed for magnetically tar-
geting and photothermal therapy. Gd-containing upconversion nanocrystals can be
used for both T;-weighted MR imaging and upconversion fluorescence imaging.
Thus, in designing multifunctional silica-based nanocomposites for multimodal
imaging-guided combination therapy, it is important to rationally design the nano-
composites with minimum kinds of building blocks and simplest synthesis but with
maximum kinds of functions.
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9.4 Conclusion and Perspective

Multifunctional silica nanocomposites with versatile structure, flexible integrating
ability, tunable surface chemistry, and multiple performances have been considered
as a rising star for multifunctional cancer diagnosis and therapy. As a multifunc-
tional matrix, silica can act as a coating material or connecting matrix to integrate
not only different kinds of imaging including fluorescent optical imaging, ultra-
sound imaging, computed tomography, magnetic resonance imaging, positron
emission tomography, and photoacoustic imaging but also therapeutic modalities
for chemotherapy, photothermal therapy, and photodynamic therapy. By coating
silica on other functional nanoparticles, the biocompatibility of these nanoparticles
could be increased. In addition, the in vivo biodistribution, metabolism, and excre-
tion may be real-time monitored as needed. In general, the integration of multi-
modal diagnosis and combination of multiple therapeutic modalities into one
nanoparticle, formed theranostic nanocomposites, have several advantages. Firstly,
the combination of several therapeutic modalities into one nanoparticle realizes
synergistic therapeutic effect over one single therapeutic method to induce more
efficient therapeutic outcome. In cancer therapy, it has been reported that the com-
bination therapy could help for reversing multidrug resistance and reducing metas-
tasis. Simultaneously, the combined imaging ability enables more accurate imaging
diagnosis and provides many useful information for therapy through the full course
before, during, and after therapy. Before initiating treatment, it is essential to carry
out diagnostic imaging to understand the biologic stage and cellular phenotype of
cancer. From the complementary multimodal imaging such as MRI, FOI, CT, US,
etc., a general outline of the tumor including the stage, tumor size, phenotype, and
metastasis could be given to the doctors and patients. During therapy, rapid real-
time imaging especially near-infrared fluorescent imaging can tell the surgeons
where the tumor and its boundary is. After therapy, it could real-time monitor the
therapy outcome. Meanwhile, integrating into one nanoparticle, the nanocompos-
ites could track the biodistribution and clearance of loaded chemotherapeutic drugs.
These useful information could help physicians to decide next-step therapeutic
schedule. Now, most of these works are undergoing preclinical research in labs. It
was encouraging that a kind of ultrasmall multimodal silica nanoparticles (Cornell
dots, C dots) has recently been approved by the FDA for the first-in-human clinical
trial for targeted diagnostics of advanced melanoma. Nevertheless, it is still a long
way to translate the multifunctional silica nanoparticles into clinical market before
accumulating sufficient evidence to prove their safety and efficacy.

Nevertheless, there are still some challenges that need to be solved before suc-
cessful applications of multifunctional silica nanomaterials. Some improvements in
terms of research directions seem to be necessary. Firstly, many theranostic studies are
still proof of concept. In clinical diagnosis and treatment, it is a great challenge to
simultaneously realize multiple functions of diagnosis and therapy in one nanoparticle.
In designing the silica-based nanocomposites, it is important to use simple, repro-
ducible, controllable, and scalable synthesizing method to get multifunctional silica
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nanoparticles. In addition, the nanocomposites should not be multifunctionalized at
the expense of the biocompatibility and dispersity in physiological condition.
Second, in designing the nanoparticles, the researchers should take into account that
it had different pharmacokinetic requirements of imaging modalities and therapeu-
tic agents. How to meet the needs of each functional modality including imaging
and therapy in vivo is very difficult and maybe differential among patients. Thus,
the nanocomposites should be designed elaborately. Third, although silica matrix is
used to increase the biocompatibility of imaging or therapeutic agents, the potential
toxicity of these agents after exposure or leakage should be paid enough attentions
especially their long-term in vivo toxicity.

In conclusion, exciting progresses have been made for silica-based multimodal
imaging and theranostics for cancer therapy. With the diversity and multifunctional-
ity of silica-based nanocomposites, it is a promising way to develop cooperative
therapies or simultaneous utility of multiple imaging functions to guide the delivery
of the nanomedicine. It is anticipated that the silica nanocomposites can induce a
more effective personalized cancer therapy in the near future.
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Chapter 10
Multimodal Micelles for Theranostic
Nanomedicine

Hengte Ke and Huabing Chen

10.1 Introduction

Nanomedicine is an interdisciplinary field involving medicine, pharmaceutics, biol-
ogy, chemistry, and material science [1], in which the nanocarriers including poly-
meric micelles, polymeric vesicles, liposomes, dendrimers, and inorganic
nanoparticles play a key role for the application of nanomedicine in cancer therapy
[2-6]. Recently, theranostic nanomedicine has been extensively explored by inte-
grating imaging and therapeutic agents within the nanocarriers for cancer theranos-
tics [7-12]. To date, polymeric micelles as a promising nanocarrier have received
great attention for cancer therapy during the past two decades. The micelles have
the core-shell structure with the size range of 10~100 nm, which are generally
assembled from amphiphilic polymers in aqueous solutions. The micelles exhibit
excellent biocompatibility, high drug-loading capacity, good cellular uptakes, pref-
erable pharmacokinetics, as well as enhanced tumor accumulation and intracellular
delivery. Moreover, the micelles can generate some intriguing features including
smart drug release and active targeting through versatile polymer design and facile
functionalization for smart cancer-targeted drug delivery. In particular, the further
integration of imaging and therapeutic agents into the micelles may provide
imaging-guided cancer therapy and therapeutic monitoring. In addition, the multi-
modal theranostic micelles can also provide synergistic anticancer efficacy or com-
plementary imaging features for precise imaging and enhanced cancer therapy. The
theranostic multifunctional micelles are highly potential to achieve personalized
cancer theranostics. In this chapter, we focus on the recent progress of multimodal
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Fig. 10.1 Schematic illustration of multimodal micelles for theranostic nanomedicine

micelles as theranostic nanocarriers for cancer imaging and therapeutic applications
(Fig. 10.1), and their perspectives on the existing challenges and future opportuni-
ties are also discussed.

10.2 Theranostic Micelles for Imaging and Chemotherapy

Chemotherapeutic compounds are extensively used in the field of cancer therapy.
However, small molecular compounds often have limited capabilities for cancer
therapy owing to their poor pharmacokinetics, undesirable biodistribution, insuffi-
cient intracellular delivery, and severe adverse side effects. Polymeric micelles as
efficient nanocarriers may address these drawbacks by affording high payloads of
anticancer drugs, prolonged circulation, enhanced cancer-targeting capacity, and
efficient cellular uptake. The diagnostic imaging can be integrated with chemo-
therapeutic drugs for generating multimodal theranostic micelles, which may pro-
vide effective detection of tumor and therapeutic monitoring for precise cancer
chemotherapy.
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10.2.1 Micelles for Fluorescent Imaging and Chemotherapy

Currently, various medical imaging techniques including magnetic resonance imag-
ing (MRI), ultrasound (US) imaging, X-ray computed tomography (CT), and posi-
tron emission computed tomography (PET) have been extensively used for cancer
imaging. Recently, fluorescent imaging has been explored as a new ultrasensitive
imaging modality for cancer imaging. The micelles encapsulating fluorescent dyes
and drug have been evaluated for tumor identification and treatment [13, 14]. The
fluorescent imaging has poor tissue penetration and limited spatial resolution, so
fluorescent dyes with near-infrared (NIR) emission (650 ~900 nm) are considered
as potential imaging probes for in vivo fluorescent imaging.

The multifunctional micelles were constructed using graft copolymer poly(2-
hydroxylethyl methacrylate-histidine)-g-poly-(d,l-lactide) for theranostic nano-
medicine. The micellar cores had the pH-sensitive property from histidine group for
intracellular drug delivery, and NIR fluorescent dye, Cy5.5, and folate were, respec-
tively, conjugated with micellar shells for achieving imaging and targeting capacity
[15]. The micelles had an average diameter of about 200 nm and a significant pH-
dependent release of doxorubicin (DOX). The fluorescent imaging indicates that the
modification of folate on the micelles resulted in two-fold tumor accumulation and
enhanced tumor growth inhibition as compared to the micelles without folate modi-
fication. The results indicate that Cy5.5-labeled, folate-modified micelles encapsu-
lating DOX have great potential in fluorescence-guided chemotherapy (Fig. 10.2).

Quantum dots (QDs), or semiconductor nanocrystals, have unique optical prop-
erties such as high quantum yield, broad absorption with narrow fluorescent spectra
compared to other fluorescent molecules such as organic dyes. Their high sensitiv-
ity and persistent fluorescent properties allow QDs to be applied for in vivo diagno-
sis [16-18]. Wang et al. developed the QD-embedded and paclitaxel (PTX)-loaded
micelles for fluorescent imaging and intracellular delivery (Fig. 10.3). The in vivo
QD fluorescent imaging indicates that the micelles exhibited the strong fluorescence
at tumor site at 3-h post-injection and reveal a promising ability to identify the
tumor. Moreover, the polymeric micelles also exhibited the “on-off” drug release
feature responding to pH, which can trigger the drug release from the micelles in the
acidic lysosomes, resulting in higher chemotherapeutic efficacy [19]. Other micelles
encapsulating CdSe QDs were also reported to act as an efficient theranostic nano-
carrier for fluorescent imaging-guided chemotherapy [20].

Unlike QDs with toxic concerns [21], ultrabright gold nanoclusters (AuNCs)
with size less than 2 nm were also developed for fluorescent imaging, owing to their
strong fluorescence and biocompatibility [22]. AuNC as a fluorescent imaging
probe was conjugated into the transferrin-modified micelles consisting of D-alpha-
tocopheryl polyethylene glycol succinate (TPGS) for targeted delivery of docetaxel
(DTX) [23]. Transferrin as a targeting ligand can facilitate the nanocarrier to be
internalized into cancer cells [24]. The micelles could provide a good fluorescent
identification on the tumor from AuNC and simultaneously exhibit enhanced
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Fig. 10.2 (a) Schematic representation of DOX-loaded multifunctional micelles. (b) In vivo fluo-
rescent imaging of HeLa tumor-xenografted nude mice injected with micelles (upper row) and
folate micelles (bottom row) (red circle specifies the location of tumor). (¢) Tumor growth inhibi-
tion of HeLa xenografts in nude mice (n=3) (Reprinted from Ref. [15]. Copyright 2010, with
permission from Elsevier)

efficacy, indicating a great advantage for real-time fluorescent imaging and cancer
therapy (Fig. 10.4).

10.2.2 Micelles for MRI and Chemotherapy

Magnetic resonance imaging (MRI) as a clinical imaging technique can provide
excellent spatial resolution for the diagnosis of diseases [25-27]. The introduction of
MRI contrast agents can produce contrast enhancement of brightness or darkness at
tumor [28]. Forinstance, clinically approved Gd-DTPA and (1,2-diaminocyclohexane)
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Fig. 10.4 (a) Schematic diagram for transferrin receptor-targeted theranostic micelles. (b) In vivo
fluorescent images of targeted tumor imaging in mice (/. saline; 2. AuNC; 3. nontargeted theranos-
tic micelles; 4. theranostic micelles). (¢) Tumor size changes of the mice treated with different
formulations (Reprinted from Ref. [23]. Copyright 2015, with permission from Elsevier)

platinum(Il) (DACHPt) were encapsulated into multifunctional polymeric micelles
for fabricating a theranostic nanoplatform for simultaneous MRI and chemotherapy
[29]. The micelles exhibited an increase of longitudinal relaxivity by about 24 times
when compared with free Gd-DTPA, indicating a remarkable contrast enhancement
on an orthotopic human pancreatic tumor. With the help of MR imaging, the micelles
might provide an ideal optimization for cancer therapy. The micelles not only showed
strong anticancer effect but also could achieve real-time monitoring of drug distribu-
tion and tumor accumulation, indicating a promising theranostic feature.
Superparamagnetic iron oxide nanoparticles (SPIOs) are widely applied T,-
weighted MRI contrast agents, which can provide a negative contrast enhancement
of target lesion in MRI due to their high susceptibility and biocompatibility [30—
36]. Nasongkla et al. fabricated DOX-/SPIO-loaded multifunctional polymeric
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micelles for MRI imaging and chemotherapy [37]. cRGD on the surface of multi-
functional polymeric micelles could selectively bind to a,p;-expressing tumor cells
for active cancer targeting, allowing ultrasensitive MRI imaging and delivery of
chemotherapeutic drugs (Fig. 10.5). Similar designs of multifunctional micelles
with targeting moieties for theranostic nanomedicine were also reported [38—41].

Chen et al. synthesized folic acid-conjugated carboxymethyl lauryl chitosan
(FA-CLC), which was used to fabricate theranostic micelles encapsulating SPIO
and camptothecin (CPT) [42]. The micelles could accumulate at the tumor sites
owing to folate-mediated targeting and magnetism-enhanced EPR effect. Afterward,
therapeutic ultrasound irradiation was further employed to enhance the site-specific
internalization of the micelles [21-24]. The in vivo T,-weighted imaging was used
to monitor the enhanced accumulation of micelles at the tumor, which thus resulted
in enhanced antitumor efficacy of CPT (Fig. 10.6).

10.2.3 Micelles for US Imaging and Chemotherapy

Ultrasound (US) imaging as a clinical imaging modality possesses a unique advan-
tage owing to its real-time manner and low cost [43]. US also acts as an ideal can-
didate for imaging-guided cancer therapy. The use of ultrasound contrast agents
(UCAs) effectively improves the resolution and sensitivity of clinical ultrasound
imaging [44-46]. Typical UCAs are composed of an inner gaseous core with a thin
shell coating. The shell materials including proteins [47], surfactants [48], polymers
[49], and lipids [50] are used to form a protective layer outside the inner gas cores
like sulfur hexafluoride (SFs) and perfluorocarbons (PFCs) [51-53].

Rapoport et al. constructed DOX-/perfluoropentane (PFP)-loaded micelles using
the biodegradable block copolymer poly(ethylene glycol)-poly(l-lactide) (PEG-
PLLA). PFP nanodroplets could be evaporated under physiologic temperatures
because of their low boiling point of 29 °C. The evaporation could result in the
formation of microbubbles for enhanced ultrasound imaging and US-triggered che-
motherapy [54, 55], indicating the successful theranostics (Fig. 10.7).
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Fig. 10.6 (a) Schematic illustration of CPT-loaded FA-CLC/SPIO micelles for sequential stimuli-
responsive cancer imaging and chemotherapy. (b) T,-weighted MR images of tumor sites acquired
from tumor-bearing nude mice before and after injection of the FA-CLC/SPIO micelles in the
absence of magnetic attraction (upper row) or coupled with exposure to magnetic attraction (bot-
tom row). (¢) In vivo therapeutic efficacy of CPT-loaded FA-CLC/SPIO micelles in tumor-bearing
nude mice with or without sequential administration of magnetic attraction and therapeutic sonica-
tion (Reprinted with the permission from Ref. [42]. Copyright 2015 American Chemical Society)

DOX-loaded calcium carbonate (CaCOs;) hybrid micelles were also developed
through in situ mineralization approach [56]. The multifunctional micelles could
trigger carbon dioxide (CO,) bubbles at acid pH at tumors, generating echogenic
signals to produce excellent US contrast enhancement, while there were no adequate
CO, bubbles in the liver or normal tissues, indicating a selective tumor imaging fea-
ture. Meanwhile, the micelles also resulted in effective antitumor efficacy on the
tumor-bearing mice, implying that the micelles can act as a potential smart theranostic
platform for US imaging and simultaneous cancer chemotherapy (Fig. 10.8).
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Fig. 10.7 (a) Schematic illustration of drug-loaded PFP micelles for ultrasound-triggered tumor
therapy. (b) US imaging in the tumor after intravenous injection of drug-loaded PFP micelles. (c)
Ultrasound-triggered therapeutic efficacy (filled diamonds, control; open squares, injection of
drug-loaded PFP micelles without US exposure; open triangles, injection of drug-loaded PFP
micelles with US exposure) (Reprinted with the permission from Ref. [54]. Copyright 2007 Oxford
University Press)

10.2.4 Micelles for PET and Chemotherapy

Positron emission computed tomography (PET) is known as a valuable tool for
cancer imaging by providing excellent tissue penetration, ultrasensitivity, and quan-
titative accuracy [57]. PET can detect the pairs of gamma rays emitted from
positron-emitting radionuclide, which may be incorporated into a nanoplatform for
theranostic application.
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A DOX-loaded unimolecular micelle system was developed using dendritic
amphiphilic block copolymer poly(amidoamine)-poly(l-lactide)-b-poly(ethylene
glycol) conjugated with 1,4,7-triazacyclononane-N, N’, N-triacetic acid (NOTA, a
macrocyclic chelator for ®Cu) and anti-CD105 monoclonal antibody (TRC105)
[58]. The micelles showed a uniform size distribution, pH-sensitive drug release
behavior, and CD105-associated cellular uptake. %Cu-labeled targeted micelles
exhibited an enhanced tumor accumulation on 4T1 murine breast tumor-bearing
mice, validated by PET imaging. The multifunctional micelles exhibited cancer-
targeted, PET-assisted, and pH-sensitive drug delivery for cancer theranostics
(Fig. 10.9). Similar micellar nanotheranostics was achieved by using other copoly-
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Fig. 10.9 (a) Schematic illustration of the multifunctional *Cu-labeled and drug-loaded unimo-
lecular micelles. (b) Serial coronal PET images of 4T1 tumor-bearing mice at different time points
post-injection of **Cu-labeled targeted micelles, nontargeted micelles, or targeted micelles with a
blocking dose of TRC105 (Reprinted from Ref. [58]. Copyright 2013, with permission from
Elsevier)
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mer such as poly(2-hydroxyethyl methacrylate)-poly(l-lactide)-poly(ethylene gly-
col) (PHEMA-PLLA-PEG) [59].

10.3 Theranostic Micelles for Imaging and Photothermal
Therapy

Thermal therapy has been explored as a noninvasive modality to treat cancer through
hyperthermia during the past decades owing to its good efficiency and low adverse
side effect [60—63]. Photothermal therapy (PTT) is considered as an emerging strat-
egy that can achieve cancer therapy by irradiating exogenous photo-absorbing
agents such as organic near-infrared (NIR) cyanine dyes [64, 65], inorganic nano-
materials such as graphene oxide [66, 67], and gold nanomaterials [68—71], which
can effectively convert NIR light to hyperthermia for achieving tumor ablation.

Indocyanine green (ICG) is a clinically used NIR fluorescent dye. However, the
application of ICG is seriously affected by numerous disadvantages including
chemical degradation, low quantum yield, nonspecific binding to blood proteins,
and rapid clearance from the body. The encapsulation of ICG within polymeric
micellar system is highly potential to overcome these drawbacks [72, 73].

ICG is able to act as light absorber for photothermal therapy, which allows it to
act as a bifunctional agent with fluorescent imaging and photothermal therapy capa-
bilities. Phospholipid-polyethylene glycol (PL-PEG) was used to fabricate ICG-
loaded micelles modified with folic acid (FA) and integrin o, 3; monoclonal antibody
(mADb) for cancer-targeted delivery of ICG [74, 75]. The micelles exhibited more
efficiently photothermal effect than free ICG. The targeting micelles could be inter-
nalized and retained in targeted cancer cells via ligand-mediated endocytosis pathway
for cell imaging and selective photothermal cell destruction under the irradiation of
808-nm laser. The micelles could not only be used as a NIR fluorescent dye but also
achieve efficient in vivo photothermal therapy for cancer treatment (Fig. 10.10). Wu
et al. employed amphiphilic triblock copolymers of poly(ethylene glycol)-b-poly(l-
lysine)-b-poly(l-leucine) to construct [CG-loaded micelles via hydrophobic interac-
tion and hydrophilic electrostatic interaction between ICG and polymers [76]. The
micelles could significantly improve the quantum yield and fluorescent stability
when compared with free ICG. The in vivo experiments confirmed the excellent pas-
sive tumor-targeting ability, which allows the micelles to generate an ideal theranos-
tic effect for near-infrared fluorescent (NIRF) imaging and photothermal therapy.
Folate-conjugated poly(2-ethyl-2-oxazoline)-b-poly(e-caprolactone) micelles were
also applied for ICG encapsulation for NIRF imaging and significant photothermal
therapy [77]. Chen et al. constructed theranostic ICG-loaded micelle system using
monomethoxy poly(ethylene glycol)-poly(l-aspartic acid) for long-term cancer fluo-
rescent imaging with enhanced contrast and superior photothermal therapy [64].

IR-780 iodide, a more stable NIR dye than ICG, is a lipophilic cation heptame-
thine dye with higher fluorescence intensity [78]. IR-780 exhibits increased photo-
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Fig. 10.10 (a) Schematic diagram of self-assembly of ICG-PL-PEG micelles and their targeted
modification. (b) Thermographic images of mice bearing U87-MG tumors under different treat-
ments. (¢) Maximum surface temperature of the irradiated area as a function of the irradiation time.
(d) Time-dependent tumor growth curves of U87-MG tumor after various treatments (Reprinted
with the permission from Ref. [74, 75]. Copyright 2011, 2012 American Chemical Society)

stability and quantum yield and reduced photobleaching [79]. Yuan et al. developed
self-assembled IR-780-loaded micelles [80]. The micelles showed specific targeting
to the tumor for NIRF imaging-guided tumor ablation without significant toxicity,
indicating a potential theranostic feature (Fig. 10.11).
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Fig. 10.11 Schematic of IR-780-loaded micelles for NIR fluorescent imaging-guided photother-
mal therapy (Reprinted from Ref. [80]. Copyright 2015, with permission from Elsevier)

Gold nanomaterials exhibit good biocompatibility as well as magnificent optical
and electronic properties, making them possible to be used in biological and medi-
cal applications [81, 82]. Due to their strong absorption in NIR region and high
photothermal conversion efficiency, various gold nanostructures such as gold
nanorods (AuNRs) [83], gold nanoshell (AuNS) [84-86], and gold nanocages [87,
88] could induce significantly photothermal therapeutic efficacy [89]. Gold nano-
materials can also act as an ideal candidate of CT contrast agents, which can provide
about 2.7-fold contrast enhancement than iodine [90-93]. Deng et al. developed a
smart hybrid building block onto the gold nanoparticles (AuNPs) through an
improved thiolation method. The conjugation of AuNPs with amphiphilic polymers
resulted in strong interparticle plasmonic coupling to the NIR region for enhanced
PTT and high X-ray absorption for CT contrast imaging (Fig. 10.12) [94].

10.4 Theranostic Micelles for Imaging and Photodynamic
Therapy

Photodynamic therapy (PDT) is a powerful treatment method for destroying cancer
cells selectively through reactive singlet oxygen (ROS) or free radical species gen-
erated by photosensitizers (PSs) upon light irradiation at a proper wavelength [95,
96]. PSs as a bifunctional agent could be used in both imaging and therapy due to
their strong fluorescence and singlet oxygen generation upon irradiation [97].
However, the clinical utility of PDT is affected by their hydrophobicity and low
targeting ability [98]. The polymeric micelles may overcome these drawbacks to
achieve specific delivery of PSs [99].
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Fig. 10.12 Schematic representation of assemblies composed by PCL-/PMEO,MA-grafted
AuNPs and their potential application in CT imaging-guided photothermal therapy (Reprinted
with the permission from Ref. [94]. Copyright 2014 Ivyspring International Publisher)

Koo et al. encapsulated protoporphyrin IX (PpIX) into pH-responsive polymeric
micelles, which can trigger release of PpIX at the acidic extracellular pH of tumors
[100]. The micelles generated a good in vivo fluorescent imaging at the tumor sites
owing to the EPR effect. After 633-nm irradiation (3 mW c¢m™), the micelles pro-
duced cytotoxic singlet oxygen which induced cell damage and subsequent tumor
ablation, indicating the micelles could be used for fluorescent imaging and PDT
treatment (Fig. 10.13).

10.5 Theranostic Micelles for Imaging and Gene Therapy

Gene therapy utilizes gene vectors to facilitate cellular uptake of DNA with high
transfection efficiency, making it a promising approach for treating various diseases
[101]. Polymeric micelles can act as an effective vehicle for gene delivery. The
coupling of the micelles with imaging features can provide real-time tracking and
monitoring of gene therapy.
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Fig. 10.13 (a) The micellization/demicellization transition of PpIX-loaded micelles for in vivo
simultaneous tumor fluorescent imaging and photodynamic therapy. (b) In vivo noninvasive fluo-
rescent imaging of free PpIX and PpIX-loaded micelles on the tumor-bearing mice. (¢) Tumor
growth of tumor-bearing mice treated with PDT treatment (Reproduced from Ref. [100] by per-
mission of The Royal Society of Chemistry)

Tan et al. report a sensitive and selective approach for combined mRNA detec-
tion and gene therapy using molecular beacon micelle flares (MBMFs) [102].
Modification of molecular beacons with a diacyl lipid group resulted in the self-
assembly into MBMFs with a DNA sequence composed of a target-recognition loop
to quench the fluorescence via bringing the quencher and fluorophore close (off
state). After cellular internalization, MBMFs triggered a conformational change
opening the loop when hybridization to the target mRNA, and then allowed the
generation of fluorescence via physical separation of fluorophore from the quencher
(on state). Furthermore, the hybridization of MBMFs to the target mRNA can spe-
cifically inhibit gene expression, leading to the suppression of cancer cell growth. It
indicates that the micelles act as a versatile nanoplatform for fluorescent detection
and gene therapy (Fig. 10.14).
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10.6 Theranostic Micelles for Multimodal Imaging
and Combination Therapy

Clinically, two or more imaging techniques are usually applied together to reach
reliable diagnostic results for precise cancer therapy, since each imaging modality
has its unique advantages and limitations. Moreover, the combination of various
cancer treatments can also provide more preferable cancer therapeutic efficacy.
Thus, in the recent years, the multimodal imaging and combinational therapy have
attracted much attention [103].

Radionuclide-labeled micelles have been developed for noninvasive imaging via
single photon emission computed tomography (SPECT) [104]. Rhenium-188 (‘¥Re,
t1,=16.9 h) is a promising isotope for cancer imaging, which was incorporated into
the IR-780-loaded micelles for fabricating multifunctional micelles with dual-
modal SPECT/NIRF imaging and PTT [105]. The '38Re-labeled IR-780 micelles
could guide the drug delivery and monitor the tumor accumulation, intratumoral
distribution, as well as release kinetics of drug. Moreover, the micelles successfully
achieved tumor photothermal ablation. It indicates that the micelles could act as
multifunctional platform for multimodal imaging-guided cancer therapy (Fig.
10.15).

Recently, poly(lactic-co-glycolic acid)-lecithin-polyethylene glycol was used to
fabricate DOX-/ICG-loaded micelles to achieve fluorescent imaging and thermo-
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/~ NIR irradiation

A

Fig. 10.15 Schematic diagram of '®*Re-labeled IR-780 micelles for dual-modal SPECT/NIRF
imaging and photothermal therapy of cancer (Reprinted with the permission from Ref. [105].
Copyright 2011 American Chemical Society)

chemotherapy [106]. The micelles exhibited the enhanced release of DOX under
NIR irradiation and longer retention at tumor. The fluorescent imaging of the
micelles provided the in vivo tumor localization for guiding the cancer treatment.
The micelles could induce both the apoptosis and cell necrosis under irradiation and
result in synergistic efficacy as compared to the chemotherapy or PTT alone. In
addition, monomethoxy poly(ethylene glycol)-b-poly(l-aspartic acid) (mPEG-b-
PAsp) micelles were also used to fabricate the DOX-/ICG-loaded theranostic
micelles [107]. Upon NIR irradiation, the micelles can induce NIRF imaging, acute
PTT efficacy via hyperthermia, and simultaneous synergistic chemotherapy via sin-
glet oxygen-triggered disruption of lysosomal membranes, indicating that the
micelles are highly capable of imaging and synergistic tumor ablation (Fig. 10.16).
Moreover, the mPEG-b-PAsp micelles were further explored for dual-modal imag-
ing and PTT [108, 109]. The photosensitizer (Ce6) and cyanine dye (cypate) were
co-encapsulated into the micelles for fluorescent/photoacoustic (PA) imaging and
sequential synergistic PTT/PDT treatments [65]. The NIRF/PA imaging displayed
high contrast and spatial resolution at the tumor, providing precise anatomical tumor
location and their inner vasculatures for guiding PTT/PDT treatment. Subsequently,
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Fig. 10.17 (a) Schematic illustration of PS-loaded micelles integrating cyanine dye for dual-
modal cancer imaging and synergistic therapy of PTT and PDT via an enhanced cytoplasmic
delivery of PS. (b) In vivo NIRF imaging and (c¢) PA imaging of the mice bearing 4T1 tumor
injected with cypate and Ce6 co-loaded micelles. (d) Tumor growth inhibition profiles of the mice
bearing 4T1 tumor after various treatments (Reprinted from Ref. [65]. Copyright 2014, with per-
mission from Elsevier)

the micelles further generated severe photothermal damage on cancer cells and
destabilization of the lysosomes upon PTT irradiation, which subsequently facili-
tated synergistic PTT/PDT efficacy. The multimodal micelles as a multifunctional

platform show great potentials for multimodal imaging and synergistic cancer ther-
apy (Fig. 10.17).
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10.7 Perspectives

The micelles possess promising potentials in both cancer imaging and therapy. In
particular, the micelles are highly capable of generating multimodal imaging capac-
ities including spatial resolution and sensitivity and synergistic cancer therapy with
enhanced efficacy, since the polymer design and functionalization provide versatile
tools for the fabrication of multifunctional theranostic micelles. The multimodal
features provide complementary imaging features to generate precise tumor identi-
fication for guiding cancer treatment and therapeutic monitoring. Meanwhile, the
micelles can generate synergistic anticancer efficacy through certain synergistic
effect such as lysosomal disruption-mediated cytoplasmic delivery of anticancer
drugs, which is preferable to the combinational treatment or mono-modal treatment.
To date, the exploration of theranostic micelles is still undergoing new challenges
including injectable polymer development, complex preparation, precise control of
nanostructure, limited loading capacity, various intracellular translocation demands
of imaging and therapeutic agents, as well as required imaging or therapeutic out-
come, which might limit their clinical translation. In addition, there is still the
absence of the guidance in the field of theranostic nanocarriers such as theranostic
micelles, although there are some regulatory policies for the clinical development of
nanocarriers. The development of theranostic micelles needs more precise polymer
design with clinical potential and reasonable integration of imaging and therapeutic
agents in the future.
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