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Preface

The capability to monitor disease biosignatures for early and noninvasive detec-
tion in combination with targeted therapy is a pressing clinical need and the basis
for nanomedicine. This multidisciplinary field is evolving fast and presenting new
clinically relevant promises as the science of molecular biology, genomics, chem-
istry, and nanotechnology contribute greatly. In this book we discuss the unique
opportunities presented by biomaterials at the nanoscale. Nanoparticle-based ther-
anostic approaches have emerged as an interdisciplinary area, which shows promise
to understand the components, processes, dynamics, and therapies of a disease at a
molecular level. The unprecedented potential of nanotechnology for early detection,
diagnosis, and personalized treatment of diseases has found application in every bio-
medical imaging modality. However, with the increasing concern about the ethical
and toxicity issues associated with some “nanoplatforms,” the biomedical research-
ers are in pursuit of safer, more precise, and effective ways to practice nanomedicine.

This book provides a broad introduction to matters for nanomedicinal applica-
tion. It covers comprehensive information regarding ““soft” nanoscopic objects with
prerequisite features for different imaging modalities. The book also offers a gen-
eral introduction to the various drug delivery systems and their opportunities from
chemistry, materials, biology, and nanomedical standpoints. The book provides a
broad introduction to the field and the subfield, with a deeper discussion on the indi-
vidual modalities for molecular imaging, expanded in four chapters. The theranos-
tic approach is introduced to the readers in the first chapter with discussion about
the potential of drug delivery in conjunction with molecular imaging. In Chapter 2,
Dr. Ali Azhdarinia and Dr. Sukhen C. Ghosh, from the University of Texas Health
Science Center, discuss the potential of nuclear medicine and describe relevant
chemical strategies for the design and syntheses of agents suitable for these tech-
niques. In Chapter 3, Dr. Patrick M. Winter, from the Cincinnati Children’s Hospital,
emphasizes nanomedicine strategies with magnetic resonance imaging. In Chapter 4,
Dr. Walter J. Akers, from the Washington University School of Medicine, illustrates
various possibilities with optical-based techniques. In Chapter 5, Dr. Dipanjan Pan,
Dr. Santosh Misra, and Sumin Kim, from the University of Illinois at Urbana—
Champaign, discuss the unique potential for imaging molecular signatures with
computed tomography. In Chapter 6, Dr. Dipanjan Pan critically reviews the status
of various nanomedicine platforms in clinical trials. This concluding chapter also
tries to capture potential pitfalls and challenges faced by the field.

It is anticipated that the book will garner interest across disciplines—within the
related areas of chemistry, biochemistry, molecular biology, physiology, and experi-
mental and pharmaceutical sciences. For advanced readers, we expect that it may
stimulate experimentation to progress and tune the existing nanomedicine technolo-
gies for translational and clinical applications.
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1.1 INTRODUCTION

Nanotechnology is the science of manipulating matter on an atomic and molecular
scale. Over the past decade, this field has seen enormous growth in terms of precisely
manipulating matter at the “nano” scale. At scales on the order of hundreds of nano-
meters, novel materials properties emerge, enabling the development of new classes
of materials. The unique properties experienced at that scale have been utilized to
create many new materials with a vast range of applications, such as in electron-
ics, energy production, and, very recently, human health. It can create opportuni-
ties for paradigm shifting results, creating preventive, diagnostic, and therapeutic
approaches to human diseases such as cancer, neurological, and cardiovascular [1-7]
diseases. The strategy for uniting diagnostics and/or therapeutics on the nanoscale
is defined popularly as nanomedicine, which offers benefits due to the high degree
of equivalent transport and distribution of the active agents within the biological
systems for the diagnosis and treatment of diseases.

The biological transport routes, functionally and at the cellular and subcellular
levels, are heavily influenced by the physical attributes of the nanoagents. These
physical attributes include their size (extra- or intravascular), shape/morphology
(e.g., spherical vs. rod), and flexibility (“soft” vs. “hard”), as well as their chemical
identities, including surfaces presenting homing agents for specific recognition by
and triggering of biological receptors, cell penetrating peptides (CPPs), etc. It is of
critical significance to gain understanding of these parameters in details that govern
their uniformity with control over their physical and chemical characters.
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A subtopic of nanomedicine research is molecular imaging. Emerging trends in
molecular imaging (MI) bring promises to recognize the components, progressions,
dynamics, and therapies of a disease at a molecular level. MI unites new agents
with biomedical imaging tools to identify cellular events visually and depict specific
molecular trails in vivo that are key targets in disease progression. The recognition
of the existing prospect to detect preclinical pathology has seen myriad progress in
this area to synchronous development of sensitive, high-resolution imaging modali-
ties and specific molecular probes.

The most commonly used noninvasive cellular and molecular imaging techniques
include clinical modalities—that is, ultrasound (US), positron emission tomogra-
phy (PET), computed tomography (CT), and magnetic resonance imaging (MRI)
and experimental imaging techniques (e.g., optical, photoacoustic imaging [PAI],
etc.). Nanoarchitectures for medicinal application can be designed from various pre-
cursor materials (e.g., lipids, polymers, metals, etc.). They can act as a reservoir
material to encapsulate a wide range of active constituents, including contrast agents,
therapeutics, and homing moieties. Soft nanomaterials (e.g., well-defined polymers,
lipids, etc.) are excellent examples for their versatility in terms of modifying their
structures for high payload and delivery to the disease site. Some of the materials
are also known to respond to environmental factors (e.g., physiological or external
stimuli). The physiological factors include pH, enzymatic, oxidative, and reductive
conditions. The external stimuli can be exemplified as temperature, ultraviolet (UV)-
visible (vis) light, near-IR (infrared), stimulation with magnetic fields or ultrasonic
vibrations, etc.

The physicochemical properties of these nanoparticles influence their shelf-life
and in vivo stability, biodegradability, biocompatibility, biodistribution, and bioelim-
ination. Therefore, the strategy for generating particles for nanomedicine application
depends on the target disease, intended site of delivery (organs, tissues, cellular or
subcellular organelles), route of administration, and the technique used for imaging.
In most cases, intravenous injection is the primary route of administration, but there
are other, nonconventional ways of administration (e.g., intradermal/transdermal,
oral, and mucosal delivery).

1.2 BIOLOGICAL BARRIERS

For cell- or tissue-specific delivery, drugs are encapsulated into nanoparticles and
are modified in a defined way so that they reach their destinations (i.e., sites of action),
typically on the cellular or molecular levels. The hurdles of the delivery of these
drugs (also their carrier nanoparticles) can be classified into pathway barriers and
cellular barriers (the limited cellular uptake, endosomal or lysosomal degradation,
and the inefficient translocation to the targeted subcellular organelles). Pathway
barriers (“en route” barriers) can be exemplified as the obstacles that nanoparticles
experience once they are in blood and extracellular matrix. The behavior of the
nanoparticles following intravenous administration is complex. Once in the blood,
they are exposed to renal and hepatic clearance, disruption, clumping, opsonization,
and clearance by the reticuloendothelial system (RES). RES is now referred to as the
mononuclear phagocytic system (MPS). Nanoparticles can extravasate or allocate
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into the various body tissues and organs, which is highly dependent on their char-
acteristics, size, shape, and composition. The excretion of nanoparticles through the
renal pathway is dependent on nanoparticle size. It is believed that a typical renal
cutoff is 10 nm or approximately 50 kDa. Hepatic clearance of nanoparticles into bile
and feces is another path of excretion from the body. Opsonization is considered one
of the major barriers to particle stability in vivo. The examples of opsonins are com-
plement proteins, immunoglobulins, albumin, and fibrinogen. These proteins adsorb
on the surface of nanoparticles and label them for attack by the RES. The RES (or
MPS) is a part of the human immune system that entails phagocytic cells (e.g., blood
monocytes and macrophages accumulated in lymph nodes), spleen, liver (Kupffer
cells), and other tissues. These cells scavenge and consume foreign particles when
they are identified by the appropriate opsonin. The opsonization of nanoparticles
can generate immunological reactions and other in vivo instability to destabilize the
particles, leading to the premature release of their payloads.

The mode of cellular uptake is critical for delivering drugs. Nanoparticles may
interact with the lipid bilayer of the outer surface of cells and cellular membranes
followed by internalization through a process called endocytosis. In this process,
the nanoparticles are engulfed into different sizes of vesicles by the plasma mem-
brane. Contingent on the internalization pathway, nanomaterial compositions (lipid
vs. polymeric), size, morphology, and surface chemistry, they can create vesicles
of different kinds (e.g., endosomes, phagosomes, or macropinosomes). Some of the
most commonly documented mechanisms for the uptake of nanoparticles are phago-
cytosis, lipid-fusion/contact-facilitated, clathrin-mediated, caveolin-mediated, and
clathrin/caveolin-independent endocytosis. Translocation to nucleus or mitochon-
dria is another challenging issue due to the physiological nature of these organelles.
Recycling (exocytosis) of the vesicle contents is also a possible pathway for the excre-
tion of nanoparticles from cells. Direct translocation of nanoparticles is possible by
using a category of peptides called cell-penetrating peptides (e.g., HIV-TAT1). CPPs
have been applied for the transport of nanoparticles and cargoes to get a direct access
to the cytoplasm after crossing the membrane.

1.3 RATIONAL DESIGN OF NANOPARTICLES

1.3.1 CONTRAST MATERIALS AND TARGETING AGENTS

The term “nano” comes from the ancient Greek v&voc, nanos, which refers to “dwarf.”
It is a unit of measurement and can be denoted as 1 x 10~ m, or equal to 10 ang-
stroms. At the nanometric scale, due to the size and high surface area, these par-
ticles show unique properties. In real-world scenarios, humans are 107 times smaller
than the Earth, whereas 100 nm sized particles are 107 times smaller than humans
(Figure 1.1).

These properties are exploited in wide-ranging biomedical applications including
imaging and targeted drug delivery. There has been a surge of developing molecular
assemblies at the nanometric scale in anticipation that unique chemical and biologi-
cal properties will be achieved based on their interaction at their increased functional
area. The high surface area to volume ratio allows multiple alterations to introduce
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« Humans are 10,000,000 times smaller than the Earth.
« A 100 nm sized particle, is 10,000,000 times smaller than a human.
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FIGURE 1.1 (See color insert.) Size scales in nanotechnology.

homing agents, contrast agents, and drug payloads internally or on the surface. Thus,
the number of ligands per nanoparticle is increased, which in turn improves their
binding affinity and decreases the rate of dissociation. This “stick-and-stay” effect is
frequently referred to as avidity of a nanoparticle.

Toward this goal, well-defined nanoscale materials are being developed involving
conventional and advanced chemical strategies to carry contrast materials (e.g., radio
isotopes *™Tc, paramagnetic/superparamagnetic metals, fluorophores, heavy met-
als, etc.). Other constructs are, themselves, the image-able agent, but are specifically
tuned for targeting (e.g., dextran-coated iron oxides).

For developing clinically translatable nanomedicine agents, the materials must
possess a tolerable toxicity (acute, systemic, immune response, cellular), long circu-
lating half-life, excellent contrast-to-noise ratio enhancement, high binding efficacy,
and compatibility with commonly used commercial imaging modalities.
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The electronic structure and reactivity of a material changes as the particle size
changes and, at such very small scales, nanoparticles are dominated by their sur-
faces. Research at nanometric scale has shown that size of the particles really mat-
ters and governs their accessibility to targets and their rate of clearance from tissues.
The definition of nanoparticle in the biological sciences is dynamic, referring to par-
ticles generally less than 500 nm. According to the definition of the National Cancer
Institute, a nanoparticle can be defined as “a particle that is smaller than 100 nano-
meters (one-billionth of a meter). In medicine, nanoparticles can be used to carry
antibodies, drugs, imaging agents, or other substances to certain parts of the body.
Nanoparticles are being studied in the detection, diagnosis, and treatment of cancer”
(NCI Dictionary of Cancer Terms: http://www.cancer.gov/dictionary?cdrid=653131).
Indeed, agents larger than 100 nm are more appropriate for intravascular targets,
whereas their smaller counterparts follow endothelial permeability and retention
mechanisms to be directed to the diseased tissues. The next section will highlight
the choice of various nanoparticle platforms and the synthetic strategies involved.

1.3.2 TARGETING STRATEGIES AND HOMING AGENTS

In general, passive targeting can provide microanatomical information. In order
to obtain specific biochemical information, active targeting strategies are required to
provide molecular specificities. Passive targeting relies on the characteristics of the
delivery vehicle and the pathology of the disease for the preferential accumulation
of nanoparticles at the site of interest. Nanoparticle uptake by passive mechanism
is commonly recognized as enhanced permeability and retention (EPR) effect due
to the hyperporousness of the leaky blood vessels. It was first reported by Maeda
and colleagues [8—10]. Other approaches of passive targeting involve using stimuli-
responsive materials for accumulating therapeutics to the diseased sites [11-15].
Some nanoparticles can be directly injected into the tumors for therapeutic delivery
and detection. As a specific example, gold nanoparticles can be directly injected into
the tumor site and then heated via IR for thermal therapeutics effects [16].

Active targeting strategies to the disease tissues involve chemical conjugation of a
specific moiety on the surface of the nanomaterials that will be identified by the spe-
cific cells present at the disease site. A wide variety of targeting moieties are utilized
to decorate ligand-directed nanomedicine agents (e.g., monoclonal antibodies [and
F,, fragments] [17-19], small molecule ligands [20-23], peptidomimetics [24,25],
aptamers [26-28], and polysaccharides [e.g., heparin] [29-32]). Various chemical
strategies can be adopted to attach these ligands to the nanoparticles as described in
Section 1.3.4.

In order to prolong the circulation time of these materials in vivo, some agents
often carry a polyethylene glycol (PEG) functionality attached to the surface of these
particles. PEG or a short carbon-chain caproyl type spacer can also be introduced
within the homing moiety and the nanoparticles to assimilate the surface in three-
dimensional spaces freely. This modification also facilitates the actual cellular bind-
ing event to ensue by positioning the moiety away from the surface of the particle in
an orientation preferable for recognition by the receptor.
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1.3.3 NANOPARTICLE PLATFORMS

A plethora of chemical approaches has been proposed for nanocarrier platforms
designed for proof-of-concept preclinical imaging and for active and passive delivery
of therapeutics. A generalized illustration of a multifunctional nanoparticle platform
is shown in Figure 1.2. The type of the precursor material used for these platforms is
dominated by “hard” materials (crystalline metallic). As a specific example, MRI
probes are typically based on iron oxides, in magnetite and maghemite forms.
Superparamagnetic iron oxides (SPIOs) constitute iron oxide, coated with hydrophilic
agents (e.g., polymers [PMMA, PVA, PLGA, PEG, PEG-lipid], dextrans, starch,
oleic acid, etc.). SPIO can be categorized as standard SPIO (SSPIO) with particle
sizes ranging from 300 nm to micron level and relatively small SPIO (50-150 nm).
Ultrasmall SPIO (USPIO) and monocrystalline iron oxide nanoparticles (MION)
represent the tiniest of the iron oxide family with sizes ranging from 10 to 40 nm.
These particles are superparamagnetic in nature and have shown the earliest known
applications of MR imaging in healthy hepatocytes [33], prostate cancer [34], and
even in atherosclerotic rabbit models [35].

The examples of “soft” nanocarriers include lipid-based and polymeric materi-
als. Examples of dendrimers [36,37], shell-cross-linked polymers [38], nanocages
[39-41], magnetomicelles [42], virus particles [43,44] and ultrasmall superparamag-
netic iron oxide (USPIO) [45-50] are well known. Dendrimers have been studied
extensively in vitro and in vivo [36,37]. Star polymers [51-53] and other related struc-
tures [54,55] have demonstrated that dynamic high-resolution micro-MRI contrast
agent (“dendrimer-enhanced MRI”) can be a powerful tool for in vivo observation
of renal structure, function, and injury. These agents can also serve as novel mark-
ers for diagnosis and prognosis of sepsis-induced acute renal failure in aged mice.

Homing Ligands
Targeting 74 Contrast
MRI: Mn, Cu, Fe
Optical/Photoacoustics
imaging (PAT): Au, Cu
computed tomography

Fibrin: Monoclonal
antibody, peptide
angiogenesis (Integrin):
Antibody, peptide,

peptidomimetics (CT) and spectral CT: 1, Bi,
Au, Yb
Phospholipids
polymer 20-200 nm
Other functionalization
Therapeutics High payload

Drugs or prodrugs for controlled delivery:
Anticancer agents; radiosensitizers;
radioprotectors; fibrinolytic agents, etc.

FIGURE 1.2 (See color insert.) A cartoon of multifunctional nanoparticles representing an
extremely versatile platform for molecular imaging and drug delivery application.
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For targeted imaging, gadolinium (Gd)-labeled, avidin-conjugated dendrimer probes
have been efficiently internalized into SHIN3 ovarian adenocarcinoma cells in vitro
and shown to be accumulated in the intraperitoneally disseminated ovarian tumor
(SHIN3) mouse model [56]. Dendritic probes have been successfully employed
in vivo for assessing articular cartilage by MR [57] and in angiogenesis [58,59].

A lipid-based particle system is another attractive choice as nanomedicine plat-
form due to its biological inertness, cellular fusion, and easy access to synthetic
routes. Liposomes [60—66] and phospholipid-encapsulated nanoemulsions [67,68]
have been studied comprehensively for targeted imaging and therapeutic applica-
tions. One such example is the perfluorocarbon (PFC) nanoparticle, which has been
applied to clinically relevant modalities [68(a)] for imaging and its potential for drug
delivery capabilities has been well established. Ligand-directed, phospholipid-coated
PFC nanoparticles are vascularly constrained (150-240 nm) and fluidic (flexible) in
characteristics. The surface of these nanoparticles may carry at least 100,000 con-
trast metals and several hundreds of targeting moieties per particle, which provides
excellent signal amplification in vivo and increased avidity (i.e., “stick and stay”)
quality. Consequently, the surface area to volume ratio permits an even better con-
centrating effect to transport substantial amounts of probes per binding site and per
volume, which allows them to be detected sensitively by imaging techniques even
for sparser biological targets (e.g., angiogenesis). The capabilities of these particles
can further be stretched to embrace drug delivery. The multifunctional capabili-
ties of these agents would simultaneously allow confirmation and quantification of
local delivery for the response to be serially monitored for targeted agent. The util-
ity of these agents for therapeutic delivery, which can also be imaged for diagnos-
tic or dose quantification purposes, has been successfully demonstrated [68(b)—(d)].
Due to the dual capabilities/function of these particles, they are often referred to as
“theranostic” (therapy and imaging) or “theragonostic” agents.

1.3.4 SuURFACE CHEMISTRIES

Targeting moieties are attached to the particles by different chemical reactions,
which may involve noncovalent interactions or covalent conjugation through reactive
functionalities. As a specific example of noncovalent conjugation strategy, biotin—
avidin interaction has been used to couple homing agents to nanoparticles in an
interchangeable fashion. Avidin and streptavidin are protein molecules containing
four binding holes for biotins. They have been successfully used in vitro and in vivo
as noncovalent ways for targeting vascular epitopes [69,70].

Bioconjugation techniques are getting increasingly prevalent for fast and con-
sistent covalent coupling of ligands [71]. Carbodiimide-coupling chemistry is one
of the most widely used techniques for conjugating antibodies or amine terminated
ligands with particles presenting carboxyl groups on the surface [21,25]. The other
most commonly used techniques frequently involve active ester coupling, acylation,
alkylation, and click-chemistry protocol [72]. Likewise, nanoparticles presenting
amines are coupled to the carboxyl [73] or aldehyde [74] terminated ligands to form
amide or imine linkages. Peptides, oligonucleotides, or other small molecules are
typically attached to the sulfohydryl-modified nanoparticles through disulfide bond
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formation [75]. Nanoparticles presenting hydroxyl moieties can be activated to form
areactive species, which freely reacts with amine terminated ligands and antibodies
forming a “zero-length” spacer [76].

Carbodiimide-mediated coupling chemistries are possibly the most widely
explored bioconjugation protocol. The reaction is straightforward; however, several
possible side reactions confound the subject. The side reaction of the intermediate
O-acylisourea produces both desired and undesired products. O-acylisourea suffers
undesired rearrangements to the stable and nonreactive intermediate N-acylurea.
Bioconjugation techniques are water mediated and this helps to avoid the use of non-
polar solvents with low-dielectric constants (e.g., dichloromethane or chloroform)
minimizing the side reaction. Usually, EDC (also EDAC or EDCI, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride), a highly water-soluble car-
bodiimide is employed in the 4.0-6.0 pH range to activate carboxyl groups for
the coupling of primary amines to produce amide bonds. To enhance the coupling
efficiencies, it is often used in combination with N-hydroxysuccinimide (NHS) or
sulfo-NHS. EDC can also be used to activate phosphate groups and finds widespread
application in formulation of immunoconjugates, solution and solid phase-peptide
synthesis, protein cross linking to nucleic acids, etc.

Synthetic methodologies based on “click” reactions [77] are gaining popularity
quickly. “Click-chemistry” techniques have wide acceptance mainly due to high
reliability, tolerance to a broad variety of functional groups, quantitative yields,
and their usefulness under mild conditions. The capability to reduce Cu catalyst
in situ has now permitted “click chemistry” to be achieved in aqueous media, which
resolves the oxidative instability of the catalyst under aerobic environments. Click-
chemistry protocols have been employed for bacterial cell surface labeling [78]
and in conjugation of biological polymers to viruses [79,80], synthetic polymers,
and others [81-85].

1.4 SPECIFIC EXAMPLES OF TARGETED MOLECULAR IMAGING
AND THERAPY

Research is being conducted in the field of molecular imaging with sensitive, high-
resolution imaging modalities. Molecular imaging describes tools that allow visual-
ization and quantification over time of signals from molecular imaging agents and
employs clinically applicable imaging techniques such as US, PET, CT and MRI.
Modalities provide unique strengths and their applications are tailored based on the
clinical need. For example, for coronary scanning, computed tomography is pre-
ferred, since the image acquisition is much faster than MRI. The combination of
these different modalities should allow better diagnostics and therapies such as early
stage disease diagnosis, drug delivery, image-guided surgery, and cancer staging.
A nanomedicinal approach can also be applied to resolve intractable problems of
drug instability and premature release of therapeutics in transit to target sites. For
example, antiangiogenic fumagillin suffers from its poor retention during intravas-
cular transit and requires an innovative solution for clinical translation. An Sn-2
lipase-labile fumagillin prodrug was developed and delivered as an antiangiogenic
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FIGURE 1.3 (See color insert.) A cartoon depicting the mechanistic concept of a therapeu-
tic delivery via “contact facilitated drug delivery” mechanism.

prodrug, in combination with a contact-facilitated drug delivery mechanism [11(b)]
(Figure 1.3).

Studies are being conducted to improve the imaging techniques in terms of better
resolution, in vivo depth penetration, and safety (e.g., less radiation). In this chapter
we will particularly emphasize advanced imaging methods and targeted probes for
US and MRI and discuss some evolving imaging techniques (Figure 1.4).

Confocal Spectral CT  PAT/PAI . Resolution
microscopy |
| | B
100 pm oCT
uUs
CT
1 mm
1 pm Semi-quantitative
1cm 2-10 um |
Preclinical imaging
10 cm T— MRI
150 um
Whole
body
Quantitative 1 mm
6] Brrmre Quantitative
Clinical imaging
Penetration depth

FIGURE 1.4 Commonly used clinical and preclinical imaging modalities in an overlapping
scale depicting their comparative image resolution and depth penetration.
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1.4.1  OpPORTUNITIES WITH ULTRASOUND IMAGING

Ultrasound is the most extensively used clinical imaging modality [86,87].
Ultrasonography has long been employed for applications such as blood pool enhance-
ment, perfusion imaging, and classification of liver lesions [88-90]. Commercially
available, gas-filled encapsulated microbubbles (~2-5 um) have been known for
years as blood pool contrast agents [91]. The use of targeted microbubbles for integ-
rin o3, and vascular endothelial growth factor receptor 2 (VEGFR-2; Flk-1/KDR)
has been described [92-97]. However, in 2007, the Food and Drug Administration
(FDA) issued an alert concerning the use of microbubble-based injectable suspen-
sion (e.g., Perflutren lipid microsphere) and Optison (Perflutren protein-type A
microspheres for injection). The alert stressed the risk of serious cardiopulmonary
responses during or within the first 30 minutes following the administration. The
recommendation was made that high-risk patients with pulmonary hypertension or
unstable cardiopulmonary conditions be closely monitored. However, in 2008, some
of these cautions (contraindications) were removed because the FDA determined
that, in some patients, the benefits from the diagnostic information that could be
gained through the use of these agents may offset the danger of serious cardiopulmo-
nary reactions, even among some patients at particularly high risk for these reactions.
One of the other major disadvantages of using microbubbles for targeted imaging is
their high contextual signal and “tethering” of these particles to a surface, which lim-
its their capability to fluctuate, and thus their echogenicity is hindered (Figure 1.5).
A novel multifunctional lipid encapsulated nongaseous PFC emulsion was
reported addressing these issues with microbubbles [68]. This material was vascu-
larly constrained by size (150-250 nm) and robustly stable to usage, pressure, heat,
and shear forces. PFC nanoparticles are smaller than microbubbles and more stable
in vivo. They have a long circulatory half-life and they are untraceable in circulation.
Furthermore, PFC nanoparticles are not PEGylated on their outer surface, which is
critical to preserve their targeting efficacies. These materials have lowly inherent
acoustic reflectivity and have been found to possess backscattering levels below the
level of whole blood [98]. However, a collective buildup of these particles on the sur-
face of biological tissues creates a local acoustic impedance mismatch that generates

Control emulsion Biotinylated emulsion

(a) (b)

FIGURE 1.5 Ultrasonic images (7.5 MHz) of plasma clots pretargeted with antifibrin mono-
clonal antibody and exposed to control (left) or biotinylated PFC nanoparticle (right) in vitro.
The supporting suture (s) and thrombus (t) are clearly delineated. As evident from the images,
(a) the control emulsion did not enhance the acoustic reflectivity of the clots, whereas (b) the
biotinylated PFC nanoparticles greatly increased the echogenicity of the targeted clot (b).
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a strong ultrasound signal (Figure 1.4). Due to their nongaseous nature, they are
not easily deformed or cavitate during ultrasound imaging; thus, an ultrasound sig-
nal can be obtained for long periods [99]. For targeted imaging, ligand-coated PFC
emulsion nanoparticles have been developed and used to identify the angioplasty-
induced tissue factor by smooth muscle cells within the tunica media [100,101].
Similar PFC nanoparticles targeted to markers of angiogenesis have been used suc-
cessfully to detect neovasculature around tumors implanted in athymic nude mice
using a research ultrasound scanner [102]. Unlike a nanoemulsion-based platform,
a polymeric microparticle derived from poly(lactide-coglycolide) showed in vivo
contrast-enhanced power Doppler ultrasonography evaluation on melanoma grafted
mice with 50% enhancement of detection of intratumoral vascularization after injec-
tion of 3 mm [103].

1.4.2 OprPORTUNITIES WITH MR IMAGING

Magnetic resonance imaging is a noninvasive diagnostic technique based on the
interaction of nuclei with each other and with surrounding molecules in a tissue
within externally applied magnetic fields of interest. Although the sensitivity of
MR is low in comparison to nuclear and optical modalities, the absence of radia-
tion (transmitted or injected) and high spatial resolution (e.g., submillimeter) make
it advantageous over the techniques involving radioisotopes. The inherent low sensi-
tivity is also now being somewhat compensated with the advent of higher magnetic
fields (4.7-14 T). Although there are many medically relevant nuclei, the 'H nucleus
(i.e., proton) has been the most widely studied in clinical practice due to its high gyro-
magnetic ratio and high abundance in nature and biological tissues. °F has a similar
high gyromagnetic ratio as proton and a very high (~100%) natural occurrence that,
make it an interesting choice for MR imaging [104]. At constant field strength and
with equivalent numbers of nuclei, '°F has sensitivity of about 83% compared to
'H. In MRI, the protons in different tissues have different relaxation times, which
can result in endogenous image contrast. Indeed, the initial driving application for
clinical MRI was the demonstration of different relaxation times in cancerous tis-
sue versus normal tissue [105]. The inherent image contrast can be enhanced by
using exogenous contrast agents preferentially to shorten either the T1 (longitudinal,
spin—lattice) or T2 (transverse, spin—spin) relaxation time. Relaxivity can be defined
as the ability of contrast agents to increase the relaxation rates of the surrounding
water proton spins. The MR image can be weighted to detect differences in either T1
or T2 by adjusting parameters during data acquisition. Gadolinium and iron oxide-
based agents have dominated the MR contrast agent scenario and have been used
to increase the T1- and T2-weighted image contrast [106—109]. T1 agents influence
protons within their proximity and are highly dependent on local water flux [110]
predominantly to shorten T1 relaxation to produce bright signals on T1-weighted
images. Iron oxide-based agents, on the other hand, can be considered as T2 agents,
which exhibit high magnetic susceptibility and produce local disturbances in the
field [111]. Signal dephasing in tissues results from these magnetic susceptibility
heterogeneity disturbances, which leads to a loss of signal through T2* decay, espe-
cially on gradient echo images. Nontargeted iron oxide-based agents are normally
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taken up nonspecifically by the RES and their biodistribution is governed by the
overall size of the nanoparticle [112-118]. The examples of passive targeting with
iron oxide-based agents include brain tumors [119], stroke [120], angiogenic tumor
vessels [121-123], multiple sclerosis [124], carotid atherosclerotic plaque [125,126],
and more. Iron oxide nanoparticles have recently been used for trafficking cells
in vivo with MRI [127-131] owing to their low detectability limit [132].

Manganese was one of the first reported examples [133—135] of paramagnetic
contrast material studied in cardiac and hepatic MRI because of its efficient R1 (1/T1)
enhancement. Similarly to Ca?* and unlike the lanthanides, manganese is a natural
cellular constituent and often a cofactor for enzymes and receptors. Manganese blood
pool agents, such as mangafodipir trisodium, have been approved as hepatocyte-
specific contrast agents with transient side effects due to dechelation of manga-
nese from the linear chelate. Manganese-enhanced magnetic resonance imaging
(MEMRI) has long been known to provide unique information in modern neuro-
imaging. Combination of the rich biology of Mn?** and its properties as an MRI
contrast agent allows MEMRI to be uniquely useful for the detection of anatomical
structures after its systemic administration. Also, MEMRI is known for mapping
functional brain regions by monitoring the dynamics of Mn?* entry into excitable
cells in the central nervous system (CNS), which is intrinsically linked to activity
of voltage-gated calcium channels [136—139]. Nontargeted liposomal agents have
included MnSO, [134] or Mn-DTPA [135]. Release of manganese caused by disrup-
tion of the vesicles allowed MR detection of sites where the vesicles were nonspe-
cifically entrapped. A major drawback to the use of manganese as a contrast agent,
however, is its cellular toxicity. Therefore, its successful implementation as a contrast
agent depends on the site-specific delivery at a dose as low as possible, maintaining
the detectability by MRIL

The challenge to overcome the sensitivity and partial volume effect that is nor-
mally being faced by most of the T1- and T2-weighted MR contrast agents prompted
the development of T1-weighted paramagnetic PFC particles. Typically, for a 200 nm
diameter particle, more than 100,000 gadolinium atoms per particle can be incor-
porated within the outer surface of the lipid membrane, where they influence the
surrounding water for maximum T1 relaxation effect [140,141]. In doing so, a high
payload of gadolinium is incorporated to produce an adequate MR signal. The relax-
ivity of reported [142] Gd3*-chelates (4.5 mM-'sec™!) is lower than Gd** bound to
the surface of the particle (33.7 mM-'sec™!) as measured at 1.5 T [141]. The par-
ticulate relaxivity (i.e., the relaxivity on a per-particle basis, rather than per concen-
tration of Gd) has also been found to be very high (~2,000,000 mM-'sec!) since
particles carry a heavy payload of paramagnetic metal atoms, making them better
agents for targeted molecular imaging and not as blood pool contrast agents. This
has been exploited to image quantitatively and successfully predict a range of sparse
concentrations in experimental phantoms and targeted smooth muscle cell (SMC)
monolayers expressing “tissue factor” [143]. Unlike paramagnetic gadolinium-based
particles carrying a high payload of metals, gadofosveset trisodium (MS-325) is a
small molecule contrast agent that has a strong affinity toward albumin, and it is
highly protein bound after injection providing vascular signal enhancement superior
to that of other agents [144]. Notably, MS-325 is currently being tested under clinical
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trials and could possibly be the first gadolinium-based blood pool MR imaging agent
to progress to human trials [144].

The recent discovery of nephrogenic systemic fibrosis (NSF), a serious and unex-
pected side effect of gadolinium blood pool agents observed in some patients with
renal disease or following liver transplant, has cast a shadow on currently approved
blood pool contrast agents and created a new regulatory barrier for targeted agents
to address [145-147]. The cause of NSF is unknown and there is no effective treat-
ment of this condition. Given the association between gadolinium and nephrogenic
systemic fibrosis, there has also been a growing interest to explore other metals for
MR imaging.

Hyeon and co-workers have recently reported a manganese oxide-based targeted
T1 MRI contrast agent for T1-weighted MR imaging of various body organs [148].
Pan et al. have reported a new class of manganese (III)-labeled, toroidal-shaped, vas-
cularly constrained (~180 nm) nanoparticles, ‘“nanobialys (MnNBs),” for manganese-
based MR imaging [149]. An inversion recovery sequence was used to calculate the
ionic (per metal) and particulate (per particle) relaxivities of serially diluted nano-
bialys at 1.5 T and 25°C. The high particulate relaxivities of the MnNB, r1 = 612,307
+ 7,213 and r2 = 866,989 + 10,704 (s:mmol [nanobialy])~' measured at 1.5 T (25°C),
with ionic r1 and r2 relaxivities of 3.7 = 1.1 and 5.2 + 1.1 (ssmmol [Mn])~!, points to a
novel fibrin-specific nongadolinium, molecular imaging platform that offers a sensi-
tive noninvasive MR imaging approach for diagnosis of rupturing atherosclerotic.

The development of activatable MR contrast agents was first reported by Thomas
Meade and was developed to correlate developmental biological events with gene
expression during an imaging experiment [150(a),(b)]. His paper described the
in vivo MR imaging of the -galactosidase marker gene and demonstrated the poten-
tial of MRI to track gene expression. The “blocking” galactopyranose sugar residue
is cleaved by B-galactosidase and the relaxivity of the agent is enhanced, allowing
water to access the inner coordination sphere of the agent. As a new class of envi-
ronmentally responsive MR contrast agents, very recently, Shapiro and Koretsky
described the use of inorganic manganese-oxide and carbonate-based particles as
convertible MRI agents. These particles exhibited only susceptibility-induced MRI
contrast, most often seen as dark contrast in susceptibility-weighted images. The
selective degradation of these particles within the endosomal and lysosomal com-
partments of cells prompted the dissolved Mn?* to act as a T1 agent. The concept of
environmentally responsible MR contrast is demonstrated both in vitro and in vivo,
in rat brain [150(c)].

The acute formation of thrombus following atherosclerotic plaque rupture has
been well recognized as the etiology of unstable angina, myocardial infarction, tran-
sient ischemic attacks, and stroke following the seminal works of Benson [151] and
Constantinides [152]. The most common source of thromboembolism remains a rup-
turing thin cap fibroatheroma (TCFA), which is characterized by a necrotic core
with an overlying fibrous cap measuring <65 pm [153-156]. In patients dying of
acute myocardial infarction, ruptured TCFA is frequently observed in the proximal
coronary vessels with only 50% to 60% residual stenosis [157,158]. In at least 50%
of patients with acute ST elevation myocardial infarction, coronary thrombi were
days or weeks old, indicating that sudden coronary occlusion often follows a variable
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period of plaque instability and thrombus formation [159,160]. Furthermore, subclin-
ical episodes of plaque disruption followed by healing contribute to the phasic rather
than linear progression of coronary disease observed in angiograms carried out seri-
ally in patients with chronic ischemic heart disease [161,162]. Sensitive detection,
quantification, and differentiation of intravascular thrombus in vessels with mild
severity stenosis could provide a direct metric to risk stratify patients to aggressive
interventional versus conservative medical management care strategies. While inva-
sive imaging techniques such as intravascular ultrasound [163], optical coherence
tomography [164], and direct angioscopy [165] can identify these lesions, from a
practical perspective, a noninvasive imaging approach is required.

Magnetic resonance imaging has emerged as a particularly sensitive, non-
ionizing modality to visualize thromboses within the carotid artery noninvasively
[162]. High-resolution MRI detection and characterization of atherosclerotic lesions
(including advanced lesions, such as the fibrous cap, the lipid core, and even plaque
fissuring) with serial imaging over time has been used to assess lesion progression or
regression [166—169]. High-resolution MRI can be used to distinguish intact, thick
fibrous caps from intact thin and disrupted caps in atherosclerotic human carotid
arteries in vivo [170,171]. Advances in high spatial resolution black-blood techniques
further improved noninvasive imaging of human coronary and carotid arteries and
facilitated the early assessment of atherosclerotic disease [172]. Although cardio-
respiratory motion has complicated coronary imaging with MRI; rapid advance-
ments in motion correction are being reported, which will likely limit or resolve this
issue in the not-too-distant future [173—175]. Sensitive and fibrin-specific contrast
agents based on PFC nanoemulsions [140,176] and peptides [177] have recently been
developed that are capable of detecting and quantifying microthrombus.

As briefly discussed before, perfluorocarbon nanoparticles have been coupled
with paramagnetic atoms to create a bifunctional contrast agent that can be used
as a paramagnetic MRI agent separately and in combination with fluorine imaging.
In one of the earliest studies [140] with targeted MRI agents, a lipid-conjugated
gadolinium—DTPA complex was incorporated into the surfactant layer and demon-
strated the result in vitro, and targeting artificially prepared plasma clots in dogs
in situ. Subsequently, the MRI agent was refined to optimize the concentration of
gadolinium borne on the particle surface [178—181]. Thus, an agent was developed
that can overcome the partial volume effects that have negated so many previous
attempts at targeted MRI agents. In this experiment using MRI, the 2-0-20 gadolin-
ium emulsions (2% lipid component and 20% of the PFC core) provided outstanding
contrast properties and overcame the partial volume effects expected with routine
imaging at 1.5 T when targeted to artificially prepared fibrin clots. Although the
influence of the gadolinium agent appears to affect the entire clot, high-resolution
images reveal that these marked reductions in T1 values are apparent, despite bind-
ing of only a single thin layer of the contrast agent.

Morawski et al. have demonstrated the utility of fibrin-targeted nanoparticles
to delineate intravascular thrombus in dogs and conceptually on vulnerable plaque
using human carotid endarterectomy (CEA) specimens from patients with symp-
tomatic stenosis, transient ischemic attack (TIA), or stroke [179,180]. These data
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indicate that small, perhaps even microscopic, deposits of human fibrin in micro-
fissures of vulnerable carotid plaques can be detected with the contrast agent. The
results further suggest that thrombus produced by local plaque rupture or embolic
derived could be targeted and imaged, allowing the localization of arterial occlusion
and its resolution to be monitored. PFC nanoparticles were further exploited for '°F
MR imaging and spectroscopy owing to their high fluorine content. Morawski et al.
[143] uniquely quantified the number of nanoparticles bound to the fibrin clot using
the '°F signal [182—-183].

This leads us to the feasibility for °F imaging of both perfluorooctylbromide
(PFOB) and perfluoro-15-crown-5 ether (CE) nanoparticle-labeled stem/progenitor
cells. At present, very few noninvasive techniques exist for monitoring cells after
administration and therefore cellular therapeutics show great promise for the treat-
ment of disease. Historically, histological techniques have been employed for mon-
itoring of therapeutic cells and require sacrifice of the animal or tissue biopsies.
Several MRI-based agents (e.g., gadolinium [184,185], superparamagnetic iron
oxides [186—193], and a few others [194]) find significant use to visualize immune
cells and others in vivo. However, contrast agents based on protons suffer from high
background signals from water, which makes it difficult to identify the transplanted
cells unequivocally in vivo. Fluorine MRI imaging of cells labeled with ?F-labeled
contrast agents may present a unique and sensitive technique that is quantifiable
and distinct from any tissue background signal. Ahrens et al. reported efficient intra-
cellular uptake of the perfluoropolyether (PFPE)-based agents by phenotypically
defined dendritic cells (DCs) ex vivo into tissue or intravenously in mice and then
tracked the cells in vivo using F MRI [195]. Along the same line, Partlow et al.
recently demonstrated that PFC nanoparticles provide an unequivocal and unique
signature for stem/progenitor cells, enabling spatial cell localization with ’F MRI,
and they permit quantification and detection of multiple fluorine signatures with
fluorine MR imaging and spectroscopy [196]. PFC-labeled cells were detectable rap-
idly, not only in vitro, but also in liver tissue in vivo with 11.7 T spectroscopy and
at potential target sites in situ using both experimental (11.7 T) and clinical (1.5 T)
field strengths. The nanoparticle comprised the 20% (v/v) PFC with either PFOB or
CE core. Study revealed that both PFOB and CE were readily internalized by stem/
progenitor cells without the need for additional use of transfecting agents. Similar
methods previously performed using iron oxide particles can potentially lead to sig-
nificant losses in cell viability [197]. The resultant intracellular fluorine levels were
readily detectible at both 11.7 and 1.5 T, considering the relatively low number of
cells utilized and the reasonably short imaging times (under 7 min) [196]. The ability
to quantify fluorine levels present and to differentiate distinct PFC signals with MR
spectroscopy could provide additional advantages such as the type and number of
cells accumulating at target sites.

PARACEST (paramagnetic chemical exchange saturation transfer) agents rep-
resent a new class of MRI contrast agents that has been recently introduced, where
the bulk water signal intensity is altered via chemical exchange saturation trans-
fer (CEST), which was later extended to paramagnetic systems [198]. PARACEST
agents are ideally suited for molecular imaging applications because one can switch
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the contrast on and off as desired simply by adjusting the pulse sequence parameters.
This avoids the extra need to record pre- and postinjection images to define contrast
agent binding. Liposome-based chemical exchange saturation transfer (lipoCEST)
agents have shown great sensitivity and potential for molecular MRI [199-203].

A lipid-encapsulated PFC nanoparticle-based molecular imaging agent that
utilizes a PARACEST chelate was developed and reported recently [204,205].
Nanoparticles produced >10% signal enhancement and a bound water peak at
52 ppm, in spectroscopy (4.7 T) of PARACEST nanoparticles, which is in agreement
with results from the water-soluble chelates. PARACEST nanoparticles were tar-
geted to artificially prepared plasma clots via antifibrin antibodies, which produced
a contrast-to-noise ratio (CNR) of 10 at the clot surface [205].

1.4.3 OPPORTUNITIES WITH EMERGING IMAGING TECHNOLOGIES

Photoacoustic (PA) imaging, also known as optoacoustic imaging, is an evolving
hybrid optical and ultrasound diagnostic modality with high spatial resolution and
outstanding soft tissue contrast [206—212]. In this technique biological tissue is irra-
diated with a non-ionizing short-pulsed laser beam within acceptable limits recog-
nized by the American National Standards Institute (ANSI). Endogenous proteins
(e.g., hemoglobin, myoglobin, melanin) absorb the optical energy to undergo ther-
moelastic expansion and radiate acoustic waves that are detected with a clinical,
wide-band ultrasonic transducer (5—-50 MHz).

Research in this area over the years has shown that PAI has the ability to provide
both physiological and molecular imaging data, which can be used alone or in a
hybrid modality fashion to extend the anatomic and hemodynamic sensitivities of
clinical ultrasound. PAI may be performed using contrast afforded by light absorb-
ing endogenous molecules or exogenous contrast agents. The examples of exogenous
small molecule contrast agents include near infrared dyes, porphyrins, and nanopar-
ticles. Myriad advances have been made in terms of exogenous contrast agent devel-
opment for PA molecular imaging applications, particularly nanoparticle-based
technologies. Several optically active materials have been explored as PA contrast
agents (e.g., small molecule dyes, gold nanoparticles, single-walled carbon nano-
tubes [SWNTs], and copper nanoparticles) [213-216]. Beyond needing to exceed the
inherent contrast of blood and muscle, these agents must have outstanding biocom-
patibility, appropriate in vivo stability (i.e., particularly during circulatory transit to
targets and through the imaging period), and desirable synthetic processing attri-
butes—specifically, tolerance to sterilization and prolonged shelf-life stability.

Gold nanoparticles, which are excitable in the near-infrared (NIR) range within the
so-called “optical transmission window” of biological tissues (A,,,, = 650-900 nm)
afford strong optical absorption, unlike small molecule fluorophores, and are resis-
tant to photobleaching or fading due to dye destruction [217-219]. Gold particles
exhibit localized surface plasmon resonance (LSPR) due to their inherent abilities
to absorb and scatter light at specific wavelengths. Nanoparticle LSPR is established
when incident light photons match the frequency of particle surface electrons vibrat-
ing against the opposing restoring force of positive nuclei. Importantly, LSPR can be
favorably manipulated by altering particle shape and surface coating.
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Gold nanobeacons (GNBs) entrap numerous small gold nanoparticles (spherical,
2—4 nm) within a larger phospholipids-encapsulated colloidal particle [206-212,220].
The entrapment of numerous small gold nanoparticles amplifies the PA signal for
each binding event by effectively mimicking a larger single gold particle. However,
from a safety perspective, the metabolism of GNB releases tiny particles within the
direct renal elimination window (6—10 nm), whereas large gold particles would be
retained indefinitely. Whether such long-term retention is “unsafe” or “benign” is
unfortunately not predictable and not provable to a risk-averse regulatory agency.
Further, the random interactions of the small particles within the particle matrix
core effectively create irregular shapes that shift the optical absorbance peak from
the visible into the NIR spectral region for improved in vivo use.

Although photoacoustic tomography generates high-resolution images of red
blood cells in the microvasculature [206-210], hemoglobin imaging cannot dis-
criminate immature neovasculature from mature microvessels. Moreover, neovessel
sprouting and bridging, which is a significant component of the neovascular contrast
signal, typically lacks significant blood flow and is otherwise invisible to PA imag-
ing. Fortunately, the steric constraint of GNB and other particles exceeding 100 nm
diameter within the vasculature precludes significant interaction with nonendothe-
lial integrin-expressing cells and greatly enhances neovascular target specificity.
o, B;-targeted GNB, (160 nm), as opposed to GNBg (90 nm) with a higher potential
for extravasation or GNB, (290 nm), which was expected to have a short circula-
tory half-life due to its overall mass and size. o, fB;-targeted GNB, was produced
by microfluidization as discussed before by incorporating an o, ;-peptidomimetic
antagonist. Neovascular imaging was performed in vivo in a Matrigel™ plug model
of angiogenesis. For the first time, high spatial resolution noninvasive PAT imaging of
angiogenesis was demonstrated using a 10 MHz ultrasound receiver that clearly
revealed the formation of nascent neovessel tubules, sprouts, and bridges—much
of which was still without blood flow. o, 3;-GNBM produced a 600% increase in
signal in a Matrigel plug mouse model relative to the inherent hemoglobin con-
trast pretreatment. Competitive inhibition of o, 3;-GNBM with o,3,-NB (no gold)
blocked contrast enhancement to pretreatment levels. Similar images in the saline
control animals showed no change in vascular anatomy over the same time course.
Indeed, these images illustrate the genesis of neovasculature in the Matrigel plug
model. Nontargeted GNB passively accumulated in the tortuous neovascularity,
but provided low (less than half) contrast enhancement of the targeted agent. PA
signal changes in the Matrigel plug were monitored serially over 5 hours or more
(Figure 1.6).

Another approach to the issue of SLN PA imaging was the development of a sub-
20 nm “soft” polymeric nanoparticle [1]. This agent was designed for rapid intra-
operative administration with real-time PA imaging. The intraoperative approach
helps to eliminate anatomic plane displacement, which can complicate detection
between the preoperative images and patient repositioning in the operating room
(OR). Moreover, by establishing a rapid OR procedure, the surgeon can determine
the most direct approach to the node for resection, minimizing potential secondary
complications of the axillary dissection. The obvious key to this procedure is rapid
signal generation with adequate intraoperative persistence.
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Early detection of immature, nascent angiogenic
vessels with photoacoustics imaging and GNB!

Baseline 3 Hours 5 Hours
a,p3-GNB

FIGURE 1.6 PA signal changes in the Matrigel™ plug were monitored serially over 5 hours
or more; (d) and (e) have arrows denoting small neovascular sprouts arising from immature
angiogenic vessels with only nascent blood flow.

1.5 CONCLUSIONS

The ability to monitor early and noninvasively in combination with targeted therapy
is a pressing need for emerging nanomedicine strategies. In this introductory chap-
ter, we have discussed the opportunities and potential of targeted drug delivery and
molecular imaging with various imaging modalities for detection and treatment of
cardiovascular and related diseases with particular emphasis on US, MRI, and PAT.
The multidisciplinary field of nanomedicine is evolving fast and presenting new,
clinically relevant promises as the science of molecular biology, genomics, chemis-
try, and nanotechnology contributes greatly.
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2.1 INTRODUCTION

Nuclear medicine is a medical specialty that uses radioactive substances for diag-
nosis and therapy. It is recognized as a powerful noninvasive modality capable of
acquiring whole-body images and revealing changes in functional activity within
tissues. Clinically, nuclear imaging procedures are used for diagnosis of many types
of cancer, heart disease, neurological disorders, and other abnormalities [1-3]. The
major advantages of nuclear imaging over other molecular imaging modalities are
its exquisite detection sensitivity (femto- to picomolar range) and the ability to image
without concerns over tissue penetration. Biomedical radioisotopes, used either alone
or as part of a radiolabeled molecule, emit photons with energies ranging from 30 to
511 keV, which are detected by specialized camera systems. Based on the emission
properties of the radioisotope and its detection method, nuclear imaging is classified
as either positron emission tomography (PET) or single-photon emission computed
tomography (SPECT). Both techniques involve the use of functional contrast agents
to generate three-dimensional tomographic images used for diagnosis, treatment
planning, and monitoring therapeutic response.

The growing interest in molecular imaging with PET and SPECT is attributable to
several factors. First, the development of hybrid scanners has enabled the functional
imaging capabilities of PET and SPECT to be combined with anatomical correla-
tion obtained through computed tomography (CT), and, more recently, with mag-
netic resonance imaging (MRI). Fused images (i.e., PET/CT or SPECT/CT) have
improved diagnostic accuracy and have affected clinical management in a significant
proportion of patients with a wide range of diseases by guiding subsequent pro-
cedures, excluding the need for unnecessary procedures, changing both inter- and
intramodality therapy, and providing prognostic information [4]. The clinical impact
of hybrid molecular/anatomical imaging has extended into preclinical research in
the form of highly sensitive small-animal imaging systems that are capable of resolv-
ing structures below 1 mm [5]. Second, the discovery of new molecular targets has
given rise to cross-disciplinary programs involving molecular biology, genetics,
chemistry, bioengineering, and clinical medicine to develop target-specific mole-
cules for disease detection. Such diversity in research and clinical expertise allows
for (1) designation of high-value clinical targets, (2) innovative drug design strate-
gies, (3) agent validation at the molecular level, and (4) testing in clinically useful
models of disease. Third, the increased focus on translational research has encour-
aged basic science laboratories to integrate molecular imaging procedures into their
characterization process for new molecular entities and has given rise to a growing
toolkit of molecular imaging agents.

Alongside the continued growth of conventional molecular imaging agents,
nanoparticles have emerged as an attractive drug delivery strategy and are becom-
ing increasingly important in medicine. By labeling with radioactive contrast, a
nanoparticle drug delivery platform can be monitored in animal models to assess
its biodistribution, pharmacokinetic (PK) profile, and overall effectiveness for
therapy. Well-defined labeling chemistries for conventional biomolecules (i.e.,
small molecules, peptides, and antibodies) and imaging protocols that have been
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clinically validated have been adapted for nanotechnologies to enable the rational
development and characterization of radioactive nanoparticles. In this chapter, we
describe the importance of nuclear imaging in the development and characterization
of nanoparticle-based imaging agents. We review various classes of radiolabeled
nanoparticles and discuss key components involved in agent design and optimization.

2.2 PRINCIPLES OF NUCLEAR IMAGING
2.21 PET

PET is a highly sensitive, three-dimensional tomographic imaging technique ini-
tially used as a research tool in humans in the 1970s, and has become a vital com-
ponent of patient care in several disease types [6]. Its unique tomographic capability
comes from the simultaneous emission of two 511 keV gamma rays that travel in
opposite directions approximately 180° apart as a result of the interaction of a posi-
tron with an electron in an annihilation event. PET coincidence detection registers
the annihilated photons to reconstruct their source along the line of collection and
provides clinicians with the ability to better determine and quantify regional func-
tion and metabolism in most anatomic sites. For example, in the brain, PET is used
to determine grade, type, and proliferative activity of gliomas [7], provides early
detection, differential diagnosis, prognosis, and follow-up of dementia [8,9], and is
important for imaging of movement disorders such as Parkinson’s disease, multiple
system atrophy (MSA), and progressive supranuclear palsy (PSP) [10]. In cardiovas-
cular disease, PET enables diagnosis and management of patients with known or
suspected coronary artery disease through myocardial perfusion imaging with FDA
approved rubidium-82 (8?Rb) [11] or nitrogen-13 (**N) labeled ammonia [12], as well
as assessment of myocardial viability with the metabolic imaging agent fluorine-18
(®F) labeled deoxyglucose (*F-FDG) [13]. In cancer, '8F-FDG-PET is considered
the gold standard for tumor imaging and is used to visualize the metabolic differ-
ences between normal and cancer cells [14,15]. 8F-FDG also possesses well-defined
guidelines for production and quality assessment that serve as guides for new radio-
tracers poised to enter clinical studies [16]. Numerous other targeting agents employ
PET imaging to obtain critical information about proliferation, vasculature, receptor
status, hypoxia, and apoptosis [17-20]. Furthermore, the importance of characteriz-
ing drug delivery platforms, such as nanoparticles, for in vivo diagnosis and therapy
suggests PET will play a vital role in agent validation and will guide developmental
strategies. Given its versatility to perform clinical assessment of small molecule met-
abolic imaging, receptor imaging with gallium-68 (*Ga) [21] and copper-64 (**Cu)
labeled peptides [22] (Figure 2.1), and immunoPET with radiolabeled antibodies
[23], PET is expected to play a prominent role in the development and validation of
radiolabeled nanoparticles for personalized medicine.

The high spatial resolution of PET (1-2 mm in humans) is dependent upon sev-
eral factors, including positron range. Thus, radionuclide selection must be carefully
considered to optimize image quality [24]. PET has benefited from the availability of
arobust group of positron-emitting radionuclides that have distinct decay properties,
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FIGURE 2.1 Left: (a) PET imaging with ®Ga-DOTA-TOC in a 56-y-old woman with mul-
tiple liver and lymph node metastases clearly depicted visceral metastases, and osteoblastic
and osteolytic bone metastases. (b) Only some of these bone metastases were delineated by
conventional scintigraphy. Right: PET imaging with **Cu-TETA-OC identified abdominal
carcinoid lesions (arrows) in a patient with carcinoid tumors. (Adapted with permission from
Gabriel, M. et al. 2007. Journal of Nuclear Medicine 4:508-518 and Anderson, C. J. et al.
2001. Journal of Nuclear Medicine 2:213-221.)

half-lives, and labeling chemistries. This affords flexibility in radiotracer design and
enables the use of different classes of compounds for targeting, such as analogs of
biological molecules, synthetic compounds, and nanoparticles. Due to differences in
targeting properties (active vs. passive), solubility, and biocompatibility, nanoparticle-
based agents can require vastly different imaging time windows (i.e., from 6 hr up
to several days postinjection) for adequate evaluation of their in vivo properties.
Therefore, delayed imaging (>24 hr) is generally preferred to allow for maximal
clearance from nontarget sites in order to obtain optimal contrast and provide a more
representative evaluation of agent fate in biological systems. While this prohibits
the use of common PET radionuclides such as carbon-11 ("'C) and "N, it aligns
well with radionuclides applied in antibody imaging such as ®*Cu, iodine-124 (24),
zirconium-89 (*Zr), and yttrium-86 (3°Y). It should be noted that these radionuclides
are produced by a cyclotron facility and may not be locally available to many end
users, but their sufficiently long half-lives make shipping for next-day use practical.

2.2.2 SPECT

Single-photon radiotracers account for the majority of nuclear medicine procedures
performed owing to the large installation base of gamma cameras in clinics world-
wide. Images can be acquired with conventional two-dimensional (2D) gamma
imaging (referred to as planar imaging or scintigraphy) using gamma cameras
invented in the middle of the last century by Anger [25], or by three-dimensional
(3D) tomographic imaging. Unlike PET, SPECT has traditionally been considered
as a nonquantitative modality. However, advances in multimodality gamma cam-
eras (SPECT/CT), algorithms for image reconstruction, and sophisticated compen-
sation techniques to correct for photon attenuation and scattering have now made
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quantitative SPECT viable in a manner similar to quantitative PET (i.e., kBq-cm=,
standardized uptake value) [26].

In SPECT, a collimation system is placed in front of the detectors to determine
the origin of a photon. This is an essential component of image acquisition, but
it results in the exclusion of a large number of emitted photons and significantly
reduces the sensitivity of SPECT compared to PET, which does not use collimation
[27]. However, SPECT does possess several advantages that make it an important
modality in molecular imaging and drug discovery. For example, a long list of clini-
cal SPECT imaging procedures are routinely performed, including myocardial per-
fusion imaging, functional brain imaging, renal scans, bone imaging, thyroid scans,
lymphoscintigraphy, and cancer imaging [28] (Figure 2.2). From these, radiolabeling
techniques have been developed, optimized to provide the highest yields, and often
placed in kit form to simplify preparation. As a result, clinically validated labeling
approaches have been made available for use with new molecular imaging agents,
as well as in the development of nanoparticle imaging platforms, for in vivo char-
acterization. Another advantage of SPECT is the availability of isotopes that do not
rely on cyclotron production. Among these is technetium-99m (**"Tc, t,,, = 6.01 hr),
a generator-produced radiometal that is the most widely used radionuclide in nuclear
medicine because of its favorable imaging properties, low cost, and availability
within standard radiopharmacies. Chelating agents used for *™Tc labeling are well
known and have a long history of clinical use, making them a proven commodity

FIGURE 2.2 (See color insert.) SPECT/CT imaging with 'I-iodide in a patient with dif-
ferentiated follicular thyroid carcinoma after pelvic surgery shows a benign tracer accumula-
tion in the colon (arrow). (Adapted with permission from Mariani, G. et al. 2010. European
Journal of Nuclear Medicine and Molecular Imaging 10:1959-1985.)
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within the development strategy of new imaging agents. Indium-111 ("'In) is another
clinically relevant SPECT radionuclide and has a long half-life (2.8 d) that is suit-
able for studying molecules with long circulation times, such as nanoparticles, and
also possesses well-developed radiochemistry schemes for new agent development.
SPECT also possesses the unique capability to conduct simultaneous multitracer
studies by using radionuclides with different energies and half-lives. This permits
investigation of several biological processes within a single imaging session, a task
that is not possible with PET. With the growing importance of preclinical imaging in
drug discovery, the established SPECT infrastructure is expected to continue its vital
involvement in agent design, characterization, and translation.

2.2.3 RADIOTRACERS

Nuclear imaging is predicated on the use of radioactive contrast agents, or radio-
tracers, that are administered in subpharmacologic doses and follow the tracer
principle, a fundamental component of nuclear imaging discovered by George de
Hevesy in 1913. The tracer principle allows monitoring of the in vivo distribution of
a compound without disturbing body function. A radiotracer can be as simple as a
radioactive element (i.e., '8F for bone scans) or a radioactive molecule (i.e., oxygen-15
labeled water for measurement of myocardial blood flow) that lacks molecular speci-
ficity, but is capable of providing valuable diagnostic information. Molecularly
targeted radiotracers, on the other hand, are more intricate in design and consist
of a targeting moiety, a radiolabel, and various linkers or functional groups that
permit radiolabeling without disrupting biological activity. Targeting moieties are
generally categorized as small molecules, peptides, proteins, or antibodies, and they
can be used for detecting components of metabolic and biochemical pathways, cell
death, angiogenesis, reporter gene expression, cell proliferation, and receptor expres-
sion levels.

For a given type of targeting compound, unique chemical and biological proper-
ties must be considered during agent design to maximize effectiveness. Antibodies
are large molecules (150 kDa) with exceptional affinity for cell surface receptors
and extracellular antigens and are widely used in molecular imaging. Due to their
large size, antibodies can undergo conjugation to linker groups or radiometal chelat-
ing agents without significant loss in binding affinity, but reactions must proceed
near physiologic pH and temperature to avoid degradation, thus limiting the types
of radiolabeling strategies that can be used. Conversely, peptides can undergo harsher
radiolabeling reactions that occur at low pH (i.e., pH 3—4) and require heating at
90°C-100°C, but require careful selection of conjugation sites for linkers or chelat-
ing agents to avoid steric effects that may reduce binding potency. Small molecule
imaging agents have the advantage of production via organic synthesis, which adds
tremendous flexibility in design by allowing chemists to select from an immense
pool of protecting groups, linkers, leaving groups, and other chemical compounds
that can be used for agent customization. As with peptides, however, the addition of
a radioactive label to the small molecule must be carried out in a manner that does
not impact binding and preserves favorable PK characteristics.
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2.3 THERANOSTIC ROLE OF NUCLEAR IMAGING

In addition to diagnosis, nuclear medicine also acts as a theranostic modality (i.e., uses
diagnostic properties to personalize therapy). For example, the radiolabeled analog
of a therapeutic compound can aid in selecting patients that are likely to respond
to a particular treatment by confirming the presence of the molecular target prior to
therapy. This has been shown by PET imaging with 16a-['*F]-fluoro-17B-estradiol
(F-FES), a radiolabeled estradiol analog that detects and monitors estrogen recep-
tor (ER) status in patients with advanced ER+ breast cancer, and has demonstrated
the ability to predict responsiveness to tamoxifen therapy [29]. In neuroendocrine
tumors, PET imaging with ®Ga-labeled somatostatin (SST) analogs successfully
identified patients who were likely to benefit from peptide receptor radionuclide
therapy using beta emitters labeled with the same SST analog, and also monitored
potential changes in somatostatin receptor (SSTR) abundance over the course of the
therapy [30]. In an alternative theranostic approach, therapeutic payloads can be tar-
geted with different vectors and radiolabeled to facilitate characterization of in vivo
properties and efficacy. Later, we discuss the advantages and disadvantages of this
strategy with different types of targeting biomolecules.

2.3.1 DruG DEeLivery wiTH CONVENTIONAL BIOMOLECULES

Despite tremendous advances in molecular targeting approaches for cancer therapy,
several malignancies are still treated with chemotherapy agents that are highly cyto-
toxic and lack tumor specificity. As a result, severe side effects arise that are dose
limiting and decrease the effective therapeutic window. Strategies to combine anti-
neoplastic agents with a targeting moiety have long been sought to produce bio-
conjugates that actively home to a specific molecular target and reduce off-target
effects. One approach for improving tumor localization of cytotoxic agents is to link
them chemically to antibodies that possess high affinity for a tumor-associated anti-
gen or an antigen that may reside in the peritumoral space. Advances in antibody
engineering offer great versatility in the design of these targeting vectors and give
improved control over size (and thus PK properties) (Figure 2.3) as well as insertion
of reactive moieties that permit site-specific conjugation [31-33]. The development
of antibody—drug conjugates (ADCs) has expanded the benefits of antibody target-
ing and is recognized as an attractive therapeutic approach owing to the ability of
antibodies to tolerate the conjugation of low molecular weight (MW) chemother-
apy agents without losing bioactivity [34]. ADCs can be generated by attaching a
cytotoxic compound to lysine residues that are randomly distributed throughout the
antibody, or through a site-specific approach that binds to reduced interchain disul-
fides and ensures that conjugation does not impact the binding region [35]. However,
drawbacks such as immunogenicity and ability to diffuse through biological barriers
are concerns associated with antibody-based targeting. In addition, the potential for
antibodies to denature under high heat, high or low pH conditions, and exposure to
certain organic solvents greatly limits the scope of chemical modification they can
undergo and impacts the broad application of their use for drug delivery.
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FIGURE 2.3 Top: Schematic presentation of an intact antibody and engineered antibody
fragments derived from it including a single variable domain fragment (Fv), single chain Fv
(scFv), diabody, minibody, and scFv-Fc. Molecular weights are indicated below each frag-
ment. V, = variable light; V,; = variable heavy, C; = constant light; C;; = constant heavy.
Bottom: Blood clearance (left) and tumor uptake (right) curves of radioiodine-labeled anti-
CEA T&84.66 antibody fragments in tumor-bearing mice. The longer persistence of radio-
labeled fragments in the circulation leads to higher and more persistent tumor uptakes, but
longer times are required to obtain high-contrast imaging. (Adapted with permission from
Olafsen, T. and A. M. Wu. 2010. Seminars in Nuclear Medicine 3:167-181.)

Another method to improve the delivery of chemotherapy is through the use of
targeted peptides. Peptides already play an active and diverse role in the clinical
management of cancer, evidenced by their application in both diagnosis and therapy
[36—40], and they are attractive for bioconjugate development for several reasons.
First, the discovery of novel peptides by phage display provides a robust pipeline
of targeting vectors with potential applications in imaging. Additionally, peptides
have high affinity for cell surface receptors and are rapidly cleared from background
tissues, thus producing images with increased contrast. Furthermore, peptide manu-
facturing by solid-phase peptide synthesis (SPPS) is well controlled, customizable
for small or bulk quantities, allows for site-specific conjugation, and enables efficient
purification and characterization methods. Despite the advantages of developing
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peptide—drug conjugates, several challenges exist. For example, peptides are struc-
turally complex molecules as they have numerous functional groups that are sus-
ceptible to enzymatic degradation and inactivation. They also have a short plasma
half-life, which may not be ideal for delivering a desired dose to the target and may
require tuning through the use of a PK modifier within the final bioconjugate. There
is also concern over possible steric effects that may impair the binding properties of a
small peptide (e.g., MW 1500 Da) after conjugation with a chemotherapy agent such
as paclitaxel (MW 854 Da). This is further complicated if a multimeric construct
containing several chemotherapy moieties is desired and could also contribute to
reduced solubility. While solubility issues are generally addressed by incorporating
hydrophilic linkers such as polyethylene glycol (PEG), the complexity of the agent
design becomes greater and the inherent advantages of favorable PK and simple
manufacturing may be negated.

Targeting of nonspecific chemotherapy agents can also be achieved using small
molecule drug conjugates. Generally, the small molecule used for targeting is bio-
chemically active, is nonimmunogenic, and can navigate through biological barri-
ers to achieve target localization and enhance therapeutic effects. In addition, small
molecules can be readily modified by organic synthesis routes, enabling tremendous
versatility in drug design. The most widely used approach for small molecule drug
targeting uses folate (also known as vitamin B9) to exploit the expression of folate
receptors on the plasma membrane of cancer cells. Liu et al. described a novel con-
jugate comprising folate and the chemotherapy agent, 5-fluorouracil (5-FU), which
proved to be superior to a nontargeted 5-FU analog and monomeric 5-FU in colorec-
tal and 5-FU-resistant colorectal cells [41]. However, as is the case with peptides,
small molecules are likely to incur significant changes in binding properties, solubil-
ity, biodistribution, and PK following conjugation with a therapeutic compound and
must be carefully designed to maximize their effectiveness for drug delivery.

2.3.2 DruG DELIVERY WITH NANOPARTICLES

Nanotechnology is defined as the intentional design, characterization, production,
and application of materials, structures, devices, and systems by controlling their
size and shape in the nanoscale range (1 to 100 nm) [42]. To address the significant
limitations of conventional bioconjugate approaches described earlier, nanoparticle
systems have been implemented as drug delivery vehicles to maximize the effica-
cious properties of targeting, diagnostic, and cytotoxic compounds. Because of their
nanometer size, nanoparticles are adept at overcoming biological barriers that often
limit the effectiveness of other types of molecules. Advances in surface chemistry
with polymeric systems such as PEG and other hydrophilic moieties have allowed
these vectors to become more biocompatible and overcome high accumulation in
organs of the reticuloendothelial system (RES). Furthermore, tuning of PK has been
achieved through surface chemistry to optimize in vivo properties. The amenability
of nanoparticles to chemical modification is attributed to their high surface area-to-
volume ratios, which permit high levels of surface functionalization. This charac-
teristic affords the ability to develop multivalent constructs to increase sensitivity
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FIGURE 2.4 Selection of nanomaterials commonly used in medicine. (a) liposome,
(b) single-walled carbon nanotube, (c) fullerene, (d) dendrimer, (e) iron oxide nanoparticle,
and (f) quantum dot.

for a particular target and to perform functionalization with different constituents
(e.g., contrast agents) to produce multimodality agents. Examples of nanoparticles
commonly used in medicine are shown in Figure 2.4.

Nuclear imaging techniques play an important role in the advancement of nano-
particles in several ways. First, the ability to load (or internalize) radionuclides per-
mits in vivo imaging of nanoparticles and noninvasive assessment of their utility for
drug delivery. Second, the radiolabeling efficiency of nanoparticles has improved
with chelation schemes adapted from clinical nuclear medicine and has resulted
in simpler agent formulation with images that more accurately reflect biodistribu-
tion, PK, and targeting ability. Third, the application of surface modification meth-
ods has created new routes to improve solubility and biocompatibility and has
directly impacted imaging characteristics. Fourth, targeting moieties introduced by
optimized surface chemistry have enabled active targeting of nanoparticles to diseases
such as cancer. By integrating (1) experiences with clinically relevant radionuclides,
(2) advances in radiopharmaceutical chemistry, and (3) emerging targeting strategies
for molecular imaging into their development, radiolabeled nanoparticles are viewed
as a promising class of agents for diagnosis and therapy.

2.4 RADIONUCLIDE SELECTION

Several biomedical radionuclides with unique decay properties are suitable for use
with nanoparticles and are listed in Table 2.1. Given that nanoparticles can accommo-
date different types of radiolabeling schemes, a systematic approach for radionuclide
selection is necessary in order to maximize the imaging utility of a radiolabeled
nanoparticle. The criteria for radionuclide selection begin with identification of the
desired nuclear imaging modality. In recent years, device companies have devel-
oped preclinical scanners with hybrid capabilities enabling PET/SPECT/CT imaging
from a single instrument. Access to these systems gives radiochemists maximum
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TABLE 2.1
Characteristics of PET and SPECT Radionuclides
Used for Radiolabeling Nanoparticles

Radionuclide  Emission Type  Half-Life E..x Y (keV)

4Cu B+ 12.7 hr 657
18F B+ 109.8 min 640
%Ga B+ 67.6 min 1899
1241 B+ 42d 2130
8Zr B+ 3.3d 897
Ga Y, Auger 3.3d 393
| Y, Auger 13.3 hr 159
127 Y 60.1d 35
1311 Y. B 8.0d 364
n Y, Auger 2.8d 245
9mTe Y 6.01 hr 140

flexibility in designing radiolabeled nanoparticles and allows the use of any available
diagnostic radionuclide. Conversely, should a laboratory be limited to a single type
of nuclear scanner, the choice of radionuclide is restricted accordingly.

The half-life of a radionuclide plays an important role in radiosynthesis, imag-
ing applications, and dosimetry. For example, ''C is a short-lived (t;,, = 20.4 min)
positron emitter that is relegated to on-site use and must be imaged shortly after
injection to a subject. Other PET radionuclides, such as ®F (t,,, = 109.8 min) and %3Ga
(t,, = 67.6 min), possess longer half-lives that allow for extended radiochemical pro-
cedures and quality analysis, as well as shipping of doses to sites within reasonable
range of the production facility. With typical imaging time points at 1 hr postinjec-
tion, 8F and %Ga are not effective for delayed imaging and thus have limited util-
ity with imaging agents that are slowly cleared from circulation, including certain
types of nanoparticles. Alternatively, radionuclides such as *™Tc (t,,, = 6.01 hr), "'In
(t,, = 2.8 days), and %Cu (t,,, = 12.7 hr) possess half-lives better suited for delayed
imaging and are therefore considered to be more useful for studying nanoparticles.
Since the PK profile of a nanoparticle can be significantly altered by coating or
surface modifications, comparison of multiple radiolabeled versions of a particu-
lar agent may be warranted in order to select the optimal radionuclide strategy for
in vivo imaging. It is also important to consider the effect of half-life and energy of
the emitted particles on the radiation dose delivered to the subject to ensure that each
imaging procedure does not generate excessive radiation doses.

Radionuclides can be attached to biomolecules either directly or through the
presence of a chelating agent. Direct attachment is generally associated with radio-
halogens (i.e., F or '>*I) that are covalently bound to the side chain of amino acid
residues, or to reactive groups that are chemically introduced into the molecule.
Radiometals, on the other hand, require the use of chelating agents (Figure 2.5)
to form coordination complexes using various combinations of electron-donating
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FIGURE 2.5 Examples of chelating agents used for radiolabeling.

atoms such as nitrogen and oxygen. When using radiometals, one must also consider
that each chelating agent has its own unique radiolabeling procedures. For example,
%4Cu can be efficiently chelated with mild heat or may require temperatures to be as
high as 95°C depending on chelator selection [43]. Similar diversity is observed in
the pH range of reaction buffers, which can be acidic, neutral, or basic for different
chelators. Thus, the chelation approach must also take into account the compatibility
of the nanoparticle system with the radiolabeling conditions. Strategies for radio-
labeling nanoparticles have followed the successes of conventional imaging agents
and will likely become even more robust as new molecular imaging agents undergo
clinical evaluation and demonstrate efficacy in patients.

Identification of the ideal radiolabeling approach must also take into account the
availability of the radionuclide. For example, radionuclides such as ®*Cu, 3Zr, and
1241 are attractive candidates for use with nanoparticles owing to their long half-lives
and PET capabilities; however, they can only be produced by a cyclotron facility. This
drawback is not completely restrictive however, as their half-lives allow for shipping
to off-site laboratories, though limitations in production scale and schedule must
be taken into account during coordination of studies. Alternatively, radionuclides
can be produced by generator systems (i.e., *™Tc, %¥Ga) housed directly in a labora-
tory or radiopharmacy and may be eluted multiple times per day to collect radio-
activity. Compared to cyclotron-produced radionuclides, this “on-demand” access
to radioactivity promotes faster method development as radiochemistry techniques
can be iteratively tested and optimized in a rapid fashion. The abundance of studies
that use **"Tc for labeling nanoparticles attests to the value of generator-produced
radionuclides. Furthermore, planning of imaging studies with generator-based radio-
nuclides becomes much more flexible as they are not dependent on defined pro-
duction schedules that may exist for cyclotrons. Finally, radionuclide selection can
take advantage of existing radioisotope infrastructure, such as that of '''In, which
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is readily available through commercial sources, uses kit-based chemistry, and has
been extensively used with different types of imaging agents [44,45]. Later, we
describe radionuclides that are useful for nanoparticle imaging and focus on con-
cepts related to emission properties and labeling strategies for in vivo applications.

2.4.1 TECHNETIUM-99M

mTe is a single-photon emitter that is considered the workhorse of nuclear medi-
cine on the basis of its use in more than 80% of the 23—-25 million diagnostic doses
received by patients annually in the United States [46]. *™Tc-labeled radiotracers
have diverse clinical applications including assessment of renal function, bone scans,
brain perfusion, myocardial imaging, and detection of infection and inflammation
[47]. Among the many attractive characteristics of ™Tc, the most significant factor in
its widespread use is its production by the *molybdenum/**™technetium (**Mo/**"Tc)
generator that was first discovered in 1958 by Tucker and Greene. With the continu-
ously growing demand for diagnostic procedures in the clinic, the *Mo/*™Tc gener-
ator plays a vital role in nuclear medicine as it is available worldwide, is inexpensive,
and can be housed within a standard radiopharmacy. Another key attribute of **™Tc
is its favorable decay properties, including its low-energy gamma emission, which
is convenient for detection and does not impart excessive radiation doses to patients.
Also, its 6.01 hr half-life is long enough to allow for synthesis of a radiopharmaceu-
tical, assessment of quality control, and imaging at delayed time points, making it
compatible with different classes of targeting agents. The ready availability of **™Tc
has been coupled with “instant kits” to simplify labeling practices and permit rapid
preparation of clinical doses.

Radiolabeling protocols for **™Tc agents generally rely on the use of coordina-
tion complexes with chelating agents containing varying combinations of electron
donating atoms such as nitrogen, oxygen, sulfur, and phosphorus. **"Tc complexes
are highly stable in vivo and useful for labeling small molecules, peptides, proteins,
antibodies and their fragments, and several nanoparticle platforms that will be dis-
cussed later in this chapter.

2.4.2 INDIUM-111

Mn is a single-photon emitting radiometal that has a long history of use in nuclear
medicine. Its 2.8 d half-life is ideal for in vivo monitoring of compounds that are
slowly cleared from circulation and require imaging up to several days after injection
in order to obtain adequate contrast. In the clinic, ''In-labeled antibodies are used in
patients with prostate cancer [48] and lymphoma [49]; thus, standardized synthesis
and imaging protocols are available and can be applied to novel imaging compounds.
In addition to its gamma rays used for diagnosis, "'In emits Auger electrons, which
are useful for specific tumor cell killing with a low level of damage to surround-
ing cells [50], thus giving it theranostic capabilities. The combination of diagnos-
tic and radiotherapeutic potency makes '"In an attractive radionuclide for use with
nanoparticles since it can be used to track in vivo properties at low (diagnostic) doses
and can also be prepared at significantly higher therapeutic amounts and combined
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with cytotoxic payloads to provide combination therapy. It is significant to note that
Tn possesses proven chelation techniques with diethylenetriaminepentaacetic acid
(DTPA) and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) that
allow efficient radiolabeling with excellent in vivo stability and obviates the need for
extensive method development during application to new compounds. These char-
acteristics, coupled with its unique decay properties, have made '''In an important
radionuclide in the development of nanoparticle-based imaging agents.

2.4.3 Correr-64

%Cu is a cyclotron-produced positron emitter that is widely used in antibody
labeling, but has also grown in importance for labeling of nanoparticles. It has
a 12.7 hr half-life that is suitable for delayed imaging up to 48 hr after injection
and has well-defined chelation chemistry with tetraaza chelating agents. DOTA is
most frequently used for **Cu-radiolabeling owing to its low cost, mild conditions
(pH 5.5-6, 40°C) needed for metal complexation, and ability to chelate several
radiometals should comparative studies on the same conjugate be desired. However,
the in vivo stability of ®*Cu-DOTA is somewhat limited due to transchelation of
%Cu to copper-binding enzymes in the liver [51] as well as to serum proteins, which
causes higher blood pool activity and background signal [43]. Thus, other ®Cu
chelating agents, such as 1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid
(TETA) and 4,11-bis(carboxymethyl)-1,4,8,11-tetraazabicyclo[6.6.2] hexadecane
(CB-TE2A), offer better stability and have shown effectiveness in vivo. Recently,
Fani and colleagues demonstrated the effectiveness of the triaza chelating agent
1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid (NODAGA), which rapidly
chelates ®*Cu at room temperature and exhibits excellent in vivo stability [52]. In
their work, peptides were **Cu-labeled and produced excellent tumor visualization
at 1 hr with low background signal. This result was a significant advancement in
the development of ®Cu radiotracers since peptides labeled with DOTA generally
require delayed (i.e., next day) imaging to allow for clearance of background sig-
nal in order to obtain sufficient contrast. Most importantly, their findings showed
the attractiveness of NODAGA as an efficient, biocompatible, and stable chelation
approach that could potentially be applied to all classes of imaging agents, includ-
ing nanoparticles, to enable imaging shortly after injection for longitudinal assess-
ment of biodistribution and PK. Future studies examining the imaging properties of
NODAGA with different biomolecular constructs will be critical in assessing its util-
ity as a chelator for radiotracer development.

2.4.4 FLUORINE-18

18F is a cyclotron-produced, positron-emitting isotope that is frequently used to label
biomolecules for PET [53]. One of the key attributes that makes '8F a significant
radionuclide for molecular imaging is its low positron energy, which provides the
highest possible resolution in a PET camera. In addition, '®F has a 109.8 min half-life
that allows sufficient time for complex radiosyntheses to be performed that, in most
cases, are carried out using automated modules. While mostly known for its role
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in metabolic imaging with ®F-FDG, '8F-labeled compounds have also been devel-
oped for imaging applications that include cellular proliferation [54], tumor hypoxia
[55], ER detection [56], reporter gene expression [57,58], and neurological disorders
[59,60]. '®F has most often been associated with small molecules where site-specific
conjugation can be achieved through electrophilic addition onto an aromatic ring
or nucleophilic substitution involving a leaving group. However, advances in bio-
conjugation techniques have provided reagents that can be radiolabeled with '8F
and efficiently incorporated into nanoparticles through surface modifications, thus
encouraging expanded use of this radiohalogen for nanomedicine.

2.4.5 OTHER RADIONUCLIDES

Radioactive forms of iodine play a significant role in nuclear medicine due to diverse
emission properties and applications for diagnosis and therapy. Of particular sig-
nificance is the fact that radioactive iodine is considered a nonresidualizing label
since the metabolites (e.g., iodide or iodotyrosines) of radioiodinated proteins are
quickly released from the cells and excreted via the kidneys, whereas metabolites
of radiometal-chelated proteins (residualizing) are trapped within cells, leading to
increased retention of activity over time [61]. This property results in lower back-
ground signal and improved contrast, and is a major advantage of radiotracers that
employ radioiodine labels. For nanoparticles, >’I has been employed on the basis
of its long half-life (60.1 d), which is suitable for long-term tracking of agent bio-
distribution, and the ability to measure its low energy (35 keV) emissions in excised
tissues. The application of radioactive iodine for PET is also possible through the use
of 1241, an emerging radionuclide attracting increasing interest for long-term clinical
and small-animal PET studies [62]. ] has a long half-life (4.2 d) that is appropriate
for studying the PK properties of long-circulating compounds through delayed imag-
ing. Labeling with radioactive iodine can occur by direct attachment of the radionu-
clide to the side chain of tyrosine residues on peptides/proteins or to nanoparticles
that have been conjugated to protein-based targeting moieties, adsorption or loading
into the internal compartment of a nanoparticle, or insertion into polymers or other
units used for surface functionalization.

Gallium-67 ("Ga) is another SPECT radionuclide used in the study of radio-
labeled nanoparticles and possesses a 3.3 d half-life that is compatible with the needs
for delayed imaging. However, despite its clinical role for imaging infections, lym-
phomas, and granulomatous diseases [63,64], its use with molecular imaging agents
is infrequent owing to its decay through a broad range of y-ray emissions that result
in poor image quality [65].

Zirconium-89 (**Zr) is a long-lived PET radionuclide (t,,, = 3.3 d) that has gained
attention in recent years for antibody imaging. The fact that 8Zr forms a stable che-
late with desferrioxamine B (Df) and provides PET images that can be used for
quantitative analysis of uptake is a key advantage of its use with antibodies as well as
nanoparticles. Moreover, 3Zr-based PET imaging has been investigated preclinically
for a wide variety of cancer-related targets [66] as well as in recent clinical studies
that were successful for detecting HER2-positive lesions in patients with metastatic
breast cancer [67] and lymph node metastases in patients with head and neck cancer
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[68,69]. Although the presence of a high-energy gamma emission is a disadvantage
of 3°Zr, which may limit the radioactive dose that can be administered into patients,
a growing infrastructure consisting of a more readily available radioisotope supply
and well-developed radiochemistry using commercially available chelating agents
suggest a bright future for radiotracer development with this positron emitter.

2.5 IMAGING WITH RADIOLABELED NANOPARTICLES

2.5.1 LirOSOMEs

Liposomes are a type of drug delivery vehicle consisting of spherical particles
formed by a lipid bilayer that encloses an aqueous compartment. They are attrac-
tive for drug delivery due to their biodegradability, ease of preparation, lack of
toxicity, and ability to tune biodistribution based on size, charge, and lipid com-
position. In nuclear imaging, liposomes have a long history of use that dates back
to the 1970s [70-72] and includes early clinical studies in cancer patients [73,74].
During their manufacturing process, different techniques are used to radiolabel
liposomes and are divided into four general groups: passive encapsulation, mem-
brane labeling, surface chelation, and remote loading (Figure 2.6). The most com-
mon approaches, surface chelation and remote loading, benefit from the use of
chelation strategies that have been well studied with conventional radiotracers and
offer better yields, simpler purification techniques, and higher stability.

2.5.1.1 Single-Photon Emitting Agents

The majority of reports on radiolabeled liposomes involve SPECT radionuclides, for
which multiple labeling methods have been summarized in reviews by Philips [75]
and Petersen et al. [76]. Among these, the most effective techniques use remote load-
ing of radioactivity into preformed liposomes. This is generally performed through
the use of a lipophilic chelating agent that binds a radiometal and acts as a carrier to
deliver the radioactive complex into the liposome, where further processing occurs
and trapping is achieved. In this section, we focus on the most prominently used
SPECT emitters, **Tc and !''In, to highlight the development of radiolabeled lipo-
somes and their nuclear imaging applications.

In the case of *™Tc, many chelating agents and approaches are available for radio-
labeling, including the lipophilic chelating agent hexamethylpropyleneamine oxime
(HMPAO). The proposed mechanism in this approach involves HMPAO chelation
of ®"Tc and subsequent delivery of the radioactive complex inside liposomes, where
preloaded glutathione (GSH) acts as a reducing agent to form a hydrophilic complex
that becomes trapped within the liposomes. The **"Tc-HMPAO trapping technique
has been applied to multiple liposome-encapsulated compounds to examine imag-
ing and biodistribution in animal models and has proved to be a major advance
in the field of liposome imaging. Studies conducted on hemoglobin-encapsulated
liposomes effectively identified the interaction of the imaging agent with the organs
of the RES (namely, liver and spleen) and demonstrated that the encapsulation of
the label within the liposome retards the metabolism of *Tc-HMPAO compared
to previously observed instability of the chelation complex in saline [77]. Further
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FIGURE 2.6 (See color insert.) Schematic diagram of the remote loading, membrane
labeling, passive encapsulation, and surface chelation methods for preparing radioactive lipo-
somes. Radionuclides can be associated with the lipid membrane by hydrophobic interac-
tion, through membrane conjugation, or surface chelation using chelator—lipid conjugates in
preformed liposomes (blue radionuclides). Radionuclides can alternatively be encapsulated
inside liposomes during lipid hydration or can be transported through the lipid membrane
of preformed liposomes by ionophores or lipophilic chelators (yellow radionuclides). In the
latter case, the radionuclides are trapped inside the aqueous lumen by a hydrophilic chelator
with high affinity for the radionuclide. (Reproduced with permission from Petersen, A. L.
et al. 2012. Advanced Drug Delivery Reviews 13:1417-1435.)

characterization of this approach involved comparison of neutral versus negative
surface charge on the liposome and found comparable tumor targeting, but showed
that neutral preparations had lower RES accumulation [78].

To further reduce the uptake of radiolabeled liposomes by phagocytic cells of
the RES and improve imaging performance, new **™Tc liposome formulations were
developed using PEG to prolong circulation time and enhance uptake by target tis-
sues. A study by Tilcock et al. examined the in vivo properties of *"Tc PEGylated
liposomes and showed a dramatic increase in blood circulation time compared to non-
PEGylated liposomes [79]. Oyen and colleagues also investigated the performance



48 Nanomedicine: A Soft Matter Perspective

of these *™Tc “stealth” liposomes for detecting infection and inflammation in rats
and found preferential accumulation in abscesses that resulted in very high target-to-
nontarget ratios, which were attributed to the extended circulation of the liposomes
[80]. A combinatorial approach using *™Tc-HMPAO-loaded Doxil, a PEGylated
liposomal formulation of doxorubicin that is FDA approved for cancer treatment,
was also tested and yielded a theranostic compound that could accurately estimate
doxorubicin concentration in a murine tumor model [81].

Despite the effectiveness of HMPAO for *™Tc loading, other chelation approaches
have been examined to improve the efficiency of liposome labeling and purification.
Hnatowich et al. employed a chelation strategy where the standard **™Tc chelator,
DTPA, was incorporated into liposomes during their production and resulted in
excellent labeling yields [82]. Using a different chelation scheme, Laverman et al.
incorporated a derivative of the *™Tc chelator hydrazinonicotinamide (HYNIC) into
the bilayer of PEG liposomes and were also able to demonstrate rapid, one-step label-
ing with high yields that do not require purification, making their method attractive
for routine agent formulation [83]. The HYNIC approach provided a major advance-
ment in the development of radiolabeled liposomes and has been used for detection
of intra-abdominal abscesses [84] and focal infections [85], visualization of early
adhesion formation after experimental peritonitis [86], and assessment of the impact
of lipid dose on PK and biodistribution in animal models as well as patients [87].

n is another single-photon emitter that has been widely used for liposomal
labeling. The use of 'In as a label is attractive because it gives the ability to per-
form delayed imaging beyond the 24 hr time window for which *™Tc use is fea-
sible, and can be detected for several days postinjection. By using this longer lived
radionuclide, imaging studies can be carried out over several days to assess PK and
biodistribution properties, which may not be clear at earlier time points. As with
9mTe, multiple approaches have been developed to label liposomes with "'In. The
most effective technique is through remote loading of radioactivity into preformed
liposomes and can be achieved by two different methods. The first method involves
the use of the lipophilic compound 8-hydroxiquinoline (known as oxine), which has
been widely studied as it permits chelation of '""In and diffusion into cells, where it
then undergoes dissociation and leaves !!'In available for interaction with other intra-
cellular components or internal chelating agents. In a study by Hwang et al., oxine
was used to chelate ""In for transport through the lipid bilayer to the encapsulated
chelating agent, nitrilotriacetic acid (NTA) [88]. Labeling efficiencies of 90% were
achieved and marked a significant improvement over methods that incorporated
n-oxine into the lipid bilayer during liposome production. Similar approaches
have been described using acetylacetone as a water-soluble lipophilic chelate for
loading '"'In into liposomes [89], or DTPA as a strong chelating agent encapsulated
within the aqueous compartment to trap incoming ''In [90].

The second approach for remote loading is to insert an ionophore in the lipid mem-
brane of a liposome to enable transit of radiometals across the lipid bilayer, where
they can be sequestered by an encapsulated chelating agent. Ionophore A23187 has
been used for this purpose with '''In-labeled phospholipid vesicles [91] and resulted
in the development of Vescan, a liposomal agent used for cancer imaging in patients
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[92-95]. These trials represented some of the earliest clinical experiences with lipo-
somes and showed that nanoparticles were well tolerated with radiation doses com-
parable to existing radionuclide techniques. Although Vescan underwent testing in
phase III clinical trials, it was not commercialized. However, the experience gained
throughout the development process helped establish a paradigm for small, stable
liposomes, key manufacturing and quality control technology, regulatory pathways
for clinical use of liposomes, and essential safety information on injectable small
unilamellar vesicles [96].

Similarly to *™Tc-liposomes, several groups have developed chelator-derivatized
phospholipid building blocks to equip the surface of liposomes with chelating moi-
eties to facilitate '"In labeling. Helbok et al. prepared a DTPA-derivatized lipid-
based liposome that possessed >90% labeling yield for several different radiometals
and showed in vivo imaging properties that suggest utility as a multifunctional
nanoparticle for targeting applications [97]. Most importantly, their surface labeling
approach resulted in an ""In-agent, which proved highly stable when challenged by
excess DTPA at 24 hr incubation and showed the anticipated RES uptake with high
blood levels. A similar study was recently published using the macrocyclic chelator
DOTA, which is superior to DTPA for many labeling applications [98]. DOTA was
attached to the lipid head group and labeled with Gd, %*Cu, or ""In to produce a
multifunctional liposomal formulation with significant potential for various diagnos-
tic imaging applications (Figure 2.7).

DODEG4 PEG2000
40 min  3hours 6hours 24 hours 40 min  3hours 6hours 24 hours
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FIGURE 2.7 (See color insert.) SPECT/CT images showing that both of the control
PEG2000 liposomes (N and P) appear to show a characteristically high uptake in the spleen
compared to both DODEG4 liposomes (left) that possess a lipid multifunctional, multi-
modal shielded liposomal formulation. Images were acquired over 24 hr (H—heart, L—
liver, S—spleen, and K—kidney). (Reproduced with permission from Mitchell, N. et al. 2013.
Biomaterials 4:1179-1192.)
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2.5.1.2 Positron Emitting Agents
Although SPECT has predominantly been used for imaging radiolabeled liposomes,
the clinical importance of PET, growing use of hybrid preclinical scanners, and
increased availability of radionuclides such as *Cu have led to a rise in interest
for PET-based liposomal agents. Moreover, advances in ®Cu chelation chemistry
have introduced several highly stable chelation approaches that have improved
in vivo imaging properties of conventional radiotracers, and can be applied for
liposome labeling with the likelihood of high yields and stability. A study by Seo
et al. showed that a ®*Cu specific chelator, 6-[p-(bromoacetamido)benzyl]-1,4,8,11-
tetraazacyclotetradecane-N, N’,N”,N"-tetraacetic acid (BAT), could be conjugated
with an artificial lipid to form a BAT-PEG lipid and provide radiolabeling yields as
high as 95% with excellent stability [99]. In another investigation, this approach was
applied in a mouse model of ductal carcinoma in situ to estimate the tumor vascu-
lar volume and permeability by PET [100]. The authors found that the radiolabeled
particles were effective for detecting the transition from premalignant to malignant
lesions and effectively quantified the associated changes in vascular permeability.
8F-based approaches have also been investigated for liposomal labeling. Oku and
colleagues used ®F-FDG encapsulation as a means to track liposomes noninvasively
[101,102]. Due to inefficient labeling with ®F-FDG, Marik et al. synthesized a radio-
labeled diglyceride, 3-["®F]fluoro-1,2-dipalmitoylglycerol (**F-FDP) for radiolabeling
long-circulating liposomes that, contrary to encapsulation of '®F-FDG, were incorpo-
rated into the phospholipid bilayer [103]. The in vivo imaging data showed that the
long-circulating liposomes remained in the bloodstream for at least 90 min and that
the free '"8F-FDP was not metabolized in the myocardium. Urakami et al. also focused
on new methodology referred to as the “solid-phase transition method” for rapid label-
ing of preformed liposomes and were able to achieve high incorporation yields and
identify a strategy for monitoring the behavior of liposomes with varying size [104].

2.5.1.3 Actively Targeted Liposomal Imaging Agents

Thus far, the radiolabeled liposomes discussed have been passively targeted and
attribute their accumulation in target tissues (i.e., tumors, infections) to leaky vascu-
lature and dysfunctional lymphatics in what is known as the enhanced permeability
and retention (EPR) effect. While an increased concentration of a radiolabeled lipo-
some can occur within target tissue via the EPR effect, molecular specificity is still
lacking. Methods for surface modification of liposomes using PEGylation and che-
lating moieties provided the foundation to rationally introduce ligands with affinity
for certain biomarkers that have diagnostic relevance in different disease models. A
number of liposomal targeting strategies have been described and include vascular
targets, cell surface receptors, extracellular matrix proteins, and others [76]. In the
targeting approach by ElBayoumi and Torchilin, the anticancer monoclonal anti-
body 2C5 (mAb 2C5) was added to doxorubicin-loaded long-circulating liposomes
in order to increase tumor-specific uptake and subsequently deliver a larger drug
payload [105]. Following '''In labeling, imaging and biodistribution studies revealed
higher tumor accumulation of mAb 2C5-functionalized liposomes compared to non-
targeted control agents and enabled accurate prediction of the therapeutic efficacy
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FIGURE 2.8 (See color insert.) SPECT/CT fused image of ''In-IL-M1,5,, taken 24 h after
injection; (a) three-dimensional reconstruction, (b) coronal view, (c) transverse view. The
uptake of ""In-IL-Ml, in both epithelioid (M28) and sarcomatoid (VAMT-1) mesotheli-
oma tumors at 24 hr was shown. (Reproduced with permission from Iyer, A. K. et al. 2011.
Biomaterials 10:2605-2613.)

of the functionalized liposomes. From this work, the authors were able to show that
molecular targeting can enhance tumor uptake beyond the EPR effect.

Iyer et al. selected a human single-chain antibody fragment—an emerging
approach with significant potential in molecular imaging—to target '''In-liposomes
to epithelioid and sarcomatoid mesothelioma [106]. The authors showed tumor detec-
tion in vivo (Figure 2.8) suggesting that liposomes could be effectively functional-
ized with small protein fragments and exhibit improved affinity for cancer detection
compared to the EPR effect.

Peptide-targeted liposomes have also been described using SST analogs such
as octreotide and octreotate. In a study by Petersen and colleagues, the attachment
of octreotate to liposomes loaded with %4Cu resulted in faster initial blood clear-
ance in comparison to control liposomes and had significantly higher tumor/muscle
ratios [107]. Similar findings were reported by Helbok et al. with the SST analogue
tyrosine-3-octreotide in mice with tumor xenografts [108]. These studies are critical
for gaining insight into the feasibility of peptide-targeted liposomes and may guide
future efforts to optimize agent design. In addition, the selection of clinically used
imaging models, such as SST receptor targeting, provides a validated benchmark
against which liposome-based constructs can be evaluated and enhances the agent
characterization process.

2.5.2 CArRBON NANOTUBES

Various carbon-based nanoparticles have been studied as imaging agents, includ-
ing carbon nanotubes (CNTs), Cg, fullerenes, perfluorocarbon nanoemulsions, and
graphene oxide particles [109]. Among these, carbon nanotubes have emerged as an
attractive delivery platform for biomedical applications. CNTs are members of the
fullerene structural family and consist of graphite sheets rolled at specific and discrete
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angles. CNTs can be described as being either single-walled CNTs (SWCNTs) or
multiwalled CNTs (MWCNTs) and possess unique properties that have led to their
use in various fields, including biomedical research [110]. Early investigations with
radiolabeled CNTs were focused on single-photon emitters using various approaches
for radiolabeling. A report from Wang and co-workers showed for the first time the
quantitative analysis of SWCNT accumulation in animal tissues using '2°I [111]. The
hydroxylated SWCNTs were taken up in the stomach, kidneys, and bone, but had
slow whole-body clearance with persistent signal from bone and kidneys for up to
6 d. Mackeyev et al. performed in vitro analysis of the adsorption of '] in SWCNTSs
in comparison with other carbon-based materials such as fluorinated SWCNTs, cut
SWCNTs, charcoal, graphite, fluorinated graphite, and Cg, [112]. Cut SWCNTs,
uncut SWCNTSs, and charcoal all showed highly efficient adsorption of 21, while cut
SWCNTs demonstrated the best retention of the radionuclide. A different labeling
approach was shown by Singh and colleagues, who employed ''In as a single-photon
emitter for labeling [113]. They functionalized the surface of SWCNTs with DTPA to
permit efficient labeling of '''In and studied in vivo properties in mice. Gamma scin-
tigraphy indicated that the functionalized SWCNTs were not retained in any of the
RES organs and were rapidly cleared from blood through the renal excretion route.

To examine SWCNTs by PET, McDevitt and co-workers employed DOTA sur-
face functionalization to chelate 3°Y and compared tissue biodistribution and PK to
an analogous '''In construct modified with DTPA [114]. PET imaging of 3Y-DOTA-
SWCNTs revealed blood clearance within 3 hr with primary distribution to the kid-
neys, liver, spleen, and bone. Although the activity that accumulated in the kidney
cleared with time, the whole-body clearance was slow with this agent.

In order to reduce the cytotoxicity and water insolubility of pristine SWCNTs,
Hong et al. described a mild strategy for surface modification based on azomethine
ylide 1,3-dipolar cycloaddition [115]. The authors selected carbohydrate-containing
structures, as they are widely seen in nature and play essential roles in many bio-
logical processes, and performed surface glycosylation with N-acetylglucosamine
(GlcNAc). With SPECT/CT imaging, prominent tracer accumulation was seen in the
lungs and was not visible in the thyroid or stomach, suggesting minimal leakage of
1251 from the nanoparticles and affording a low background signal for ultrasensitive
imaging (Figure 2.9).

To further improve biological applications, various targeting strategies have been
applied with SWCNTs. To capitalize on the effectiveness of integrin targeting with
conventional radiotracers, Liu et al. selected the cyclic integrin-targeting peptide
RGD (arginylglycylaspartic acid) for vascular targeting and observed high tumor
uptake of functionalized SWCNTSs in mice (Figure 2.10), which they attributed to the
multivalent effect of the nanoparticles [116]. An antibody-based SWCNT construct
for vascular targeting was developed by Ruggerio and collaborators with the E4G10
antibody targeted against the VE-cad epitope expressed in the tumor angiogenic
vessels [117]. The authors showed that antibody—SWCNT conjugates had favorable
blood clearance kinetics and were found to be well tolerated and safe in animal mod-
els. Utility for PET imaging and tumor treatment was also demonstrated using diag-
nostic and therapeutic radionuclide labeling strategies. Tumor cells have also been
targeted by an SWCNT construct attached to Rituximab, a chimeric monoclonal
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FIGURE 2.9 (See color insert.) Whole-body SPECT/CT imaging in mice at 7 d postinjec-
tion showing (a) persistent lung accumulation of GIcNAcP-Na'>I@SWNTs and (b) thyroid
accumulation of free Na'>I (unencapsulated), indicating effective and complete encapsula-
tion of radionuclide within the nanocapsule and long-term stability of the construct. (Adapted
with permission from Hong, S. Y. et al. 2010. Nature Materials 6:485-490.)

antibody against the protein CD20, to study lymphoma in mice [118]. Using DOTA-
mediated chelation of ""In, the targeted SWCNTs exhibited comparable uptake to
Mn-Rituximab in vitro, although in vivo binding was markedly lower. The authors
attributed this result to a possible mixture of appended antibodies with different
geometric distributions on the surface of SWCNTSs, thus impacting effectiveness for
epitope targeting. In addition, their strategy to modify randomly distributed lysine
residues on the antibody for maleimide linkage could have interfered with key resi-
dues within the pharmacophore and further affected binding. Nonetheless, they
suggested further studies to optimize the imaging properties of their prototype con-
structs through the use of the high aspect ratio of SWCNTSs.

MWCNTs have also been evaluated using nuclear imaging techniques. Guo et al.
used glycosylation to enhance the solubility of MWCNTs and conducted the first
in vivo assessment of distribution in mice [119]. After **"Tc labeling, SPECT imag-
ing revealed that the functionalized MWCNTs moved easily among the compart-
ments and tissues of the body, behaving like active molecules. The authors did not
observe any severe acute toxicity and implicated improved biocompatibility after
functionalization. More recently, the use of radiopharmaceutical chemistry and non-
invasive imaging have permitted examination of the biodistribution and PK of a
novel therapeutic MWCNT conjugate through *™Tc labeling [120], as well as assess-
ment of the effects of surface chemical modification on organ distribution and clear-
ance of MWCNTs with ""In [121].

2.5.3 DENDRIMERS

Dendrimers are hyperbranched, artificial macromolecules that possess three basic
architectural components: a core, an interior of shells consisting of repeating branch-
cell units, and terminal functional groups. Their step-wise synthesis is well controlled
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FIGURE 2.10 (See color insert.) (a) Schematic drawings of noncovalently functionalized
SWNT-PEG;,,,-RGD conjugates with “Cu-DOTA. The hydrophobic carbon chains (blue
segments) of the phospholipids strongly bind to the sidewalls of the SWNTs, and the PEG
chains render water solubility to the SWNTs. (b) MicroPET images of U87MG tumor-bearing
mice showing high tumor uptake of *Cu-SWNT-PEGs,,,-RGD, which was significantly
reduced by co-injection of free RGD peptide. (Adapted with permission from Liu, Z. et al.

2007. Nature Nanotechnology 1:47-52.)
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and provides molecules with defined molecular weights and tunable properties such
as size, polarity, and solubility [122]. This makes dendrimers highly attractive for
drug development as chemists can utilize these quantized building blocks for the
synthesis of well-defined, more complex nanostructures. Moreover, they possess
highly reactive pendant functional groups on their surface that can be used for cova-
lent conjugation of targeting and diagnostic moieties, making them suitable for drug
delivery and imaging. The first report on radiolabeled dendrimers was provided by
Roberts et al. and involved the use of starburst dendrimers as intermediate linker
molecules for preparation of antibody—drug conjugates [123]. Using a porphyrin-
based chelation approach, the authors showed that radiolabeled antibodies could be
prepared with higher specific activity using dendrimer-containing conjugates. From
these pilot studies, the authors demonstrated the utility of dendrimers for antibody
modification and emphasized key advantages of their approach, such as control over
molecular weight, number of terminal functional groups, and homogeneity of com-
position, that are not possible with commonly used polymer-based linkers.

Among the different dendrimer scaffolds used for nuclear imaging,
poly(amidoamine) (PAMAM) dendrimers have undergone the most extensive char-
acterization. PAMAM dendrimers possess a large number of surface amino groups
that correlate to the generation of the dendrimer construct (i.e., generation-1 (G1) has
8 available sites, generation-2 (G2) has 16 available sites, etc.) and allow multiple che-
lating moieties to be attached, thus improving labeling kinetics and specific activities
(Figure 2.11) [124]. Kobayashi and colleagues prepared a high specific activity ''In-
antibody conjugate targeting murine alkaline phosphatase and consisting of 43 mol-
ecules of a DTPA derivative attached to a PAMAM (G4) containing 64 amines [125].
Their approach effectively maintained the immunoreactivity of the antibody and
had more rapid systemic clearance than a conventionally prepared conjugate. In a
multimodality application, Criscione and collaborators used PAMAM (G4) den-
drimers for the preparation of a dendrimer-based agent consisting of triiodinated CT
contrast and *"Tc-DPTA coordination complexes for SPECT/CT imaging [126].
The authors successfully developed a long circulating blood-pool imaging agent that
showed colocalization of CT and nuclear signals in mice (Figure 2.12). They also
pointed out how simple synthetic modifications could be introduced into their agent
to permit labeling with longer lived SPECT or PET radionuclides to maximize imag-
ing capabilities.

Alternative dendrimer types have also been developed for use with radiolabeled
imaging agents. For example, to construct a highly safe carrier molecule with lower
reported toxicity than PAMAM, Okuda and collaborators designed a lysine (G6)
dendrimer (KG6) comprising L-lysine branch units and evaluated in vivo proper-
ties by labeling with "'In [127]. Biodistribution studies revealed rapid clearance
from the blood stream and nonspecific accumulation in the liver and kidney. By
introducing different levels of PEGylation—modification rates of approximately
7.8% (PEG(10)-KG6) and 59.4% (PEG(76)-KG6)—increased blood retention was
observed as well as gradual tumor accumulation of PEG(76)-KG6 as a result of the
EPR effect. Agashe and colleagues studied the effects of carbohydrate (mannose
and lactose) coating on a poly(propylene imine) (G5) dendrimer in mice and found
high labeling efficiency and stability of their dendrimer formulations [128]. Mannose
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FIGURE 2.11 Chemical structure of a G1 dendrimer scaffold modified with eight chelators.
(Reproduced with permission from Biricova, V. et al. 2011. Journal of Pharmaceutical and
Biomedical Analysis 3:505-512.)

coated dendrimers exhibited the fastest clearance rate from blood, though significant
renal uptake occurred. The authors observed high liver uptake for all dendrimeric
polymers and attributed the significant retention of carbohydrate-coated agents at
6 hr after injection to lectin—carbohydrate interaction within liver cells.

Targeting with dendrimeric complexes has also been achieved using various
approaches. Dijkgraaf et al. used Cu-catalyzed click chemistry (a method tailored
to generate substances quickly and reliably by joining small units together) to form
a series of o,f, integrin-directed monomeric, dimeric, and tetrameric RGD den-
drimers for tumor targeting (Figure 2.13) [129]. Enhanced receptor affinity was
observed in vitro with multivalent RGD dendrimers compared to the monomeric
derivative. In vivo studies found that '"'In-labeled DOTA-RGD dendrimers showed
specifically enhanced uptake in o f3; integrin-expressing tumors, with tetrameric
complexes having better tumor targeting properties than dimeric and monomeric
formulations. Folate-targeted dendrimers have also been described by Zhang and
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Fusion

FIGURE 2.12 (See color insert.) Multimodal imaging of the G4-[[[[Ac]-TIBA]-DTPA]-
mPEG,,] dendrimer construct in normal mice by microCT and microSPECT. The fusion
image shows significant colocalization of the nuclear and x-ray contrast components.
(Reproduced with permission from Criscione, J. M. et al. 2011. Bioconjugate Chemistry
9:1784-1792.)
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FIGURE 2.13 Schematic representation of tetrameric RGD dendrimers developed using
“click chemistry.”

colleagues using the PAMAM (G5) scaffold [130]. By incorporating DTPA moi-
eties into the dendrimer construct, *™Tc labeling was achieved with yields > 95%
and showed excellent stability with more than 80% of the agent remaining intact in
both in vitro and in vivo assays. Compounds containing PEG linkers demonstrated
higher in vitro uptake in KB cells than those without PEG, suggesting that indirect
folate conjugation through the PEG spacer could enhance receptor binding. The find-
ings were confirmed in vivo in mice xenografts and encouraged further examina-
tion of molecule design to optimize the dendrimer-based *™Tc—folate conjugate for
cancer diagnosis.
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Building on prior work with highly stable and specific peptide nucleic acid
(PNA) hybridization, Amirkhanov and others developed ''In-labeled nanoparti-
cles to target KRAS2 mRNA for imaging of human pancreatic cancer xenografts
[131]. Polydiamidopropanoyl (PDAP) dendrimers were used and contained a short,
cyclized insulin-like growth factor 1 (IGF-1) peptide analog, D(Cys-Ser-Lys-Cys),
to permit receptor-mediated endocytosis of PNA probes into malignant cells that
overexpress IGF-1 receptors. Their imaging studies revealed that the '''In-labeled
KRAS2 PNA-IGF-1 nanoparticles could permeate xenografts and accumulate
in a sequence-specific manner. Importantly, imaging of AsPC1 xenografts with
fully matched probes resulted in an increase in tumor/muscle ratio that correlated
to increased size of the dendrimer and the number of DOTA chelating groups (up to
n = 16). Such imaging characteristics were not shown with single mismatch probes,
regardless of the size and abundance of ""In-DOTA complexes, and demonstrated
the ability of the PNA-targeted nanoparticles to achieve mRNA targeting with single
mismatch specificity.

2.5.4 IrON OXIDE NANOPARTICLES

Iron oxide (IO) particles are a class of nanoparticles which consist of a crystal-
line magnetite structure and have a long history of biomedical use [132]. Among
these, superparamagnetic iron oxide (SPIO) particles are among the most success-
ful examples of nanoparticles available and have shown widespread clinical utility
as MRI contrast agents [133—135]. Attractive characteristics such as low toxicity,
decomposition within cells, and biocompatibility make IO-based contrast agents
particularly well suited for biomedical applications. Furthermore, they can be read-
ily functionalized through different surface chemistry approaches to achieve specific
targeting for molecular imaging applications with multiple modalities. For example,
Glaus and colleagues developed bifunctional SPIO nanoparticles that were coated
with PEGylated phospholipids and contained DOTA moieties for PET [136]. 4Cu-
labeling was performed with high yield and purity, and stability in mouse serum was
confirmed after 24 hr incubation. Measurement of PK by PET and organ biodistri-
bution in mice revealed early blood pool activity, which diminished significantly at
4 hr, while high uptake occurred in the organs of the RES. PET imaging correlated
well with biodistribution findings and indicated *Cu-SPIO signals primarily in the
heart (suggesting extended blood retention), liver, and spleen at 24 hr postinjection.
Gastrointestinal (GI) uptake was also noted and attributed to biliary excretion of
%4Cu-SPIOs (and their metabolic products) that were sequestered in the liver at ear-
lier time points.

In a study by Lee et al., a targeted I0-based imaging agent was synthesized for
multimodal PET/MRI imaging of integrin o3, expression [137]. To overcome the
multistep process associated with surface functionalization of 10 particles coated with
dextran, PEG, and other substances, the authors selected polyaspartic acid (PASP) to
provide a simpler method for attaching RGD for tumor targeting and DOTA for %Cu
radiolabeling. Multimodal small-animal imaging was performed with PET and MRI
and revealed integrin-specific uptake of RGD-PASP-IO nanoparticles and prominent
uptake in the RES.
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FIGURE 2.14 Top: illustration of multifunctional RGD-conjugated SPIO nanocarriers
for combined tumor-targeting drug delivery and PET/MR imaging. Bottom: representative
PET/CT images of a U87MG tumor-bearing mouse at 6 hr postinjection of **Cu-labeled
RGD-conjugated SPIO nanocarriers (tumor indicated by arrow). (Adapted with permission
from Yang, X. et al. 2011. Biomaterials 17:4151-4160.)

Yang and others investigated a theranostic approach by using integrin targeting
as an approach to deliver chemotherapy with PEGylated IO nanoparticles [138].
Their construct consisted of pH-sensitive hydrazone bonds to achieve pH-responsive
release of doxorubicin, RGD peptides for vascular targeting, and the macrocyclic
chelating agent 1,4,7-triazacyclononane N, N’, N”-triacetic acid (NOTA) for ®Cu
labeling. Receptor binding was confirmed with U§7MG cells and increased cytotox-
icity was observed with RGD-conjugated constructs. The authors also showed that
their surface functionalization tactics did not have a significant impact on the effec-
tiveness of the SPIO nanocarriers to serve as MRI contrast agents. Furthermore, PET
and tissue biodistribution in U§7MG tumor-bearing mice demonstrated the effec-
tiveness of targeting as RGD-targeted nanoparticles exhibited preferential tumor
accumulation compared to nontargeted controls. A representative PET/CT image is
shown in Figure 2.14.

More recently, Yang et al. examined the in vivo properties of IO nanoparticles that
were combined with gold nanoparticles into a multifunctional hetero-nanostructure
useful for PET, MRI, and optical imaging [139]. By conjugating an antiepidermal
growth factor receptor (EGFR) affibody and labeling with ®*Cu, PET imaging in
mice successfully demonstrated tumor-specific uptake that correlated with MRI
findings and confocal optical imaging, suggesting the suitability of the nanoparticle
composition for multimodality imaging.
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FIGURE 2.15 (See color insert.) Whole-body SPECT/CT images and biodistribution
studies of (a) a *"Tc-labeled SPIO-bisphosphonate construct and (b) a conventional *™Tc-
bisphosphonate agent. (Reproduced with permission from Torres Martin de Rosales, R. et al.
2011. Bioconjugate Chemistry 3:455-465.)

Studies have also been conducted with SPECT by attaching **™Tc-labeled bisphos-
phonate directly to the surface of the IO core [140] or with a PEG polymer conju-
gate containing a bisphosphonate group bound to the surface of ultrasmall SPIO
nanomaterials (USPIOs) [141]. In both studies, RES uptake resulted from conjuga-
tion to the nanoparticles (Figure 2.15) and favorable imaging properties were shown
for SPECT and MRI. In another study, Madru and colleagues directly labeled the
surface of PEGylated SPIO nanoparticles with °**™Tc with high efficiency and were
able to identify the sentinel lymph node in rats by SPECT/MRI [142]. These studies
described strategies for *™Tc labeling, which could be modified for use with other
SPECT radionuclides, and demonstrated the utility of SPECT-based approaches for
multimodality imaging with IO nanomaterials.

2.5.5 QuanTtum Dors

Colloidal semiconductor quantum dots (QDs) are single crystals a few nanometers in
diameter whose size and shape can be precisely controlled by the duration, tempera-
ture, and ligand molecules used during synthesis [143]. QDs have desirable properties
of high quantum yield, resistance to photobleaching, narrow emission peak, and tun-
able emission wavelength—making them attractive for molecular imaging applica-
tions [144-146]. While initial in vivo studies were based on nontargeted QDs, more
recent studies have employed targeting moieties to achieve specificity and surface
conjugation to improve solubility and biocompatibility for in vivo use. In addition,



Nuclear Imaging with Nanoparticles 61

several groups have added a radioactive label to produce a multimodal construct that
can be used for nuclear/optical imaging while also providing direct quantification
of in vivo distribution. A study by Cai and colleagues described the use of a dual-
function PET/near infrared fluorescence (NIRF) probe containing %*Cu to allow for
in vivo assessment of the PK and targeting properties of QDs [147]. The QDs under-
went surface modification to introduce amine groups that were used to conjugate
DOTA for radiometal complexation and RGD for integrin o, 3;-targeted PET/NIRF
imaging. Using U87MG human glioblastoma cells, in vitro assays revealed integ-
rin o f;-specific binding of DOTA-QD-RGD, indicating that these nanomaterials
could be successfully targeted. In tumor-bearing mice, %Cu-DOTA-QD-RGD dem-
onstrated significantly higher tumor uptake than the nontargeted **Cu-DOTA-QD
control agent, with tumor/muscle ratios that were four-fold higher. In vivo imaging
by PET and NIRF showed excellent correlation and histological analysis provided
evidence of agent localization primarily in the tumor vasculature.

In a subsequent study, the authors applied the same animal model to evaluate
a %Cu-labeled QD protein conjugate for multimodal PET/NIRF imaging of vas-
cular endothelial growth factor receptor (VEGFR) expression [148]. They showed
that the QD-VEGF nanoconstruct had target specificity in both a cell binding assay
and cell staining. MicroPET imaging demonstrated VEGFR-specific delivery of the
agent to tumors with increasing %ID/g values as a function of time, as well as the
expected uptake in the RES (Figure 2.16). Good correlation was observed between
PET and NIRF imaging, and data acquired from whole-body imaging were sup-
ported by histological examination, which indicated that QD-VEGF primarily tar-
gets the tumor vasculature through a VEGF-VEGFR interaction. In both of these
studies, the authors showed the feasibility of labeling QDs for PET imaging. They
also provided evidence that the attachment of **Cu-DOTA to the nanoparticles could
be readily performed using standard techniques and remain intact under physiologic
conditions. Furthermore, they developed vascular-targeted agents using peptide and
protein targeting, with both approaches exhibiting target specificity.

A report by Duconge et al. described the use of '®F-based PET imaging of QDs
that were encapsulated in a phospholipid micelle formulation to provide highly ver-
satile surface chemistry [149]. The coating strategy resulted in extended circulation
time and reduced RES uptake. PET imaging was effective for quantitative whole-
body distribution and PK assessment, while the cellular uptake kinetics were deter-
mined using in vivo fiber-based confocal fluorescence imaging. The authors suggest
that the ability of these QDs to evade opsonization and capture by the RES—as
compared to QDs coated with polymeric moieties, which exhibit much faster uptake
by the RES—could enhance the efficiency of payload delivery, though the system
must be optimized to minimize background signal to achieve better contrast. The
continued development of bimodal imaging platforms such as these has substantial
diagnostic utility for whole-body PET imaging to assess the extent of disease, fol-
lowed by cellular or subcellular fluorescence-based imaging to guide surgery and
provide histological validation.

Fluorescent silicon QDs are expected to be ideal for many biological applications
because of their fluorescent properties and biocompatibility. To evaluate their in vivo
fate, Tu and colleagues prepared dextran-coated silicon QDs and labeled them with
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FIGURE 2.16 (See color insert.) (a) Structure of DOTA-QD-VEGF conjugate. (b) Whole-
body coronal PET images of U87MG tumor-bearing mice at 1, 4, 16, and 24 hr after injection
of *Cu-DOTA-QD and *Cu-DOTA-QD-VEGF. Arrows indicate the tumor. (Adapted with
permission from Chen, K. et al. 2008. European Journal of Nuclear Medicine and Molecular
Imaging 12:2235-2244.)

4Cu for PET imaging [150]. To overcome the limitations of commercially available
DOTA analogs, the authors prepared a novel chelating agent that was highly stable
and demonstrated no demetalation under ethylenediaminetetraacetic acid (EDTA)
challenge. PET imaging revealed that the %*Cu-labeled silicon QDs were rapidly
cleared from the blood with high renal filtration and liver uptake, and was in agree-
ment with ex vivo quantification of resected tissues. From these data, the authors
concluded that the presence of various species with differences in hydrodynamic
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diameters, which occurred during agent production, affected the biodistribution pro-
file of the agent, with the fraction of silicon QDs with small hydrodynamic diam-
eter undergoing renal excretion and the fraction with larger hydrodynamic diameter
taken up by the RES and liver.

Bimodal QDs for SPECT imaging have also been reported to take advantage of
the longer half-life of radionuclides such as '>I for long-term monitoring of in vivo
distribution, though low labeling yields and a marked reduction in fluorescence
intensity were observed and may limit the effectiveness of this labeling strategy
[151]. Nonetheless, there are multiple approaches that can be employed for develop-
ing radiolabeled nanoparticles for PET and SPECT imaging and ensuring that they
possess a formulation that is physiologically compatible. Improvements in chelator
design and conjugation approaches (i.e., click chemistry) are expected to simplify
coupling reactions and improve reaction yields, thus enabling preparation of high
specific activity compounds that can be administered at lower doses to reduce con-
cerns over toxicity.

2.6  SUMMARY AND FUTURE PERSPECTIVES

Nanoparticles have shown the ability to overcome many of the limitations fac-
ing other drug delivery approaches and are becoming increasingly important in
medicine. Nuclear imaging has been a vital part of this emergence as it has helped
researchers in the nanotechnology field gain a better understanding of in vivo prop-
erties that (1) effectively predict utility and (2) guide agent optimization strategies.
Given the importance of PET and SPECT imaging in clinical medicine, ongoing
efforts in radiopharmaceutical chemistry, molecular imaging agent design, and
imaging instrumentation and software development are expected to build upon cur-
rent capabilities and directly benefit nanomedicine. However, to characterize the
clinical potential of promising nanoparticle platforms fully, several key consider-
ations must be taken into account. For example, an advantage of nanoparticles is
their ability to be produced in different shapes and sizes, and with various surface
modifications. This, however, adds complexity to the agent characterization process
as uniformity may not be easily achieved between different batches of nanoparticles
that have been functionalized, for example, with multiple chelating agents, targeting
moieties, and PEG linkers. In the case of chelators, the number of moieties present
will directly impact radiolabeling efficiency and specific activity, which is critical
for molecular imaging. Variability in this area will likely impact imaging perfor-
mance of radiolabeled nanoparticles, thus, accurate chelator quantification must be
performed. As chelator conjugation is dependent on the number of reactive sites on
a nanoparticle and may vary based on how the nanoparticle was produced, chemical
characterization is critical to ensure that the plethora of in vivo data being generated
with comparable nanoconjugates can be fairly compared so that conclusions can be
accurately drawn.

Another key aspect that must be considered in the translation of radiolabeled
nanoparticles is the selection of appropriate in vivo models to characterize the effi-
cacy of drug delivery. In cancer, the majority of nanoparticle imaging agents are
nontargeted and utilize the EPR effect to achieve target localization; however, the
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understanding of EPR effects in different preclinical models (i.e., subcutaneous vs.
orthotopic implant) is unclear [152]. Further studies comparing efficacy in different
animal models will be instrumental in deciding which approach best resembles clin-
ical cases. Furthermore, since cancer is likely to be the major disease model where
the utility of radiolabeled nanoparticles is determined, greater use of tumor models
that focus on orthotopic implants and metastatic disease are needed. By mimick-
ing the relevant interactions between stroma and tumor cells, orthotopic models are
capable of exhibiting rapid tumor growth and metastasizing to regional and distant
lymph nodes to recapitulate clinical scenarios more accurately. This also enables
more effective evaluation of in vivo imaging by taking into account the clearance
properties of a given nanoparticle and determining its ability to obtain adequate con-
trast for not only primary tumors, but also metastases throughout the body. This is
not the case with xenograft models, which typically place a tumor in the extremities
or flank region, where background is inherently low, and organs involved in physi-
ological clearance of the agent are not factored into its ability to delineate the lesion.

Finally, there are significant concerns over the potential side effects caused by
nanoparticle toxicity. Toxic effects can arise from the nanoparticle itself, or from
breakdown products caused by metabolic processes, and the severity may depend
on how fast they are cleared from the body. To that end, the application of surface
modifications has helped improve the biocompatibility of many nanoparticle plat-
forms, though large-scale toxicity studies are needed to determine the suitability of
a particular approach for human use. Studies that examine the impact of optimized
surface chemistry approaches must occur in tandem with nuclear imaging to define
the toxicological properties of nanoparticles and realize translational goals. In order
to achieve the long-term goal of integrating nanomedicine into routine clinical diag-
nosis and therapy, multidisciplinary approaches must continue with a keen focus
on satisfying the necessary regulatory requirements to provide efficacy and ensure
patient safety.
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3.1 INTRODUCTION

The aim of magnetic resonance (MR) molecular imaging is to noninvasively map the
cellular expression of important biomarkers associated with normal physiology or
disease. Standard MR imaging methods lack the resolution and sensitivity required
for direct detection of these cellular biomarkers due to their very low concentrations
in vivo. To overcome this obstacle, MR molecular imaging often relies on specifically
engineered nanoparticles that can (1) bind to the biomarker of interest, (2) accumu-
late at the target site, and (3) generate sufficient image contrast. Nanoparticle con-
structs allow for the incorporation of multiple binding ligands, which can improve
the targeting ability, and multiple relaxation agents, which amplify the MR signal
enhancement. MR molecular imaging contrast agents generally utilize either para-
magnetic gadolinium chelates or superparamagnetic iron oxide to generate image
contrast. Most iron oxide contrast agents consist of rigid structures that are outside
the scope of this chapter, but have been extensively described in the literature [1-5].
Gadolinium agents have been grafted onto a wide range of nanoparticle constructs,
including liposomes, micelles, dendrimers, polymers, viral particles, and liquid per-
fluorocarbon particles.

In some cases, the nanoparticle may also serve as a drug delivery agent, provid-
ing diagnostic and therapeutic information via noninvasive MR imaging. Selective
targeting of a therapeutic drug could improve uptake at the pathological tissue and
reduce retention in normal tissues. These properties could combine to reduce the
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required dose and/or lower the occurrence of unwanted side effects for highly potent
drugs. The ability to image the uptake of drug-laden nanoparticles in the body could
be utilized to directly evaluate the biodistribution and elimination of the agent in tis-
sues of interest and to predict the end-organ therapeutic effect.

3.2 PARAMAGNETIC PERFLUOROCARBON NANOPARTICLES

Perfluorocarbon (PFC) nanoparticles contain a liquid PFC core encapsulated within
a monolayer of phospholipids. These nanoparticles have been utilized for a diverse
array of biomedical applications, including as a targeted molecular imaging contrast
agent and tissue-specific drug delivery vehicle. The size of PFC particles (250 nm in
diameter) typically limits their biodistribution to the intravascular space. Therefore,
these agents are often formulated with targeting molecules that specifically bind
intraluminal biomarkers, such as integrins, selectins, or adhesion molecules [6,7].
Chemically, PFC molecules are similar to hydrocarbons, but with fluorine atoms
in place of the hydrogens [6—8]. PFCs are highly stable and biologically inert com-
pounds due to the dense electron cloud of carbon—fluorine bonds, which impede
chemical reactions that could break down the molecular structure [6].

PFC nanoparticles have been specifically formulated for molecular imaging of a
variety of disease biomarkers and for use with many different imaging modalities
[6,7]. In particular, this contrast agent has been utilized for imaging angiogenesis, a
hallmark of many disease processes, including, but not limited to, tumor growth and
atherosclerosis [6]. To achieve molecular imaging of angiogenesis, PFC nanoparticles
can be formulated with a targeting agent that selectively binds to the o, 3;-integrin.
Expression of o,3;-integrins on the vascular lumen is required for the migration
and invasion of vascular endothelial cells, a vital step in the formation of new blood
vessels [9]. Targeted PFC nanoparticle contrast agents have been designed to be
detected by ultrasound imaging [10], MR [7], computed tomography [11], nuclear
imaging [12], and optical imaging [13—15] as well as for multimodality imaging.

In order to detect PFC nanoparticles with MR, a lipophilic gadolinium chelate is
typically added to the outer phospholipid monolayer. Gadolinium is a paramagnetic
metal that induces increased T1 relaxation of the tissue, leading to a hyperintense
signal on T1-weighted MR images. The ability of paramagnetic agents to accelerate
T1 relaxation of the MR signal is denoted by the relaxivity of the agent, measured
in units of per second per millimolar, 1/(s*mM). Anchoring the gadolinium onto a
nanoparticle carrier can improve the relaxivity of the contrast agent via two mecha-
nisms. First, the relatively large size of the particle slows the tumbling rate of the
metal, improving the chemical interaction between the gadolinium ion and the sur-
rounding water molecules. As a result, the relaxivity of Gd-DTPA at 1.5 T increases
from 4.5 1/(s*mM) when diluted in water [16] to 17.9 1/(s*mM) when incorporated
onto PFC nanoparticles [17]. Second, utilizing a nanoparticle allows multiple copies
of the gadolinium chelate to be loaded onto a single carrier, effectively multiply-
ing the paramagnetic effect induced in the target tissue each time a particle binds
to the biomarker of interest. PFC nanoparticles can be loaded with nearly 100,000
Gd-DTPA molecules per particle, leading to an overall relaxivity of 1,690,000
1/(s*mM) at 1.5T [17]. With such a high relaxivity, the minimum concentration of
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FIGURE 3.1 TIl-weighted MR image of rabbit tumor 2 hours after injection of oB;-
integrin-targeted PFC nanoparticles. The yellow overlay indicates the areas of MR signal
enhancement, which were typically observed along the tumor periphery near blood vessels
or along borders with surrounding musculature (white arrows). (Reprinted with permission
from Winter, P. M. et al. 2003. Cancer Research 63 (18): 5838-5843.)

PFC nanoparticles required for MR image detection, defined as the concentration
required to produce a contrast-to-noise ratio of 5, is around 100 pM at a typical clini-
cal field strength (1.5 T) and 25 pM at a higher field strength used for high-resolution
imaging in animal research (4.7 T) [17].

Paramagnetic PFC nanoparticles targeted to o f;-integrins have been used for
molecular imaging of tumor angiogenesis in rabbits using a clinical 1.5 T MR scan-
ner [18]. T1-weighted MR images of animals receiving o, ;-integrin-targeted para-
magnetic nanoparticles displayed a marked increase in the MR signal in a patchy
distribution mostly along the tumor periphery (Figure 3.1). Two hours after nanopar-
ticle injection, the MR signal increased by 126% relative to the preinjection image
intensity. Histology of the tumors revealed that angiogenesis was sparsely distributed
along the tumor periphery and often occurred near large blood vessels that were out-
side the tumor capsule (Figure 3.2). Nontargeted paramagnetic nanoparticles yielded
significantly lower MR signal enhancement, demonstrating the specific binding of
the agent to the o, 3;-integrin. Furthermore, in vivo competition studies demonstrated
that binding of the targeted particles could be blocked by pretreatment with o f3;-
integrin-targeted nonparamagnetic nanoparticles. The MR signal intensity of the
adjacent muscle tissue remained constant following injection of either o 3,-integrin-
targeted or nontargeted nanoparticles, indicating that this agent does not accumulate
in normal tissues. This study demonstrated that o 3,-integrin-targeted PFC nanopar-
ticles could provide high target-specific avidity with robust signal enhancement on
a clinical imaging system for the sensitive detection of tumor angiogenesis in vivo.

Research studies on molecular imaging with targeted nanoparticles have also
explored various applications in predicting, monitoring, or improving a range of
therapeutic methods. For example, molecular imaging of tumor angiogenesis could
provide noninvasive monitoring of the efficacy of antiangiogenic drugs, such as
avastin, sutent, or nexavar. Early detection of the therapeutic response would allow
personalized tailoring of drug selection and/or dosing to maximize the antitumor
effect and possibly reduce the drug side effects. Furthermore, the targeted contrast
agent could serve as a carrier platform for delivery of the drug itself. Antiangiogenic
therapy has been demonstrated in tumor-bearing rabbits using o f3,-integrin-targeted
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FIGURE 3.2 (See color insert.) Histology of rabbit tumor showing angiogenesis (black
arrows) near a large blood vessel adjacent to the tumor rim. Tumor sections were stained
with H&E (low magnification image) to show morphology or LM-609 (inset, high magnifica-
tion image) to show o, 3;-integrin expression. The anatomical location of angiogenic vascula-
ture determined via histology corresponds to the areas of MR signal enhancement following
injection of o Bs-integrin-targeted nanoparticles. (Reprinted with permission from Winter,
P. M. et al. 2003. Cancer Research 63 (18): 5838-5843.)

nanoparticles that carried the drug fumagillin in the outer phospholipid membrane
of the particles [19]. Fumagillin binds to methionine aminopeptidase 2 (MetAP2),
a key enzyme required for the growth of new blood vessels, and inhibits angio-
genesis. Treatment with o 3;-integrin-targeted fumagillin nanoparticles reduced the
tumor volume by 52%—-66% compared to animals receiving nontargeted fumagillin
nanoparticles, o, B;-integrin-targeted nanoparticles without drug or saline. Due to the
targeted delivery of fumagillin, this antitumor effect was achieved with a drug dose
that was 1,000 times lower than in other animal studies and 60 times lower than in
clinical trials [19]. MR molecular imaging with paramagnetic o [3;-integrin-targeted
nanoparticles allowed in vivo mapping of the antiangiogenic effect of the fumagillin
treatment (Figure 3.3). Fumagillin tumors displayed sparse angiogenesis along the
tumor periphery, while control tumors showed a dense distribution of angiogenesis
covering an area 2.5 times larger than in treated tumors. Fluorescence microscopy
confirmed that the o, 3;-integrin-targeted nanoparticles were preferentially retained
in the tumor periphery (Figure 3.4), as observed by MR. Furthermore, the nanopar-
ticles were colocalized with FITC-lectin, demonstrating that this agent is confined
to the intravascular space.

Similarly to the neovascular needs of growing tumors, atherosclerotic plaques
require extensive angiogenesis to meet the increased metabolic demands of the
developing lesions. In atherosclerosis, angiogenesis is typically observed in the
vasa vasorum of large arteries, including the aorta, carotids, and coronaries. MR
molecular imaging of angiogenesis in the vasa vasorum of an atherosclerotic animal
model has been reported using o f;-integrin-targeted PFC nanoparticles [20]. The
targeted particles generated a 47% increase in the MR signal in the aortic wall,
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FIGURE 3.3 (See color insert.) Reduced MR contrast enhancement in T1-weighted images
of a rabbit treated with o, f;-integrin-targeted fumagillin nanoparticles (top) compared to
an animal receiving o,f3;-integrin-targeted nanoparticles without drug (bottom). Enhancing
pixels, color coded in yellow (white arrows), demonstrate large areas of angiogenesis in the
control tumor and markedly lower levels of angiogenesis with fumagillin treatment. Panels on
the right-hand side demonstrate 3D neovascular maps of the tumors with and without fuma-
gillin therapy. The angiogenic pixels are color coded in blue and are much more prevalent in
the periphery of the control tumor than the treated tumor. (Reprinted with permission from
Winter, P. M. et al. 2008. FASEB Journal 22 (8): 2758-2767.)

Nanoparticles Lectin Co-localized

FIGURE 3.4 (See color insert.) Fluorescence microscopy (20 times magnification) of the
tumor periphery showing o, 3;-integrin-targeted nanoparticles containing rhodamine (left)
and FITC-lectin (middle). Overlaying the fluorescent signal from these two agents demon-
strates that o f3;-integrin-targeted nanoparticles are constrained to the vasculature and taken
up by angiogenic capillaries. (Reprinted with permission from Winter, P. M. et al. 2008.
FASEB Journal 22 (8): 2758-2767.)

while nontargeted particles and competitive blockade of the o f3;-integrin-binding
sites resulted in much lower signal enhancement. In a follow-up study, PFC nanopar-
ticles were formulated with a fluorescent dye to follow particle binding by micro-
scopic examination of tissue sections [14]. As expected for an agent of this size, the
nanoparticles were constrained to the vascular space and did not extravasate into
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Colocalized lectin and
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FIGURE 3.5 Histology of atherosclerotic aorta following injection with o, f;-integrin-
targeted PFC nanoparticles containing rhodamine- and fluorescein isothiocyanate (FITC)-
labeled lectin, a marker of vascular endothelial cells. Nanoparticle binding was localization
of nanoparticle binding with respect to normal and pathological vascular structures. (a) Light
microscopy with hematoxylin and eosin (H&E) staining shows the vessel microstructure,
including luminal plaque, media, and adventitia. (b) The fluorescent image demonstrates colo-
calization of the rhodamine-labeled o.,3;-integrin-targeted nanoparticles with FITC-labeled
lectin. (Reprinted with permission from Winter, P. M. et al. 2008. JACC Cardiovascular
Imaging 1 (5): 624—634.)

the media or intima of the vessel wall. The fluorescent signal from the nanopar-
ticles colocalized with FITC-lectin, a vascular marker, in the adventitia demonstrat-
ing neovascular proliferation in the vasa vasorum (Figure 3.5). Histology revealed a
strong correlation between the MR signal enhancement and the density of angiogenic
microvessels in the vasa vasorum (Figure 3.6) [14]. The MR signal steadily increased
at higher angiogenic densities, but dramatically decreased at lower densities.
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FIGURE 3.6 MR molecular imaging and histology revealed a logarithmic relationship
between the MR signal enhancement and the microvascular density. Aortic sections were
stained for o, B;-integrin and platelet endothelial cell adhesion molecule (PECAM), to quan-
tify the angiogenic microvasculature. (Reprinted with permission from Winter, P. M. et al.
2008. JACC Cardiovascular Imaging 1 (5): 624—634.)
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MR molecular imaging of angiogenesis could be used to map serially the abun-
dance of biomarkers associated with atherosclerosis and/or therapeutic response.
Thus, the biochemical signatures of disease could be monitored noninvasively to
provide early and highly specific detection of pathology, rather than tracking patient
symptoms or the occurrence of clinical events. Molecular imaging of angiogenesis
has been used to monitor the physiological effects of a range of therapeutic treat-
ments for atherosclerosis, including an appetite suppressant, L-arginine, atorvastatin,
and antiangiogenic fumagillin therapy [7].

Paramagnetic o, B;-integrin-targeted PFC nanoparticles have been used to map
angiogenesis in the aortic wall of atherosclerotic rats and serially monitor the effects
of benfluorex, an appetite suppressant [21]. The JCR:LA-cp rat is a model of meta-
bolic syndrome that displays obesity, insulin resistance, hyperlipidemia, and vas-
culopathy. Obese rats are homozygous for a defective leptin receptor and display
increased food consumption, body weight, insulin, leptin, cholesterol, and triglyc-
erides compared to control rats that have at least one copy of the normal gene. MR
molecular imaging with o, f;-integrin-targeted nanoparticles revealed widespread
angiogenesis in the aortic wall of the obese animals, indicating actively developing
atherosclerotic plaques (Figure 3.7). Benfluorex reduced food intake, body weight,
insulin, and leptin in the obese treated rats, but did not change the serum cholesterol
or triglyceride levels. Likewise, benfluorex reduced aortic angiogenesis in the obese
treated animals to the same level as in the control lean rats. Histological analysis of
the microvascular density in the aortic wall confirmed the MR molecular imaging

Full FOV Bsl 2 Hr Enh. Map
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FIGURE 3.7 TIl-weighted, fat-suppressed MR image (full FOV) shows large abdominal
fat deposits in obese (middle row) and obese treated (bottom row) JCR rats that were not
observed in the lean (top row) animals. The arrows denote the abdominal aorta in each exam-
ple. Magnified views of the aortas are shown at baseline (Bsl) and 2-hr postinjection of o 3;-
integrin-targeted nanoparticles, demonstrating MR signal enhancement in the aorta wall.
Quantitation of the signal enhancement in percentage (Enh. Map; overlaid onto postinjection
image) reveals markedly higher MR signal enhancement in the obese animal, due to active
angiogenesis in response to the development of atherosclerotic plaques. (Reprinted with per-
mission from Cai, K. et al. 2010. JACC Cardiovascular Imaging 3 (8): 824—832.)
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FIGURE 3.8 Histological staining of endothelial cells in the aortic wall of lean (left), obese
(middle), and obese treated (right) JCR rats corroborates the MR molecular imaging results.
The obese animal displayed prominent angiogenesis in the adventitia (arrowheads) that was
not observed in the lean phenotype. (Reprinted with permission from Cai, K. et al. 2010.
JACC Cardiovascular Imaging 3 (8): 824-832.)

results (Figure 3.8), corroborating that o 3;-integrin-targeted nanoparticles can be
used to monitor atherosclerosis and the neovascular effects of an appetite suppres-
sion therapy noninvasively.

However, the biological consequences of atherosclerosis are not always associ-
ated with higher levels of angiogenesis in tissues. In a rabbit model of peripheral
vascular disease, atherosclerosis leads to reduced angiogenesis in the ischemic limb.
This abnormal response can be normalized with a proangiogenic therapy, such as
L-arginine supplied via the drinking water [22]. MR molecular imaging with para-
magnetic o f;-integrin-targeted PFC nanoparticles revealed significantly higher
angiogenesis in the ischemic limb of L-arginine-treated rabbits compared to con-
trols (Figure 3.9). Furthermore, the integrin-targeted formulation produced two
times higher MR enhancement compared to nontargeted particles, demonstrating
the advantage of biomarker targeting. X-ray angiography showed that L-arginine
animals developed more collateral vessels compared to the untreated controls.
Histologic staining of muscle capillaries revealed a denser pattern of microvascula-
ture in L-arginine-treated animals (Figure 3.10), confirming the MR and x-ray imag-
ing results. Noninvasive molecular imaging with PFC nanoparticles could be used
for early detection of response to angiogenic therapies directed at ischemic diseases,
such as peripheral vascular disease or myocardial infarction, to enable personalized
optimization of treatment strategies.

In addition to the anticancer therapy described previously, PFC nanoparticles
formulated with fumagillin have been studied as a targeted therapeutic in athero-
sclerotic rabbits. Since antiangiogenic therapies have been successfully employed
to slow the progression of cancer, it is reasonable to investigate if these treatments
could also reverse the pathological effects of atherosclerosis. The acute antiangio-
genic effect of o, B;-integrin-targeted paramagnetic fumagillin nanoparticles was
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FIGURE 3.9 (See color insert.) MR molecular imaging enhancement (color coded in red)
shows diffuse angiogenesis throughout the ischemic leg (right) with only slight enhancement
in the control leg (left). The animal receiving tap water (left panel) shows more enhance-
ment in the ligated leg compared to the control leg, but L-arginine treatment (right panel)
results in a more dense distribution of angiogenesis in the ligated limb, while the control limb
appears similar to the untreated animal. (Reprinted with permission from Winter, P. M. et al.
2010. Magnetic Resonance Medicine 64 (2): 369-376.)
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FIGURE 3.10 (See color insert.) Histology of muscle from the ischemic limb of animals
treated with tap water or L-arginine. Left: Hematoxylin and eosin (H&E) staining shows
intramuscular hemorrhage (wWhite arrows) in tap water animals, which was not observed with
L-arginine treatment. Middle and right: Microvascular staining (black arrows) revealed more
capillaries in L-arginine-treated animals compared to animals receiving tap water, support-
ing the MR molecular imaging and x-ray angiography findings that L-arginine augments
angiogenic response to limb ischemia. (Reprinted with permission from Winter, P. M. et al.
2010. Magnetic Resonance Medicine 64 (2): 369-376.)

evaluated by examining expansion of the vasa vasorum in the aortic wall [23]. MR
images collected at the time of targeted fumagillin treatment were used to estimate
drug deposition in the aortic wall. One week later, after treatment, the expression
of the o B;-integrin was measured via MR molecular imaging with o, ;-integrin-
targeted paramagnetic nanoparticles (Figure 3.11). MR signal enhancement in the
fumagillin-treated rabbits decreased by 83% compared to pretreatment value. In
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FIGURE 3.11 MR molecular imaging of o, 3;-integrin expression in the abdominal aorta
of atherosclerotic rabbits before (top) and 1 week after (bottom) treatment with o, 3;-integrin-
targeted fumagillin nanoparticles (left) or o, 3;-integrin-targeted nanoparticles without drug
(right). The intensity and distribution of the MR signal enhancement is shown as a false-
colored overlay of percent signal enhancement. (Reprinted with permission from Winter,
P. M. et al. 2006. Arteriosclerosis, Thrombosis and Vascular Biology 26 (9): 2103-2109.)

comparison, rabbits receiving no treatment showed an 8% increase in enhancement
and rabbits receiving nontargeted fumagillin nanoparticles showed a 26% decrease
in the MR signal. The dramatic reduction of o f,-integrin expression in the aor-
tic wall was confirmed by histology, which revealed that the neovascular density
was 67% lower in the aorta of treated rabbits compared to nontreated animals.
Furthermore, aortic areas that produced the highest MR enhancement at the time of
treatment subsequently displayed the largest reduction in o, 3;-integrin-targeted MR
signal 1 week later (Figure 3.12). These findings suggest that a combined molecular
imaging and targeted therapy agent can be used to confirm and quantify the local
delivery of chemotherapeutics as well as provide early predictions of the end organ
treatment response.

In addition to evaluating the acute response to therapy, MR molecular imaging has
been used for serial monitoring of the antiangiogenic effects of atorvastatin and tar-
geted fumagillin nanoparticles [14]. The effect of continuous atorvastatin treatment
was studied with and without fumagillin treatment performed once every 4 weeks.
During the 8-week study, atorvastatin did not reduce o, ;-integrin expression in
the aortic wall. Fumagillin treatment, however, caused lower image enhancement
that persisted for 2-3 weeks, demonstrating a successful although shortlived anti-
angiogenic effect (Figure 3.13). By treating the rabbits with both targeted fumagillin
nanoparticles and atorvastatin, a sustained decrease in the MR signal was achieved.
These results suggest that chronic statin treatment could prolong the effects of an
antiangiogenic therapy that is delivered in discrete doses. The clinical application
of an effective and sustained antiangiogenic treatment could decrease intramural
hemorrhage and inflammation, leading to regression or stabilization of athero-
scleriotic plaques.
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FIGURE 3.12 MR molecular imaging of o, f;-integrin-targeted fumagillin nanoparticles
provides confirmation of drug delivery to the aortic wall and prediction of the therapeutic
effect observed 1 week after treatment. Regions of the abdominal aorta that displayed the
highest signal enhancement at the time of targeted fumagillin treatment also showed the most
pronounced reduction of o, B;-integrin expression at follow-up. (Reprinted with permission
from Winter, P. M. et al. 2006. Arteriosclerosis, Thrombosis and Vascular Biology 26 (9):
2103-2109.)
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FIGURE 3.13 (See color insert.) Serial MR molecular imaging of angiogenesis in the aor-
tic wall before and after targeted fumagillin treatment. In the baseline image (week 0 panels),
cross-sectional imaging of the thoracic aorta (arrow) provides robust segmentation of the
aortic wall (yellow outline) and reveals patchy areas of angiogenesis (color-coded overlay).
Following treatment (week 1 panel), the signal enhancement is markedly lower due to the
antiangiogenic effect of fumagillin. The level of signal enhancement gradually increases
(week 2 and week 3 panels) and eventually returns to the pretreatment value (week 4 panel).
(Reprinted with permission from Cai, K. et al. 2010. JACC Cardiovascular Imaging 3 (8):
824-832))
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A wide variety of other applications for targeted PFC nanoparticles have also
been explored, including different targeting moieties, other disease models, and
alternate MR detection approaches. In addition to o, [3;-integrin targeting, paramag-
netic PFC nanoparticles have been targeted to the oi3,-integrin [13], VCAM-1 [24],
and Robo4 [25]. Furthermore, MR molecular imaging with targeted nanoparticles
has been demonstrated in nude mice bearing human melanomas [6,13], atheroscle-
rotic ApoE~~ mice [24], and a mouse model of squamous cell cancer [26]. While MR
molecular imaging usually relies on observing the relaxation effect of paramagnetic
or superparamagnetic metals on the water signal, PFC nanoparticles can also be
detected directly via 'F MR imaging or spectroscopy. The PFC core of the nanopar-
ticles can provide a definitive and quantitative MR signature [7,8]. '°F MR has been
utilized to map fibrin deposition on human carotid endarterectomy samples at 4.7 T
[27], to differentiate different PFC species targeted to fibrin clots [28], to measure
VCAM-I1 expression in the mouse kidney at 11.7 T [24], to separate the signals from
nanoparticles bound to tissue versus blood pool signal [26], to quantify angiogenesis
in the aortic valve of atherosclerotic rabbits [29], and to measure oxygen tension in
the blood pool [30]. The flexibility of PFC nanoparticles allows these agents to target
various cellular receptors, carry a range of therapeutic agents, and exploit numer-
ous imaging strategies. In the long term, these properties will continue to push the
development of PFC nanoparticles for improving the diagnosis and treatment of the
most debilitating diseases facing society, including atherosclerosis, cancer, obesity,
and diabetes.

3.3 LIPOSOMES

Liposomes have a long and important history in biological research and medicine.
They were first described in 1964 [31] and have been utilized for a number of drug
delivery [32] and molecular imaging [33] applications. In one of the first demonstra-
tions of MR molecular imaging, a liposome agent containing a paramagnetic chelate
and an antibody that binds to the o.f3;-integrin was used to map tumor angiogen-
esis in a rabbit model [34]. More recently, paramagnetic liposomes were targeted to
CD-105 and used to image tumor angiogenesis in rats [35]. CD-105 is also known as
endoglin and is a cellular glycoprotein required for endothelial cell proliferation [36].
Antibodies targeted against CD-105 are routinely used in histology to assess micro-
vascular density in tissue sections. The CD-105-targeted paramagnetic liposomes
produced a progressive increase in the MR signal up to 120 minutes postinjection
[35]. The MR enhancement was evident in discrete tumor regions that had histologi-
cally verified CD-105 positive cells. Liposomes lacking the CD-105 binding antibody
displayed much different MR contrast characteristics, with a diffuse enhancement
pattern that peaked at 60 minutes postinjection and then washed out of the tumor.
In another application, paramagnetic liposomes were formulated with phosphatidyl-
serine to target atherosclerotic plaques [37]. Phosphatidylserine is expressed on the
surface of apoptotic cells, triggering macrophages to engulf the cells. By incorporat-
ing phosphatidylserine on the liposomes, the contrast agent would be taken up by
macrophages within the plaque or by macrophages in circulation and then carried to
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the plaque. The abdominal aorta of ApoE~- mice showed clear MR signal enhance-
ment up to 8 hours postinjection of the liposomes. To confirm the targeting ability of
this contrast agent, ex vivo microscopy was used to colocalize the signal from rhoda-
mine included in the liposome phospholipids and a macrophage biomarker, CD-68.

The versatility of liposome constructs has allowed them to be modified for
MR detection utilizing contrast materials other than paramagnetic gadolinium.
Superparamagnetic iron oxide particles have been extensively studied for molec-
ular imaging [4,38—41] and cell tracking [42-45], but they will generally not be
included in this review. However, iron oxide agents have been incorporated inside
liposomes for molecular imaging of experimental tumors. For example, liposomes
containing saposin C (SapC) in the phospholipid membrane have been developed to
bind to cancer cells, such as neuroblastoma cells. SapC is a multifunctional protein
known to induce membrane fusion [46]. SapC preferentially interacts with unsatu-
rated, negatively charged phospholipids, such as phosphatidylserine [46,47], which
are expressed by tumor cells and the supporting vasculature [48,49]. This affinity
for phosphatidylserine allows SapC vesicles to target tumors selectively, but not nor-
mal tissues [50,51]. Iron oxide particles were coupled to the liposome phospholip-
ids by oxidizing the dextran coating [52]. The liposomes were then formed with
a 200 nm polycarbonate filter and iron particles on the exterior of the liposomes
were removed by lowering the pH and filtering the free iron particles via a chro-
matography column. These superparamagnetic liposomes had a T2 relaxivity of
101 1/(mM*s) at 7 T [50]. In cultured neuroblastoma cells, the T2* relaxation rate
increased by 4.9 1/s for each picogram of iron per cell. In tumor-bearing mice, gra-
dient echo images showed a decrease in signal after injection, with the maximum
contrast change observed 3 hours postinjection. Quantitation of the in vivo relaxation
time showed that the tumor T2 decreased by 30% after injection, 91 ms preinjection
versus 62 ms postinjection.

In addition to imaging agents, liposomes have been utilized in a number of drug
delivery applications. These particles can be formulated to carry hydrophilic drugs,
such as doxorubicin or cytarabine, in the aqueous core [53,54]. Alternatively, hydro-
phobic drugs, such as temoporfin or flavopiridol, can be incorporated into the outer
phospholipid lipid membrane [55,56]. One particularly exciting application is the
development of thermosensitive liposomes to control drug release based on ther-
mal activation within the tissue of interest, such as tumors. Liposomes formulated
with a phospholipid membrane containing DPPC, HSPC, cholesterol, and DPPE-
PEG2000 were used to encapsulate a clinical MR contrast agent, Gd-HPDO3A,
and an antitumor chemotherapy agent, doxorubicin [57]. The final concentration of
gadolinium and doxorubicin in the liposome solution was 14.2 and 3.1 mM, respec-
tively, indicating successful encapsulation within the particle core. The liposomes
displayed a rather weak T1 relaxivity, 0.5 1/(mM*s), at temperatures ranging from
30°C to 39°C, but the relaxivity quickly rose to 3 1/(mM*s) as the temperature
increased between 40°C and 43°C. Further temperature increases, up to 50°C, did
not produce any additional changes in the relaxivity, indicating that the liposome
membrane rapidly becomes very porous at 40°C—43°C, facilitating the release of
the gadolinium and doxorubicin payloads. To investigate the in vivo utility of this
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therapeutic formulation, liposomes were injected into rats bearing subcutaneous 9L
tumors and the animals were subjected to MR guided high-intensity focused ultra-
sound (HIFU) hyperthermia or no HIFU (control group). The HIFU-treated animals
displayed varying amounts of increased tumor relaxation rates, ranging from 0.09
to 0.58 1/s. On the other hand, the control animals all showed minimal changes in
relaxation rates, averaging 0.03 1/s. Ex vivo tumor analysis showed varying amounts
of gadolinium and doxorubicin in the HIFU-treated tissue, 0.37% ID/g to 1.74% ID/g
and 0.36% ID/g to 1.91% ID/g, respectively, but much lower concentrations in the
control animals, 0.21% ID/g and 0.19% ID/g, respectively. Interestingly, the non-
invasive measurement of MR relaxation rates at the time of treatment was highly
correlated to the subsequent concentrations of gadolinium (R? = 0.9805) and doxo-
rubicin (R =0.9996) in the tumors. While these experiments may not have achieved
consistent release of the drug and contrast agent payloads within the tumor, they
clearly show that the MR signal can provide a surrogate measurement for local drug
deposition within the tissue of interest.

In a similar set of experiments, liposomes formulated with DPPC lipid and Brij78
were engineered to release doxorubicin and Gd-DTPA rapidly within a tumor upon
HIFU activation [58]. In phantom studies, the release of Gd-DTPA from the particle
core was correlated to the doxorubicin release kinetics. Total regression of in vivo
tumors was achieved when 5-10 mg doxorubicin per kilogram of bodyweight was
released locally in the tumor from the liposome carrier. This drug dose was associ-
ated with a 0.03 1/s decrease in the MR relaxation rate of the tumor at the time of
treatment. The development of MR contrast agents that quantifiably map the local
deposition of drugs in real time could help make personalized therapy an effective
and robust tool in the ongoing fight against cancer and other diseases.

3.4 OTHER NANOPARTICLE SYSTEMS

Nature has harnessed a number of nanoparticle structures to accomplish various
biological processes, including viruses, lipoproteins, and micelles. In addition, syn-
thetic nanoparticles have been developed for a host of chemical and industrial appli-
cations, such as dendrimers and polymers. High-density lipoproteins (HDL) and
low-density lipoproteins (LDL) have been labeled with gadolinium for MR imaging
of atherosclerosis and cancer. HDL particles consist of a triglyceride and cholesterol
core encapsulated by a phospholipid membrane. These particles are utilized to trans-
port lipids from different body tissues to the liver for metabolism and/or excretion.
The phospholipid membrane of HDL offers an ideal surface for the incorporation of
amphiphilic gadolinium chelates. The apolipoproteins associated with HDL, such as
apo A-I and apo A-II, selectively target these particles to atherosclerotic plaques [59].
Paramagnetic HDL particles were injected into atherosclerotic mice, yielding a 35%
enhancement in the MR signal intensity of the abdominal aorta. Histology showed
that the particles were taken up by macrophages, which make up a large portion of
vascular plaques and are associated with plaque rupture. In a similar manner, LDL
particles modified to contain amphiphilic gadolinium contrast agents have been
developed for imaging tumors. A number of different tumor types, such as prostate,
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melanoma, colon, and breast, overexpress LDL receptors, making this agent an ideal
candidate for selective imaging of these cancers. Mice bearing subcutaneous liver
carcinomas were imaged before and 24 hours after injection of paramagnetic LDL
particles [60]. The MR signal from the tumor increased by 25% compared to pre-
injection. Microscopic analysis of treated cells showed that the particles were inter-
nalized within the cytosol, indicating active uptake via the LDL receptor.

Similarly to HDL and LDL particles, micelles consist of a hydrophobic core
encapsulated within a phospholipid layer. Surface modification has been exploited
to label micelles with paramagnetic chelates and targeting ligands for specific MR
imaging of tumors. A paramagnetic micelle agent was targeted to the o, 3;-integrin
via incorporation of an RGD (arginylglycylaspartic acid) peptide on the surface [61].
The nanoparticles displayed a relaxivity of 12 1/(mM*s) relative to the gadolinium
concentration. However, each micelle carried approximately 150 gadolinium ions,
yielding a relaxivity around 2000 1/(mM*s) in terms of micelle concentration. The
micelles were injected into melanoma-bearing mice and produced significant MR
signal enhancement localized mainly along the periphery of the tumor. This agent
was formulated also to carry an optical imaging agent, and ex vivo tissue imaging
showed that targeted micelles accumulated in tumor blood vessels, but not in muscle.
While viruses are generally considered to be harmful and dangerous agents, they
can be modified in the lab to eliminate their infectious properties. The remaining
nanostructure is highly stable and naturally biocompatible. A number of viral spe-
cies have been modified for MR imaging, including cowpea chlorotic mottle virus
[62,63], MS2 bacteriophage [64], and adenovirus [65].

Dendrimers and polymers have similar chemical formulas, but their structures
are quite distinct. Polymers consist of a linear chain of repeated subunits. On the
other hand, dendrimers are highly branched structures that take on a spherical con-
formation. One of the first angiogenic biomarkers ever discovered was vascular
endothelial growth factor (VEGF) [66], which plays a prominent role in a variety
of diseases, including cancer, ischemia, infection, atherosclerosis, diabetes, inflam-
mation, and organ rejection. Selective targeting of VEGF with MR contrast agents
has been accomplished by several techniques [67]. For example, gadolinium-loaded
polymeric nanoparticles containing an anti-VEGF targeting ligand have been used
to image angiogenesis associated with hepatocellular carcinomas in a mouse model
[68]. Human epidermal growth factor receptor type 2 (HER2/neu) is a cell surface
receptor that is overexpressed in many types of cancer, including breast, ovarian,
bladder, and others. Furthermore, tumors with higher HER2/neu expression levels
tend to have a poorer prognosis than tumors with lower expression. Several stud-
ies have explored MR molecular imaging of this biomarker by directly labeling the
HER2/neu antibody [69] or by using a nanoparticle scaffold [70]. For the nanoparticle
approach, a fourth-generation dendrimer was labeled with gadolinium chelates. Of
the 64 reactive sites on each dendrimer molecule, the gadolinium bound to 21 sites
on average. The relaxivity of the agent was 137 1/(mM*s) relative to the dendrimer
concentration. Using a HER2/neu antibody to target the dendrimer to breast tumors
in mice yielded a decrease in the tumor T1 from 2.3 seconds to 1.4 seconds 24 hours
after injection.
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3.5 CLINICAL MOLECULAR IMAGING

Clinical molecular imaging applications have mostly centered on tagging antibodies
or other targeting molecules with radioactive elements. For example, single-photon
emission computed tomography (SPECT) and positron emission tomography (PET)
imaging of various compounds, including glucose, choline, thymidine, and cellular
receptors, has been used for identifying cancer, cardiovascular disease, and other
disorders [71-77]. Due to the relative insensitivity of MR imaging, labeling a single
molecule with a paramagnetic tag typically does not generate sufficient image con-
trast in clinical applications. There are, however, a couple of specific examples where
the biomarker of interest is expressed at such a high level that gadolinium tagging
can be employed successfully.

Ablavar is an MR contrast agent approved for use in MR angiography. While
Ablavar does not bind to a cellular receptor like the molecular imaging agents dis-
cussed previously, it is designed to bind albumin in the blood pool. By binding to
this highly abundant serum protein, Ablavar has a long circulatory residence time
[78], allowing increased signal-to-noise and/or spatial resolution compared to tradi-
tional contrast agents with faster elimination rates. In addition, binding to albumin
increases the relaxivity of Ablavar by a factor of five compared to other clinical
contrast agents [79]. As a blood pool contrast agent, Ablavar has widespread applica-
tions in clinical MR imaging of arterial stenosis, vascular malformations, deep vein
thrombosis, and other abnormalities of the blood vessels [80]. While Ablavar does
not fit the traditional mold of molecular imaging contrast agents, its approval by reg-
ulatory agencies and its subsequent adoption into clinical practice serve as a model
for the development and acceptance of other targeted MR molecular imaging agents.

Another contrast agent that takes advantage of a highly abundant biomarker binds
to the fibrin that makes up a thrombus. An 11-amino acid peptide chain that binds to
human fibrin has been coupled to four gadolinium chelates to form a targeted MR
contrast agent called EP-2104R [81]. EP-2104R utilizes a macrocyclic chelator to
reduce the potential for gadolinium to be released in the body. Under extreme con-
ditions, including very low pH and a very strong competing chelator, EP-2104R
showed very low gadolinium loss—0.3%—compared to other clinically approved
contrast agents, 71.7% for Gd-DTPA, 88.4% for Gd-DTPA-BMA, and 39.2% for Gd-
DO3A. EP-2104R has strong binding to human fibrin with a K; of 1.6 pM and cross
reactivity with pig, dog, rabbit, rat, and mouse fibrin. In comparison, the binding
of EP-2104R to fibrinogen is much weaker, with a K, of 240 uM. The relaxivity of
EP-2104R is 11.1 1/(mM%*s) in solution, but increases to 24.9 1/(mM*s) when bound to
a fibin clot [82,83]. A number of studies in animal models of cardiovascular disease
demonstrate the wide variety of potential applications for this agent in clinical imag-
ing. Preclinical studies have shown that EP-2104R could reliably detect pulmonary
emboli, coronary thrombi, and thrombi in the right ventricle in pigs at 1.5 T 2 hours
after injection [84]. After injection of EP-2104R, the contrast-to-noise ratio of the
clots was between 17 and 56 and the gadolinium content was 144 pmol/L compared
to 22 umol/L after injection of Gd-DTPA. In a preclinical model of thrombosis in
the cerebral vein of a pig, injection of EP-2104R yielded a contrast-to-noise ratio of
14 [85]. Furthermore, early clinical trials have demonstrated that this agent is easily
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tolerated in patients with intravascular thrombi. A small cohort of 10 patients with
clots in the heart, thoracic aorta, or carotid artery were imaged before and 2—6 hours
after injection of EP-2104R [82]. The contrast-to-noise ratio of the thrombi increased
from 6 + 8 before contrast injection to 29 + 14 after injection. In a study assessing
the feasibility for imaging both arterial and venous clots, early postinjection time
points—2 to 6 hours—showed a 90% increase in the MR signal intensity of the clots,
while later time points—20-36 hours—yielded an increase of 104% [83]. There is
a critical medical need to image clots in patients suffering from heart attacks and
strokes. A fibrin-specific MR contrast agent could be invaluable for identifying cul-
prit thrombi and for monitoring the effectiveness of “clot-busting” therapies in this
large and growing patient population.

3.6 PARACEST AGENTS

One significant limitation of all paramagnetic and superparamagnetic MR molecu-
lar imaging contrast agents is that biomarker detection requires comparison of the
MR signal intensity before and after injection of the agent. The postinjection image
may be collected hours or days after the preinjection image, making image registra-
tion and signal comparisons difficult. A new class of MR contrast agent offers the
unique opportunity to turn the image contrast on and off by changing the imaging
parameters, thus eliminating the need for pre- and postinjection imaging.

Chemical exchange saturation transfer (CEST) agents have exchangeable protons,
such as NH or OH groups, that resonate at a chemical shift that is distinguishable from
the bulk water signal. However, CEST agents often have chemical shifts that are very
close to the bulk water signal, making it difficult to saturate just the exchangeable
proton signal without directly impacting the bulk water peak. Coupling a paramag-
netic ion near the water-binding sites can shift the bound water frequency further
away from the bulk water, allowing selective saturation of only the exchangeable
protons [86]. Applying radiofrequency prepulses at the appropriate frequency and
power level can saturate the exchangeable protons and transfer the magnetization
into the bulk water pool, leading to a reduced MR signal [87]. Therefore, these para-
magnetic CEST (PARACEST) agents allow the image contrast to be switched on and
off at will. In addition to typical molecular imaging applications, the water exchange
kinetics of PARACEST agents can be designed to be sensitive to specific environ-
mental conditions, such as pH [88,89] or temperature [89,90], or to interact with
specific metabolites, such as lactate [91], glucose [92], or zinc [93], yielding an MR
signal enhancement that is proportional to these biologically important variables.

Liposomes have been employed to entrap PARACEST agents within the hydro-
philic core. The permeability of the liposome membrane can be modified by incor-
porating different phospholipids. With adequate mixing of the interior and exterior
water compartments, liposomes can produce a measureable PARACEST signal.
These agents are known collectively as lipoCEST agents. The water inside the lipo-
some acts as the “bound” water pool, which resonates at an MR frequency offset
from the bulk water signal. Selective saturation of the water molecules inside the
particles is transferred to the outside pool through the liposome membrane. For
example, a lipoCEST formulation that encapsulated 200 mM of Tm-DOTMA within
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the particle core generated a PARACEST signal that was 3.1 ppm away from the
bulk water [94]. Nonspherical lipoCEST particles produce a bound water peak that
is further away from the bulk water signal due to the larger bulk magnetic suscep-
tibility shift of these particles [95]. A nonspherical lipoCEST agent containing Tm-
HPDO3A or Dy-HPDO3A displayed a bound water resonance at 30 or —40 ppm,
respectively [96]. Other efforts to improve the sensitivity of lipoCEST particles have
focused on incorporating amphiphilic shift reagents into the phospholipid membrane
[97] or encapsulating polymeric shift reagents within the aqueous core [98]. A lipo-
CEST agent targeted to angiogenesis was used to image brain tumors in mice [99].
The agent displayed a bound water peak at 7 ppm and produced an MR enhance-
ment of 1.5% within 1-2 hours postinjection. For nontargeted lipoCEST particles
or in contralateral brain tissue, the MR enhancement only reached 0.5%—0.75%.
LipoCEST agents have shown great flexibility in fine-tuning the water exchange rate
and bound water frequency, which could be exploited to develop different formula-
tions for specific targets or drug delivery applications.

One of the unique properties of PARACEST MR contrast agents is that multiple
agents can be separately detected based on the offset frequency of the bound water
signals. Conventional paramagnetic and superparamagnetic MR agents influence the
water relaxation rates, and the effects of individual agents cannot be distinguished
from one another. However, two or more PARACEST agents with different bound
water frequencies can be individually interrogated with selective saturation pulses,
yielding pulse sequences that are sensitive to one contrast agent and not the others.
Selective imaging of two dendrimer PARACEST agents has been performed in
tumor-bearing mice [100]. A europium-based PARACEST chelate was coupled onto
a fifth-generation polyamidoamine (PAMAM) dendrimer, forming Eu-PAMAM. In
a similar fashion, an ytterbium chelate was coupled to a second-generation PAMAM
dendrimer to form Yb-PAMAM. Eu-PAMAM displayed a bound water peak at
55 ppm, while Yb-PAMAM yielded a bound water peak at —16 ppm. Intravenous
injection of a mixture of Eu-PAMAM and Yb-PAMAM showed different pharma-
cokinetics curves for the bound water signals at 55 ppm and —16 ppm. The smaller
Yb-PAMAM dendrimer showed rapid uptake into the tumor, while the larger Eu-
PAMAM agent displayed reduced tissue permeability, as expected. Yb-PAMAM
also appeared to reach a plateau by the end of the 30-minute MR imaging exam,
while the Eu-PAMAM signal continued to increase. Similar methods could be uti-
lized to evaluate the biodistribution of targeted versus nontargeted agents [101,102],
to measure tissue pH based on the different PARACEST signals from pH-responsive
and -insensitive agents [103,104], or to map metabolic activity utilizing activatable
and unalterable chelates [105-107].

Adenovirus particles have been widely utilized in research labs to target spe-
cific cell populations and to deliver gene therapy vectors. Viral particles have been
modified to carry PARACEST chelates on the outer surface of the capsid and the
bioactivity was evaluated in HT 1080 cells [65]. MR imaging of the PARACEST
virus particles was performed with an on-resonance WALTZ-16 pulse sequence. The
PARACEST virus showed significantly higher contrast than unmodified particles.
These experiments demonstrate the feasibility of labeling adenovirus particles with
PARACEST chelates while maintaining adequate bioactivity for use in cultured cells.
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In cardiovascular disease, MR molecular imaging with PFC nanoparticles tar-
geted to fibrin allows sensitive identification of clots [108,109]. While paramagnetic
PFC nanoparticles can produce signal enhancement on T1-weighted MR images, an
alternate approach could utilize PARACEST chelates incorporated on the surface of
PFC nanoparticles. Fibrin-targeted PARACEST nanoparticles could provide a means
to identify clots without the need for comparing the MR signal intensity of pre- and
postinjection images. PARACEST nanoparticles formulated with a europium-based
chelate yielded a bound water peak at 52 ppm [101]. Human clots were treated with
fibrin-targeted PARACEST nanoparticles or control nanoparticles and imaged at
4.7 T. MR images collected with presaturation at —52 ppm appeared very similar,
regardless of the nanoparticle treatment (Figure 3.14). The surface of clots treated
with fibrin-targeted PARACEST nanoparticles showed clear MR enhancement
after subtraction of images collected with the contrast turned off (presaturation at
—52 ppm) from images with the contrast turned on (presaturation at 52 ppm). In
contradistinction, the surface of clots treated with control nanoparticles could not

Fibrin-targeted Nanoparticle Contrast

PARACEST Control
Nanoparticles Nanoparticles
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FIGURE 3.14 Molecular imaging of fibrin clots with antibody-targeted PFC PARACEST
(left) or control (right) nanoparticles. MR images with presaturation at =52 ppm (top) show
no differences between the two clots. However, subtraction images (middle) clearly dis-
play signal enhancement on the clot surface treated with PARACEST nanoparticles, but no
enhancement on the clot treated with control nanoparticles. The contrast to noise of the clot
surface (bottom) was significantly higher with PARACEST nanoparticles compared to con-
trol nanoparticles (*P < 0.05). (Reprinted with permission from Winter, P. M. et al. 2006.
Magnetic Resonance Medicine 56 (6): 1384-1388.)
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FIGURE 3.15 PARACEST presaturation curve for a water-soluble PARACEST chelate and
PFC PARACEST nanoparticles showing a bound water peak at +51 ppm. The experimen-
tal data were fit to the Bloch equations to calculate the bound water lifetime of the water-
soluble chelate (290 ms) and the PFC nanoparticles (108 ms). (Reprinted with permission
from Cai, K. et al. 2011. NMR Biomedicine 25:279-285.)

be discriminated from noise upon subtraction. The average PARACEST contrast-to-
noise ratio at the clot surface was significantly higher for fibrin-targeted PARACEST
nanoparticles (10.0 + 1.0) compared to the control nanoparticles (2.2 + 0.4; P < 0.05).

Further experiments revealed that the water exchange kinetics are different for
the water-soluble PARACEST chelate, the PARACEST nanoparticle in solution, and
the nanoparticles after binding to a biological target [102]. MR signal enhancement
was measured for both the water-soluble chelate and PARACEST nanoparticles
at 11.7 T over a range of offset frequencies: —80 to 100 ppm (Figure 3.15). Both
agents showed a clear bound water peak at 51 ppm. Fitting the experimental data to
the modified Bloch equations revealed that the bound water lifetime for the water-
soluble chelate was 290 us, while the nanoparticle agent had a bound water lifetime
of 108 us. Simulation of the Bloch equations indicated that the optimum bound water
lifetime was 976 us—much higher than either of the PARACEST agents studied
(Figure 3.16).

For assessing the PARACEST nanoparticles when bound to a clot, the ’F MR
signal from the PFC core provided a means to quantitate the nanoparticle concen-
tration at the target site [27,110]. Clots treated with fibrin-targeted nanoparticles
showed PARACEST contrast only along the clot boundary—not the clot interior
or the surrounding saline (Figure 3.17), generating a PARACEST contrast-to-noise
ratio of 17.7 along the clot surface. The '°F images also showed signal only at the
clot surface, yielding a signal-to-noise ratio of 7.34 for the targeted clots. The "F
signal indicated that the concentration of particles per voxel at the clot surface was
8.13 nM. The same concentration of nanoparticles in solution would have yielded
a PARACEST contrast-to-noise ratio of only 7.99, but the clots reached a contrast-
to-noise ratio of 17.7. Based on the '°F quantitation, the detection limit (contrast-to-
noise ratio = 5) for bound PARACEST nanoparticles was 2.30 nM, which is 44%
lower than the detection limit for nanoparticles in solution. These results suggest that
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FIGURE 3.16 Modeling of the Bloch equations provides an estimation of the PARACEST
MR signal for agents with different bound water lifetimes. The bound water lifetime for the
PFC nanoparticles in solution (triangle) is lower than for the water-soluble chelate (circle),
decreasing the observed PARACEST contrast. When the particles bind to a target surface,
such as the fibrin clots, the bound water lifetime increases (square). The increased bound
water lifetime is closer to the optimal exchange rate, causing the PARACEST contrast to
increase. (Reprinted with permission from Cai, K. et al. 2011. NMR Biomedicine 25:279-285.)
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FIGURE 3.17 (See color insert.) Combined PARACEST and '""F molecular imaging of
fibrin-targeted PARACEST PFC nanoparticles. PARACEST (a) and °F (b) images both
reveal nanoparticles bound to the clot surface. (c) The !°F signal is converted to nanoparticle
concentration (nM) and color coded in an overlay on the PARACEST subtraction image,
demonstrating colocalization of these two definitive signals. (Reprinted with permission from
Cai, K. et al. 2011. NMR Biomedicine 25:279-285.)

binding the nanoparticles onto a biological target actually improves the PARACEST
mechanism, perhaps due to an increase in the bound water lifetime. Mathematical
simulation of the Bloch equations indicates that the bound water lifetime of the
bound nanoparticles was around 600 us (Figure 3.16), which is much closer to the
optimum value than nanoparticles in solution (108 ps). This study demonstrates that
PARACEST PFC nanoparticles provide a unique opportunity for dual PARACEST
and F MR molecular imaging, to corroborate specific binding of the particles to
the target, and for quantitation of particles within a voxel. These properties allow
optimization of the chelate chemistry and MR imaging pulse sequence parameters
to achieve the maximum image contrast.
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3.7 CONCLUSION

In conclusion, there has been a recent upwelling of research and development of
nanoparticle systems for a variety of applications, including molecular imaging,
drug delivery, cell labeling, and other biological uses. The physical and chemical
properties of nanoparticles can vary widely as their basic structure may consist of
dendrimers, viruses, liposomes, micelles, PFC particles, etc. The ability to modify
the surface and/or the core components of the particles allows them to be engi-
neered specifically to bind to cellular biomarkers, target distinctive cell populations,
produce a reliable MR imaging signal, transport potent pharmaceuticals directly
to the diseased tissue, and/or release therapeutics in response to an external trig-
ger. Combining the roles of diagnosis and therapy into a single agent, these ther-
anostic nanoparticles could revolutionize the detection and treatment of many of
the most critical clinical diseases, including cancer, stroke, cardiovascular disease,
obesity, diabetes, and others. While the complexity and manufacturing hurdles for
these multipurpose agents will certainly delay their adoption for widespread clin-
ical use, the advantages and proposed benefits of nanomedicine will continue to
spur intense research efforts to demonstrate new and exciting biological capabilities
of nanoparticles.
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4.1 INTRODUCTION TO OPTICAL IMAGING

Optical contrast for molecular imaging has a rich history from microscopy to endos-
copy and fluorescence-guided surgery. Nanomaterials offer significant potential
for functions in optical imaging as in other imaging modalities, due to the diverse
toolbox available for nanomaterial contrast agent development. Biomedical optical
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FIGURE 4.1 (See color insert.) Comparative energy spectra and location of non-ionizing
light in the electromagnetic spectrum.

imaging typically utilizes non-ionizing, visible to near-infrared (NIR) light (450—
900 nm) at low radiance levels so that tissues are not damaged. The region of the
electromagnetic spectrum occupied by visible light is small, but can be resolved into
many “colors” by the human eye and optical detecting instrumentation (Figure 4.1).

Nanomaterials for optical imaging have been developed on many platforms,
including organic and inorganic cores with additional shells and coatings to enhance
biocompatibility and stability (Figure 4.2). Addition of targeting biomolecules such
as peptides and antibodies can enhance tissue-specific delivery for both imaging
and therapy. Surface decoration with biocompatible polymers and/or phospholipids
is often necessary to prolong circulation time by avoiding natural clearance by the
reticuloendothelial system (RES). The choice of nanomaterials for optical imaging is
dependent on the biological question of interest as well as the optical characteristics
desired. This chapter will discuss the various mechanisms of optical contrast for
imaging, and mechanisms for detection and imaging as well as the various nanoma-
terial contrast agents for biomedical optical imaging.

4.2 OPTICAL IMAGING METHODS

The diffuse nature of light propagation in biological tissues limits penetration depth
and spatial resolution in thick samples. Despite these limitations, fluorescence imag-
ing is highly sensitive and offers flexible geometries and many advantages not pos-
sible with other modalities (Figure 4.3).

4.2.1 PLANAR REFLECTANCE IMAGING

Camera-based, full-field fluorescence detection is a powerful preclinical imaging
technique for fast and economical screening of pharmacokinetics and distribution of
fluorescent reporters. Planar reflectance is the simplest and most common geometry
for preclinical instrumentation used for fluorescence and bioluminescence imaging
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FIGURE 4.2 (See color insert.) Simplified cartoon of nanoparticles contrast agent plat-
forms for optical imaging. Nanoparticles are described according to the number of material
layers and chemical and biochemical modifications to pacify their surfaces to escape innate
immune responses and improve distribution characteristics.
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FIGURE 4.3 Optical imaging geometries for fluorescence detection demonstrating (a) pla-
nar reflectance, (b) diffuse reflectance, and (c) diffuse transillumination with multiple source
(S1-S4) and detector (D1-D4) locations.

(Figure 4.4) [39]. Planar reflectance imaging can provide the highest acquisition
speed and resolution for superficial structures but spatial resolution quickly dimin-
ishes with depth.

Planar biomedical fluorescence imaging for clinical applications includes fluores-
cence endoscopy for urologic surgery [60] and robot-assisted laparoscopic surgery
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FIGURE 4.4 (See color insert.) (a) Example planar reflectance imaging system setup for
detection of fluorescence in mouse cancer model. (b) Brightfield and (c) fluorescence images
of mouse after intravenous administration of tumor-targeted molecular probe in mouse with
subcutaneous tumor (arrow).

[58] as well as fluorescence-guided surgery for brain cancer [44] and ovarian can-
cer [59]. Acquired two-dimensional images are easy to analyze for high through-
put screening of compounds in large study groups. The acquired intensity data are
relatively surface weighted as excitation is maximal and attenuation is minimal for
fluorescent reporters located at the surface relative to deeper tissues. Another draw-
back for fluorescence imaging, particularly in the visible wavelength region, is back-
ground signal from endogenous fluorophores. Multispectral imaging can be used to
separate the signal of interest from these background signals for improved visualiza-
tion and quantification [59].

4.2.2 Dirruse REFLECTANCE IMAGING

Also known as diffuse optical spectroscopy, diffuse reflectance imaging (DRI) utilizes
reflectance geometry but with focused excitation and detection of light. This method
uses the diffuse nature of light propagation in tissues as a means to extend the depth
sensitivity. A comparison of preclinical fluorescence imaging systems demonstrated
that DRI gave better contrast than planar reflectance systems for imaging at depths
greater than 6 mm [15]. The depth sensitivity of DRI is related to the separation of the
excitation source from the detector. This geometry is used in diffuse optical spectros-
copy imaging in which a single source-detector pair or multiple source-detector pairs
sample the absorption and/or fluorescence over a given region. Mathematical recon-
struction of multiple source-detector location measurements into three-dimensional
(3D) images (tomography) can also be performed in this geometry [53].
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FIGURE 4.5 Fluorescence molecular tomography of mouse with subcutaneous tumor in
right flank after injection of IntegriSense 750 NIR fluorescent molecular probe using the
FMT2500 (Perkin Elmer). The arrows indicate tumor location. Other areas of fluorescence
are background fluorescence from dye in intestines and bladder.

4.2.3 TRANSILLUMINATION IMAGING

Optical imaging in transillumination geometry gives the greatest depth resolu-
tion and is the most quantitative method as light passes through the entire tissue.
Tomography denotes that mathematical reconstruction algorithms are used to gener-
ate 3D whole-body intensity [41] and lifetime [38] maps in preclinical studies using
rodent models (Figure 4.5).

Optical mammography using diffuse optical spectroscopy imaging and tomogra-
phy is being investigated as an alternative or a supplementary technique for mam-
mography for early breast cancer detection [20] and monitoring of therapy [13,42].
At this time, clinical trials of optical mammography have focused on intrinsic con-
trast from hemoglobin oxygenation and with nonspecific NIR contrast agents ICG
and Omocianine [42,47]. Optical mammography has also demonstrated the potential
to predict recurrence after chemotherapy by longitudinal changes in tissue optical
properties and oxygen saturation [19,52]. Optical mammography will have much
greater utility as molecular diagnostic and therapeutic agents, including optically
active nanomaterials, become approved for use in humans.

4.2.4 LiGHT PROPAGATION IN BioLocicAL TisSUES

Optical contrast for biomedical research and imaging originates from light inter-
action with tissues and photonic materials. These interactions primarily include pho-
ton absorption, scattering, and fluorescence—all wavelength-dependent properties.
Unlike high-energy photons used for x-ray and nuclear imaging, which travel in
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a relatively straight path through tissues, lower energy visible and NIR light travels a
more convoluted path. The propagation of light through biological tissues is modeled
by the diffusion approximation of the radiative transfer equation (RTE) or more
exact computational methods such as iterative Monte Carlo simulations [8,64]:

' 13+ 4 1)e™
R(np)=0 1 + +(1+—A) +— 4.1
(%-0) T | iy 3N ) 1)
where

%= (M, + H)™, =B, (u, + uI"?
r = (g2 + pH2
ry = [22(1 + (BA/3)) + p?]172

In Equation (4.1), A is a function of refractive index and p, and y, are the absorp-
tion and scattering coefficients of biological tissues, respectively. Practical use of the
RTE for modeling requires assumptions of homogeneity in tissues by using aggre-
gate values for tissue absorption and scattering properties and therefore produces a
good approximation of photon transport rather than exact values.

Monte Carlo simulation algorithms numerically calculate the RTE for single
“photons” and then add up the total effect to map the probable light distribution
in the modeled tissue [64]. This method is very precise and can be used to model
unlimited numbers of illumination-detection configurations and tissue layers with
various optical properties. The Monte Carlo method is computationally intensive,
as millions to billions of photons must be modeled for statistical significance, and is
therefore not feasible for application in imaging reconstruction at this time.

4.3 ABSORPTION

Chromophores (light-absorbing molecules) absorb light at specific energies due to
resonance of interatomic bonds, in a concentration-dependent manner. The dominant
chromophores in biological tissues are oxy- and deoxyhemoglobin, melanin, and
water (Figure 4.6). Absorption of light is defined by rearrangement of the Lambert—
Beer law:

u, (M) = gc, + g0, “4.2)

where
u,(A) = average distance traveled photon of given wavelength A before extinc-
tion (cm™)
€ = molar extinction coefficient (M)
¢ = concentration (M)

This law holds true only for homogeneous, nonscattering solutions in which
absorbers do not interact. The concentrations of two components in solution can be
determined by measurement of absorbance at two different wavelengths at which
€ are known for both components. This method is used to measure the oxygen
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FIGURE 4.6 Absorption spectra of tissues and intrinsic chromophores in biological tissues
demonstrating an absorption minima in the near-infrared of about 700-900 nm. (Reproduced
with permission from Vogel, A. and Venugopalan, V. 2003. Mechanisms of pulsed laser abla-
tion of biological tissues. Chem. Rev. 103 (2): 577-644.)

saturation in tissue by the relative concentrations of oxy- and deoxyhemoglobin
in blood.

Wavelength-dependent absorption of light by intrinsic chromophores is respon-
sible for the visible differences diagnostic for many diseases. Contrast agents based
on highly absorbing exogenous chromophores can also be useful for diagnostic pro-
cedures such as sentinel lymph node biopsy during surgery to remove breast tumors
and other cancers. Blue and green dyes such as methylene blue and indocyanine
green are routinely used to identify the lymphatic network surrounding the primary
breast tumor to diagnose metastatic disease and determine patient prognosis [23,36].
Absorption contrast from exogenous agents generally requires high concentrations,
which may be associated with adverse reactions such as allergic reactions and ana-
phylaxis [36].

4.3.1 PHOTOTHERMAL EFFECTS

Light absorption by nanoparticles using low-energy excitation can be used for pho-
toacoustic imaging. At higher excitation powers and/or prolonged exposure times,
nanoparticles can be used to heat tissues for thermal therapy or thermal ablation.
Gold nanocages and nanoshells can be more efficient in photothermal ablation than
solid gold nanoparticles [49,66]. Raising the temperature within tumor tissue to
40°C—42°C with controlled light irradiation of gold nanoparticles or carbon nano-
tubes within tissues can eradicate tumors in preclinical models [10]. Selective tar-
geting of nanomaterials to cancer tissues for thermal therapy would provide greater
treatment effects while sparing surrounding healthy tissues.
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4.4 SCATTERING

Light may also be scattered by particles in a size- and wavelength-dependent manner.
Scattering is described as elastic or inelastic scattering. Elastic scattering occurs when
the energy of light remains unchanged after interaction. Elastic scattering of light can
occur when particles are approximately the same size as the wavelength of light and is
therefore directly related to the wavelength of incident light. Light scattering in biologi-
cal tissue is primarily elastic interaction and is the greatest cause of light attenuation
and decrease in spatial resolution for optical imaging methods. The relative scattering
coefficients for tissues (u, cm™') decrease with increasing light wavelength [75].
Raman (inelastic) scattering involves a molecule-specific excitation process in
which a change in photon energy occurs. Inelastic scattering of photons resulting in
altered frequency of photon. Molecule-dependent events related to chemical bonds—
chemical spectroscopy. Contrast agents must have a strong and specific Raman
signature; this generally requires high relative concentrations and/or large agents
(nanoparticles or microparticles). Coherent anti-Stokes Raman spectroscopy (CARS)
is a label-free imaging method while surface-enhanced Raman spectroscopy (SERS)
benefits from exongenous contrast agents including plasmonic nanometals [73,74].

4.5 PLASMONIC NANOMETALS

Nanomaterials made from noble metals also have unique optical properties. Metal
nanomaterials are not fluorescent, but interact through inelastic Raman scattering.
Metal nanomaterials must be coated with pacifying materials to improve biodistri-
bution characteristics and in vivo stability. Fortunately, surface chemistry is rela-
tively easy with metals that contain oxide groups, enabling coating with polymers,
silica, biomolecular targeting agents, and signal-enhancing molecules [18].

Plasmon resonance occurs in nanoparticles made from gold, silver, and other
metals due to the large radius of electron orbitals confined by the small size of
nanoparticles [73]. This phenomenon is not fluorescence, but scattering of light with
size-dependent wavelength [25]. Nonspherical particles have different plasmon reso-
nance that is determined by shape [48]. Nanorods have scattering spectra related
to the length and diameter of the particles. More complex shapes can have unique
plasmon resonance signatures [74].

The SERS signal from plasmonic metal nanoparticles can be enhanced by addi-
tion of Raman reporters on the surface [43,70]. This signal enhancement can be
greater than six orders of magnitude higher than nanometal alone and enables wide-
field SERS imaging (Figure 4.7).

Another innovation has been development of gold nanocages that can be loaded
with drugs and contrast agents similar to organic nanoparticles (discussed earlier) and
also have size-dependent tunable optical properties of gold nanoparticles [65]. The
nanocages can be coated with thermoresponsive polymers that form a temperature-
sensitive gate mechanism for trapping drugs inside [31]. Upon heating, the polymer
gates are opened, releasing the payload at the tissue of interest. The optical proper-
ties of gold nanocages can be tuned to NIR absorption for laser-induced heating of
the nanoparticles directly for site-directed drug release [66].
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FIGURE 4.7 (See color insert.) Example of in vivo surface-enhanced Raman spectros-
copy with gold nanoparticles using filter-based planar imaging system. (a) Gold nanoparticles
with signal-enhancing reporter could be selectively detected in vivo after subcutaneous and
intramuscular injection in mice (b). The SERS spectrum for measurement at injection sites
corresponded well to the in vitro spectrum of SERS nanoparticles (bottom), significantly
different from tissue without nanoparticles (top). (Adapted for reuse with permission from
Qian, X. et al. 2008. Nature Biotechnology 26 (1): 83-90.)

4.6 FLUORESCENCE

Fluorescence is the reemission of light by a molecule after photon absorption
and always includes a change in light energy. Fluorescent materials include natu-
rally occurring biomolecules, synthetic organic fluorophores, and some inorganic
materials. While intrinsic factors in biological tissues can be fluorescent, they are
generally low in concentration and/or quantum yield. Therefore, exogenous fluo-
rescent reporters can produce much greater contrast than can be obtained from
absorbing or scattering agents. Exogenous contrast agents can also be synthetically
customized to excite and emit at desired wavelengths and high quantum yields for
optimal contrast (signal:background). Fluorescent contrast agents have been used
for microscopy and in vivo imaging for many years now.

The quantum yield or “brightness” of a fluorescent agent is determined by the
product of its absorption coefficient and quantum efficiency as described by

o) =¢*® “4.3)
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FIGURE 4.8 Energy diagram for photophysical events related to absorption and fluores-
cence. The fluorescence lifetime is the average time that a population of fluorophores remains
in the excited sate (S1-S3) after absorption of photons. (Reused with permission from Berezin,
M. Y. and S. Achilefu 2010. Chemical Reviews 110 (5): 2641-2684.)

where € is the absorption coefficient from Equation (4.2) and @ is the probability of
photon emission after absorption at a given excitation wavelength, A:

ky

o=t 4.4
kj + knr ( )

where the k; is the fluorescence rate constant and the nonradiative rate constant (k,,)
accounts for all other possibilities dominated by nonradiative decay and heat generation.

As defined before, fluorescence involves the absorption of light followed by emis-
sion of a photon of lower energy than the total energy absorbed. The photophysical
processes that occur after photon absorption can be described by the energy diagram
in Figure 4.8. The process of fluorescence occurs on a picosecond to microsecond
timescale. Absorption and fluorescence emission occur almost instantaneously, sep-
arated by a brief period in the excited state. The average time that a population of
molecules spends in the excited state after photon absorption before fluorescence
emission is called the fluorescence lifetime, which is directly related to the quantum
yield through Equation (4.4).

For biomedical optical imaging, absorption and fluorescence are the most com-
monly utilized contrast mechanisms. In general, fluorescence imaging with exog-
enous contrast agents provides higher sensitivity and better contrast relative to
absorption due to the relative amount and spectral characteristics of intrinsic chro-
mophores to fluorophores. Specifically, for deep tissue optical imaging, NIR contrast
agents are best suited due to the relative transparency of biological tissues in this
wavelength range (700-900 nm) [39].

4.7 ORGANIC NANOMATERIALS FOR FLUORESCENCE IMAGING

Organic fluorophores are abundant and cover the entire spectrum of light from UV
to infrared. Organic fluorophores have been customized to optimize quantum yield,
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Stokes shift, and excitation/emission wavelengths for many purposes. The photo-
physical properties of organic dyes may also be sensitive to environmental factors
including pH, temperature, protein binding, solvent effects, etc. Organic dyes may
also contain functional groups for easy conjugation to biomolecules and nano-
particles. A large field of nanomaterial contrast agents has developed from incor-
poration of organic dyes into the nanoparticles structure. The location of the dye
in/on the nanoparticles is determined by the production process and the location of
functional groups.

4.7.1  MICELLES AND LIPOSOMES

Micelles and liposomes are organic nano- to microsized particles based on amphi-
philic molecules that self-assemble in mono- (micelle) or bilayers [32]. Micelles are
simple carrier vehicles consisting of amphiphilic phospholipids or block copolymers
that form a hydrophobic core when dissolved in an aqueous environment. Micelles
are simple to make and good for delivery of hydrophobic drugs, fluorescent report-
ers, and hydrophobic nanoparticles [29,67]. Liposomes are surfactant molecules
arranged in a bilayer similar to that of a mammalian cell membrane. Liposomes can
carry drugs within the hydrophilic core or within the lipid bilayer [32]. Manipulation
of the surface characteristics such as adding targeting groups and stealth polymers
improves selective delivery of the payload [7,32].

4.7.2 PERFLUOROCARBON

Perfluorocarbons consist of a family of inert fluorine-containing organic compounds
initially investigated for their ability to transport oxygen [26]. Perfluorocarbons are
not soluble in aqueous or hydrophobic environments. Perfluorocarbon nanoparticles
can be formed similarly to micelles, with a perfluorocarbon core surrounded by a
hydrophobic and then an amphiphylic layer for aqueous suspensions [26]. Drugs and
imaging reporters can be contained in the hydrophobic layer to facilitate delivery of
hydrophobic agents, or tethered to the surface as for targeting agents and hydrophilic
imaging agents (Figure 4.9) [2,40].

Perfluorocarbon nanoparticles loaded with optical imaging agents have been
reported for molecular imaging and targeted drug delivery [1,2,40]. Hydrophobic
drugs such as fumagillin, paclitaxel, and others can be sequestered in the hydro-
phobic layer [40]. The surface can also be decorated with peptidomimetic or other
targeting moieties for site-specific delivery [2]. The perfluorocarbon components are
eliminated primarily via respiration after breakdown in the body [26,27].

4.7.3 DENDRIMERS

Polymer science has enabled extraordinary versatility in nanomaterial design.
Biocompatible polymer nanoparticles have been designed using nondegradable poly-
mers for high in vivo stability, while degradable nanomaterials may be preferable for
complete elimination from the body. Polymers may consist of long chains that self-
assemble/aggregate or dendrimers that radiate arms for functionalization. Polymers
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FIGURE 4.9 (See color insert.) Perfluorocarbon nanoparticles with perfluorocarbon core
(PFC), hydrophobic carbocyanine dye (cypate-C18) in lipid layer, and integrin-targeting
ligands extending from the surface. High-resolution fluorescence imaging of integrin expres-
sion within the vasculature of intradermal tumors shows nanoparticles selectively accumulate
in the neovasculature. (Reused with permission from Akers, W. J. et al. 2010. Nanomedicine
(London) 5 (5): 715-726.)

such as polyethylene glycol are frequently used as surface coating of nanoparticles to
reduce recognition by the reticuloendothelial system (RES) and prolong circulation
time. Nanoparticle composition and shape can be formed as desired to optimize
in vivo characteristics for circulation, extravasation, and targeted accumulation for
imaging and drug delivery.

In general, polymeric nanomaterials are not optically active and must be func-
tionalized with optical reporters for imaging. Thus, polymer nanoparticle design
must incorporate functional groups for easy conjugation of organic dyes using sys-
tems such as NHS, maleimide, or click chemistry [18].

Fluorescent dendrimer nanoparticles have demonstrated higher photostabil-
ity and contrast for fluorescence microscopy applications. Kim et al. characterized
polyamidoamine (PAMAM) dendrimers with surface-conjugated cyanine dyes with
fourfold higher intensity for fluorescence immunoassays [28]. Another novel method
was reported to incorporate a fluorophore as the core of a biodegradable dendrimer,
protecting the dye from opsonization by proteins (Figure 4.10) [3]. Nanoparticle deg-
radation was reported by changes in fluorescence lifetime of the reporter as it was
freed to interact with proteins in tissue. The method and rate of polymer degradation
can be customized for biodegradation and clearance from the body.
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FIGURE 4.10 Biodegradable dendrimer nanoparticle design with NIR fluorescent reporter
Cypate as the core. (Reused with permission from Almutairi, A. et al. 2008. Molecular
Pharmacology 5 (6): 1103-1110.)

4.8 BIOLOGICAL NANOPARTICLES

Naturally occurring nanoparticles including viruses and exosomes are ideally suited
for diagnostic and therapeutic applications as they possess intrinsic biological prop-
erties for targeted delivery of biological payloads.

4.8.1 Virus-BASED NANOPARTICLES

Viruses are natural nanoparticles that carry and specifically deliver DNA and RNA
to cells. Fluorescent-labeled viruses have been used to investigate the infection pro-
cess and have demonstrated promise for biomedical imaging and drug delivery.
Delivery of DNA and RNA to cells to alter biological activity could greatly benefit
sufferers of many diseases. Naked DNA and RNA are rapidly degraded in the body
and therefore cannot be used for therapy. Engineering of viruses for targeted deliv-
ery of therapeutic nucleotides is under intense research for gene therapy applica-
tions. As such, engineered viral nanoparticles can be labeled with contrast agents for
detection of virus distribution and/or contain genetic reporters such as luciferase or
fluorescent proteins to report gene expression in target and nontarget cells.
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Virus-like [nano]particles (VLPs) include only the viral shell with no genetic
material [69]. Viruses that are specific for plants or bacteria but not mammals are
ideal choices for these agents as the biological risk is very low. Cowpea mosaic virus
(CPMV) and others have been studied intensively for engineering of the exterior and
interior [63] for carrying fluorescent reporters and drugs [55]. As these are biologi-
cally active agents, they must also be engineered to avoid the immune system for
adequate circulation time and tissue distribution.

4.8.2 EXOSOMES

Cells naturally shed smaller vesicle-like subunits for various purposes. Exosomes
are nanometer-sized bilayered structures that include membrane-associated proteins
as well as cytoplasm (Figure 4.11). Exosomes function as intercellular messengers that
can alter the biology of the targeted cells and tissues. Exosomes can carry RNA and
other biomolecules, shielding them from degradation by tissue and blood enzymes.
The exosomes merge with the cell membranes in target tissues for direct, intracel-
lular delivery of nucleotide signaling molecules. Exosomes have been implicated in
diseases including cancer metastasis. Therefore, exosomes are being investigated for
diagnosis and therapy as well.

As naturally occurring nanoparticles, exosomes can be harvested and labeled
with contrast agents for molecular imaging and theranostic purposes. Exosomes are
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FIGURE 4.11 (See color insert.) Exosome formation from source cell targeted to another
cell. (Used with permission from Hood, J. L. and S. A. Wickline 2012. Wiley Interdisciplinary
Reviews Nanomedicine and Nanobiotechnology 4 (4): 458—467.)
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constitutively produced by many cell types and can be harvested in vitro or puri-
fied from patient blood samples. After purification, exosomes can be labeled with
membrane dyes using the same methods for cell labeling for microscopy and in vivo
optical imaging. Major obstacles to general use of these bionanoparticles in imaging
and therapy involve the routine harvesting of large numbers and adequate charac-
terization without compromising biological activities [24]. As these obstacles are
overcome, exosome-based nanoparticles will have a major impact on diagnosis of
and therapy for many diseases.

4.9 INORGANIC NANOMATERIALS FOR OPTICAL IMAGING

4.9.1 SiLicA-BASED NANOPARTICLES

Silica has unique size-dependent physical and photophysical properties. Silica surface
chemistry is well developed, facilitating addition of biomolecules to its surface [18,35].
Silica nanoparticles are most commonly formed using the sol-gel method [62].

Silica nanoparticles that contain well-defined pores, mesoporous silica nanopar-
ticles (MSNs), can be synthesized by modification of the sol-gel method in which
silica nanoparticles are formed around surfactant micelles [62]. The porous nature
of MSN significantly increases the total surface area for adsorption or conjugation of
biomolecules, pharmaceuticals and imaging reporters (Figure 4.12) [46]. Adsorption
can be accomplished by simple incubation with hydrophobic dye in anhydrous
organic solvent [22]. The mesoporous silica can be degraded inside cells for con-
trolled drug release [6].

Sreejith et al. reported wrapping of squaraine dye-loaded MSN with grapheme
oxide sheets for bright and stable fluorescent nanoparticles [54]. Mesoporous silica
with embedded fluorescent reporters has also been used as a coating for solid
nanoparticles including solid silica [6] and gold nanorods [33].
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FIGURE 4.12 Cartoon of toxin-loaded, targeted mesoporous silica nanoparticles with
covalent and noncovalent loading of interior and exterior with targeting moieties, drugs, and
imaging agents. (Reused with permission from Epler et al. 2012.)
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410 SEMICONDUCTOR NANOCRYSTALS—“QUANTUM DOTS”

Quantum dots (QDs) are nanoparticles composed of semiconductor material that
have unique fluorescent properties. The fluorescence properties of these inorganic
nanoparticles are governed by quantum physics of semiconductor materials in the
nanometer range. Semiconductor materials are not good electrical conductors at
room temperature, but electrons can pass from the valence shell to the conducting
shell randomly at room temperature and when excited by photon absorption [50].
Transition of an electron from the valence to the conducting shell leaves a “hole”
in the valence shell. When these materials are small, the electrons are confined to a
small area, but with the same kinetic energy. This is called “quantum confinement.”
When the electrons return to the valence shell, a photon can be released with energy
equal to the bandgap [50].

Therefore, quantum dots have size-tunable, narrow emission spectra (Figure 4.13).
Unlike organic fluorophores, quantum dots have broad, energy-dependent absorp-
tion spectra with higher extinction coefficients for high-energy light. Because of
the broad absorption spectra, quantum dots of various sizes can be excited with the
same wavelength, producing multicolored emissions [30]. This characteristic, along
with narrow emission spectra, enable simplified multilabel microscopy and imaging.
Using quantum dot “bar codes” has also been reported to tag any number of unique
objects [21]. Quantum dots also have significantly longer fluorescence lifetimes than
organic fluorophores (10-500 ns), enabling time-gated fluorescence imaging for
reducing background signals [5].

The semiconductor crystal core of QDs typically contains heavy metals that
can be toxic in the body. Quantum dots made from CdSe and CdTe were originally
reported in the 1980s and were synthesized in organic solvents. Initial quantum dots
were highly hydrophobic. Nie and Alivistros separately overcame this problem, pro-
ducing water-soluble quantum dots. Since that time, various methods for improved
QD synthesis, capping, and decorating have been reported. Much of this work has
been done to improve biocompatibility and reduce potential toxicity by protecting
the core with a shell of nontoxic material such as safe metal and/or biocompatible
polymers [71].

Addition of biocompatible shell can also improve physical qualities of QDs such
as those made with PbS, which are very hydrophobic [67,71]. Entrapment of these
QDs in micelles improved water solubility while maintaining high quantum yield of
NIR emission for in vivo imaging [9]. Other strategies for solubilization include the
use of hydrogels, amphiphilic polymers, and thiol substitution [18,67].

Silver-sulfide (Ag2S) and silver-selenium (Ag2Se) nanoparticles have recently
been described with fluorescence in the NIR from 700 to 1400 nm [68,72,76].
Preclinical studies have indicated these QDs are not toxic in mice at doses of
15-30 mg/kg [72].

Multicolor imaging with QDs was demonstrated by injecting five different QDs
into separate locations for mapping of the lymphatic system in mice [30]. A single
excitation source was used to excite all QDs, which were detected by changing the
emission filters used during individual acquisitions. In this case, liquid crystal tun-
able filter was used in the imaging system to capture the emission spectra from the
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FIGURE 4.13 Size and composition dependence of fluorescence emission from Cd-

based QDs. (Smith, A. M. et al. 2004. Photochemistry and Photobiology 80 (3): 377-385.
With permission.)

single excitation wavelength, which was then separated into distinct images. This
study demonstrates the feasibility of multicolor imaging using a single excitation.
Targeted delivery of QDs for molecular imaging has been demonstrated by deco-
ration of QD surfaces with targeting moieties including peptides, protein ligands,
and antibodies [12,37]. QDs decorated with RGD peptides Molecular imaging of
the angiogenesis marker, o, f3;-integrin receptor, in glioblastoma xenografts with

-targeted. Molecular imaging in cardiovascular disease using targeted QDs has
been reported.
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The unique fluorescence properties of QDs also include extended fluorescence
lifetimes. The fluorescence lifetime of some QDs extends to 100 ns, significantly
longer than autofluorescence and organic fluorescent reporters. It has been shown
that fluorescence lifetime imaging can easily separate QD fluorescence from back-
ground signals and improve imaging contrast [34].

Many tumors have decreased pH relative to healthy tissues. QDs decorated
with pH-sensitive organic fluorophores have recently been designed for pH sensing
in vivo. Tang et al. described such a system.

411 UPCONVERTING NANOPARTICLES

Upconverting nanoparticles (UCNPs) technology is gaining attention for high-
contrast imaging in microscopy and is also making inroads to in vivo diagnostics
and therapeutics. Similarly to multiphoton fluorescence imaging, upconverting
nanocrystals convert low-energy light to higher energy emission (Figure 4.14).

Water absorption can become an obstacle at wavelengths beyond 900 nm due to sam-
ple heating. Zou et al. demonstrated that decoration of the UCNP surface with carbo-
cyanine dyes enabled excitation at 800 nm via fluorescence resonance energy transfer
(FRET) with high efficiency [77]. Energy transfer can otherwise be used for imaging
and therapy by incorporating photosensitizers onto the surface of UCNP for photo-
dynamic therapy [11,57]. Cui et al. reported folate receptor-targeted NaYF4:Yb,Er
UCNP coated with ZnPc photosensitizer for imaging and therapy [14]. UCNPs are
much lower in luminescence yield relative to organic dyes and QDs, but have the
advantage of lower autofluorescence, similar to multiphoton excitation. Excitation at
980 nm for emission at 700 nm has no autofluorescence background in preclinical
imaging relative to 680 nm excitation for the same emission (Figure 4.15) [61].

Upconversion of 980 nm light to 540 nm emission by the nanocrystal core excited
the photosensitizer to produce oxygen cytotoxic oxygen radicals (Figure 4.16).
Folate receptor-mediated internalization in tumor cells enhanced the cytotoxic effect
in vitro and in vivo and enabled tumor-selective fluorescence imaging in tumor-
bearing mice. These results demonstrate that the UCNP platform has great potential
for imaging and therapy.
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FIGURE 4.14 Energy transition diagram for upconverting nanocrystals. (Berezin, M. Y.
and S. Achilefu 2010. Chemical Reviews 110 (5): 2641-2684. With permission.)
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FIGURE 4.15 Fluorescence imaging of mice with tubes containing either NIR dye Cy5.5
(680 nm lex) or erbium- and ytterbium-doped yttrium oxide (Y203) upconverting nanopar-
ticles (UCNP, 980 lex) placed into the esophagus. Images shown are brightfield reference
images of mouse with (a) demarcated scanning region, (b) intrinsic, (c) autofluorescence, and
(d) fluorescence signals from transillumination fluorescence detection at 700 nm overlaid.
(Vinegoni, C. et al. 2009. Optics Letters 34 (17): 2566-2568. With permission.)
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FIGURE 4.16 Cartoon of upconversion process as energy transfer from NaYF4:Yb,Er
nanocrystal coated with ZnPc photosensitizer. The UNP core enables excitation at highly
tissue-penetrating 980 nm to excite the photosensitizer for imaging and therapy. (Cui, S. et al.
2013. ACS Nano 7 (1): 676—688. With permission.)

4.11.1 BIOLUMINESCENCE

Physical and chemical interactions during the excited state can alter the fluores-
cence yield and/or emission spectra of a fluorophore. These excited state reactions
include effects from solvents, temperature, pH, and protein binding as well as inter-
actions with energy-depleting heavy atoms and energy transfer mechanisms such as
FRET [44].

Photons can be generated by chemical reactions that change chemical energy
into light energy (Figure 4.17). Genetically engineered luminescent reporters most
commonly used in biomedical research include enzymes such as firefly and click
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beetle luciferases. The genes for photogenic enzymes such as firefly luciferase and
others can be inserted into the genome of cells and animals. These enzymes require
a separately administered substrate such as luciferin or coelenterazine to produce
luminescence in an energy-dependent process.

Bioluminescence imaging (BLI) has been used to monitor gene and related protein
expression, protein—protein interactions, and track bacterial and mammalian cells in
animal models [4]. BLI requires very sensitive cameras with low noise for detection.
Due to visible wavelength emission, BLI is limited in depth of detection and resolu-
tion is highly depth dependent. Despite emission at visible wavelengths, biolumines-
cence can produce very high contrast because of almost zero intrinsic luminescence
from mammalian tissues. BLI is widespread in basic biomedical research.

To shift the emission of BLI to longer wavelengths for better depth resolution,
researchers have worked to discover longer wavelength photoenzymes [4]. Another
strategy has been to conjugate luciferase enzyme to the surface of quantum dots for
bioluminescence resonance energy transfer (BRET) with tunable emission into the
NIR. While the photon yield of this process is low, the optimized emission wave-
length enables deeper signal detection and higher resolution relative to the natu-
ral visible emission (Figure 4.18) [51]. Dragavon et al. demonstrated that significant
energy can be transferred via radiative processes from luminescent bacteria to quan-
tum dots over distances greater than 10 nm for red-shifting of bioluminescence [17].
The difficulty in development of BRET-based imaging agents is the necessity for
conjugating luciferase enzymes to quantum dots while retaining enzyme activity.
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FIGURE 4.18 Cartoon of luciferase-decorated QD for bioluminescence resonance
energy transfer resulting in emission at far red wavelengths. (So, M.-K. et al. 2006. Nature
Biotechnology 24 (3): 339-343. With permission.)
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4.11.2 CHEMILUMINESCENCE

Luminescence can also be generated during the decay of high-energy radioactive
decay in a process called Cerenkov luminescence. Recently, Cerenkov emission
imaging has gained interest for biomedical imaging using compact and economical
high-sensitivity cameras as used for bioluminescence detection. Cerenkov emission
occurs when energy particles travel faster than the speed of light, which can occur in
media with refractive indexes greater than that of a vacuum, such as water and bio-
logical tissues [45]. High-energy photons such as positrons are required to overcome
the threshold for CE generation [45].

The wavelength of light produced is related to the velocity of the particle, which
slows over time; therefore, CE is most intense in the UV and blue and decreases
with increasing wavelength. Due to the poor transmission of CE through tissues,
researchers have investigated methods to transfer CE energy to reporters that then
emit at longer wavelengths. As with BRET, the most successful of these has been with
energy transfer to QDs as they excite best in UV and can have tuned emission to the
NIR. In vitro chemiluminescence resonance energy transfer (CRET) has been dem-
onstrated by mixing radionuclides with QDs and other optically active nanomateri-
als. In vivo CRET imaging was reported by Dothater et al. where long wavelength
emission from QD-containing pseudotumors was detected following injection of
positron-emitting radionuclide (Figure 4.19) [16]. CE and CRET imaging are unique
new applications of optical imaging that can be useful for high-throughput screening
of radiotracer uptake and potential clinical applications [56].
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FIGURE 4.19 (See color insert.) Imaging of CRET from pseudotumor matrigel implants
containing Qtracker705 after intravenous injection of [18F]FDG in a mouse. Cerenkov lumi-
nescence was detected throughout the body (open). CRET was detected by employing a
590 nm optical filter for detection of long wavelength emission (>590). (Dothager, R. S. et al.
PLoS One 5 (10): e13300. With permission.)
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412 SUMMARY

Biomedical optical imaging has many applications in clinical diagnostics and will
continue to grow in use as diagnostic and theranostic nanoparticles achieve FDA
approval. A primary benefit of optical imaging includes the great dynamic range of
resolution from nanoscopy to deep tissue imaging. The versatility of optical detec-
tion techniques and variety of optical contrast mechanisms demonstrates a broad
potential for further development of in vitro and in vivo diagnostic applications.
Optical imaging is limited in depth resolution, preventing whole-body imaging, but
provides complementary information to other radiologic modalities and can provide
real-time feedback, which is not possible with other modalities.

Nanomaterial development for optical imaging continues to expand rapidly due to
advances in photonic materials, spectroscopy, and biochemistry. These advances pro-
pel development of new imaging agents, which then drive further scientific discover-
ies. Nanomaterials represent a vast toolbox of multifunctional agents for delivery of
drugs, biological modifiers, and diagnostic agents. Optically active nanoparticles are
important parts of this toolbox for development of theranostic agents by enabling
in vivo pharmacokinetic analysis and histologic examination of biodistribution with-
out harmful radiation or damage to tissues. Construction of nanoparticles for opti-
cal imaging has become relatively straightforward even as nanoparticle design has
become increasingly complex.

Fluorescent nanoparticles utilizing organic fluorescent reporters and inorganic
semiconductor fluorescent materials have established a significant presence in pre-
clinical molecular imaging and drug delivery development. Challenges remain in
development and translation of nanoparticles for biomedical optical imaging. Few
optical imaging agents have been approved for use in humans for incorporation
into nanoparticles. Fine-tuning of delivery into targeted tissues and cells is needed
for more specific contrast and selective detection of molecular events. The great
advances in the field of optical nanoparticles demonstrate the potential for continued
growth in this field and improved patient outcomes in the near future.
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5.1 INTRODUCTION

Medical imaging infers detailed pictures of processes inside the subject’s body with-
out an invasive approach. In a nearly decade-old development, molecular imaging has
gained attention as a noninvasive approach to cellular and subcellular imaging explain-
ing chemical and biological processes. Chemistry, biology, and engineering and their
triad combinations have led from clinical imaging to biochemically based assessments
surging from a mere anatomical static picture of the situation. Such developments
would provide information that is unattainable with other imaging technologies as it
identifies disease or a functional or building block abnormality in its earliest stages and
determines its exact location—often before symptoms occur or abnormalities can be
detected with other diagnostic tests [1—4].

Computed tomography (CT), magnetic resonance (MR) imaging, and ultrasonog-
raphy (US) are general clinical anatomical imaging modalities used nowadays [5].
CT has the capacity to tomographically scan large portions of a body quickly (unlike
other techniques), but its soft-tissue contrast is not reported to be as good as required.
Hence, a targeted molecular imaging with CT might show a relatively insensitive
nature to probe detection compared to the other modalities, especially nuclear imag-
ing. Newer approaches based on nanoparticle chemistries showed very high intrinsic
metal density in order to achieve x-ray detectable concentrations in a CT imaging
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approach [6]. To assist this benefit, improved chemistry has been supportive of rapid
image acquisition and statistical iterative reconstruction algorithms. These algorith-
mic advantages could be reflected as a reduction in the imaging noise floor, making it
a more sensitive contrast detection than those obtained with traditional back project
reconstruction routines [7,8].

Generic development of CT instrumentation has achieved new heights with
expansion of simultaneous slice numbers from 1 up to 320 simultaneous slices to
introduction of kVp switching, dual-energy detectors, the preclinical emergence of
phase-contrast x-ray imaging, and fluorescent CT imaging. A special interest has
been evolved other than SPECT/CT (a hybrid single-photon emission computed
tomography and computed tomography instrument) by the introduction of spectral
CT imaging based on K-edge detection [9,10]. In a newer advancement, spectral or
multicolor CT can acquire a traditional CT image with detection of certain ele-
ments within the x-ray bandwidth based on their distinctive K-edge energies [11]. An
emergent increase in the attenuation coefficient of photons falling out at an energy
exceeding the binding energy of the K shell electron of the atoms within the x-ray
beam defines the K-edge energy of an element.

High accumulations of directed elements attached to pathologic biomarkers may
be presented on the typical CT image as colorized voxels during K-edge imaging.
These slots of high attenuation voxels are promptly differentiated from other distinctly
lower K-edge energies attenuating sources, such as calcium deposits. Furthermore,
photon counts can reveal the quantization of regions of attenuation by K-edge met-
als. The photon-counting detectors fetch spectral information across the bandwidth
of the emitted photons, whereas conventional CT furnishes information about the
overall attenuation of the emitted x-ray beam. In urgent need of clinical cases, CT
molecular imaging of intracoronary microthrombus associated with ruptured plaque
is required to differentiate potential false-positive contrast signals derived from
intraplaque calcium deposits so that patients admitted with chest pain can be prop-
erly diagnosed [8—11].

5.2 CONTRAST AGENTS: THE FUNDAMENTALS

High-atomic-number (Z) elements that absorb x-rays constitute contrast materials
of particular interest in the field of advanced CT imaging. Among these elements,
iodine, a blood pool CT contrast agent, induces additional K-edge-based attenuation
in the compound. The rich abundance of photons within an x-ray beam of appropri-
ate energy in case of iodine is partially achieved by its high atomic number. A very
strong inherent attenuation with a K-edge energy value near the top of the x-ray beam
bandwidth can be correlated to the very high atomic number of the white insolu-
ble powder barium (barium sulfate). The flaws in terms of K-edge imaging associ-
ated with iodinated contrast agents make them nearly unusable in clinics because
of photon starvation. This photon starvation generates due to the impact of x-ray
beam hardening (absorption of lower energy photons), relatively low K-edge energy
(I =33 keV; Ba = 37 keV), and omnidirectional x-ray scattering. These drawbacks
of widely used iodinated contrast agents originated interest in the development of
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smartly engineered nanomaterials (“nanosmarts”) as CT contrast agents encompass-
ing other high atomic number metals—namely, gold (Au), gadolinium (Gd), bismuth
(Bi), and tantalum (Ta) [12]. Thus, specific CT molecular imaging applications are
on top of multitudinous efforts to generate a suitable smartly engineered nanomate-
rial. The inherent characteristic of such nanosmarts must be excellent radio opacity,
easy and cost-effective synthetic origin, sincere biocompatibility, purposeful in vivo
stability (i.e., particularly during circulatory transit to targets and through the imag-
ing period), and physical and chemical stability with strong tolerance to sterilization
to make a better one.

The chelated metal complexes (Gd-DTPA or Yb-DTPA) [13,14] may be small
molecular weight compounds with the identity of blood pool contrast agents, but
functionalization with homing ligands may not bring adequate metal for site-specific
CT detection. It urges the high mass delivery of high atomic weight elements for
successful molecular imaging for CT, where high atomic weight elements might be
packaged into a nanoscale particle as a “nanocontrast” agent. These nanocontrast
agents may be categorized based on metal involved as gadolinium nanoparticles,
gold nanoparticles with different size and morphology (spherical vs. rod, cages),
tantalum-encapsulated, and ytterbium-based agents.

5.3 METAL NANOPARTICLES

Evolving “nanocontrast” agents with virtue of CT imaging has been quite a chal-
lenge. Materials with very high metal densities and radio opacity are urgently needed
because of the insensitivity of x-ray-based techniques. Also, these materials must be
easy to store for a longer time before use but should not lose their property in the
blood circulation for hours after being administered as an i.v. These materials are
required not to be metabolized or transmetallated in vivo, and the metal must be
completely cleared from the subject’s body. The “hard” crystalline metal nanoparti-
cles have been a fruitful task by nanomaterial scientists [12]. The combination of sat-
isfactory physicochemical properties makes them important players for CT imaging.
High atomic number metals such as gold, bismuth, gadolinium, and tantalum offer
stronger x-ray attenuation and much CT contrast compared to iodine and barium
[6,12]. To take further advantage of the metal nanoparticles, they can be functional-
ized with biologically relevant molecules for targeting or drug delivery because of
their high affinity toward reactive groups (e.g., thiol, disulfide amines, etc.) [1].

Metallic nanocrystal-based nanocontrast agents are well studied now [6,12].
Although resistant to biometabolism, the nanocontrast agents based on heavy-metal
crystals (oxides, sulfides, etc.) are not biologically eliminated. The size of core crys-
tals determines the fate across in vivo biodistribution, pharmacokinetics, and bio-
elimination. Such nanocrystals with possibly >6 nm avoid the renal elimination to
enhance their biocirculation life span undesirably in subjects’ bodies. To add to the
challenge, hepatic elimination of such “hard” particles through bile is prevented,
except in rodents with permissively open biliary canaliculi, which may diminish the
possibility of their long-term safety.
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In a recent advancement, colloidal “soft” nanoparticles with the ability to avoid
the utilization of larger metal crystals have been introduced as CT agents. This
approach includes encompassing of small nanoparticulates (<6 nm) within a bigger
nanoparticulate stabilized by amphiphiles (e.g., diblock copolymers or phospholipid
surfactant) or noncrystalline organically soluble radio-opaque metallic small mol-
ecule agents (organometallics or metal complexes) [15]. Use of generally recognized
as safe (GRAS) quality components such as lipids, vegetable oil, etc., makes them
highly biocompatible agents [16]. Avoiding inclusion of larger metallic crystalline
particles guarantees the rapid clearance of the residual metals through natural bili-
ary renal excretion mechanisms. In addition to this, lipids and other innumerable
chemical modifications used as outer coating in such soft nanoparticles offer high
biocompatibility, homing, and drug delivery properties according to the nature of
modifying agent [1].

5.3.1 NANOPARTICLES INCORPORATING BISMUTH

Nanoparticles based on polyvinyl pyrolidone-coated Bi,S; with a size of ~50 nm
have been reported [17,18]. A significant enhancement in delineation and signal
Hounsfield Unit (HU) = 560 was seen in the cardiac ventricles and major arterial
and venous structures in rats. Although their circulation time (>2 h) was satisfactory
for the purpose and in vivo sensitivity is adequate, their clinical translatability is
questionable due to long-term safety concerns because of forbidden in vivo clearance
of larger particulates. The long-term safety studies and toxicity evaluation will not
be pursued here because of the presentation’s preclinical nature (Figure 5.1).

Pan et al. engineered and evolved radio-opaque colloidal nanoparticles packed
with small molecule organic—metal complexes at high density in lieu of large metal
crystals [16]. Synthesis of bismuth-incorporated nano-K led to required high metal
content (>500,000/NP) with a low molecular weight organo-soluble bismuth com-
plex (Figure 5.1). These nano-Ks have a hydrodynamic diameter between 180 and
250 nm with a negative electrophoretic potential ranging from —20 to —27 mV. Outer
membranes of these nano-Ks consisted of phospholipids and had efficiency of easily
being functionalized for a variety of intravascular targets. It could be performed for
ligand-directed homing to fibrin of microthrombus in coronary ruptured plaque. The
special notice on particle size (~200 nm) throws light on its selectivity of homing.
This property of the agent prevents its interaction with off-target intramural fibrin
from within healed atherosclerotic plaque intramural hemorrhages and trammels
the agent to the vasculature during early circulation and imaging. These nano-K
particles are composed of bismuth neodecanoate at 40%—70% element v/v inside a
sorbitan sesquioleate core matrix. These particles were noted to be appropriate for
K-edge coronary imaging at the site of high distinguishability required with strong
attenuation of plaque calcium from fibrin-targeted contrast signal (Figure 5.2).

A classic avidin—biotin coupling technique was used to prepare biotinylated
nano-K or the control nanocolloid (i.e., no bismuth, ConNC) flagging well-
characterized fibrin-specific monoclonal antibody (NIB5F3), which was used to
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FIGURE 5.1 (See color insert.) Synthesis and physicochemical characterization of nano-K.
(a) Schematic describing the preparation of bismuth-enriched K-edge nanocolloid (nano-K):
(1) suspension of bismuth neodecanoate (1) in sorbitan sesquioleate, vigorously vortex and
mix, filter using cotton bed, vortex; (ii) preparation of phospholipid thin film; (iii) resuspen-
sion of the thin film in water (0.2 mM); (iv) microfluidization at 4°C, 12,000 psi, 4 min,
dialysis (cellulosic membrane, MWCO 20K). (b) Hydrodynamic particle size distribution
from DLS; (c) characterization table for three replicates of nano-K; (d) anhydrous state trans-
mission electron microscopy (TEM) images (staining: uranyl acetate; scale bar: 100 nm;
(e) atomic force microscope (AFM) image.



136 Nanomedicine: A Soft Matter Perspective

. 250
Cl Virtual conventional CT image ) With spectral overlays C ~
@ 200 | ¥=0-1872x + 12.716
g R?=0.999
S 150
T
G 200
F
S 50+
&

0 T T T
0 200 400 600 800 1000 1200
Concentration of Bismuth (mM)

Tube Nanoparticle

—»
75mm - Clot

Calcified clot targeted with bismuth NP (bottom)

FIGURE 5.2 (See color insert.) Spectral CT cross-sectional slices (top) and gradient ren-
dered images (below) of fibrin clots targeted with control (a, e) and nano-K replicates (b—d);
integral bismuth distribution in axial slices of fibrin clots: Bound on bismuth layer thick-
ness calculated with scanner spatial resolution at 100 mm, voxel size in reconstructed image
(100 mm)*. Bismuth layer thickness: 1 or 2 voxels; bismuth surface density was calculated
from integrations perpendicular to the surface layer corresponding to an average 3.5 mass%
bismuth for a 100 mm layer thickness.

pretarget cellular fibrin clots in vitro [16]. The targeted fibrin clot samples were seen
as K-edge images in cross section (Figure 5.2a), which generate three-dimensional
maximum intensity projection reconstructions (Figure 5.2b). It showed excellent sig-
nal enhancement from the bismuth-enriched fibrin clot surface (bottom, far left),
compare to the control clot (top, far left). Exposure to targeted nonmetallic nanopar-
ticles had negligible contrast, revealing only the highly attenuating calcium. The
specified size of nano-K, similar to prior examples in this phantom model, prevents
the deep penetration into the tight weave of fibrin fibrils. The morphological descrip-
tion reveals the nano-K layer bound on the surface of the clots as 1 to 2 voxels
(100 um x 100 pm x 100 um) thickness with an average density of 3.5 mass% of
bismuth for a layer thickness of 100 um.

The possibility of detecting fibrin (presented by unstable human atherosclerotic
vascular tissue) at its physiological density was tested in carotid artery endarterectomy
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FIGURE 5.3 (See color insert.) (a) Photoelectric image of CEA specimen targeted with
CoNC showing calcium (presented in red); (b) spectral CT image of CEA specimen targeted
with CoNC revealing no presence of the K-edge metal; (c) photoelectric image of CEA speci-
men targeted with nano-K showing but not differentiating the attenuation contrast of both
plaque calcium and the fibrin-targeted nano-K; (d) spectral CT image of CEA specimen after
fibrin-targeted nano-K showing the spatial distribution and sparse concentration of thrombus
remaining on human carotid specimen. Note: Fibrin-targeted nano-K signal at the bottom of
the tube represents thrombus dislodged from CEA during processing.

(CEA) specimens. Fibrin-specific nano-K was used to expose microscopic fibrin
deposits in CEA in vitro. Classic CT images (combination of Compton, photoeffect,
and bismuth) of CEA tissue (ConNC or exposed to fibrin-targeted nano-K) revealed
heavy calcification of both specimens but no differentiation of the nano-K particles
from the calcium based solely on x-ray attenuation. On the other hand, bound fibrin-
targeted nano-K (color: gold) at 90.5 keV distinguished the signal from the compli-
cating calcium (color: red) at 4.0 keV using K-edge imaging (Figure 5.3).

A rabbit thrombus model was used to test the in vivo sensitivity of nano-K.
Within the iliac artery of an atherosclerotic rabbit, a balloon overstretched injury-
induced thrombus was formed. Nano-K particles directly decorated with antifibrin
monoclonal antibody were incubated in situ with the thrombus for more than 30 min.
The incubated system was kept to wash out the unbound material by keeping it in
open circulation for 1 hour. The reconstructed intra-arterial thrombus enhanced with
fibrin-bound nano-K was seen in spectral CT (Figure 5.4b). It was observed that the
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FIGURE 5.4 (a) CT blood pool signal in rabbits following IV injection of nano-K. CT scan
imaging parameters were the following: thickness 0.8, increment 0.8, kv 90, mAs 1500,
resolution HIGH, collimation 4 x 0.75, pitch 0.35, rotation time 1.5 seconds, FOV 75 mm.
Inset: the concentration of bismuth (ICP) in blood versus time postinjection. Note that the
background signal is at baseline in less than 30 minutes; (b, c) targeting in situ clot (thrombus)
in rabbits; (d) 2-week clearance profile of bismuth from mice.

partial-occlusive thrombus was formed within a 1.41-mm-diameter artery compa-
rable to a small coronary artery in humans. Signals from the pathology within the
vessel from the attenuation effects of bone were clearly distinguishable from the
bismuth signal obtained from nano-K in spectral CT. The traditional CT images
were acquired simultaneously with K-edge image (Figure 5.4), indicating the huge
potential of the technique in a clinical setting.

As essential criteria for a good CT agent, the heavy metals used for imaging must
be cleared from the subject’s body in a reasonably short time period. Inductively
coupled plasma-mass spectrometry (ICP-MS) methodology was used to monitor and
analyze the whole-body bioelimination of nano-K bismuth following intravenous
injection. A 2-week study revealed that >98% metal was cleared within 7 days from
the mice (Figure 5.4d). This is expressing the significant illustration of the concept
of bioeliminating the heavy metal payload of nano-K within a reasonably short time-
frame. Residual biodistribution of nano-K was examined on the 14th day into liver,
spleen, and kidney, known as primary clearance organs. Analytical reports with
ICP revealed <10 ppbmL-! below the statistically valid lower detection limit of the
instrument and method.
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5.3.2 NANOPARTICLES INCORPORATING GOLD

Gold (Au, 79) absorbs x-rays strongly to generate secondary electrons and photons
that can kill neighboring cells (e.g., cancer cells). Gold can transform absorbed light
into heat, resulting in localized temperature rises, which have recently been used to
provide contrast for photoacoustic imaging or for photothermal therapy [19,20]. Gold
with its high atomic number and higher absorption coefficient in opposition to iodine
(I, 53) provides about 2.7 times greater x-ray contrast per unit weight. At 100 keV,
gold produces 5.16 cm? g™! in comparison to iodine, which is 1.94 cm? g!. This is
particularly prominent at the higher x-ray tube voltages (i.e., 90, 120, and 140 kV)
used in biomedical imaging. Furthermore, gold nanoparticles, offer good overall
safety profiles and ease of functionalization to target biological markers. However,
this advantage can be upturned for particles below 2 nm, which have unique chemi-
cal reactivity, or annulled through surface coatings and charge [19]. On the other
hand, large particles of gold (>10 nm) are found to be safe in cell cytotoxicity studies
but their lack of renal clearance in humans poses long-term safety questions. The
crystalline structured form of large gold nanoparticles may compromise the validity
of comparisons with other forms of medical gold, such as gold sodium thiomalate
for rheumatoid arthritis, which has long fallen into unpopularity due to countless
side effects.

Synthetic protocols for making gold nanoparticles are dominated by the chemical
reduction methods in aqueous and nonaqueous media. A pioneering method devel-
oped by Turkevich is a gold chloride reduced with sodium citrate in aqueous solution
at boiling temperature to produce a citrate-capped particle [21]. The particle sizes
are tunable from 15 to 150 nm by simple adjustment of the ratio of the reducing
agent. The stability of the particles in saline solutions can be driven by coating with
organic or inorganic molecules (e.g., polyethylene glycol [PEG], silica, lipids, bovine
serum albumin [BSA], and various polymers). Different coating methods have been
adopted (e.g., ligand substitution, wrapping with amphiphiles, or embedding in a
carrier matrix). In the Brust—Schiffrin method [22], a nonaqueous procedure is fol-
lowed to produce organically coated gold nanoparticles.

A synthetic protocol for making gold nanocages following a galvanic replace-
ment reaction was developed by Xia et al. [23]. Ag solid was used as a template for
the reduction of HAuCl, due to the electrochemical potential difference to form Au
atoms. In this reaction, the growth of AuNCs was templated over silver nanocubes
that were concomitantly produced (3Ag (s) + AuCl,~(aq) — Au (s) + 3Ag" (aq) + 4Cl-
(aq)). Ag nanocubes were produced using AgNO; or CF;COOAg as a precursor to
Ag and a polyol reduction by using ethylene glycol as a solvent and a source of reduc-
ing agent. This reaction was further assisted by using a capping agent, poly(vinyl
pyrrolidone) (PVP). Subsequently, the addition of catalytic amounts of NaHS and or
CI- ions imparted rapid nucleation of single-crystal seeds while, concurrently, due
to oxidative etching, discarded twinned seeds form single-crystal Ag nanocubes.
Additional titration of these Ag nanocubes with HAuCl, followed at 100°C to ensure
the maximal growth of thin-layered Au on the surface of the Ag crystals and to avoid
precipitation of AgCl. Solvent-less “green” approaches such as microwave and UV
irradiation were also followed to prepare these particles [24,25].
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Several of these gold nanoparticles were studied in biological systems. Prostate-
specific membrane antigen (PSMA) specific aptamers have been conjugated to gold
nanoparticles for targeting prostate cancer cells in vitro. Kim et al. [26] demonstrated
the detection of AuNPs with a clinical CT scanner. Chemotherapeutic doxorubicin
was coupled to these particles to study the therapeutic benefits of these particles.
A dual modality probe from Au nanoparticles coated with a Gd chelate was devel-
oped [27]. Comparative analyses of both CT and MR images of a rat with mixed
Au-Gd nanoparticles showed augmentation in the kidneys, bladder, and urine. CT
and MRI results were corroborated ex vivo with inductively coupled plasmon reso-
nance mass spectrometric analyses of the excised tissues. Gold nanorods (AuNR)
were synthesized by the Kopelman group and attached to the UM-A9 antibodies for
specifically targeting squamous cell carcinoma (SCC) head and neck cancer [28]. In
this proof-of-principle experiment, the feasibility to identify the existence of SCC
cancer cells through CT scans was demonstrated. Lisinopril was used as a targeting
moiety to prepare gold nanoparticle-based functional CT contrast agents following
a ligand exchange reaction on citrate-coated gold nanoparticles [29]. Targeted gold
nanoparticles assessed the targeting of angiotensin converting enzyme (ACE) using
conventional CT. Clear enhancement was seen in the region of the lungs and heart,
indicating the successful accumulation of gold particles to ACE. Cormode et al.
developed a gold high-density lipoprotein nanoparticle contrast agent (Au-HDL) for
characterization of macrophage burden, calcification, and stenosis of atherosclerotic
plaques [30]. A spectral CT technique was employed to image these nanoparticles
nonspecifically accumulated in macrophages in atherosclerotic plaques. For an ath-
erosclerosis animal model, apolipoprotein E knockout (apoE-KO) mice were used.
Gold nanoparticles were administered intravenously (500 mg/kg). The blood pool
iodinated contrast was injected 24 hours later followed by the spectral CT imaging.
Specific accumulation of the nanoparticles in macrophages was further established
by transmission electron microscopy and confocal microscopy and histopathology.

Gold nanobeacons (GNBs) are another attractive choice developed for conven-
tional and spectral CT imaging. The synthesis of GNBs followed a “particle within
particle” approach [31]. Small (3—4 nm sized) octanethiol-coated gold nanoparticles
were encapsulated (nominally 6,000 gold atoms/nanobeacons) within a bigger, vas-
cularly constrained nanoparticle (~120 nm) stabilized by phospholipids. The GNB,
particles were 154 + 10 nm with polydispersity and zeta potential of 0.08 + 0.03 and
—47 = 7 mV, respectively. ICP-MS determined the gold content, which was 1080
ug/g of the 20% colloid suspension. These nanoparticles showed excellent properties
for sensitive photoacoustic tomography (PAT) imaging of atherosclerosis, sentinel
lymph nodes, and, for the first time, detecting nascent sprouting angiogenic blood
vessels. However, preliminary results with GNB particles produced poor contrast
enhancement even in phantoms by computed tomography. The result was expected
that, as for effective molecular imaging, nanoparticles designed for CT imaging must
incorporate very high concentrations of elements. Phantom experiments suggested
that at least 5 x 103 metal atoms per nanoparticle (e.g., gold atoms, 200 nm agent) are
required for robust in vivo CT imaging.
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The issue was later solved by Schirra et al. by the successful development of
a second-generation gold nanobeacon (GNB,). GNB, integrated at least five times
more metal (nominally ~600,000 gold atoms/beacons) than the previous generation
[32]. The particles were produced in a similar manner as lipid-encapsulated, vascu-
larly constrained (>160 nm) nanobeacons with tiny, organically soluble oleate-coated
gold nanoparticles (3—4 nm). Higher gold encapsulation was achieved by replacing
the core material from vegetable oil to polysorbate (Figure 5.5). Polysorbate acts as a
secondary surfactant, which helps to stabilize the higher metal loading. Anhydrous
state transmission electron microscopy images revealed the presence of tiny gold
particles sheathed within an outer lipid monolayer (Figure 5.6).
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FIGURE 5.5 (See color insert.) Synthesis and postpreparative modification of GNB.
(a) Previous synthetic approach to first-generation GNB particles from octanethiol-coated
AuNP with a final gold loading ca. 2 w/v%: (i) gold nanoparticles suspended in vegetable
oil; (ii) preparation of phospholipids thin film; (iii) microfluidization of gold nanoparticle—
vegetable oil with surfactants in water. (b) New strategy to increase final gold loading up
to 10 w/v%: Oleate-coated gold nanoparticles were suspended in sorbitan sesquioleate and
microfluidized with phospholipids thin film mixture as a 2-0-20 formulation. Reaction con-
dition: (i) gold nanoparticles suspended in polysorbate; (ii) preparation of phospholipids
thin film; (iii) microfluidization of gold nanoparticle—polysorbate with surfactants in water;
20,000 psi (141 MPa), 4°C, 4 min; (d) schematic representation of the procedure to concen-
trate GNB2 prior to spectral CT imaging.
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FIGURE 5.6 (See color insert.) Characterization of GNB. (a) Number-averaged hydro-
dynamic diameter of GNB2 from dynamic light scattering measurements; TEM images of
(b) oleate-coated gold nanoparticles, scale bar = 20 nm; (c) control nanobeacons with no gold
incorporated, scale bar = 100 nm; (d) first-generation GNB (scale bar = 100 nm); (e—g) second-
generation GNB revealing the gold clusters entrapped inside the phospholipids membrane
(scale bar = 100 nm); (h) UV-vis spectrum of GNB2 in water confirming the presence of gold
nanoparticle cluster and their surface plasmon resonance. AFM images of GNB2 (i) and GNB
(j, rod); (k) TEM image of GNB (rod) showing the presence of discrete gold rod nanoparticles
of larger dimension within a phospholipid encapsulation (scale bar = 100 nm).

The use of statistical image reconstruction showed that high signal-to-noise ratio
could allow dose reduction and/or faster scan times. In an in vivo model for sentinel
lymph node (SLN) detection, second-generation gold nanobeacons injected into the
foot-paw of a mouse migrated to a draining flank node where the accumulation pro-
duced a very strong spectral CT signal resolved from skeletal CT contrast interfer-
ence (Figure 5.7).
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FIGURE 5.7 In vivo noninvasive spectral CT imaging of sentinel lymph nodes. (a) A car-
toon illustrating the site of injection and the area of interest; 150 mL of nanobeacons were
injected intradermally in all the cases. (b) Regional sentinel lymph nodes were clearly con-
trasted in conventional CT. (c) K-edge contrast of accumulated gold in the lymph node was
selectively imaged with spectral CT.

5.3.3 NANOPARTICLES INCORPORATING YTTERBIUM

In the 1980s Unger et al. explored the use of ytterbium (Yb) as a CT contrast agent. It
was demonstrated that Yb showed more radio opacity than equimolar concentra-
tion of iodine at 125 kVp [33]. An overall LD50 of ytterbium-DTPA chelate was
reported to be 10 mM/kg (1.73 g ytterbium/kg) in rats. The construct was evaluated
to be effective for pulmonary angiography in dogs. Krause et al. synthesized a more
kinetically stable ytterbium chelate, Yb-EOB-DTP [34,35], which showed excellent
tolerability of the complex in vitro (thromboplastin time, effect on erythrocytes) and
in vivo (acute, neural, and cardiovascular toxicities) in rat and rabbit models. In a sys-
tematic comparative study of metal contrast enhancement, Zwicker et al. established
a reduced enhancement in the order of Gd (120 kV) > Gd (137 kV) > Yb (120 kV) >
Yb (137 kV) > iodine (120 kV) > iodine (137 kV) [36]. The specific signal augmenta-
tion from Gd was 40.8 (120 kV), 34.2 from Yb, and 29.6 HU of iodine. The in vivo
dynamic CT imaging in dog showed augmentation of the liver in the order of 21 HU
(Gd) to 19 HU (Yb) and 12 HU (iodine). Both Gd and Yb attained higher (190 vs.
157 HU) aortal contrast enhancement than iodine.

A simple bimodal imaging platform has been reported recently, based on PEG-
coated NaYbF(4): Tm3* nanoparticles for both CT and NIR-fluorescence bioimaging
[37]. The nanoparticles were <20 nm in diameter and showed excellent in vitro and
in vivo performances in the dual bioimaging with very low cytotoxicity and no detect-
able tissue damage. The high x-ray absorption coefficiency Yb** in the lattice of
NaYbF,:Tm3* nanoparticles helped it to function as a promising CT contrast medium
while providing excellent sensitizing performance to enhance NIR-fluorescent emis-
sions. The particles were excreted mainly via feces in rodents, without detectable
remnant in vivo.
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Liu et al. designed and synthesized a PEG-coated Yb,O;:Er nanoparticle suitable
for both x-ray CT imaging and up-conversion imaging. When compared with an
iodinated contrast agent (i.e., lobitridol), these particles presented enhanced contrast
at a clinical 120 kVp voltage. These PEG-UCNPs were facile to construct, possessed
excellent stability against an in vivo environment, and held long blood circulation
time. Cell-cytotoxicity assay, hemolytic activity, and postinjection histology analy-
sis suggested good biocompatibility, indicating the feasibility of PEG-UCNPs for
in vivo applications. By doping 5% Er(3+) into the nanoparticles, PEG-UCNPs pre-
sented a long-term stable and nearly single-band red up-conversion emission upon
continuous irradiation with a 980 nm laser [38].

Pan et al. developed a novel spectral CT probe based on Yb [39]. The synthetic
approach involved the use of organically soluble Yb(III) complex to produce nano-
colloids of Yb of noncrystalline nature incorporating a high density of Yb (>500 K/
nanoparticle) into a stable metal particle (Figure 5.8). The resultant particles were
constrained to vasculature (~200 nm) and were specific for binding fibrin in the rup-
tured atherosclerotic plaque. Nanoparticles exhibited excellent signal sensitivity, and
the spectral CT technique uniquely differentiated the K-edge signal (60 keV) of Yb
from calcium (bones) (Figure 5.9).

5.3.4 NANOPARTICLES INCORPORATING TANTALUM

Tantalum can also be used as a CT contrast agent. Bonitatibus et al. developed a
water-soluble tantalum oxide-based CT contrast agent [40] derived from Ta,Os.
These nanoparticles (<6 nm) were within the threshold range of renal clearance and
were cleared from the blood within a few seconds following intravenous injection in
rodents. In vivo study showed clear delineation of a rat’s vena cava and abdominal
aorta. A PEGylated version of similar particles was devised with a much improved
blood circulation time of 3 h within the hydrodynamic size range (5—-15 nm, before
PEGylation) [41,42].

5.3.5 OTHER AGENTS

Kweon et al. reported the use of phospholipids bilayer and incorporated water-
soluble iodinated compounds together with organo-soluble iodized oil to increase the
iodine concentrations in the liposomes for robust in vivo CT imaging [43]. Despite
these potentials, the likelihood to translate a liposomal CT contrast clinically is very
meager since it involves careful preparation, complicated purification, and relative
instability in biological media.

Iodinated contrast molecules can be entrapped covalently or noncovalently to
polymer chains. However, the fundamental requirement to incorporate heavy pay-
loads of iodine molecules makes it challenging to synthesize stable suspension of
polymeric iodinated contrast agents. Particular attention must be paid to increase
their shelf-life properties and prevent disintegration and clustering in vivo while pre-
serving their robust detection with x-ray imaging. Pan et al. recently reported the syn-
thesis and characterization of a colloidal iodinated polymer nanoparticle (~200 nm)
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FIGURE 5.8 Synthesis and physicochemical characterization of self-assembled ytter-
bium nanocolloids (YbNC). Schematic describing the preparation of Yb-enriched YbNC:
(1) Suspension of Yb(III)-2,4-pentanedionate in polyoxyethylene (20) sorbitan monooleate,
vigorously vortex and mix, filter using cotton bed, vortex; (ii) preparation of phospho-
lipids thin film composed of egg lecithin PC; (iii) resuspension of the thin film in water
(0.2 mM); (iv) microfluidization at 4°C, 20,000 psi (141 MPa), 4 min, dialysis (cellulosic
membrane, MWCO 20K); characterization table for a representative preparation of YbNC.
(a) Number-averaged hydrodynamic diameter distribution of YbNC; (b) TEM images of the
lipid-encapsulated nanocolloids; (c) AFM image of YbNC drop deposited over glass grid;
(d) physicochemical characterization chart.
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FIGURE 5.9 Blood pool imaging in mouse after bolus application of nontargeted Yb nano-
colloids (6 mL/kg). (a) Pseudoconventional CT image composed from spectral measurements,
slice through heart (dashed line). Statistical image reconstruction of Yb signal after 1 (b)
and 20 iterations. (c) The volume-rendered conventional CT image with superpositioned Yb
signal showing the accumulation of Yb in the heart (in box) and the clear separation from
bone (d).

incorporating ethiodol stabilized by PS-b-PA A di block copolymer [15]. This report
described a novel class of soft type, vascular-constrained, stable radio-opaque poly-
meric nanoparticle using organically soluble radio-opaque elements encapsulated by
synthetic amphiphile. This agent offers several-fold CT signal enhancement in vitro
and in vivo, demonstrating detection sensitivity reaching down to the low nanomolar
particulate concentration range. A similar approach was followed by de Vries et al.
to incorporate high iodine payload (130 mg I/mL) for blood pool CT imaging. This
work demonstrated that polymer-stabilized particles remained stable similar to the
lipid-stabilized emulsions in vivo [44].

5.4 CONCLUSION AND THE FUTURE OF CT IMAGING

CT is one of the most commonly pursued imaging techniques applied in clinics
today. Improved signal sensitivity, rapid image acquisition, and faster reconstruction
have made this technique even more powerful. Multidetector cardiac CTs (MDCT)
can scan the heart within the span of a few beats, making it one of the most favored
noninvasive approaches to assess coronary anatomy. However, MDCT has proven
to be more useful for excluding coronary disease than for making positive diagno-
ses. The newest advancement in CT imaging technology, spectral (multicolored) CT
uniquely enhances traditional CT images, which are based on the photoelectric and
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Compton effects, with the capability to image and quantify certain metals based on
distinctive K-edge values. Nanometer-sized agents are expected to play a critical
part in the prospect of medical diagnostics owing to their capabilities of targeting
specific biological markers, extended blood circulation time, and defined biological
clearance. We discussed the fundamental design principles of nanoparticulate CT
contrast agents with a special emphasis on the molecular imaging with noncrys-
talline high metal density nanobeacons. CT in combination with these molecularly
targeted “soft” metal contrast agents can provide us quantitative information from
the disease site, not only revealing the image of nanoparticle-enhanced pathology
but also providing the amount of metal (i.e., the number of nanoparticles) bound in
a given locality. In the cardiovascular area, in the future, quantification of the extent
of intraluminal plaque rupture may allow risk stratification of lesions demanding
a catheter-based stabilization protocol versus aggressive medical management of
minor intimal ruptures expected to heal spontaneously. While spectral CT is still
preclinical in nature, the advancement in photon-counting detectors and the devel-
opment of dual energy CT instruments within hospitals across the globe will offer
a preinstalled base to pursue clinical studies when these probes reach the clinical
phase. The possibilities for molecular imaging with CT imaging are immense and
may become crucial, but such realization will ultimately depend on the codevelop-
ment of instrumentation and safer probes.
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This book is dedicated to the topic of molecular imaging and therapeutics, where
we confer the role of functional nanoarchitecture. Over the past two decades, this
multidisciplinary area of research has generated great vigor, showing high potential
for clinical translational [1-4]. Innovation in chemistry, molecular biology, and engi-
neering has shaped unique prospects for cross-disciplinary work in early detection
and treatment of a disease at the molecular and cellular levels, enabling unparalleled
safety and specificity [4—6]. The unprecedented potential of nanoparticles in imag-
ing and drug delivery has been well proven [6—9]. Myriad progress has been made
toward the development of defined nanostructure for performing multiple functions
(e.g., imaging and therapy). Biological and biophysical obstacles are overcome by
the incorporation of targeting ligands, contrast materials, and therapeutics into the
nanoplatform, which allows for theranostic applications [10-12].

In this book, the readers have been introduced to the concept of theranostics,
emphasizing the opportunities and challenges created by these soft materials for
clinical translation. Size dictates the in vivo properties of these agents designed
for targeting specific biological markers and strongly connects with its biodistrib-
utive nature, tissue accumulation, and cellular uptake [13—15]. There are already
approved nanoparticles for medicinal applications and many are undergoing preclin-
ical and clinical evaluation, including liposomes, polymeric micelles, dendrimers,
Q-dots, gold-NPs TiO,, etc. (Table 6.1) [13]. More than 200 companies are in the
process of preparing nanotherapeutics. Most of these platforms are dominated by
liposomal and polymer-drug conjugates, which account for greater than 80% of
the total amount. Doxil is an example of a liposomal-PEG doxorubicin conjugate
approved for clinical use. The encapsulation of the drug in PEGylated lipid vesi-
cles prolonged drug circulation and improved drug accumulation in tumor tissue.
In 1995, the FDA approved Doxil (Janssen Biotech) to treat an AIDS-associated
cancer. Doxil is known to induce fewer side effects in comparison to its active che-
motherapeutic ingredient, doxorubicin. However, it was later found that Doxil was
unable to advance patients’ survival rates compared with the parent doxorubicin.
DepoCyt (liposomes-encapsulated cytarabine) is another liposomal-based drug car-
rier approved by the FDA for clinical use. The use of PEG as a polymeric drug
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carrier was first tested in the early 1990s. These early studies clearly showed advan-
tages of PEG to enhance the plasma stability, to increase the solubility of an insolu-
ble drug, and to reduce immune response by “stealth” action. Abraxane is an early
example of a polymer-bound drug (paclitaxel) conjugate (130 nm) approved by the
FDA for the second-line treatment for breast cancer patients. The mechanism of
action of Abraxane is believed to be EPR (enhanced permeability and retention)—
in part through the transendothelial transport mechanisms via the albumin-binding
protein gp-60 (Table 6.1).

Approximately 40 nanoformulations are being investigated at different levels of
clinical development (Table 6.2). The majority of these agents rely on passive target-
ing approaches. A number of nontargeted nanoparticles are showing early promise
in clinical trials and many others are being evaluated [16,17]. A few examples of
these promising agents by National Cancer Institute (NCI) Alliance members are
discussed next.

Investigators at Rice University developed nanoshells with a core of silica and
a metallic (gold) outer layer (AuroLase). Once injected, nanoshells preferentially
concentrate in cancer lesion sites due to their size. Nanoshells can further carry
molecular conjugates to the antigens that are articulated on the cancer cells or in the
tumor microenvironment. AuroLase therapy is being evaluated for the photothermal
ablation of tumors showing early promise with greater efficacy of the therapeutic
treatment and notably diminished side effects [18].

Clinical development of the [18F]-FAC family of PET imaging agents is being
conducted by Sofie Biosciences. These agents are being tested for use in chemo-
therapeutics (e.g., gemcitabine, cytarabine, and fludarabine) and others to treat can-
cers including metastatic breast, nonsmall-cell lung, ovarian, and pancreatic, as well
as leukemia and lymphomas. The technology was adopted from the laboratories
of Drs. Caius Radu, Owen Witte, and Michael Phelps at the Nanosystems Biology
Cancer Center (Caltech/UCLA CCNE). So far, there is participation from eight
healthy volunteers in the biodistribution studies [19].

Dr. Mark Davis at the Caltech/UCLA CCNE translated two therapeutic tech-
nologies based on the cyclodextrin-based polymeric nanoparticle platform. Calando
Pharmaceuticals is conducting clinical trials with this platform that encapsulate a
small-interfering RNA (siRNA). An open-label, dose-escalating trial of their can-
didate agent is directed to understand the safety of this drug in patients resistant to
other chemotherapies [20]. Another company (Cerulean Pharma, Inc.) is developing
conventional chemotherapeutics (camptothecin/CPT) conjugated with the previously
mentioned polymeric nanoparticles (CRLX101). An open-label, dose-escalation
study of CRLX101 (previously named IT-101) is ongoing for solid tumor malignan-
cies. This trial is also an open-label, dose-escalation study of CRLX101 (formerly
named I'T-101) administered in patients with solid tumor malignancies [21].

Drs. Gregory Lanza and Samuel A. Wickline at the Siteman Center of Cancer
Nanotechnology Excellence (Washington University CCNE) initiated a clinical trial
to study a nanoparticulate MRI contrast agent that binds to the o, f3;-intregrin found
on the surface of the angiogenic blood vessels associated with early tumor develop-
ment [22]. Ligand-directed perfluorocarbon nanoparticles were found to be effective
acoustic contrast agents and subsequently helped to expand this platform technology
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to include magnetic resonance tomography (SPECT) as well as therapeutic carriers
in cancer, cardiovascular diseases, and rheumatoid arthritis [22]. The clinical trials
with this particular agent were stalled due to the immune reaction caused presum-
ably by the surface-present gadolinium—DOTA chelates.

At the MIT-Harvard Center for Cancer Nanotechnology Excellence, Dr. Ralph
Weissleder is pursuing a study to determine if lymphotrophic superparamagnetic
nanoparticles can be used to identify undetectable lymph node metastases [23].

Drs. Robert Langer and Omid Farokhzad of the MIT-Harvard CCNE developed
targeted nanoparticles consisting of a polymer matrix, therapeutic payloads, surface-
attached homing agents to facilitate accumulation in target tissue, avoidance of being
cleared by immune system, and delivery of drug with desired release profile. BIND
Biosciences is developing this technology. They initiated a phase 1 clinical study of
its candidate agent (BIND-014) with an ascending, intravenous dose design to evalu-
ate the safety, acceptability, and pharmacokinetics of patients with solid tumors.
The primary objective of the study is to determine the maximum tolerated dose of
BIND-014 and to assess preliminary evidence of antitumor activity [24].

Dr. Sanjiv Sam Gambhir (Stanford University CCNE) focused on the therapeutic
response of carbon nanotubes (CNTs) to improve colorectal cancer imaging [25].

Although the EPR effect can enable nanoparticle transport in certain cancer tis-
sues (e.g., inflammatory sites), most diseased tissues are not characterized by the
remarkably leaky vasculatures. For these pathological circumstances, accumulation
of nanoparticles will require an active mechanism of targeting. The reduction of
uptake of nanoparticles by healthy tissues (also tissues rich with phagocytic cells)
will require careful design that takes into consideration size, morphology, surface
characteristics, etc. However, the selective recognition and delivery of nanoparticles
in desired pathologic cells of interest will largely depend on active ligand-enabled
homing. Selection of a homing agent for targeting is dependent on multiple critical
variables including:

1. Identification of a receptor having required cell specificity, cell surface den-
sity, degree of internalization, and trafficking conduit

2. Identification of an agent with ample specificity for the biological receptor

3. Selective staging of the agent with or without a spacer to promote maximal
projection of the ligand from the surface of the nanoparticulate

In most of the cases, developing “ideal” targeted nanoparticles for imaging and
therapeutics will be contingent upon careful consideration of the physicochemical
characteristics of the NP and the biology of the targeted tissue of interest. Refinement
will be necessary to tailor the properties of these agents from initial proof of concept
in in vitro, ex vivo, and in vivo studies.

As these platforms become more multifaceted with homing agents, drugs, stealth
materials, and so on, it is critical now to reflect on the biocompatibility of compo-
nents and the overall constructs. The National Characterization Laboratory (NCL),
a federally funded US government facility, is geared to facilitate the biocompat-
ibility study of nanomedicine platforms for clinical translation (Table 6.3). The most
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TABLE 6.3
Nanomedicine Platforms Evaluated by NCL
Medicine Indication Particle Type Company Phase
PDS0101 Human papillomavirus-  Positively chained PDS Approved
caused cancers liposome filled with Biotechnology to begin
antigen phase I
Bind 014M  Prostate cancer Tumor-targeting polymer Bind Approved
nanoparticle filled with Therapeutics to begin
docetaxel phase II
Cyt-6091 Solid tumors Gold nanoparticle linked to  Cytimmune Phase II
tumor necrosis factor Sciences
AuroLase Head and neck cancer, Gold nanoshells with silica Nanospectra Phase |
solid tumors core Bioscience
ATI-1123 Solid tumors Liposome filled with Azaya Phase I'1
docetaxel Therapeutics complete
PNT2258 Non-Hodgkin’s Liposome filled with DNA Pronai Phase 11
lymphoma and other interference fragment Therapeutics

cancers

Sources: Companies, NCL.

Note:

NCL has done preclinical testing on six therapeutics now in clinical trials.

promising aspect is that major pharmaceutical companies, including AstraZeneca
and Pfizer, are now slowly investing in nanotherapeutics evaluated by NCL [26, 27].

The past decade has seen an overabundance of nanotechnology-based approaches
for theranostic application, biosensors, and real-time monitoring of circulating can-
cer and endothelial and bacterial cells. While nanotechnology offers great promise
to address some of the burning issues in clinics today, the future of this technology
in personalized medicine will largely be influenced by smart design principles for
developing translatable, “safer” nanoplatforms and identifying novel receptors and
high-affinity homing agents.
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» Humans are 10,000,000 times smaller than the Earth.
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FIGURE 1.1  Size scales in nanotechnology.
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FIGURE 1.2 A cartoon of multifunctional nanoparticles representing an extremely versa-
tile platform for molecular imaging and drug delivery application.
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FIGURE 1.3 A cartoon depicting the mechanistic concept of a therapeutic delivery via
“contact facilitated drug delivery” mechanism.

FIGURE 2.2 SPECT/CT imaging with ®'I-iodide in a patient with differentiated follicu-
lar thyroid carcinoma after pelvic surgery shows a benign tracer accumulation in the colon
(arrow). (Adapted with permission from Mariani, G. et al. 2010. European Journal of Nuclear
Medicine and Molecular Imaging 10:1959-1985.)
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FIGURE 2.6 Schematic diagram of the remote loading, membrane labeling, passive encap-
sulation, and surface chelation methods for preparing radioactive liposomes. Radionuclides
can be associated with the lipid membrane by hydrophobic interaction, through membrane
conjugation, or surface chelation using chelator-lipid conjugates in preformed liposomes
(blue radionuclides). Radionuclides can alternatively be encapsulated inside liposomes dur-
ing lipid hydration or can be transported through the lipid membrane of preformed liposomes
by ionophores or lipophilic chelators (yellow radionuclides). In the latter case, the radionu-
clides are trapped inside the aqueous lumen by a hydrophilic chelator with high affinity for
the radionuclide. (Reproduced with permission from Petersen, A. L. et al. 2012. Advanced
Drug Delivery Reviews 13:1417-1435.)
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FIGURE 2.7 SPECT/CT images showing that both of the control PEG2000 liposomes
(N and P) appear to show a characteristically high uptake in the spleen compared to both
DODEGH4 liposomes (left) that possess a lipid multifunctional, multimodal shielded liposomal
formulation. Images were acquired over 24 hr (H—heart, L—liver, S—spleen, and K—kid-
ney). (Reproduced with permission from Mitchell, N. et al. 2013. Biomaterials 4:1179-1192.)

VAMT-1

FIGURE 2.8 SPECT/CT fused image of ''In-IL-Ml, taken 24 h after injection; (a)
three-dimensional reconstruction, (b) coronal view, (c) transverse view. The uptake of 'In-
IL-Ml, in both epithelioid (M28) and sarcomatoid (VAMT-1) mesothelioma tumors at
24 hr was shown. (Reproduced with permission from lyer, A. K. et al. 2011. Biomaterials
10:2605-2613.)

FIGURE 2.9 Whole-body SPECT/CT imaging in mice at
7 d postinjection showing (a) persistent lung accumulation
of GIctNAcP-Na!»’I@SWNTs and (b) thyroid accumulation
of free Na'>I (unencapsulated), indicating effective and
complete encapsulation of radionuclide within the nano-
capsule and long-term stability of the construct. (Adapted
with permission from Hong, S. Y. et al. 2010. Nature
Materials 6:485-490.)
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FIGURE 2.10 (a) Schematic drawings of noncovalently functionalized SWNT-PEGs,,-
RGD conjugates with **Cu-DOTA. The hydrophobic carbon chains (blue segments) of the
phospholipids strongly bind to the sidewalls of the SWNTSs, and the PEG chains render water
solubility to the SWNTs. (b) MicroPET images of US87MG tumor-bearing mice showing
high tumor uptake of **Cu-SWNT-PEG;,,,-RGD, which was significantly reduced by co-
injection of free RGD peptide. (Adapted with permission from Liu, Z. et al. 2007. Nature
Nanotechnology 1:47-52.)



Fusion

FIGURE 2.12 Multimodal imaging of the G4-[[[[Ac]-TIBA]-DTPA]-mPEG;,,] dendrimer
construct in normal mice by microCT and microSPECT. The fusion image shows significant
colocalization of the nuclear and x-ray contrast components. (Reproduced with permission
from Criscione, J. M. et al. 2011. Bioconjugate Chemistry 9:1784—1792.)
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FIGURE 2.15 Whole-body SPECT/CT images and biodistribution studies of (a) a *™Tc-
labeled SPIO-bisphosphonate construct and (b) a conventional *™Tc-bisphosphonate agent.
(Reproduced with permission from Torres Martin de Rosales, R. et al. 2011. Bioconjugate
Chemistry 3:455-465.)
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FIGURE 2.16 (a) Structure of DOTA-QD-VEGF conjugate. (b) Whole-body coronal
PET images of U87MG tumor-bearing mice at 1, 4, 16, and 24 hr after injection of ¢*Cu-
DOTA-QD and %Cu-DOTA-QD-VEGF. Arrows indicate the tumor. (Adapted with per-
mission from Chen, K. et al. 2008. European Journal of Nuclear Medicine and Molecular
Imaging 12:2235-2244.)



FIGURE 3.2 Histology of rabbit tumor showing angiogenesis (black arrows) near a large
blood vessel adjacent to the tumor rim. Tumor sections were stained with H&E (low mag-
nification image) to show morphology or LM-609 (inset, high magnification image) to show
o, B;-integrin expression. The anatomical location of angiogenic vasculature determined via
histology corresponds to the areas of MR signal enhancement following injection of o ;-
integrin-targeted nanoparticles. (Reprinted with permission from Winter, P. M. et al. 2003.
Cancer Research 63 (18): 5838-5843.)

Fumagillin
Treated
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FIGURE 3.3 Reduced MR contrast enhancement in T1-weighted images of a rabbit treated
with o f;-integrin-targeted fumagillin nanoparticles (top) compared to an animal receiving
o, B;-integrin-targeted nanoparticles without drug (bottom). Enhancing pixels, color coded
in yellow (white arrows), demonstrate large areas of angiogenesis in the control tumor and
markedly lower levels of angiogenesis with fumagillin treatment. Panels on the right-hand
side demonstrate 3D neovascular maps of the tumors with and without fumagillin therapy.
The angiogenic pixels are color coded in blue and are much more prevalent in the periphery
of the control tumor than the treated tumor. (Reprinted with permission from Winter, P. M.
et al. 2008. FASEB Journal 22 (8): 2758-2767.)



Lectin Co-localized

FIGURE 3.4 Fluorescence microscopy (20 times magnification) of the tumor periphery
showing o, f;-integrin-targeted nanoparticles containing rhodamine (left) and FITC-lectin
(middle). Overlaying the fluorescent signal from these two agents demonstrates that o ;-
integrin-targeted nanoparticles are constrained to the vasculature and taken up by angiogenic
capillaries. (Reprinted with permission from Winter, P. M. et al. 2008. FASEB Journal 22
(8): 2758-2767.)

Molecular imaging of angiogenesis
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FIGURE 3.9 MR molecular imaging enhancement (color coded in red) shows diffuse
angiogenesis throughout the ischemic leg (right) with only slight enhancement in the control
leg (left). The animal receiving tap water (left panel) shows more enhancement in the ligated
leg compared to the control leg, but L-arginine treatment (right panel) results in a more dense
distribution of angiogenesis in the ligated limb, while the control limb appears similar to
the untreated animal. (Reprinted with permission from Winter, P. M. et al. 2010. Magnetic
Resonance Medicine 64 (2): 369-376.)
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FIGURE 3.10 Histology of muscle from the ischemic limb of animals treated with tap
water or L-arginine. Left: Hematoxylin and eosin (H&E) staining shows intramuscular
hemorrhage (white arrows) in tap water animals, which was not observed with L-arginine
treatment. Middle and right: Microvascular staining (black arrows) revealed more capil-
laries in L-arginine-treated animals compared to animals receiving tap water, supporting
the MR molecular imaging and x-ray angiography findings that L-arginine augments angio-
genic response to limb ischemia. (Reprinted with permission from Winter, P. M. et al. 2010.
Magnetic Resonance Medicine 64 (2): 369-376.)
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FIGURE 3.13 Serial MR molecular imaging of angiogenesis in the aortic wall before and
after targeted fumagillin treatment. In the baseline image (week O panels), cross-sectional
imaging of the thoracic aorta (arrow) provides robust segmentation of the aortic wall (yellow
outline) and reveals patchy areas of angiogenesis (color-coded overlay). Following treatment
(week 1 panel), the signal enhancement is markedly lower due to the antiangiogenic effect of
fumagillin. The level of signal enhancement gradually increases (week 2 and week 3 panels)
and eventually returns to the pretreatment value (week 4 panel). (Reprinted with permission
from Cai, K. et al. 2010. JACC Cardiovascular Imaging 3 (8): 824—832.)

PARACEST [NP] (nM)

FIGURE 3.17 Combined PARACEST and "F molecular imaging of fibrin-targeted
PARACEST PFC nanoparticles. PARACEST (a) and '°F (b) images both reveal nanoparticles
bound to the clot surface. (c) The '°F signal is converted to nanoparticle concentration (nM)
and color coded in an overlay on the PARACEST subtraction image, demonstrating colocal-
ization of these two definitive signals. (Reprinted with permission from Cai, K. et al. 2011.
NMR Biomedicine 25:279-285.)
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FIGURE 4.1 Comparative energy spectra and location of non-ionizing light in the electro-
magnetic spectrum.
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FIGURE 4.2 Simplified cartoon of nanoparticles contrast agent platforms for optical imag-
ing. Nanoparticles are described according to the number of material layers and chemical and
biochemical modifications to pacify their surfaces to escape innate immune responses and
improve distribution characteristics.
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FIGURE 4.4 (a) Example planar reflectance imaging system setup for detection of fluo-
rescence in mouse cancer model. (b) Brightfield and (c) fluorescence images of mouse after
intravenous administration of tumor-targeted molecular probe in mouse with subcutaneous
tumor (arrow).
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FIGURE 4.7 Example of in vivo surface-enhanced Raman spectroscopy with gold nanopar-
ticles using filter-based planar imaging system. (a) Gold nanoparticles with signal-enhancing
reporter could be selectively detected in vivo after subcutaneous and intramuscular injection
in mice (b). The SERS spectrum for measurement at injection sites corresponded well to the
in vitro spectrum of SERS nanoparticles (bottom), significantly different from tissue without
nanoparticles (top). (Adapted for reuse with permission from Qian, X. et al. 2008. Nature
Biotechnology 26 (1): 83-90.)
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FIGURE 4.9 Perfluorocarbon nanoparticles with perfluorocarbon core (PFC), hydrophobic
carbocyanine dye (cypate-C18) in lipid layer, and integrin-targeting ligands extending from the
surface. High-resolution fluorescence imaging of integrin expression within the vasculature of
intradermal tumors shows nanoparticles selectively accumulate in the neovasculature. (Reused
with permission from Akers, W. J. et al. 2010. Nanomedicine (London) 5 (5): 715-726.)
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FIGURE 4.11 Exosome formation from source cell targeted to another cell. (Used with
permission from Hood, J. L. and S. A. Wickline 2012. Wiley Interdisciplinary Reviews
Nanomedicine and Nanobiotechnology 4 (4): 458—467.)
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FIGURE 4.19 Imaging of CRET from pseudotumor matrigel implants containing
Qtracker705 after intravenous injection of [18F]JFDG in a mouse. Cerenkov luminescence
was detected throughout the body (open). CRET was detected by employing a 590 nm opti-
cal filter for detection of long wavelength emission (>590). (Dothager, R. S. et al. PLoS One
5 (10): €13300. With permission.)
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FIGURE 5.1

25nM

Synthesis and physicochemical characterization of nano-K. (a) Schematic

describing the preparation of bismuth-enriched K-edge nanocolloid (nano-K): (i) suspen-
sion of bismuth neodecanoate (1) in sorbitan sesquioleate, vigorously vortex and mix, filter
using cotton bed, vortex; (ii) preparation of phospholipid thin film; (iii) resuspension of the
thin film in water (0.2 mM); (iv) microfluidization at 4°C, 12,000 psi, 4 min, dialysis (cel-
lulosic membrane, MWCO 20K). (b) Hydrodynamic particle size distribution from DLS;
(c) characterization table for three replicates of nano-K; (d) anhydrous state transmission
electron microscopy (TEM) images (staining: uranyl acetate; scale bar: 100 nm; (e) atomic

force microscope (AFM) image.
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FIGURE 5.2 Spectral CT cross-sectional slices (top) and gradient rendered images (below)
of fibrin clots targeted with control (a, ) and nano-K replicates (b—d); integral bismuth dis-
tribution in axial slices of fibrin clots: Bound on bismuth layer thickness calculated with
scanner spatial resolution at 100 mm, voxel size in reconstructed image (100 mm)?. Bismuth
layer thickness: 1 or 2 voxels; bismuth surface density was calculated from integrations per-
pendicular to the surface layer corresponding to an average 3.5 mass% bismuth for a 100 mm
layer thickness.



Photoelectric

Arterial lumen
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FIGURE 5.3 (a) Photoelectric image of CEA specimen targeted with CoNC showing cal-
cium (presented in red); (b) spectral CT image of CEA specimen targeted with CoNC reveal-
ing no presence of the K-edge metal; (c) photoelectric image of CEA specimen targeted with
nano-K showing but not differentiating the attenuation contrast of both plaque calcium and
the fibrin-targeted nano-K; (d) spectral CT image of CEA specimen after fibrin-targeted
nano-K showing the spatial distribution and sparse concentration of thrombus remaining on
human carotid specimen. Note: Fibrin-targeted nano-K signal at the bottom of the tube rep-
resents thrombus dislodged from CEA during processing.
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FIGURE 5.5 Synthesis and postpreparative modification of GNB. (a) Previous synthetic
approach to first-generation GNB particles from octanethiol-coated AuNP with a final gold
loading ca. 2 w/v%: (i) gold nanoparticles suspended in vegetable oil; (ii) preparation of phos-
pholipids thin film; (iii) microfluidization of gold nanoparticle—vegetable oil with surfactants
in water. (b) New strategy to increase final gold loading up to 10 w/v%: Oleate-coated gold
nanoparticles were suspended in sorbitan sesquioleate and microfluidized with phospho-
lipids thin film mixture as a 2-0-20 formulation. Reaction condition: (i) gold nanoparticles
suspended in polysorbate; (ii) preparation of phospholipids thin film; (iii) microfluidization
of gold nanoparticle—polysorbate with surfactants in water; 20,000 psi (141 MPa), 4°C, 4
min; (d) schematic representation of the procedure to concentrate GNB2 prior to spectral CT
imaging.
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FIGURE 5.6 Characterization of GNB. (a) Number-averaged hydrodynamic diameter of
GNB?2 from dynamic light scattering measurements; TEM images of (b) oleate-coated gold
nanoparticles, scale bar = 20 nm; (c) control nanobeacons with no gold incorporated, scale
bar = 100 nm; (d) first-generation GNB (scale bar = 100 nm); (e—g) second-generation GNB
revealing the gold clusters entrapped inside the phospholipids membrane (scale bar = 100
nm); (h) UV-vis spectrum of GNB2 in water confirming the presence of gold nanoparticle
cluster and their surface plasmon resonance. AFM images of GNB2 (i) and GNB (j, rod); (k)
TEM image of GNB (rod) showing the presence of discrete gold rod nanoparticles of larger
dimension within a phospholipid encapsulation (scale bar = 100 nm).



MATERIALS SCIENCE

Nanomedicine

A Soft Matter Perspective

The unprecedented potential of nanotechnology for early detection, diagnosis, and per-
sonalized treatment of diseases has found application in every biomedical imaging modal-
ity. However, with the increasing concern about the ethical and toxicity issues associated
with some “nanoplatforms,” biomedical researchers are in pursuit of safer, more precise,
and effective ways to practice nanomedicine. Designed and written to be accessible to any-
one, with or without previous knowledge of nanotechnology, Nanomedicine: A Soft Matter
Perspective takes a balanced look at potential pitfalls and challenges faced by the field and
how they can be translated into nanomedicine technologies.

A multidisciplinary and fast-evolving research area, nanomedicine presents new clinically
relevant promises grounded in the disciplines of molecular biology, genomics, chemis-
try, and nanotechnology. Nanoparticle-based theranostic approaches have emerged as an
interdisciplinary area, which shows promise to understand the components, processes,
dynamics, and therapies of a disease at a molecular level. This book discusses some of the
unique opportunities presented by biomaterials at the nanoscale.

FEATURES

o Introduces the theranostic approach with a discussion about the potential of drug
delivery in conjunction with molecular imaging

« Discusses the potential of nuclear medicine and relevant chemical strategies for
design and synthesis of agents

o Emphasizes nanomedicine strategies with magnetic resonance imaging

o Illustrates various possibilities with optical-based techniques

o Covers the potential for imaging molecular signatures with computed tomography

o  Takes a critical look at the status of various nanomedicine platforms in clinical trials

The book provides a broad introduction to the areas of nanomedicinal application with
an emphasis on imaging and therapeutics. It covers “soft” nanoscopic objects with pre-
requisite features for different imaging modalities with a potential for image-guided drug
delivery. The book also offers a general introduction to the various drug delivery systems
and their opportunities from chemistry, materials, biology, and nanomedical standpoints.
The chapters provide a comprehensive introduction to the field and the subfield, with a
deeper discussion on the individual modalities for molecular imaging and their present
status of clinical translation.
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