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Abstract
X-ray computed tomography (CT) is one of the mo st useful diagnostic tools for
clinicians, with widespread availability, fast scan times, and low cost. CT imaging can

reveal a patient’s anatomy in exquisite
a wide variety of diseases. However, CT is currently limited to anatomical imaging due
to the lack of appropriate contrast agents and imaging protocols that would allow for
molecular imaging, so clinicians must instead rely on other modalities which are more
expensive and less readily available. Dual energy CT, a relatively new technique in
which two x -ray energies are used for a single scan, can provide valuable information
about tissue material composition. This information can potentially be used for
molecular imaging if it is coupled with appropri ately-designed contrast agents.

This work aims to extend the use of CT into the molecular imaging realm by
developing and testing nanopatrticle contrast agents for use with dual energy CT.
Severalstudies were carried out, each of which focused on a different application of
using nanopatrticle contrast agents together with dual energy CT for molecular imaging.

A commercial blood pool iodine contrast agent for pre -clinical CT (Exia-160) has
been shown to accumulate in the myocardium and continue to enhance the myocardium
after the contrast agent has been cleared from the bloodstream. It was hypothesized that

this agent would not accumulate in infarcted myocardium, which would allow for

specific identification of myocardial infarction by CT. Mice were inj ected with the

det ai



contrast agent following myocardial infarction, and dual energy CT was used to identify
the iodine within the myocardium and separate the iodine from the calcium in the
neighboring ribs. Regions of myocardial infarction showed no enhancement on CT,
while the healthy myocardium was highly enhanced . Size and position of myocardial
infarction determined by dual energy CT were compared with the standard molecular
imaging technique for measuring myocardial viability (SPECT). It was found thatd ual
energy CT using this nanoparticle contrast agent reliably agreed with the gold standard
molecular imaging method.

Molecular imaging for the improved detection and characterization of lung
tumors was also explored through two different studies. The first study used both gold
nanoparticles and iodine -containing liposomes together with dual energy CT in order to
measure tumor vascular functional parameters, including tumor fractional blood
volume and vascular permeability. These dual energy CT measurenents were
confirmed with ex vivo tissue analysis to demonstrate the validity and accuracy of the in
vivo dual energy CT method. The second study used antibody-targeted gold
nanoparticles to image EGFRpositive tumors. Two different types of antibodies were
tested: a clinically used humanized anti-EGFR antibody, and a small llama-derived
single domain anti-EGFR antibody. The single domain antibody showed improved
blood half -life and reduced immune clearance compared to the full -sized antibody when

attached to gold nanoparticles, but the higher affinity of the full -sized antibody led to



much higher overall tumor accumulation. This antibody significantly increased the
accumulation of gold nanopatrticles in tumors expressing high levels of EGFR. Together,
these wo studies showed that dual energy CT and nanoparticle contrast agents can be
used to measure a wide variety of tumor functional parameters, including tumor
vascular density, vascular permeability, and receptor expression. All these parameters
can be combined with the anatomical CT imaging to better characterize lung tumors and
differentiat e between benign and malignant lesions.

The use of dual energy CT for measuring tumor vascular permeability changes
after gold nanoparticle -augmented radiation therapy was also demonstrated.
Liposomal iodine was injected into mice following radiation therapy in order to measure
vascular permeability. Dual energy CT was used to differentiate the signal of the
liposomal iodine from the CT signal of the gold nanoparticles already in the tumor.
Tumor permeability was measured with CT using multiple combinations of gold
nanoparticles and radiation doses to find the optimal conditions for enhancing the effect
of radiation therapy on the vasculature. These conditions were thenused to increase the
delivery of a liposomal chemotherapy agent to tumors. Tumors treated with the gold -
augmented radiation therapy and liposomal drug showed significant growth delay
compared to the other groups, confirming the predictions made in the dua | energy CT

imaging.
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Finally, a protease-responsive contrast agent was developed for use with dual
energy CT imaging. Clusters of gold nanoparticles cross-linked together by protease-
sensitive peptides were injected into mice along with liposomal iodine. In the presence
of tumor proteases, the clusters degraded and the concentration of gold within the
tumor decreased. Clusters without the protease-sensitive peptide did not degrade and
did not leave the tumors. The ratio of iodine to gold in each tumor wa s measured, and it
was found that the ratio was significantly higher in mice injected with the degradable
gold clusters compared to mice injected with non -degradable control clusters. This
demonstrated the ability to use multiple contrast agents with dual energy CT for
enzyme-specific ratiometric molecular imaging.

This work confirms that dual energy CT can be used along with multiple
nanoparticle contrast agents for molecular imaging applications. With continued
contrast agent development and further application of dual energy CT, these methods
can potentially be applied clinically to improve the power of CT imaging and improve

diagnosis of a wide variety of pathologies.
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1. Introduction?

X-ray computed tomography (CT) is one of the most powerful and widely -used
imaging modalities in modern clinical practice. CT provides non -invasive three-
dimensional imaging capabilities at relatively low cost and high spatial and temporal
resolution compared to other imaging modalities (Kircher and Willmann, 2012). CT
i maging can reveal a pati entisextremetyadefalinyghei n ex qu
diagnosis of a wide variety of diseases. While CT provides anatomical information
(pathological lesion identification, size measurements, morphological characterization),
it cannot traditionally provide molecular or functional in  formation about a tissue
(receptor expression, enzyme activity, metabolic rate, tissue oxygenation and perfusion,
etc.). Nuclear medicine modalities like positron-emission tomography (PET) or single-
photon emission computed tomography (SPECT), on the other hand, are able to provide
useful molecular information by using a wide variety of specifically -targeted
radiotracers along with very high sensitivity detection, but these modalities produce
very poor quality, low -resolution images compared to CT. The research presented in this

dissertation aims to improve CT imaging by extending it into the realm of molecular and

1 Portions of this chapter are adapted from:

Ashton J, West J, Badea C. (2015) In vivo small animal micreCT using nanoparticle contrast agents. Frontiers
in Pharmacology6:256.



functional imaging. This is demonstrated by the use of novel imaging methods (dual -

energy CT) and multiple nanoparticle contrast agents.

1.1. Micro-CT Imaging Principles
1.1.1. Imaging System

A CT system consists of an xray source and x-ray detectors, between which the
subject is placed. In clinical CT, the xray source and detectors rotate around the subject
to produce projections of x-ray attenuation throug h the body at many different angles.
For micro-CT (high resolution CT used for small animal imaging) , the x-ray source and
detectors may also be static, while the small animal is rotated between them. The xray
projections acquired at each angle of rotation are then used to reconstruct tomographic
images, which are visualized as 2D slices or 3D volumes of the specimen. The most
common reconstruction method for micro -CT is a conebeam implementation of filtered
back projection (Feldkamp et al., 1984) A schematic of a micro-CT system and

reconstruction process is shown in Figure 1.1.



Cross-Sectional Images

X-Ray Projections over 360

Detector

Figure 1.1: Schematic of a micreCT system.Multiple x -ray projections are
acquired over a 360° rotation around the subject. These individual x-ray projections are
then reconstructed to produce 2D cross sectional images and 3D volumes.

1.1.2. X-ray Generation

X-rays are generated by accelerating electrons across a high voltage to collide
with an anode composed of a high atomic number, high melting point material
(commonly tungsten). Interactions between the electrons and the tungsten anode lead to
the production of x -rays with a broad energy spectrum. The maximum energy of the x -
ray spectrum is determined by th e voltage applied in the x-ray tube. As tube voltage
increases, the mean xray energy and number of photons produced both increase. This is
demonstrated in Figure 1.2 for a tungsten anode operating at two different voltages: 80
kV and 140 kV. Both the number of photons produced and the mean energy of the
spectrum increases with higher voltage. The energy of the produced x-rays is an
important determinant of their absorption by a given material. This energy spectrum can
be modified by filtration through meta | filters. Filtration is primarily used to increase the

mean energy of the x-ray spectrum by removing low energy photons. Filtration can be
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used to both reduce radiation dose and improve image quality, and filtration can be
optimized depending on the imagi ng task (Hupfer et al., 2012). Micro-CT x-ray tubes
differ from clinical x -ray tubes in that they usually have a much smaller fo cal spot (area
where the electron beam interacts with the anode), which reduces the source function
blur (i.e., penumbra blurring) and thereby greatly improves the maximum image
resolution. This increased resolution is necessary for imaging small animals which have

much smaller features than humans.
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Figure 1.2: X-ray energy spectra produced aB0 kV and 140 kV. Both the
number of photons produced and the mean energy of the spectrum increases with
higher voltage. The maximum x-ray energy is always equal to the tube voltage.

1.1.3. X-ray Attenuation

X-rays travel from the focal point of the x -ray tube, through the subject, and on to
the x-ray detector. The x-ray detector measures the relative amount of x-rays absabed

by the subject at any given position. X-ray attenuation is given by
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where | is the intensity of the x-rays transmitted through the subject, | o is the original
intensity of the x -rays incident on the object,  is the linear attenuation coefficient of the
object, and x is the thickness of the object. Therefore, absorfion of x -rays by a material is
dependent on the thickness of the material and on the material-dependent attenuation
coefficient. Diagnostic x-rays are absorbed by a material primarily via two mechanisms:

Compton scattering and the photoelectric effect, asshown in Figure 1.3.

X-ray photon

Photo
electron

Recoil
Electron

Photoelectric Effect Compton Scattering
Figure 1.3: Photoelectric effect and Compton scattering .

Compton scattering occurs when an x-ray photon collides with an outer shell
electron within the subject. Upon collision, the electron absorbs a portion of the x-ray
energy and is ejected from the atom. The xray photon is deflected from its original
direction and loses some energy. This scattering can occur in all directions and can lead
to noise if the scattered photons hit the detector. The amount of Compton scattering that
occurs within an object depends primarily on the energy of the incident x -ray photon
and the density of the object. Compton scattering decreases slightly with increasing

photon energy, so higher energy x-rays are better able to pass through a patient without



attenuation. The density of outer shell electrons increases with the mass density of a
material, so denser materials tend to have more Compton scattering and therefore more
X-ray attenuation.

The photoelectric effect occurs when an xray photon transfers all of its energy to
an inner shell electron within an atom. This electron is ejected from the atom and its
vacancy is subsequently filled by an outer-shell electron, which leads to the release of a
secandary photon. The photoelectric effect is highly dependent on both the energy of the
incident x -ray and the atomic weight of the object. The photoelectric effect is strongest
when the x-ray energy matches the binding energy of the inner-shell electrons. Asx-ray
energy increases, the likelihood of the photoelectric effect drops rapidly, proportional to
the inverse cube of the xray energy (1/E3). If the x-ray energy is below the energy of a
particular electron shell, then none of those electrons can participate in the photoelectric
effect because the xray does not have enough energy to overcome the electron binding
energy. This leads to the K-edge effect, where the probability of absorption due to the
photoelectric effect jumps abruptly as the x-ray energy increases above the kshell
electron binding energy. The photoelectric effect is also proportional to the cube of a

mat eri al ' s a t3)psohigh alomiaweight mafeials exhibit a much stronger
photoelectric effect than low atomic weight mater ials. This is why contrast agents for CT

traditionally include high atomic weight elements (e.g., iodine, barium). The K -edge

effect is shown in Figure 1.4, which demonstrates the relative probability of x -ray photon



attenuation at different x -ray energies for several high Z materials, including iodine,

gold, barium, gadolinium, and bismuth.
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Figure 1.4: X-ray attenuation as a function of x -ray energy for multiple high
atomic weight materials. In general, the x-ray attenuation rapidly drops with
increasing x-ray energy. At the K-edge of each material, there is a sharp rise in
attenuation due to the photoelectric absorption by electrons at that energy. Higher
atomic weight materials have higher energy K -edges.

1.1.4. CT Image Generation

After the x -ray beam passes through a subject, the remaining xray photons
(those that were neither scattered nor absorbed)are collected by an array of detectors on
the opposite side of the subject. This forms a two-dimensional pro jection of the subject at
a given angle (similar to a traditional x -ray image), as seen in the center panel of Figure
1.1. After projections have been acquired at many angles around the subject (usually 360
projections over a 360° rotation), these projectons are combined to form a three-

dimensional tomographic image. The most common method of tomographic image



reconstruction is filtered back projection , in which each projection is blurred back across
the entire image and then summed with back projections from all other anglesto form a
final image. A simple example of back projection (for a single slice)is shown in Figure
1.5. The 2D image of the original subject for this example (3 squares on a black
background) is shown in Figure 1.5a. 1D projections of this original image are acquired
over a 360° rotation. 15b shows the back projected imageof the first projection (a
vertical projection acquired at 0°). The measured values for the 1D projection are
smeared across the image all the way from the top o the bottom, as though each y
position in the original image had the same value. This process is then repeated at
multiple angles, with each new back -projected image added to the previous ones. 1.5c
shows the back-projected image with two angles (0° and 90°) included. Already, we can
start to see the original image being formed, although with significant artifacts. 1. 5d
shows the backprojection using 16 angles. The original image at this point is clear, but
there are still significant streak artifacts d ue to the back projection process. 15e shows
the full back projection using all 360 projections. With all 360 projections, the streak
artifacts have mostly been eliminated, but the final image is clearly blurred compared to
the original image. Because ofthe natural blurring that occurs with simple back
projection, filtered back projection applies a high pass filter to the origi nal projections
before the backprojection process is done. Many different filters are used, depending on

the degree of de-noising required for the imaging application. An example of filtered



back projection for this image, using a standard Hann filter, is shown in 1. 5f. With

filtered back projection, the original image is successfully reproduced with only minimal

E
. .

Figure 1.5: Example of filtered back projection.  (A) shows the original image,
(B) shows a single vertical projection of the image (taken from top to bottom) which has
been back projected (smeared) aross the whole image, (C) shows back projections using
two angles, (D) shows back projection using 8 angles, and (E) shows the full back
projection image using 360 angles. Notice how the simple back projection method blurs
the original image. The filter ed back projection (F) solves thisblurring problem by
filtering each of the projections prior to doing the back projection.

image distortion .

The filtered back projection described above assumes that we are obtaining a
single 1D projection of x-ray data at each angle, ar then reconstructing the CT scan one
2D slice at a time. In reality, CT detectors are made up of 2D arrays of detector elements,
so we are acquiring data for multiple slices at a time. To account for the differences in

geometry for this setup (each slice is acquired from x-rays passing through the subject a



slightly different angles), the F eldkamp -Davis-Kress (FDK) algorithm (Feldkamp et al.,
1984)is most commonly used. This is a conebeam implementation of filtered back
projection which allows for reconstruction of 3D data sets from a 2D array of detectors
that have all acquired data simultaneously.

Following reconstruction of the projections to form a 3D image, a correction is
applied to standardize the CT image intensities. The measured attenuations in each
voxel of the image are converted to CT number (measured in Hounsfield units , HU)

using the following formula:

#4T1( 5 t—@pnnn

Where piis the measured xray attenuation in a given voxel, and pwaer is the known x -
ray attenuation of water in avoxel of the same size. Thus, the attenuation value in each
voxel is compared to the attenuation of water, so that the measured CT intensity of a
material will be the same from one scan to another regadless of imaging parameters.
Using this Hounsfield un it scale, water should have an intensity of 0 HU and air should
have an intensity of -1000 HU. Most soft tissues are slightly more dense than water, so
they have a CT intensity of 10-50 HU. Most soft tissues have very similar intensity,

which makes the contrast between different soft tissues in the body very low. Lungs
(which are mostly air) have a low CT intensity of ~ -500 HU, while bone, because it has
high calcium content (and therefore the photoelectric effect is strong), has a much higher

CT intensity than any other tissue (500-3000 HU).
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1.2. Applications of Non-Contrast Enhanced Micro-CT

Micro -CT images only demonstrate high contrast when there are large
differences between material densities (Compton scattering) or atomic weights
(photoelectric effect) within the patient. In the case of soft tissue imaging, there is very
little natural contrast so an exogenous high atomic weight contrast agent must be
administered for effective imaging (Yu and Watson, 1999) However, non-contrast-
enhanced micro-CT performs well for bone and lung imaging, both of whic h have high

inherent contrast in the absence of exogenous contrast agents.

1.2.1. Bone Imaging

Micro -CT is well-suited for bone imaging because of the natural contrast
between bone and soft tissues, which is due to the high effective atomic weight of bone.
This makes micro-CT extremely valuable for non -invasive, high -resolution bone
imaging without the need of an exogenous contrast agent. Bone imaging was one of the
very first common applications of micro -CT for small animal imaging (Feldkamp et al.,
1989;Kinney et al., 1995)Micro-CT can accurately quantify a variety of bone parameters,
including cross-sectional area, cortical thickness, bone mineral density, bone volume,

bone surface ratio, and trabecular thickness(Bouxsein et al., 2010)

1.2.2. Lung Imaging

The large difference in density between air-filled lungs and soft tissues creates

high contrast for lung imaging, which makes CT an extremely useful modality for
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studying the lung . The primary difficulty in imaging the lungs is respiratory motion.
Small animal respiratory rates are 3-4 times the average human respiratory rate, so
completing an entire scan between breaths is not practical. Instead, various gating
strategies are usedwhich allow researchers to acquire each projection at the same stage
in the respiratory cycle, so that there is only minimal motion from one projection to the
next. One of the most effective methods of respiratory gating is to intubate the animal
and control the respiration by mechanical ventilation (Hedlund and Johnson,
2002;Namati et al., 2006) This allows projections to be acquired at exactly the same point
in each respiratory cycle. For a less invasive approad, the respirations of a freely
breathing animal can be monitored using a pressure transducer. The x-ray projections
can then be acquired automatically at the same point in the measured respiratory cycle
(Badea et al., 2004h)This method does not perfectly eliminate respiratory motion, but it
is much less invasive than mechanical ventilation and can still resolve features down to
~150 microns(Namati et al., 2006) Retrospective gating is also possible, in which many
projections are acquired rapidly and sorted post -acquisition according to phase of the
respiratory cycl e. Subsequently, these sorted projections are used for the reconstruction
of tomographic images corresponding to each phase of the respiratory cycle (Ford et al.,

2007)
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1.3. Micro-CT Contrast Agents

Because of the lackof inherent contrast for soft tissue imaging (all soft tissues
have very similar CT intensity) , the majority of CT scans make use of high atomic weight
contrast agents. In current clinical practice, iodine is the most commonly used element
for intravascul ar CT contrast. lodine contrast agents are made up of watersoluble
aromatic iodinated compounds. These compounds provide effective contrast due to
i od i mgh atamic number, which produces a strong photoelectric effect. Because CT
is relatively insensitive to contrast, high concentrations of contrast agent (up to 400 mg
iodine/mL) must be injected in order to produce adequate image enhancement. Clinical
CT contrast agents are generally safe, but severe adverse reactions sometimes occur.
These adverse reations are generally divided into two types: allergic reactions and
contrast-induced nephropathy (CIN). CIN occurs due to the high osmolality and
viscosity of clinical contrast agents and is more common in patients with chronic renal
disease(Namasivayam et al., 2006;Tepel et al., 2006;Wang et al., 20Q7Apdinated contrast
agents are rapidly cleared from the bloodstream by the kidneys (Bourin et al., 1997), so
there is only a very short window for imaging after injection. Additionally, these agents
quickly distribute from the intravascular to the extravascular space throughout the
body. Initially, this provides useful contrast, but after a short time this nonspecific
distribution leads to uniform enhancement throughout most of the body. Development

and optimization of these small molecule contrast agents continues in order to address
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some of these limitations, but no breakthroughs have occurred in clinical contrast agents
for many years (Lusic and Grinstaff, 2013). This lack of progress is primarily due to the
significant hurdle of developing high atomic weight agents that simultaneously
demonstrate low toxicity, high efficacy, and low cost.

For small animal imaging, the use of clinical contrast agents is particularly
difficult. Small animals have much higher renal clearance rates than humans, so injected
contrast agents are rapidly excreted. This can be illustrated for the case of a mouse. In
the average adult mouse, blood volume is approximately 1.5-2.0 mL (Diehl et al., 2001)
and the glomerular filtration rate (the volume of plasma filtered by the kidneys per time)
is approximately 0.4 mL/s (Cervenka et al., 1999) Therefore, the whole mouse blood
volume is filtered by the kidneys in less than 5 seconds. Consistent with this filtration
rate, it has been shown that clinical iodine contrast agents drop to undetectable levels in
the bloodstream within 4 seconds of injection in a mouse (Lin et al., 2008) This rapid
clearance of contrast agent severely limits the useful application of clinical contrast
agents in small animals.

To overcome the rapid clearance of traditional contrast agents, blood pool
contrast agents have been developed which exhibit prolonged blood residence time and
stable enhancement for minutes to hours. Blood pool agents are made up of a wide
variety of high molecular weight compou nds or nanoparticles that reduce renal

clearance due to their large size. lodine-based blood pool agents include iodine-
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containing polymers (Galperin et al., 2007;Aviv et al., 2009) micelles (Trubetskoy et al.,
1997;Torchilin et al., 1999) emulsions (de Vries et al., 2010;Hallouard et al., 2013;Li et al.,
2013) and liposomes (Krause et al., 1993;Petersein et al., 1999;Mukundan et al.,
2006;Ghaghada et al., 2011aA schematic demonstrating the configuration of several
iodine -containing nanoparticle agents is shown in Figure 1.6. Historically, these iodine
nanoparticles have been the most used contrast agents for micreCT imaging. The
development and use of these iodine-containing blood pool contrast agents have been
reviewed elsewhere (Hallouard et al., 2010;Annapragada et al., 2012;Cormode et al.,
2014;Li et al., 2014)Some iodine-containing blood pool agents are commercially
available for small animal research, including Fenestra® (MediLumine), Exia™ (Binitio

Biomedical, Inc), and Exitron™ P (Miltenyi Biotec).

15



A B Micelle

Amphiphilic molecule ()] (m

Hydrophilic part %
—
U] I

—
Hydrophobic part

Conventional liposome Stabilized liposome

PEG-micelle

Micelle forming lipid

w0

Bilayer forming lipid
m =0 )

)
PEG-lipid N
(v)

S
Cholesterol ({/
v Reo s

Microemulsion Micelle with Bilayer on nanoparticle
hydrophobically coated core

Figure 1.6: Amphiphilic lipid nanoparticles. (A) Representation of individual
amphiphi lic lipids that can be incorporated into nanoparticles. (B) Representation of
several configurations of self-assembling nanoparticles based on amphiphilic lipids.
lodine can be incorporated into the hydrophobic portion of the amphiphile, within the
non-polar core of an emulsion, or within the aqueous core of liposomes. Reprinted with
permission from (Mulder et al., 2006).

Over the past several years, metal nanoparticle contrast agents have been
developed incorporating a wide variety of elements. The most commonly used metal
nanoparticles for micro -CT consist of gold. Gold nanoparticles produce greater CT
enhancement than iodinated contrast agents because of the higler atomic number of
gold (Z=79) compared to iodine (Z=53), which increases the strength ofthe photoelectric
effect. Gold nanoparticles are particularly promising for in vivo imaging applications
because gold is extremely inert and gold nanopatrticles can be readily modified with
surface-linked molecules to render them biocompatible (Li et al., 2012) Bismuth is

another promising element for use as contrast agent because it is plentiful, inexpensive,
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and has a high atomic humber (Z=83).Multiple formulations of bismuth nanoparticles

have been proposed foruse as CT contrast agentgRabin et al., 2006;Ai et al., 2011;Perera
et al., 2011;Swy et al., 2014)Nanopatrticles for micro -CT have also been developed using
other metals, including bismuth, barium, tantalum, silv er, gadolinium, ytterbium, and
thorium (Jakhmola et al., 2012) Some metal nanoparticle contrast agents are
commercially available, including the gold nanop article agent AuroVist ™ (Nanoprobes)
and the barium nanoparticle agent Exitron ™ Nano (Miltenyi Biotec).

Surface conjugation is important for nanoparticle contrast agents, becausemost
types of bare nanoparticles adsorb serum proteins and are readily cleared by the
reticuloendothelial system . A variety of molecules can be added to the nanopatrticle
surface to decrease nanopatrticle clearance, but the most common modification strategy
is the addition of polyethylene glycol (PEG) (Jokerst et al., 2011)PEGylation reduces
protein adsorption on the nanoparticle surface, which reduces opsonization and
clearance of the nanopatrticles by phagocytic cells. Thissignificantly increases

nanoparticl es’ bl ood residence time, which

contrast agent s. Nanoparticles’ bl ood resi

influenced by their size and shape (Blanco et al., 2015)Very small nanopatrticles (<6 nm
hydrodynamic diameter) can be cleared by the kidneys and therefore have a much

shorter blood residence time.
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1.4. Applications of Contrast-Enhanced Micro-CT

The development of hanoparticle contrast agents has opened the door for many
exciting applications in small animal imaging. While imaging applications using low
molecular weight contrast agents have been limited, blood pool contrast agents have
now been used for a wide range of imaging applications. Important modern applications
for contrast-enhanced micro-CT in small animals include imaging of the vasculature,
heart, abdomen and tumors. Current micro -CT contrast agent research is now focused

on developing agents with active targeting, multi -modal, or theranostic capabilities.

1.4.1. Vascular Imaging

Vascular imaging for micro -CT is done primarily using blood pool contrast
agents. Micro-CT scan times must be longer than clinical CT scan times due to the
requirement for much higher resolution. Higher resolution implies a need for more x -
ray flux, which is achieved with a longer integration time per projection. Early micro -CT
scanners required up to an hour to complete a scan. In these cases, low molecular weight
contrast agents could not be used for vascular imaging, as they would be cleared from
the bloodstream long before the image acquisition was completed. For current micro-CT
scanners, scan times of under a minute are now possible. Using these fast protocols, low
molecular weight contrast agents have been successfully used for vascular imaging
(Kiessling et al., 2004;Badea et al., 2@)Schambach et al., 2010However, these contrast

agents must be either repeatedly or continuously administered over the course of a scan
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to achieve a constant level of vascular enhancement. This increases the difficulty of
imaging and may significantly increase the injected dose of contrast agent. As an
alternative to low molecular weight contrast agents, blood pool contrast agents have
been successfully used for a variety of vascular applications, including measurements of
vascular morphology, diameter, and branching (Vandeghinste et al., 2011) imaging
pulmonary vasculature (Johnson, 2007)imaging hepatic vasculature (Chouker et al.,
2008) and imaging tumor vasculature (Badea et al., 2006;Graham et al., 2008By
providing a constant level of enhancement within the vasculature over a prolonged
period of time (minutes to hours), these contrast agents simplify the acquisition of
vascular images using micro-CT and allow for a wider range of imagin g protocols to be
used. Figure 1.7shows an example of vascular imaging. In this study, micro -CT was
used with a liposomal iodine contrast agent in order to study the vasculature associated

with primary soft tissue sarcomas of the hindlimb (Moding et al., 2013).
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Figure 1.7: Coronal maximum intensity projection of iodine  in the vasculature
of a mouse with a soft -tissue sarcoma in the right hindlimb.  Micro-CT imaging (88 um
voxel size) was performed immediately after injection of a liposomal iodine contrast
agent. The bones have been segmented and removed from the image to highly the
vascular tree.

1.4.2. Cardiac Imaging

Cardac imaging in small animals, particularly the mouse, is more challenging

than clinical cardiac imaginghe mouse heart is nearly 3000 times smaller than a

human’' s an-Rinteraas1l/1a8tmas Bng, which demands both high spatial and
temporal resolution for effective imaging. Like respiratory gating (discussed above),
cardiac gating can be used to minimize artifacts due to cardiac motion in the resulting
CT images. Cardiac gating can be performed either prospectively (Badea et al.,
2005a;Ford et al., 2005;Badea et al., 2008b;Badea et al., 2011c;Guo et al., 20d.1)
retrospectively (Bartling et al., 2007;Song et al., 2007;Badea et al., 2008b;Badea et al.,

2008d;Badea etul., 2011e;Ashton et al., 2014)In both cases, the ECG of the animal is

continuously monitored. In prospective gating, each projection is triggered at a pre -
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defined point of the cardiac cycle, so that the heart is in the same position in each of the
projections. In retrospective gating, projection images are acquired at a rapid and
constant rate without waiting for cardiac and respiratory coincidence. Respiratory and
cardiac motion are monitored and saved in synchrony with the acquisition of the
projections. Eat of the images is sorted into a set ofprojections belonging to different
points in the cardiac cycle. Each set of projections can then be compiled together for
tomographic reconstruction. Retrospective gating is much more rapid, but produces an
irregular angular distribution of projections, which can cause artifacts during the
reconstruction process. Because prospectively gated images are acquired over many
cardiac cycles, they require several minutes to perform. Many cardiac imaging protocols
incorporate both respiratory and cardiac gating to minimize overall thoracic motion
during the scan (Badea et &., 2004b) We note that intrinsic retrospective gating can also
be implemented with cardiac and respiratory motion signals derived from information
within each of the acquired projections, thus avoiding the complications of having ECG
or respiratory sensors attached to the mouse(Bartling et al., 2008;Johnston et al.,
2010;Kuntz et al., 2010)

For all cardiac imaging, contrast agents are necessary to differentiate the
myocardium from the heart lumen. Because cardiac-gated scans can require several
minutes to perform, enhancement of the blood within the heart must remain constant for

a prolonged period of time to produce high quality scans. Such imaging is possible with
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low molecular weight contrast agents by using continuous administration or repeated
injections (Sawall et al., 2012) but the vast majority of studies have made use of blood
pool contrast agents, which make cardiac-gated CT protocols practical. Because images
can be acquired over multiple phases of the cardiac cycle, cardiac micreCT can produce
4D images of the beating heart. These datasets can be used to measure cardiac function,
including ventricular volumes, stroke volume, ejection fraction, wall motion, a nd cardiac
output (Badea et al., 2005b;Badea et al., 2007;Wetzel et al., 2007;Badea et al., 2008f;Badea
et al., 2011c) Measurements of cardiac function by micro-CT can be used to evaluate the
effect of drugs in preclinical studies. Cardiac micro-CT has been used to measure
changes in cardiac function as a result of dobutamine-induced cardiac stress(Badea et
al., 2011b) as shown in Figure 1.8a Cardiac micro-CT can also beused to longitudinally
measure changes in cardiac function over time. For example, left ventricular remodeling
following a coronary ligation -induced myocardial infarction has been tracked by micro -
CT (Sheikh et al., 2010) Measurements of cardiac function and infarct size have also
been performed in coronary ligation mouse models using either a combination of blood
pool agent (Fenestra VC) and a low molecular cortrast agent (Nahrendorf et al., 2007b)
An example of micro -CT imaging of myocardial infarction using a delayed

hyperenhancement protocol (Nahrendorf et al., 2007b)is shown in Figure 1.8b.
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Figure 1.8: Cardiac micro-CT imaging. (A) Coronal micro -CT images through
the left ventricle showing the heart in systole (left images) and diastole (right images)
with and without the a dministration of dobutamine (10 pg/kg/min). End systolic
volume is significantly decreased and stroke volume and cardiac output are both
significantly increased. End diastolic volume is relatively unchanged after
administration of dobutamine. (B) An axia | image showing myocardial infarction in a rat
using delayed hyper enhancement.
1.4.3. Liver and Spleen Imaging

Blood-pool contrast agents, which avoid renal clearance due to their large size
(>6 nm hydrodynamic diameter ), are eventually cleared from the bloodstream by
phagocytic cells in the reticuloendothelial system (Moghimi et al., 2001). This clearance
occurs primarily in the liver and spleen, which leads to accumulation of contrast in those
organs over time. This leads to high enhancement of these organs for liver and spleen
specific imaging. One of the most commonly -used micro-CT contrast agents, Fenestra
LC, is composed of iodinated phospholipids which are recognized by the ApoE receptor
on hepatocytes and internalized in the liver , which provides additional specificity for

liver imaging. Because these blood pool contrast agentsare generally taken up by

normal -functioning liver and spleen, they can be used to identify necrotic regions
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(Chouker et al., 2008) liver tumors (Almajdub et al., 2007;Montet et al., 2007;Desnoyers
et al., 2008;Graham et al., 2008;Kim et al., 2008;Boll et al., 2018nd spleen tumors
(Almajdub et al., 2007), as well as to measure organ volume, quantify hepatic necrosis
(Varenika et al., 2013) and determine liver anatomy (Fiebig et al., 2012) Figure 1.9
shows longitudinal imaging of liver metastases as they increase in size over time

following a single injection of nanoparticle contrast agent (Boll et al., 2011)

A
5

day 9,

Figure 1.9: Longitudinal imaging of a liver metastases in a mouse following
injection of a nanoparticle contrast agent. Normal liver tissue is highly enhancing due
to nanoparticle uptake, while th e tumor regions show no enhancement. The
enhancement remains high within the normal liver over the entire course of the
experiment. By day 19, metastatic tumors take up the majority of the liver volume.
Reprinted from (Boll et al., 2011).

1.4.4. Cancer Imaging

Because tumors generally have the same density as their surrounding tissues,

contrast agents areusually necessary for tumor identification and characterization by
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micro-CT. The vast majority of cancer imaging studies have been performed using blood
pool nanoparticle contrast agents. Nanoparticles tend to accumulate in tumors due to
the enhanced permeability and retention (EPR) effect(Maeda et al., 2000;Maeda, 2001)
Rapid angiogenesis within a tumor leads to the d evelopment of immature, poorly
organized, leaky vasculature. Gaps in this leaky vasculature are large enough that
nanoparticles (up to 200-300 nm) can readily extravasate into the tumor tissue. Tumors
also tend to have very poorly developed lymphatic drain age, so the nanoparticles are
not cleared from the tumor once they extravasate. This effect leads to the gradual
passive accumulation of nanoparticles in the tumor perivascular space over the course of
hours to days. EPR has been widely exploited for both tumor imaging and therapy using
nanoparticle agents.

Using micro-CT, dynamic biodistribution of contrast agent within small animal
tumor models can be tracked. A liposomal iodine contrast agent was used in a rabbit
tumor model for contrast agent tracking and biodistribution analysis (Zheng et al., 2009)
Quantitative analysis was performed to determine the percent contrast agent uptake
within each organ, including the tumor. Liposomal iodine was also used in two mo use
models of breast cancer to demonstrate dynamic changes in enhancement within tumor
vasculature and tumor parenchyma (Samei et al., 2009;Ghaghada et al., 2011b)
Immediately after injection, the contrast agent i s entirely intravascular, with no

significant enhancement within the tumor tissue. This early phase allows for the analysis
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of tumor vascular morphology, location, and density. After the contrast agent was
cleared from the bloodstream, late phase imaging was performed to demonstrate
passive accumulation of the contrast agent in the tumors due to EPR. The tumors
showed heterogeneous enhancement throughout their volumes, demonstrating spatial
heterogeneity in tumor perfusion and vascular permeability. Figure 1.10shows an
example of nanoparticle dynamic biodistribution and tumor accumulation for a mouse
injected with liposomal iodine (Ghaghada et al., 2011b)Immediately after liposome
injection, blood vessels are clealy outlined. At later time points, the liposomes
accumulate both in the flank tumor and in the liver and spleen.

Further studies have been done in mouse xenograft tumor models to carefully
map the spatial and temporal distribution of liposome uptake by m icro-CT (Ekdawi et
al., 2015) which has important implications for nanoparticle -based drug delivery.
Measurements of tumor vascular density in early phase imaging and total contrast
accumulation in late phase imaging have also been used in two mouse models of lung
cancer to differentiate between benign and malignant cancer types (Badea et al., 2012a)
lodine -containing nanoparticle contrast agents have also been used for tumor imaging in
two other models of lung cancer (Kindimann et al., 2005;Anayama et al., 2013)and a
mouse model of liver cancer (Rothe et al., 2015) Gold nanoparticles have also been used
for passive tumor targeting in mouse models of breast and brain cancer (Hainfeld et al.,

2006;Hainfeld et al., 2013)
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Figure 1.10: Longitudinal micro -CT images of a mouse with a subcutaneous
flank tumor injected with liposomal iodine . Liposomes slowly accumulate in the
tumor, liver, and spleen over the course of 72 hours. The white arrow points to the
location of the tumor in each image.

1.4.5. Active Targeting

In addition to the passive accumulation of nanoparticles in the
reticuloendoth elial system or tumors, active targeting of nanoparticles can be
accomplished by conjugating specific ligands to the nanopatrticle surface which can then
link to their binding partners in vivo (Erathodiyil and Ying, 2011). Typically, these
binding partners are cellular receptors or extracellular matrix proteins that are
overexpressed in a pathological condition, so binding is specific to the region of
pathology. Potential ligands for conj ugation to the nanoparticle surface include
antibodies, antibody fragments, other proteins, peptides, aptamers, lipids,
carbohydrates, and other small molecules. The use of targeted contrast agents for micre

CT has recently been reviewed(Li et al., 2014) Active targeting has been studied almost
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exclusively with g old nanoparticles due to the ease of gold surface modification via
gold-thiol bond formation. Gold nanopatrticl es have been used as a micreCT contrast
agent for the targeting of multiple tumor markers, including Her2 (Hainfeld et al., 2011),
the gastrin-releasing peptide (GRP) receptor(Chanda et al., 2010) the epidermal growth
factor receptor (EGFR)(Reuveni et al., 2011a) the folic acid receptor (FAR) (Wang et al.,
2013) and tumor microcalcifica tions (Cole et al., 2014) Figure 1.11demonstrates the use
of EGFR-antibody conjugated gold nanopatrticles to target an EGFR-expressing
subcutaneous tumor. Tumor enhancement was significantly increased with targete d
gold nanoparticles compared to non-targeted gold nanoparticles (190 HU vs 78 HU).
Gold nanoparticles have also been used for CT imaging of lymph nodes by targeting
CD4 (Eck et al., 20D), imaging of inflammation by targeting intravascular E -selectin
(Wyss et al., 2009) imaging of atherosclerosis by targeting fibrin (Winter et al., 2005),
imaging of myocardial scars by targeting collagen (Danila et al., 2013) and imaging of
other cardiovascular disease(Ghann et al., 2012) In addition to targeting by the surface
conjugation of a ligand, some nanoparticles have inherent targeting abilities due to their
nanoparticle chemistry. Gold nanoparticle encapsulated within HDL particles are
naturally recognized by HDL receptors and taken up in atherosclerotic plaques

(Cormode et al., 2010)
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Figure 1.11: 3D reconstructions of micro -CT images of a mouse subcutaneous
tumor mo del. Mice were injected with saline (A), non -targeted gold nanoparticles (B) or
EGFR-antibody targeted gold nanoparticles (C). Increased CT enhancement was seen
for both types of nanoparticles, but targeted nanoparticles showed significantly higher
enhancement than non-targeted controls. Reprinted with permission from (Reuveni et
al., 2011b)

Targeted CT imaging can also be accomplished by labelling cells with
nanoparticle contrast agents. Cell labeling with nanoparticles has been successfully used
for M RI and other imaging modalities, but has only recently been demonstrated for CT
(Betzer et al., 2014)In this study , mesenchymal stem cells were labelled with gold
nanoparticles prior to injection into a rat model of depression. Cell migration into
depression-related bring regions was successfully tracked up to one month post-
transplantation using micro -CT. The continued development of CT contrast agents for
targeted imaging and cell tracking will improve the specificity of CT imaging for a wide
range of pathologies and cell therapies and will make molecular imaging with CT a

reality.
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1.4.6. Multi-Modality Imaging

Micro -CT canalso be combined with other imaging modalities in order to better
study molecular and anatomical information simultaneously. A micro -CT system can be
combined with single photon emission computed tomography (SPECT), positron
emission tomography (PET), or fluorescence molecular tomography (FMT) into a single
unit (Goertzen et al., 2002;Liang et al., 2007)SPECT, PET, and FMT are all highly
sensitive, so targeted molecular imaging with radio -labeled or fluorescently -labeled
small molecules or biomolecules is readily accomplished. However, these modalities are
all limited by poor spatial resolution and poor anatomical imaging. By combining these
systems with micro -CT, high resolution anatomical images can be coregistered with
molecular images to produce highly useful datasets. Combining micro -SPECT and
micro-PET with micro -CT can also improve the image quality of the resultant SPECT
and PET images by allowing for attenuation correction (Chow et al., 2005;Hwang and
Hasegawa, 2005) Figure 1.12 shows a combined micro-CT/micro-PET image for a
tumor -bearing mouse soon after injection of both liposomal iodine and 18-
fluorodeoxyglucose (Badea et al., 2011a)The micro-CT image provides high resolution

anatomical detail to give context to the tumor signal seen in the micro-PET image.
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Figure 1.12: Multi -modal micro -CT and micro -PET imaging. (A) Maximum
intensity projection rendered micro -CT image accuired 1 hour post-administration of
PEGylated liposomal-iodixanol. (B) The overlaid PET/CT image shows the metabolically
active tumor (green ellipse).

A second application of multi -modal imaging which has gained much attention
recently is the use of agentsthat produce contrast for multiple imaging modalities
simultaneously. Thus, multiple imaging modalities can be used after injection of a single
contrast agent. This helps to improve registration between the different modalities, and
increase the amount of information gained from hybrid imaging systems. Many
different formulations of multimodal contrast agents have been developed, and the
development of these agents has been reviewed previously (Key and Leary, 2014)
Combined CT/MR contrast agents have been developed using gadolinium chelates
conjugated to gold nanoparticles (Alric et al., 2008) or gold nanoshells (Coughlin et al.,
2014), liposomes containing both gadolinium and iodine -based contrast agents(Zheng et
al., 2006) and iron oxide core nanoparticles surrounded by either a gold shell (Carril et

al., 2014)or a mesoporous silica shell filled with iodinated oil (Xue et al., 2014a)A
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combined CT/SPECT agent has been developed using a dendrimer linked to both
iodinated organic molecules and SPECT agent @elators (Criscione et al., 2011) A
combined PET/CT agent has been demonstrated using gold nanoparticles conjugated to
both glucose and 18F-fluorodeoxyglucose (FDG) for targeting of metabolically active
tumors (Roa et al., 2012;Feng et al., 2014All of these formulations have been

successfully tested in vivo with multimodal small animal imaging.

1.4.7. Theranostics

Another exciting topic of current research is the development of theranostic
nanoparticles —nanoparticles that can be used for both therapy and diagnostic imaging.
Many nanoparticles used as micro-CT contrast agents can easily be adapted to
incorporate therapeutics or act directly as a therapeutic agent themselves.Gold
nanoparticles, for example, have the inherent ability to increase the effectiveness of
radiation therapy, because they absorb therapeutic x-rays efficiently and then release
that energy to the surrounding tissues. This can significantly increase the locally
delivered dose in regions of high nanoparticle concentration. This has been used by
several groups to effectively treat cancer in multiple animal models (Hainfeld et al.,
2004b;Hainfeld et al., 2008;Hainfeldet al., 2010;Hainfeld et al., 2013;Jeremic et al.,
2013;Hainfeld et al., 2014;Park et al., 2015;Wolfe et al., 2015pold nanoparticles also
exhibit high absorbance of light at their surface plasmon resonance wavelength, which

can be tuned by altering the shape and size of the nanoparticle. For many gold
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nanoparticle shapes (i.e., nanorods, nanoshells, nanostars), this plasmon resonance
occurs in the near infrared region, which is optimal for use with photothermal heating.

In photothermal heating, nanopar ticles convert laser light into heat, which leads to local
hyperthermia. This can be used for tumor ablation when nanopatrticles are accumulated
within a tumor. The use of hanoparticle for combined CT imaging and photothermal
therapy has been recently reviewed (Curry et al., 2014). Gold nanorods (Huang et al.,
2011)and hollow gold nanoshells (Park et al., 2015)have both been used for combined
CT imaging, radiation therapy, and photothermal therapy. Figure 1.13 shows a gold
nanostar theranostic probe which was used for CT imaging and photothermal therapy in
a mouse model of primary soft tissue sarcoma (Liu Y, 2015). This probe showed high
tumor accumulation and CT enhancement as well as effective tumor ablation following
photothermal therapy. Therapeut ics can also be incorporated into nanoparticles by
direct conjugation to the nanoparticle surface or by co-encapsulation of the therapeutic
with the imaging agent (e.g., within the aqueous core of a liposome). Both methods have
been used for the addition of therapeutic radioisotopes or chemotherapy drugs to

nanoparticle contrast agents (Chen et al., 2014;Lu, 2014;Ryu et al., 2014;Zhu et al., 2014)
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Figure 1.13: Theranostic gold nanostars for photothermal therapy and CT
imaging. (A) TEM of theranostic gold nanostar (scale bar—20 nm), (B) CT axial section
through the soft tissue sarcoma on a mouse hindlimb. Green represents gold
concentration (windowed from 2 mg/mL to 10 mg/mL). (C) Photothermal therapy after
injection of either gold nanostars or saline. The mice receiving gold nanostars showed
complete remission of their sarcoma, while the control mice had continued rapid tumor
growth.

1.5. Spectral CT

Much effort has been made to overcome the low contrast sensitivity inherent in
CT imaging. The primary method, as discussed above, is to add large amounts of an
exogenous contrast agent. However, significant developments have also been made in
imaging system design whic h can potentially improve CT image contrast. One of the
most promising recent developments in CT has been the use of spectral information to
improve contrast discrimination. In traditional CT imaging, the overall attenuation of x -
ray intensity is measured by the detector, but the detected xrays are not spectrally

resolved. In other words, the detector does not record the energy of each of the photons
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detected. However, t he energy spectrum of transmitted X -rays is important because the
absorption of x-rays by different materials is highly dependent on x -ray energy, so the
transmitted x -ray energy spectrum depends on what materials are present along the x
ray path. Therefore, there is a significant amount of information that can be gained by
including spectr al data in the CT reconstruction process. Based on differences in xray
absorption, multiple materials can be differentiated and quantified within a single scan
using spectral CT.

There are two primary methods used to obtain spectral CT data. The first
method, dual -energy (DE) CT, uses xray sources with two different energy spectra
along with traditional energy integrating x -ray detectors. The second method uses a
single x-ray source but has energyresolving detectors (photon counting detectors) that
can measure the energy of each detected photons. Dualenergy CT is currently used
clinically and has been successful in improving imaging for a variety of applications
(Jepperson et al., 2013;Aran et al., 2014;Bongartet al., 2014;Marin et al., 2014;Mileto et

al., 2014;0hana et al., 2014;Paul et al., 2014)

1.5.1. Dual-Energy CT

DE CT can use either a single xray source which rapidly switches between two
tube voltages or two separate sources (offset from one another by 90°) hat each operate
at a unique voltage. By operating at different voltages, the two x -ray sources produce x

ray spectra with very different mean energies (see Figure 1.2 above).In either case, xray
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projections are acquired at each rotation angle using both x-ray sources. Additionally, a
double-l ayer or “sandwich” detector is someti mes I
x-rays. In DE CT, a complete CT dataset is acquired for two different x-ray energy

spectra. Most of a pat i e nthimaged loedayse abpopptoar s t he
of x-rays by low atomic weight materials, which is primarily due to Compton scattering,

is very weakly dependent on x -ray energy. However, the photoelectric effect in high

atomic weight materials is highly dependent on x -ray energy. Therefore, the attenuation

coefficient of high atomic weight materials (calcium in bone, iodine, gold) will depend

on the energy spectrum of the incident x-rays. This effect is particularly pronounced if

the two energy spectra fall on either side of the K-edge for one of the materials. Because

there is a large increase in attenuation at energies above the Kedge (see Fig.1.4), this

leads to a large difference in signal between the two scans. By combining data from the

two energy sets, these high Zmaterials can be differentiated from one another and

guantified. This process is demonstrated in Figure 1.14, which shows scans of an in vitro

phantom containing vials of water, gold, iodine, or a mixture of gold and iodine. Scans

at two different energies were simultaneously acquired. These two scans were then

mathematically decomposed into a map of iodine concentration and a map of gold

concentration (Clark et al., 2013a) We note that although the K-edges have helped with

the separation between iodine and gold, we are not able to deliver true K-edge imaging

as is possille with synchrotron mono -energetic beams.
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Figure 1.14: Dual energy scans and material decompositions. Top, in vitro
phantom consisting of a large tube of water surrounded by vials containing gold, iodine,
or a mixture of the two . Bottom, in vivo imaging of gold nanoparticles and iodine -
containing liposomes within a mouse soft tissue sarcoma. The iodine (shown in red)
and gold (shown in green) maps are the result of dual energy decomposition. In both
casesthe decomposition is able to successfully differentiate signal from the gold and
iodine contrast agents.

Spectral separation using DE CT is somewhat limited by our ability to minimize
the overlap of x-ray spectra using polychromatic sources. Although the peak tube
voltage can be changed over a wide range, the average energy of the resulting spectrum
does not changeas much as the maximum energy, as was shown for the two energy
spectra in Figure 1.2. The separation between the two energy spectra can be impoved
by applying additional filtration to the x -ray tubes, which can preferentially remove low
energy photons and further increase the average energy of the xray spectrum. The other
limitation for DE CT is its ability to discriminate between closely -related elements.
Discrimination of two elements using DECT is best when there is a large difference in

their attenuations at the two x -ray energies. This works very well for elements with
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widely different k -edges (gold and iodine), but does not work for eleme nts with very
similar k -edges (barium and iodine). By careful selection and design of contrast agents,
this limitation can be avoided.

Although DE CT is commonly used in the clinic, its use has been limited to date
in pre-clinical micro -CT imaging. The primary challenge with translating CT to micro -
CT is the significant increase in resolution. Because voxel size is much smaller, the noise
is much higher for micro -CT than for clinical CT. This could be improved by
significantly increasing the number of x -ray photons delivered in order to get the same
photon flux through each voxel. However, the radiation dose must be limited for in vivo
studies, so noise cannot be decreased to the levels seen in clinical scans. This presents a
problem for dual -energy reconstruction, because the mathematical decomposition of
multiple materials depends on having high quality (low noise) measurements of
attenuation at each voxel. High levels of noise make material decomposition inaccurate.
By minimizing scatter during acquisitio n and applying post -acquisition image
processing strategies, beam hardening and noise can be reduced to allow for successful
dual-energy decomposition. It has been shown that applying joint domain bilateral
filtration (an edge -preserving, smoothing filter that incorporates data from both energy
sets) prior to DE decomposition significantly improves the DE decomposition accuracy,
precision and limits of detectability (Clark et al., 2013a) The mean limits of detectability

for each element were determined to be 2.3 mg/mL (18 mM) for iodine and 1.0 mg/mL
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(5.1 mM) for gold, we Il within the observed in vivo concentrations of each element (I: O -
24 mg/mL, Au: 0-9 mg/mL) and a factor of 10 improvement over the limits without post -
reconstruction joint bilateral filtration. In vitro testing of this method using imaging
phantoms caaining both gold and iodine is shown in Figdt#4 (Clark et al.,2013a)
Using this method, DE micro -CT has been used successfully for a variety of applications
in mice. DE CT was used for atherosclerosis imaging to differentiate liposomal iodine
accumulated in plague macrophages from calcium within the plaque (Bhavane et al.,
2013) DE CT has been used to separate gold nanoparticles accumulated within soft
tissue sarcomas(Clark et al., 2013a) Images of the decomposed gold and iodine maps
for a soft-tissue sarcoma are shown in Figure1.14 In these studies, the simultaneous
measurement of two different nanoparticle concentrations was used to calculate tumor
vascular density and vascular permeability. In two additional studies, DE CT was used

to assess vascular changes following radiation therapy. In the first, the increase in
vascular permeability in a soft -tissue sarcoma was determined by measuring
accumulation of liposomal iodine (Moding et al., 2013). In the second study, cardiac
injury following radiation therapy was assessed using gold nanopatrtic les and liposomal
iodine (Lee et al., 2014)Cardiac-gated CT imaging was performed to obtain a DE
decomposition of the myocardium at each phase of the cardiac cycle. This data was used

to assess both extent of cadiac injury and change in cardiac function.
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Our group has recently also demonstrated triple -energy micro-CT for the
differentiation of three materials: gold, iodine, and gadolinium. Using a novel algorithm
called spectral diffusion (Clark and Badea, 2014) these three materials were successfully
separated and quantified both in an in vitro phantom and in vivo. Figure 1.15shows in
vivo images with decomposed concentration maps depicting liposomal iodine
accumulated within the liver and spleen, gold nanoparticles within the vasculature, and
a low molecular weight gadolinium contrast agent in the kidneys. Dual and triple -
energy CT have the potential to be particularly useful with targeted contrast agents, so
that contrast agents with multiple different targets can be co -injected and individually

guantified using a single scan.

Raw CT Image Filtered CT Image lodine Map

Figure 1.15: Three-energy CT imaging in a mouse. Liposomal iodine was
injected 72 hours before imaging. Gold nanoparticles and low molecular weight
gadolinium were injected immediately before imaging. Images were acquired at three
energies, filtered, then separated into maps of iodine, gold, and gadolinium
concentration.
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1.5.2. Photon Counting X-ray Detectors

The alternative to DE CT is the use of energyresolving photon -counting x-ray
detectors (PCXD) for spectral CT imaging. The PCXDs acalire data for each projection
using multiple energy bins. These detectors directly convert photons to a digital signal,
which decreases the noise that is inherent in traditional energy-integrating detectors
(Schirra et al., 2014) Each photon that is counted by the detector is assigned into one of
the energy bins, which provides an appr oximation of the energy spectrum of the
transmitted x -rays. Energy bins can be chosen to include regions of the spectrum above
and below the K-edge of the elements of interest. The measured attenuations from each
energy bin can then be used to simultaneoudy solve for the concentration of one or
more high atomic weight materials within a single voxel. This method can also be used
guantify the contribution of either Compton scattering or the photoelectric effect within
any given voxel, which allows accurate separation between signal from soft tissues and
signal from high Z materials.

PCXDs are not yet used in standard clinical CT imaging, but prototype photon
counting CT scanners have been deployed in some research hospitalslt is expected that
PCXDs will I ikely be generally adopted in the clinical realm once the technology has
further advanced (Taguchi and Iwanczyk, 2013). The primary drawback of current
PCXDs is the relatively low photon count rate for each individ ual detector. Because it

takes a finite amount of time to count a single photon, the hardware can fall behind
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when photon flux is high. This leads to pulse pileup, which can cause saturation of the
detectors and loss of spectral sensitivity and accuracy(Schirra et al., 2014) Clinical CT
operates at very high photon flux, so this probl em must be resolved before PCXDs can
be effectively used clinically. The most obvious solution is to decrease the detector size,
which will decrease the flux incident on each detector. However, as detectors become
smaller, the charge sharing between detecbrs increases, which can lead to multiple
counts for single x-rays and counts at the wrong energies. This leads to spectral
distortions and high noise. Therefore, many researchers are focused on improving both
the hardware and reconstruction algorithms nec essary for optimal spectral imaging with
PCXDs.

Although PCXDs are still experimental for clinical CT, their use in pre -clinical
small animal studies has been successfully demonstrated. Spectral CT has been used
with targeted nanoparticles to image athero sclerotic plagues (Cormode et al., 2010)
Gold nanoparticles were encapsulated within high -density lipoprotein (HDL) particles
to target plaque macrophages. A preclinical spectral CT system (Phillips Research,
Hamburg) was used to differentiate the gold from iodine, calcium, and soft tissues. This
analysis was first performed in an in vitro aorta phantom, as shown in Figure 1.16a
Spectral CT was used to resolve the signals from gold, iodine and calcium within the
tissue phantom matrix. The spectral CT system successfully differentiated the phantom

regions containing gold, iodine, and calcium, with very little overlap between the
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signals. They also tested the targeting of their gold-HDL particles in a mouse model of
atherosclerosis. Spectral CT (and subsequent histology) demonstrated that the gold
successfully accumulated within the plagues and that gold could be discriminated from

iodine, calcium, and soft-tissue in vivo, as seen in Figure 15(B).
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Figure 1.16: Spectral micro -CT imaging using photon counting X -ray detectors
and HDL -encapsulated gold nanoparticles. (A) In vitro aorta phantom study
demonstrating the conventional CT image along with the decomposition of t he CT
image into gold, iodine, photoelectric, and Compton components. (B) In vivo imaging of
targeted gold nanoparticles and blood pool iodine in a mouse model of atherosclerosis.
The iodine (red) can be clearly visualized within the aorta, while the gol d signal (yellow)
is immediately adjacent to the aorta lumen in the atherosclerotic plaque.
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The same HDL-encapsulated gold nanoparticles have been used along with a
blood pool iodine contrast agent to simultaneously image the signals from gold
accumulated within lymph nodes, iodine within the blood, bone and soft tissue (Roessl
et al., 2011) Low density -lipoproteins (LDL) labelled with gold nanoparticles have also
been used to image tumors using spectral CT(Allijn et al., 2013). Gold nanopatrticles
accumulating in lymph nodes after subcutaneous injection have been differentiated from
soft tissue and bone (Schirra et al., 2012) lodine within the vasculature and barium
within the gastrointestinal tract have been imaged and differentiated from bone and soft
tissue (Anderson et al., 2010) Spectral imaging has also been used to detect novel
ytterbium nanopatrticles within the vasculature (Pan et al., 2012)and organic bismuth
nanocolloids targeted to fibrin -rich clots (Pan et al., 2010)In both cases, spectral CT was
used to differentiate contrast agent signal from soft tissue and bone. The primary
limitation in all of these studies was that the low photon -count rate limitations of the
PCXD system resulted in a long scan time. Because the scan time was so long, the
imaging was done after sacrificing the animals in order to prevent motion over the
course of the long acquisition. Despite the limitations, these studies demonstrate that
spectral CT using a PCXD system has the potential for high quality in vivo imaging and
material discrimination. Some technical problems remain to be solved, but PCXD

systems have great promise for use in both pre-clinical and clin ical CT imaging.
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1.6. Radiation Dose

One of the primary drawbacks of x -ray CT imaging is exposure to radiation. X -
ray radiation exposure can lead to biological damage and long-term health effects
(Boone et al., 2004)Radiation exposure is particularly important to consider for micro -
CT applications, because higher radiation doses are required for high resolution CT
scans. Signailto-noise ratio in CT is inversely proportional to the square root of the
number of x-rays passing through each voxel. As voxel size decreases, the number of x
rays necessary to maintain a constant signatto-noise ratio increases sgnificantly. In
planning micro -CT studies, a balance must be made between desired image quality and
radiation exposure.

The LDsorso radiation dose in mice (the dose required to kill 50% of mice within 30
days) depends on many factors, but tends to be béween 5 and 8 Gy (Ritman,
2004;Carlson et al., 2007)The typical radiation dose for a single micro-CT scan can vary
widely and reported values in the literature range from 0.017 Gy -0.78 Gy(Carlson et al.,
2007) Rodents have the ability to repair damage from low doses of radiation (~0.3 Gy)
over the course of several hours(Parkins et al., 1985) so most low dose micro-CT scans
should have limited biological impact, even when the same animals are longitudinally
scanned over the course of a study. But for higher dose scans, longitudinal imaging can
potentially lead to a cumulative dose that could affect biological function (particularly

immune function and tumor response) and long -term health (Boone et al., 2004)
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Therefore, careful consideration must be made to determine the optimal imaging
protocol for each individual application to minimize the effects of radiation dose on the
experiment. Wit h additional advances in micro -CT technology and reconstruction
algorithms, radiation doses should further decrease, which will help to overcome

radiation as a limitation of micro -CT imaging.

1.7. Nanoparticle Contrast Agent Safety

Understanding the potential toxicity of nanoparticles is essential in order to
apply nanopatrticle contrast agents in vivo and eventually translate these contrast agents
to the clinic. Because blood pool contrast agents are not rapidly cleared from the body
by the kidneys, they have much more opportunity to interact with the body and
accumulate in various organs. Since each nanopatrticle formulation is unique, rigorous
toxicity testing must be performed for any proposed contrast agent in order to fully
understand its usefulness for both pre-clinical research and potential clinical translation.
For example, there is strong evidence regarding bio-compatibility of gold (Cervenka et
al., 1999;Hainfeld et al., 2006;Lin et al., 2008)Gold-based nanoproducts are now
undergoing clinical trials, e.g. colloidal Au -based tumor necrosis factor (CYT-6091,
Cytlmmune Inc.) and gold nanoshells (Nanospectra Inc.). However, t here is still
uncertainty regarding the toxicity of many of the recently proposed nanopar ticle
contrast agents; although most of the studiesdiscussed here have stated that no toxicity

has been observed, comprehensive prospective toxicity studies are still required to be
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performed. Because many nanoparticles can accumulate in the body for up to several
months, in depth studies of long term toxicity are particularly important. A better
understanding of nanoparticle toxicity is necessary for the further advancement of the

field of nanoparticle CT contrast agents.

1.8. Conclusions and Research Direction

Micro -CT has become an extremely important tool in small animal research.
Micro -CT produces non-invasive, three-dimensional, high resolution anatomical images,
which can provide a wealth of information about normal animal function and
pathology. Althoug h x-ray CT is limited by low tissue contrast, developments in
contrast agent design show great promise for use in imaging a wide range of organ
systems and pathologies. Additional new developments in spectral imaging will further
improve the usefulness of micro-CT in acquiring functional and molecular information.
This will greatly expand the potential applications for micro -CT in small animal
research.

This work aims to continue and extend the exciting recent developments in both
contrast agent design andin vivo application. The work presented here will focus on
using DE CT along with gold and iodine -containing nanoparticles in order to further
extend the use of CT for functional and molecular imaging. In the next chapter, the
general methods for perfor ming dual energy CT imaging and reconstruction and for

synthesizing gold and iodine -containing nanoparticles are described. These general
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methods will be used throughout the rest of this dissertation. Chapter 3 discusses the
use of acommercially -available iodine contrast agent that can be used for specific
imaging of myocardial infarction. Chapters 4 and 5 both discuss the use of DE CT and
nanoparticle contrast agents to improve lung cancer imaging. Chapter 4 discusses the
use of receptor-targeted nanoparticles, while Chapter 5 explores the use of two
nanoparticle types for tumor vascular characterization. Chapter 6 discusses the
theranostic use of gold nanopatrticles for radiation therapy, combined with iodine -
containing liposomes for monitoring of trea tment effect by DE CT. Chapter 7 discusses
the use of a combined gold and iodine contrast agent which can be activated in the
presence of protease activity, which can allow for molecular imaging by DE CT. Finally,

concluding remarks and future directions are found in Chapter 8.
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2. Methods for Dual-Energy CT Imaging and
Nanoparticle Synthesis

2.1. Dual-Energy CT Imaging

2.1.1. Dual Source CT System

The work described in this dissertation uses the unique dual source micro-CT
system developed in house in the Badea lab(Badea et al., 2008a)The imaging system is
shown in Figure 2.1 Two x-ray tubes and two detectors are arranged orthogonally
around a vertical rotating small animal cradle. The systan contains two G-297 xray
tubes (Varian Medical Systems, Palo Alto, CA) with 0.3/0.8 mm focal spot size, two
Epsilon High Frequency X-ray generators by EMD Technologies (Quebec, Canada) and
two CCD based detectors with a Gd202S phosphor (XDI-VHR 2 Photonic Science, East

Sussex, UK) with 22 micron pixels which we typically bin to 88 microns.

A
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Figure 2.1: Dual -source micro-CT syétem.
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Commercial micro -CT systemstypically include microfocus x -ray sources,which
have focal spot sizes as low as 5 pm Such small focal spotsminimize image blurring
due to the finite size of the x-ray source (penumbral blur) , which makes very high
resolution imaging possible . However, the maximum number of x -ray photons per tim e
produced by a microfocus source is limited due to overheating of the very narrow focal
spot, so it is not possible to scan with high x-ray photon flux . Low photon flux requires
longer scanning times in order to maintain a reasonable signal-to-noise ratio. Long
scanning times significantly reduces the temporal resolution of the se systemswhen
performing dynamic imaging studies. The CT system developed in the Badea lab, on
the other hand, incorporates a high flux clinical x -ray source which has a relatively large
(0.8 mm) focal size. The source blur (penumbral blur) for this system is minimized by
increasing the physical distance between the xray source and the subject, while
minimizing the physical distance between the subject and the x-ray detector. This
results in a small amount of magnification (m=1.09) and a penumbral blur of
approximately 79 um, which is less than the size of the detector pixels (88 um) (Badea et
al., 2008c) Therefore, thismicro-CT system isunique in its ability to produce images
with very high spatial resolution, while also maintaining high temporal resolution for
dynamic cardiac imaging and rapid scan times.

This CT system can be used for both single source and dual source acquisitions.

For single source scans, dual energy imagng can be performed by alternating the x-ray
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tube voltage between each acquisition (kVp switching) . For dual source scans the twox-
ray tubes fire simultaneously (or with a very small time differential) at two different
voltages, so the dual energy scannirg time is equal to that of a single scan and takes only
about 3 minutes. The data acquisition for all scansis controlled by custom-made
sequencing applications written in LabVIEW.

Animals are mounted on a vertical cradle , which is attached to a rotator and
mounted on a stage capable of vertical translation. The animalsare scanned while free
breathing under anesthesia using 2-3% isoflurane delivered by nose-cone. A pneumatic
pillow positioned on the animals' thorax connected to a pressure transducer is used to
monitor breathing, and body temperature is maintained with heat lamps, a rectal probe,
and a feedback controller. ECG can also be monitored and recorded by connecting ECG

leads to the animal’ Bmbs.

2.1.2. Dual Energy Decomposition

For dual energy CT imaging, two complete sets of projections are acquired at
each energy.X-ray tube voltages for optimal gold and iodine decomposition were
chosen following the results of our previous simulations and in vitro studies (Badea et
al., 2011d) These studies showed that the maximum spectral difference between gold
and iodine for polychromatic x -ray sources occurred at operating voltages of 40 and 80

kVp. This set of operating voltages is also well-suited for the decomposition of calcium
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and iodine, as the x-ray absorption behavior of gold and calcium at these two voltages is
highly similar.

DE micro-CT data processing follows the flowchart in Figure 2.2 Raw 40 kVp
and 80 kVp datasetsare reconstructed using the Feldkamp algorithm (Feldkamp et al.,
1984)in the Cobra EXXIM software package (EXXIM Computing, Livermore, CA). The
images are reconstructedin a 512x512x512natrix with 88 pum isotropic voxel size. Affine
registration is performed to improve registration between corresponding 40 - and 80-kVp
reconstructed volumes using ANTS, an open-source, ITK-based registration toolkit

(Hermosillo et al., 2002;Avants etal., 2011)

80 kVp filtered lodine map

Map Overlay

Y
Affine Registration
Joint Bilateral Filtration
T

| DE Decomposition |

40 kVp raw 40 kVp filtered Gold map

Figure 2.2: Dual -energy decomposition process diagram. Raw 40 kVp and 80
kVP datasets are acquired, and then they undergo affine registration and joint bilateral
filtration to produce filtere d data sets. Dualenergy decomposition is performed on these
filtered images, which results in two independent images (maps) representing the iodine
and gold concentration in each voxel. After obtaining the two maps, the images can be
overlaid and the bones segmented out (colored white) to form a final concentration map
overlay.

52



To improve the results of DE decomposition, each data setis de-noised using
joint bilateral filtration (BF). BF is a well -characterized edge-preserving smoothing filter
that considers the distribution of neighboring voxels in both space and intensity. Details
of the application of “classic” BF t@awaluri ne C
et al., 2011) Joint BF is a spectral extension obilateral filtration in which the two
registered data sets (40 kVp and 80 kVp) are smoothed simultaneously usinglocal data
from both scans. Joint BF was implemented using MATLAB (MathWorks, Natick, MA),
and generally was completed within 30 seconds per volume. Details of the application of
joint BF to murine micro -CT data (Clark et al., 2012b)and a quantitative evaluation of
the application of BF to DE micro-CT (Badea et al., 2012chave been described
previously.

DE decomposition of gold and iodine is performed after registration and
filtration, using corr esponding 80 and 40 kVp filtered data by solving the following
linear system at each voxel:

x=A"'b

Expanding the linear system:

€, o eCTl 40 CTAu,4o?_léCT4oﬂ
4 Vs u é u
g:Au H éCT| 80 CTauso U 8:1-80 u

In this formulation, x is the leastsquares solution for the concentration of the
iodine (Ci) and gold (Cau) in mg/mL in the voxel under consideration. A is a constant

sensitivity matrix measured in Hounsfield units per contrast agent concentration
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(HU/mg/mL) for iodine (CT 140, CTis0) and gold (CT au40, CTauso) at 40 and 80 kVp,
respectively. Finally, b is the intensity of the voxel under consideration at 40 kVp (CT 40)
and 80 kVp (CTso) in Hounsfield units. After solution of the matrix equation in Matlab,
voxels with negative concentrations of both materials are set to zero.Voxels with a
negative concentration of one material and a positive concentration of the other material
are projected onto the subspace of positive concentrationfor the single material .

Values for the coefficients of the sensitivity matrix at each energy (CTi.40, CTiso,
CTau0, and CTauso) were determined empirically using a calibration phantom as
described previously (Clark et al., 2013b) For the phantom calibration, the CT
attenuation of vials containing known gold and iodine concentration were measured at
40 and 80 kVp, and the coefficients br the sensitivity matrix were determined by fitting
the known gold and iodine concentrations to the measured CT attenuation using a linear
least squares regression at each energy level. The derived values for Cilko, CTis0, CTau40,
and CTaugo used for all the studies in this dissertation were 28.7, 42.6, 88.5, and 58.8
HU/mg/mL, respectively. In vitro validation of this decompaosition method using both
digital and physical phantoms has been shown in our previous work (Clark et al.,
2013b) These validation studies demonstrated the ability of this d ecomposition method
to accurately measure gold and iodine concentrations both when they are independent

from one another and when they are present in the same voxel.
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2.2. Nanoparticle Synthesis and Characterization
2.2.1. Gold Nanoparticle Synthesis

A wide range of methods have been described for the synthesis ofspherical gold
nanoparticles (Zhao et al., 2013) Gold nanoparticle synthesis in the aqueous phase was
first described by Turkevich (Turkevich et al., 1951) In this method, chloroauric acid
(HAUCI 4) is reduced by citrate in boiling water. Gold ions are first reduced to elemental
gold in solution, and once the solution becomes oversaturated these gold atoms begin to
precipitate from the | iquid phase into a separate solid phase dispersed within the liquid
phase (a sol colloid). These subnanometer nucleation sites grow to form nanopatrticles
asnucleation sites coalesce andadditional gold ions from solution get reduced onto the
growing nano particle surface. After the reduction is complete, the citrate also acts as a
capping agent, which binds to the surface of the gold nanoparticles and gives the
particles a strong negative charge which prevents particle aggregation. The Turkevich
method pro duces nanopatrticles between 1020 nm in diameter. This was approach was
further refined in the Frens method (Frens, 1973) which altered the starting ratio of gold
to citrate in order to control the final size of the nanoparticles. This method can produce
nanoparticles from 10 nm to approximately 100 nm in diameter. In general, higher
amounts of reducing agent results in a smaller nanopatrticle size because more initial
nucleation sites are produced in the reaction. However, the relationship between

citrate:gold ratio and size is not linear. The minimum achievable size with this method is
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approximately 10-12 nm at a specific ratio of citrate:gold. As the concentration of citrate
increasesbeyond that ratio, the size of the gold nanoparticles actually begins increasing
again and levels out at ~25 nm at very high concentrations of citrate. At low
concentrations of citrate, fewer initial nucleation sites are produced and the growth of
these nucleation sites takes much longer.This leads to larger nanoparticles, but there is
much larger particle -to-particle variation. Therefore, large nanoparticles (>30 nm)
produced from the Frens method tend to have higher poly dispersity than small (<20 nm)
nanoparticles. Smaller gold nanoparticles (<10 nm)can be produced in aqueous
solutions by using a stronger reducing agent. The most commonly used strong reducing
agent for gold nanoparticle synthesis is sodium borohydride ( NaBH 4). NaBH 4 can either
be used by itself to reduce gold nanoparticles with no capping agent or in combination
with citrate (Brown et al., 1996) These methods can produce nanopatrticles in the range
of 2-5 nm with fairly high monodispersity. Many other methods exist for the synthesis of
gold nanoparticles in agueous solution including a variety of green reduction methods,
sonolysis, and laser ablation (Zhao et al., 2013) Gold nanoparticles can also be
synthesized in organic solutions. The most common method for organic gold
nanoparticle synthesis is the Brust method (Brust et al., 1994) in which gold chloride

ions are transferred from an agueous solution into a solution of toluene using
tetraoctylammonium bromide (TOAB) as a phase transfer catalyst, after which the gold

ions are reduced by NaBHa4. The formed nanopatrticles are highly monodisperse (2-6 nm
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in diameter) and can be readily functionalized with alkanethiols to form highly stable
colloidal solutions.

In this work, all gold nano particle synthesis was done in aqueous solutions in
order to avoid the need for phase transfer from organic solutions and to avoid the
potentially cytotoxic phase transfer catalysts typically used in organic synthesis. Three
different sizes of gold nanopar ticles have been used: 2 nm (citrate reduction), 25 nm
(citrate reduction), and 4 nm (NaBH 4/citrate reduction) , as shown in Figure 2.3 The
specific synthesis protocols for the gold nanoparticles used in each study will be

described in the appropriate chapterslater in this thesis.

.

Onmte

Figure 2.3: TEM images of gold nanoparticles used in this work.  (A) 4 nm
AuNPs, (B) 13 nm AuNPs, and (C) 25 nm AuNPs.

2.2.2. Conjugation of Poly(ethylene glycol) to the Surface of Gold
Nanoparticles

Bare gold nanoparticles (or nanoparticles stabilized with citrate and other
weakly -bound capping agents) are not typically suitable for in vivo use. Although the

negative charge on the nanoparticle surface is strong enough to prevent ranoparticle
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interactions and aggregations in water, citrate-capped gold nanopatrticles rapidly
aggregate when placed in physiological salt solutions. The addition of salt to a gold
nanoparticle solution decreases the thickness of the electric double layerwhich normally
prevents nanoparticle interactions. As the salt concentration in solution increases, the
electric double layer becomes thin enough that the van der Waals interactions between
the gold surfaces become more favorable, andirreversible aggregation of nanoparticles
occurs. Large scale aggregation can lead to sedimentation of nanoparticles out of
solution as precipitate (Sun et al., 2016) In addition to aggregation problems, bare
nanoparticles also interact with proteins present in solution. When injected into the
bloodstream, the strongly-negatively charged gold nanoparticles quickly adsorb
proteins from plasma, potentially leading to particle cross-linking, opsonization,

immune cell recognition, and cl earance from the bloodstream.

T o "
n
Figure 2.4: Poly(ethylene glycol) molecular structure
The addition of surface-coatings to gold nanoparticles can prevent nanoparticle
aggregation as well as minimize plasma protein adsorption. The most commonly used
surface coating for in vivo application is poly(ethylene glycol) (PEG) , shown in Figure

2.4. PEG has been very well studied and has been shown to be highly biocompatible

and lack immunogenicity (Harris, 1992;Alcantar et al., 2000) The Food and Drug
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Administration (FDA) has already approved the use of PEG in multiple different drug
formulations as well as devices employing PEG hydrogels and PEG surface
modifications . PEG cotains repeating units of ether oxygens in the polymer backbone,
which can hydrogen bond with water molecules in solution. This creates a neutrally -
charged, hydrophilic cloud that can repel proteins away from the surface. The highly
flexible nature of the PEG molecules also improves protein resistance, as the PEG chains
are constantly moving and rotating, pushing away large molecules that would otherwise
get close to the surface referred to as steric repulsion (Salmaso and Caliceti, 2013) The
extent of steric repulsion depends on the conformation of the PEG chains on the surfae
of the nanoparticle. When PEG chains are packed loosely, they tend to adopt a
mushroom formation, where the PEG chains move freely and have very little

interactions with one another. In this case, the steric repulsion due to the flexible PEG
chains isthe dominant factor preventing protein adsorption. When PEG chains are
packed very tightly together, they form into fully -extended arrays (brush formation) that
have significantly less motion. In this case, the dense neutral, hydrophilic layer is the

pri mary contributor to preventing protein adsorption (Storm et al., 1995) In general, the
brush formation provides a thicker, more robust surface layer, which is better at

repelling both small molecules and larger m acromolecules. Therefore, high surface
packing density of PEG is desirable. The effectiveness of the PEG layer is also

dependent on the molecular weight of the PEG chains. Longer PEG chains lead to a
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thicker PEG layer and improved resistance to protein adsorption. The minimum
necessaryPEG layer thicknessfor effective protein resistance depends on nanoparticle
diameter, with larger nanoparticles requiring a thicker PEG layer for the same level
protein resistance. Very small nanoparticles (<10 nm) can bestable with PEG as low as 2
kDa molecular weig ht, while large nanoparticles (>100 nm) can require up to 1020 kDa
PEG for maximum protein resistance (Storm et al., 1995)

The addition of an effective PEG coating renders nanoparticles essentially
invisible to the immune system, so they are fr
nanoparticles. Because they have a neutral, norreactive surface, protein adsorption is
minimized and immune cells in the blood (and in the liver and spleen) cannot recognize
them or bind to them. This prevents clearance by the reticuloendothelial system (RES)
and increases circulation times. Increased circulation time prolongs the in vivo
effectiveness of gold nanoparticles for imaging appli cations, and augments tumor
accumulation (Jokerst et al., 2011) Eventually, even stealth nanoparticles get removed
from the blood stream due to RES clearance.Over the course of prolonged blood
circulation , PEG chairs can gradually be displaced, which allows for protein adsorption
and eventual nanopatrticle clearancein the liver and spleen (Larson et al., 2012)

For gold nanoparticles, PEG chains (and other surface ligands) are usually
attached to the gold surface via a thiol group added to one end of the PEG chain Thiols

react quickly with gold to form a strong t hiol-gold bond (Xue et al., 2014b) This reaction
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displaces the capping ligands (or other weakly -bound molecules) that were previously
attached to the gold surface. This thiol-gold bond is strong and long -lasting, and gold
nanoparticles that have been PEGylated via thiol PEG molecules can maintain full
surface coverage forlong periods of time ( months to years) when kept in water (Sun et
al., 2014) However, other thiol -containing compounds in solution can displace the PEG
thiols on the surface of the nanopatrticles if they can gain access to the surface. A dense
PEG coating blocks most molecules from reaching the surface, which can slow the
displacement of PEG by thiol molecules in solution. | n vivo, many thiol -containing
molecules exist in the plasma (ncluding cyst eine, homocysteine, glutathione, and
protein sulfhydryl groups) , which compete with PEG-thiols for binding to the gold
nanoparticle surface (Larson et al., 2012) Over time, thiols in circulation gradually
displace PEGthiols and remove the stealth coating that prevents protein adsorption and
clearance. In vitro, high concentrations of thiol agents (e.g., dithiothreitol, DTT) can also
be used to completely remove PEGthiols (or other thiol ligands or adsorbed proteins) in
order to analyze the surface composition of the gold nanoparticles (Zhang et al., 2009)
Gold-thiol chemistry can be used to add a wide variety of molecules to the
nanoparticle surface. This has been used for many different applications to add a
variety of proteins, peptides, small molecules, and other ligands to gold nanoparticle

surfaces. The ease with whichthe surface of gold nanoparticles can be modified has
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made them extremely useful and versatile as nanoparticle agents in imaging,

therapeutics, in vitro diagnostics, and variety of other biomedical applications.

2.3. Liposome Synthesis

Liposomes are sphericalshaped artificial vesicles consisting of an aqueous core
surrounded by a phospholipid bilayer membrane , as shown in Figure 2.5 Liposomes
can be used as carriers for bothhydrophobic molecules (within the lipid bilayer) and for
hydrophilic molecules (within the aqueous core). Because liposomes are usually made
of natural phospholipids and cholesterol, these nanoparticles are completely
biodegradable, and have high biocompatibility and low toxicity. Liposomes are used as
delivery agents for many different applications, including pharmaceutical drug delivery,
imaging, cosmetics, and even farming (Akbarzadeh et al., 2013;Allen and Cullis, 2013)
The lipid composition of liposomes can be modified to change the characteristics of the
membrane. Membranes can vary from highly fluid and permeable to highly rigid and
water-impermeable depending on the length of the phospholipid chains, the i nclusion of
cholesterol, and the choice of saturated or unsaturated lipids. Liposomes have high
inherent biocompatibility, but PEG chains can also beethered to the outer membrane in
order to further increase circulation time and prevent liposome aggregat ion. Such
stealth liposomes have been used for drug delivery in combination with many different
drugs, and several liposomal drug formulations have FDA approval, including

liposomal doxorubicin (Doxil), liposomal daunorubicin (DaunoXome), liposomal

62



vincri stine (Margibo) and liposomal irinotecan (Onivyde) (Zylberberg and Matosevic,
2016) Many other clinical trials are currently underway testing the use of liposomal
formulations for additional chemotherapeutics, antibiotics, anti -inflammatory drugs,
anesthetics, vaccines, gene therapies, and ultrasound contrast agent§Anselmo and
Mitragotri, 2016) . Liposomes are of great interest for drug delivery because they do not
immediately release the encapsulated drug in circulation . Instead, they slowly release
the drug over time after accumulation in the target tissue. This allows for the delivery of
high concentrations of drug i n a specific tissue while keeping the systemic concentraion
of the drug very low which improves the therapeutic index of liposomal drug

formulations and reduces side effects (Leonard et al., 2009)
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Figure 2.5: PEGylated liposome structure
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Liposomes are synthesized by the selfassembly of phospholipid membranes
under controlled conditions . The most synthesis common methods begin by dissolving a
mixture of phospholipids (usually including a small fraction of PEGylated lipids and
cholesterol) in an organic solvent. The organic solvent is then dried completely to form a
solid lipid film. The lipid film is then dispersed into an aqueous solution, and the lipid s
spontaneously forms bilayers that close around the aqueous solution to form vesicles.
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Any drug or other molecule that was contained in the agueous solution is encapsulated
by the newly -formed vesicles. These vesicles are usually polydisperse, so additional
dispersion methods can be applied to form a uniform population of vesicles. The most
common dispersion methods are sonication and extrusion. With sonication (either probe
sonication or bath sonication), the vesicles repeatedly break open and reform until they
gradually come to a relatively uniform population size. This method is extremely easy,
but it does not produce highly monodisperse populations. For extrusion, lipid vesicle
solutions are heated to above the phospholipid melting point, and then forced through a
filter with uniform pore size under high pressures. Any vesicles that are significantly
larger than the pore size aredisrupted as they pass through the pores, and then
subsequently reform into smaller vesiclesthat can be accommodated within the pores.
The liposomes are extruded many times (10-20 passes through the filter), which
gradually makes the population more and more uniform. After many passes, the final
population size is very close to the size of the filter pores and highly monodisperse.

The liposomes used in the in this dissertation were formed by hydration of lipids
in a concentrated solution of an iodine -based clinical CT contrast agent {odixanol). The
iodine -containing liposomes were then further processed using the extrusion method to
control the size distribution . These liposomes consist of saturated phospholipids, which
form a highly impermeable lipid bilayer, which almost completely blocks the leakage of

iodixanol (MW=1550 Da) out of the liposomes during long term storage (Mukundan Jr et
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al., 2006) The protocol for producing liposomal iodine has beendescribed previously
(Mukundan Jr et al., 2006). A lipid mixture (200 mmol/L) consisting of 1,2 -dipalmitoyl -
sn-glycero-3-phosphocholine (DPPC), cholesterol, and 1,2distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol) -2000] (DSPEMPEG 2000) in a
55:40:5 molar ratio was dissolved in ethanol and then hydrated with a concentrated
iodixanol solution (550 mg I/mL). The resulting lipid solution was seq uentially extruded
on a Lipex Thermoline extruder (Northern Lipids, Vancouver, British Columbia,

Canada) to size the liposomes to ~120 nm. The liposomes were first passed through a 200
nm polycarbonate filter 11 times, and then through a 100 nm polycarbonate filter 11
times. The liposome solution was diafiltered using a MicroKros® module (Spectrum
Laboratories, CA) to remove un-encapsulated iodixanol and to suspend the liposome in

PBS.The resultant liposomes are kept at 4°C until ready for use.
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3. Dual-Energy Micro-CT Imaging of Myocardial
Infarction?

3.1. Introduction

An ongoing need exists to develop non-invasive small animal imaging
techniques for evaluation of cardiac disease and potential therapeutics. As previously
discussedin section 1.4.2 the mouse isa challenging model system for these studies due
to the high heart rate and small size, which demands both high spatial and temporal
resolution for effective imaging. Despite these challenges, several groups have
demonstrated successful cardio-respiratory gated 4D micro-CT imaging of the mouse
heart (Badea et al., 2005a;Bartling et al., 2007;Drangova et al., 200 Recently, a new
proprietary contrast agent called eXIA 160 (Binitio Biomedical, Inc. Canada) has becme
commercially available which may be particularly useful for cardiac imaging. eXIA 160
is an aqueous colloidal poly-disperse contrast agent containing a large concentration of
iodine (160 mg/ml), which allows sufficient enhancement with very low injectio n
volumes (0.125 ml/25 g mouse). The kinetics and biodistribution of eXIA 160 have been
characterized and compared with Fenestra (Willekens et al., 2009) In a recent study, the

murine cardiac-related enhancement aused by eXIA 160 was evaluated(Detombe et al.,

2 Portions of this chapter are adapted from:

Ashton J, Befera N, Clark D, Qi Y, Mao L, et al. (2013) Anatomical and functional imaging of myocardial
infarction in mice using micro -CT and eXIA 160 contrast agent.Contrast Media & Molecular Imaging(2):161
8.
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2012) The authors showed that eXIA 160 provides blood enhancement sufficient for
cardiac micro-CT approximately 30 minutes post-injection. More interestingly, they
report that this contrast agent was taken up by the myocardium over time and provided
continued enhancement in the tissue after elimination from the blood pool.

In this study, we focused on these unique properties of eXIA 160 and show its
use in imaging infarcted myocardium after coronary artery ligation. Myocard ial
infarction leads to tissue necrosis and fibrosis, usually resulting in a fibrotic region with
a persistent perfusion defect (Koyama et al., 2004) After eXIA 160 injection, we would
expect high contrast within the healthy myocardium, but reduced uptake within the
region with decreased perfusion. This could allow us to identify regions of myocardial
infarction. We have previously shown that micro -CT can reliably quantify both infarct
size and cardiac function after coronary artery lig ation (Nahrendorf et al., 2007a);
however, this method required the continuous infusion of a large volume of contrast
agent that was not tolerated well by some mice because of their susceptibility to acute
cardiac decompensation after myocardial infarction. The objective of this study was to
show how eXIA 160 can provide an alternative method for determining the three -
dimensional location and quantifying the size of myocardial infarcts in mice using a
dual energy micro-CT scan while also producing sufficient contrast for measuring
cardiac function using 4D micro -CT. This study was also used as a test of our dual

energy CT methods to discriminate between iodine and calcium in vivo.
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3.2. Materials and Methods
3.2.1. Myocardial Infarction Mouse Model

A total of (n=5) C57BL/6 mice underwent MI by left anterior coronary artery
ligation as described previously (Curcio et al., 2006;Nahrendorf et al., 2007a)Mice were
maintained under general anesthesia throughout the surgical procedure with 1-2%
isoflurane. A thoracotomy was performed in the fourth left intercostal space. The LV
was visualized and the left anterior descending coronary artery was permanently ligated
with a monofilament nylon 8 -0 suture at the level of the left atrial appendage. This
procedure resulted in variable Mls involving the anterolateral, posterior and apical
regions. The MI mice were imaged approximately 2 weeks after surgery. Five additional

healthy mice served as contrds to compare to the Ml group.

3.2.2. Biodistribution Study

For biodistribution analysis, two healthy control mice were injected with eXIA
160 at a dose of 0.125 /25 g mouse Dual energy data sets were acquired at 15 mins, 30
mins, 1h, 2h, 3h, 4h, and 5h postinjection of eXIA 160. These mice were used to assess
the dynamic contrast enhancement in various organs. The enhancement over time was
measured with ImageJ (National Institute s of Health) using the 80 kVp data and the
iodine maps. Regions of interest of D100voxels were selected in theleft ventricle lumen,
left ventricle wall, brown fat, spleen and liver to calculate mean signal intensities and

absolute iodine concentrations.
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3.2.3. 4D Micro-CT Image Acquisition and Data Reconstruction

MI mice (n=5) and control mice (n=5) wereinjected with eXIA 160 (dose 0.125
mL/25 g mouse)via tail vein injection. 4D micro-CT sampling was performed
immediately after injection in order to measure cardiac function at the time of peak
blood enhancement. Imaging was performed using retrospective cardio-respiratory
gating (Badea et al., 2008e)o minimize cardiac motion , as discussed in section 1.4.2The
parameters for both x-ray tubes exposures were the same (80 kVp, 100 mA, 10ms). A
total of 2250 projections were acquired over a sampling time of 58 minutes.

For the retrospectively -gated 4D micro-CT data required to assess cardiac
function, the 2250projection images were sorted and associated with angle, cardiac and
respiratory phase information using a Matlab (The MathWorks, Natick, MA) script. This
script detects the R peaks in the ECG signal and the maxima in the respiratory signal.
Each cardiac cycle is divided into 10 intervals (each equal to 10% of the RR interval).
Each projection is registered with the ECG signal by finding the temporal distance from
the previous R peak that was closest to the projection sampling time and dividing the
distance by the R-R period. This information is kept in lists that are used during
reconstruction. After the projections are sorted into sets based on their phase in the
cardiac cycle, these sets are reconstructed separately. Reconstruction of each set is
performed with cone beamfiltered backprojection (FBP)(Feldkamp et al., 1984)

However, because d the retrospective gating, the angular distribution of the projections
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may be irregular, resulting in streaking artifacts in the images reconstructed with FBP.
To overcome this problem, we generate a synthetic set of projections with a regular
angular distribution by interpolating the projections in each set. The reconstructions also
use 4D bilateral filtration (Clark et al., 2012a)to reduce noise and any remaining
artifacts. The output of the reconstruction process was ten 3D sets corresponding to the
10 phases of cardiac cycle, each with a matrix size of 512x512x220 and voxel size of 88
microns.

Measures of cardiac function were obtained using the Cardiac Function Analysis
application available on the Vitrea software package (Vital Images, Inc, MN). The
software semi-automatically segments the left ventricle (LV) over all phases of the
cardiac cycle and measures LV volumes. The LV enddiastolic and end-systolic volumes
are used to compute stroke volume (SV), ejection fraction (EF) and cardiac output (CO),

with SV = EDV - ESV,; EF = SV/EDV, and CO= SV

3.2.4. Delayed Image Acquisition

Dual energy micro-CT was performed on the MI mice (n=5) four hours after
eXIA injection, when myocardial enhancement relative to blood was maximal. The dual
energy scans were performed using prospective cardio-respiratory gating to minimize
cardiac and respiratory motion as previously described (Badea et al., 2012h)Both ECG
signals and ventilation signals were monitored, and projections were acquired at the

coincidence of end expiration and cardiac diastole. In this case, images were only
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collected for one phase of the cardiac cycle.The two x-ray tubes had different exposure
parameters which allowed simultaneous acquisition of two sets of projections at
different energies. The parameters of one xray tube were 40 kVp, 250 mA, 16 ms per
exposure, while the other X-r ay t ube’ s pea8olv/meaad mA, 40 ms per

exposure. For each energy set, the acquisition consisted of 80 projections.

3.2.5. Dual Energy Micro-CT Processing

Image affine registration and de-noising were performed as described in section
2.1.2to prepare the two sets of images for dual energy decomposition. In this study a DE
decomposition of calcium and iodine was performed by solving the samelinear system
described in section 2.1.2 for the decomposition of gold and iodine. Values for the
absorption coefficients of iodine at 40 kVp, iodine at 80 kVp, calcium at 40 kVp, and
calcium at 80 kVp were determined empirically using a calibration phantom and were
36.62, 53.60, 20.74, and 14.94 HU/mg/mL, respectivelylhe solution of this linear system

yielded 3D maps of iodine concentration and calcium concentration.

3.2.6. Micro-SPECT Imaging

Micro -SPECT imagingwith Tc99m-tetrofosmin was used to provide an in vivo
validation of the infarct size measurementsfor all mice in the Ml group. Tc99m-
tetrofosmin is a SPECT agent that is rapidly taken up by healthy myocardium and is
used clinically for cardiac stress testing and for locating areas of reversible ischemia as

well as fully infarcted tissue within the heart. Cardiac micro-SPECT images were
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obtained using the U-SPECTII/CT system (Milabs, Utrecht, The Netherlands) fitted with
an ultra-high resolution 0.35 mm multi -pinhole collimator. Anesthetized mice were
injected with 185-370 MBq of Tc99mtetrofosmin (GE Healthcare, Arlington Heights, IL)
via tail vein catheter. Following injection, ani mals were placed prone on a heated animal
bed with integrated ECG and respiratory monitoring. Field of view was adjusted to the
margins of the heart using orthogonal radiographs generated by the attached micro-CT
unit. SPECT images were acquired over 30 mutes (3 frames, 10 minutes per frame).
Animals were returned to cages and recovered after imaging.

SPECT data was acquired in listmode and reconstructed using the Pixel-based
Ordered Subset Expectation Maximization (POSEM) iterative reconstruction algori thm
(6 iterations, 16 subsets, 0.125 mm voxel sizeReconstructed images were viewed and
optimized using PMOD v.3.3 biomedical image quantification software (PMOD

Technologies Ltd., Zurich, Switzerland).

3.2.7. Measurement of Infarct Size

The total size of eachinfarct (% of total left ventricular wall infarcted) was
determined for both SPECT and CT by manually segmenting the highly -enhancing
regions of the ventricle in every slice in ImageJ. For the CT slices, both the standard CT
image (80 kVp) and the iodine map from dual energy decomposition were used to locate
the infarcts. The number of voxels in each region of interest was calculated, and the

number of voxels from all the slices was summed to determine the total volume of
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healthy (enhancing) myocardium and total left ventricular wall volume. Infarcted
volume was calculated by subtracting the volume of healthy myocardium from the total

volume of the ventricular wall.

3.2.8. Histopathological analysis

On completion of the imaging studies, all MI mice were euthanize d and
prepared for histopathological analysis. The hearts were excised and rinsed in PBS and
then cut into myocardial rings of 1 -mm thickness. Thereafter, midventricular sections
were stained with triphenyl tetrazolium chloride ( TTC) for 20 min. TTC is a redox
indicator that is initially white, but can be enzymatically reduced to a deep red in
healthy cardiac tissues due to the presence of cardiac lactate dehydrogenasenfarcted
areas lack the necessary enzymatic activity, and therefore remain pale white dter
incubation with TTC. Following staining, images of each cardiac sectionwere acquired
for quantification of infarct size. Infarct size for each mouse was determined by
manually segmenting the images into healthy myocardium and LV wall (including both
healthy and infarcted myocardium). The area of each region was calculated and infarct
size was determined by subtracting the area of healthy myocardium from the total area
of LV myocardium. This process was repeated for corresponding micro-CT images,
which were identified within the 3D data set through anatomic landmarks such as

papillary muscles.
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3.2.9. Radiation Dose Estimation

The radiation doses associated with the 4D micro-CT and dual energy micro-CT
scans were 360 and 260 mGy, respectivelyDe Lin et al., 2008) Therefore the cumulative
dose for a micro-CT study focused on imaging myocardial infarction was 620 mGy for

each mouse.

3.2.10. Statistical Analysis

Linear regression and paired t-tests of the data were performed using R (R
Foundation for Statistical Computing, http://www.r -project.org). The paired t-test tested
the hypothesis that the difference between the CT measurements and gold standard
measurements (SPECT or TTC) was equal to zeroAll statistical analyses were

considered to be significant at a p<0.05 level.

3.3. Results

3.3.1. Contrast Dynamics and Biodistribution

Two C57BL/6 control mice were serially imaged using a dual energy micro-CT
system for five hours after injection of eXIA 160 to determine the biodistribution and
kinetics of the contrast agent. At each time point, CT number (in HU) was measured in
an ROI within the blood in the left ventricle (LV), myocard ial wall, liver, spleen, and
brown adipose tissue (BAT). The average CT number for the two mice at each time point

is plotted in Figure 3.1
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Figure 3.1: Dynamic contrast enhancement of eXIA 160 in control mice.
Contrast increases over time in the myocardium and adipose tissue, while decreasing in
the blood.

These results are similar to those seen in previous stMilibskens et al.,
2009;Detombe et al., 2012)he spleen showed the greatest enhancement, peaking at
1440 HU at 30 minutes and slowly decreasing until 5 hours (not shown in fijbee).
subscapular BAT showed significant enhancement that continually increased throughout
the 5 hour studyLiver enhancenm peaked at 15 minutes and remained fairly constant
(~130 HU above unenhanced blood) for the remainder of the study. Blood contrast
peaked at 15 minutes with a 360 HU enhancement relative to the myocartdiam.
enhancement returned to baseline by 3 handsthen remained stablehe myocardium
showed mild enhancement at 15 minutes (~100 HU over unenhanced blood) and then

gradually increased in enhancement over the duration of the study with a maximum

enhancement of 140 HU relative to the blood at 4 héugsire3.2 shows representative
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standard micreCT and dual energy images of the heart at 15 mirfbigh blood
enhancemeitand at 4 hours (high myocardethancemehtThe myocardium is easily
differentiated from the blood and surrounding structuté®#n time pointsThe brown
adipose tissue (white arrow) is not visible at 15 minutes, but shows significant

enhancement at 4 hours.

15 min 4 hours
Filtered CT DEI/Ca Filtered CT

Figure 3.2: A comparison of differential enhancement at 15 mins and 4 hours
post injection of eXIA 160 in a control mouse. Images are shownfor both filtered
micro-CT and DE Ca/l decomposed maps with iodine in red and calcium in green. Axial
(A) and coronal (B) slices through the center of the left ventricle are shown. The CT
images are windowed between -500 to 750 HU and the DE maps have iodine windowed
between 1.5 and 10 mg/ml and calcium between 0 and 50mg/ml.

3.3.2. 4D Micro-CT Cardiac Function Imaging

Control (n=6) and surgically -induced MI (n=5) C57BL/6 mice were imaged 15
minutes after eXIA injection when contrast between the blood and myocardium was

maximal. Figure 3.3 shows a series of 10 axial heart slices for both a control and an Mi
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mouse. Each of the 10 images corresponds to one of the ten phases of the cardiac cycle.
Phase 1 corresponds to the end diastolic volume (EDV), while phase 5 corresponds to
the end systolic volume (ESV). From these values, ejection fraction (EF), stroke volume
(SV), and cardiac output (CO) were determined. Figure 3.4summarizes these data for
both the control and the MI groups. There was a statistically significant difference
between the two groups for EF, SV, and CO (p<0.05). There was not a statistically
significant difference in EDV ( p=0.19) and ESV (p=0.09) due to large variation in heart

volumes in the MI group.

Figure 3.3: A comparison of cine sequences in a mouse with myocardial
infarction (A) and a control mouse (B). Note the enlarged heart and lack of noticeable
wall motion in the inf arcted heart.
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Figure 3.4: A comparison of cardiac function between the control and MI mice.
Note the chamber enlargement of the LV and decreased ejection fraction, stroke volume
and cardiac output in the MI mice. Error bars represent standard error of the mean,
asterisks represent statistical significance (p<0.05).

3.3.3. Measurement of Infarct Size

MI mice were re-imaged 4 hours after eXIA injection when myocardial
enhancement relative to blood was maximal. At t his time point, perfused myocardium
in the MI mice showed enhancement similar to the controls, but the infarcted
myocardium showed no enhancement. Images of the infarct from micro -CT were then
used to calculate infarct size.

For direct comparison, high resolution single -photon emission computed
tomography (SPECT) images of the same group of Ml mice were acquired using Tc99m
tetrofosmin to identify viable cardiac tissue. Individual slices (both axial and coronal)
from SPECT and CT were compared sideby-side for determination of infarct location
and size. Figure 3.5 shows a representative comparison between SPECT and CT images.

The two modalities showed a very high level of agreement for both location and size of
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infarct in all mice studied (Figure 3.6). The total size of each infarct (% of total LV wall
infarcted) was determined for both SPECT and CT by manually segmenting the healthy

and infarcted regions of the myocardium.

Filtered CT DEI/Ca SPECT

(A)

Figure 3.5: A comparison of Ml imag ing using CT and SPECT. Smilar axial (A)
and coronal (B) slicesare shown in an MI mouse for the bilateral filtered CT at 80 kVP,
the dual energy decomposition of iodine (red) and calcium (green) and SPECT data.
Note the lack of myocardial enhancement at the place of Ml (arrows). The CT images are
windowed between -80 and 350 HU, the DE maps have iodine windowed between 1.0
and 3.0 mg/ml and calcium between 0 and 70 mg/ml, and the SPECT images are
windowed between 245 and 1824 uCi/ml.
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Figure 3.6: Quantification of Ml size. A comparison of similar slices in SPECT
(A), CT (B), and TTC stain (C)is shown with manual segmentation of healthy
myocardium (yellow line) for infarct size calculation. Plots of CT measurement of infarct
size vs. measurements by SPECT (D) and TTC staining (E).

Following SPECT and CT imaging, infarct size was also determined
histologically using triphenyl tetrazolium chloride (TTC) staining of 1 mm heart slices.
Figure 3.6 shows an exanple of the manual segmentation in CT, SPECT and TTC images
as well as a plot directly comparing the infarct size as measured by each method. Linear
regression of the data is shown, as well as the identity line (y=x) for comparison. In both
plots, the CT method was consistent with the traditional method, so the linear regression
equation is very close to the identity line. The root mean squared error between the two

measurement techniques was 2.7% in the CT/SPECT comparison and 4.7% in CT/TTC
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comparison. A paired t-test for equality of the CT and SPECT measurements could find
no statistically significant difference between the two techniques (t=-0.49 and p=0.65)A
paired t-test for equality of the CT and TTC measurements could also not find a

statistically significant difference between the two techniques (t=-0.16 and p=0.88).

3.4. Discussion

eXIA 160 shows a unique biodistribution. It not only enhances the liver and
spleen, as expected with clearance via the reticuloendothelial system, but it also
enhances the nyocardium and BAT. Uptake by these tissues may be related to their high
metabolic activity (Detombe et al., 2012) Binitio Biomedical, Inc. scientists have
explained that eXIA is a colloidal formulation that is fully metabolized by catabolic
pathways in living animals. eXl A consists of components that can serve as energy
substrates and, thus, can be utilized by the animal body. Since the heart is continuously
metabolically active and requires a constant supply of energy, it is not unreasonable to
assume that eXIA is consumeal by cardiac myocytes as an energy source. As such, eXIA
can be used to quantitatively determine the metabolic integrity of myocardium
analogous to FDG-based positron emission tomography [Personal communication from
E. Rizhevskaya to C. Badea, unreferencedl In this experiment, contrast in both the
myocardium and the BAT continued to increase even after the contrast agent was
eliminated from the blood. lodine levels in the blood decreased below the levels in both

the myocardium and BAT about 1.5 hours after injection, but enhancement in these
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tissues continued to increase until a peak was reached in the myocardium at 4 hours
post injection. For the BAT, the peak enhancement was never determined because it
continually increased through the duration of the exp eriment. This shows that uptake of
eXIA 160 is occurring in these tissues not only by a passive transport mechanism (which
would require a gradient from the blood into the tissues for uptake), but also by an

active transport that concentrates the iodine in the myocardium and BAT against the
gradient. Although specific details about the formulation of eXIA 160 are not publicly
available, we postulate that eXIA is recognized as an energy source by cellular receptors
on metabolically active tissues and is taken up by those tissues in a specific manner via
active transport.

Our 4D CT dataset shows that eXIA is capable of providing sufficient contrast
between the myocardium and the blood for determination of cardiac function. The
results that we found from the 4D data were as we expected.The control mice had fairly
uniform cardiac function, well within the expected range for healthy mice. The MI mice,
however, had significant variability in their heart size. While they all had reduced
ejection fractions, some mice had markedly dilated hearts due to post-infarction adverse
LV remodeling, while other mice had relatively normal diastolic chamber size but
reduced ejection fraction. Because of the large variation in heart size, there was no

statistical significance between end-diastolic volume and end -systolic volume in the Ml
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mice compared to control. However, the Ml mice showed significantly lower ejection
fraction, stroke volume, and cardiac output compared to the control mice.

With delayed imaging (four hours after eXIA injection), we were able to
successfully identify, localize, and measure the extent of the infarcted myocardium. As
expected, uptake of the contrast agent occurred strongly in the healthy myocardium, but
was entirely absent in the infarcted myocardiu m. The dual energy decomposition, while
not strictly necessary for this study, was useful in our analysis. Decomposing the image
into an iodine map helped to support our assumption that the enhancement seen in the
myocardium was specifically due to iodine. Additionally, the iodine map had
significantly better contrast between the myocardial wall and the lumen of the ventricle
at 4 hours because there was no iodine left in the blood pool. This produced an image
with sharp contrast between a completely dark | umen and a bright wall, as seen in
Figure 3.5. The iodine map also improved accuracy of segmentation, as the bright bone
surrounding the left ventricle in the regular CT image is not as intense in the iodine
map, so the left ventricle is more easily differ entiated.

In our validation of eXIA as a method of determining infarct size, we compared
size measurements from the eXIA-contrasted CT method with measurements from
SPECT and TTC staining, which are the traditional gold standards for in vivo and ex
vivo d etermination of infarct size and location. We aimed to show that measurements

from the eXIA -contrasted CT are equivalent to the measurements made by SPECT or
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TTC for any given mouse. In figure 3.6, in which CT data was plotted against both
SPECT and TTC dda, we compared the linear regression of our data to the identity line
(y=x), which represents equality of the two compared techniques. The regression line in
both cases is extremely close to the identity line, showing strong agreement between the
CT method and the gold standards. The root mean square error between the CT
measurements and the gold standard measurements was 2.7% for SPECT and 4.7% for
TTC, which is well within the expected variation for manually segmented images.

We saw more variability in the CT vs TTC measurements than in the CT vs
SPECT measurementsThe most likely explanation for this increased variability is that
in the CT vs. TTC measurements, we are only comparing areas of infarct from a single
anatomical slice, rather than comparing the entire volume from ~70 slices (as in the CT
vs. SPECT data). This increases the potential for error in the comparisonDespite the
slightly increased variability in the TTC data compared to the SPECT data, we were
satisfied with the small observed err or between the different types of measurements. We
concluded that the ability of CT to measure infarct size was roughly equivalent to both
SPECT and TTC staining. The results of our paired ttest agreed with this conclusion (we
could not reject the hypothesis that the two techniques were equivalent), but due to the
small sample size in this study, we did not have sufficient statistical power to detect
small differences in the techniques. A more rigorous study including more mice could

be performed to confir m these findings, but our results are sufficient for a proof of

84



concept that using micro-CT with the eXIA 160 contrast agent is comparable to the
traditional gold standards for detecting and quantifying myocardial infarction.

A potential source of error i n this analysis is the manual segmentation of images
for infarct measurement. Using manual segmentation introduced the possibility of both
random user error and expectation bias. The segmentation of all the data sets was
performed by a single person to minimize variation in technique, and trials of manually
segmenting the same CT images multiple times (while being blind to the associated
SPECT/TTC results) yielded consistent measurements for infarct size. This gives us
confidence that the amount of introduc ed error in this technique is small. Manual
segmentation was chosen because automatic segmentation with basic software was not
successful in properly identifying the infarcted myocardial tissue, even though infarcted
tissue was easily visualized for manual segmentation. More advanced segmentation
protocols could be developed specific to this problem which would further improve the
accuracy of our results, but this was beyond the scope of the current study.

The ability of micro -CT to accurately identify and quantify myocardial infarction
is an important step in preclinical imaging. Because of its low cost, high spatial
resolution, and ease of use relative to other modalities for cardiac imaging (MR, SPECT),
micro-CT has been widely used in preclinical imagin g for the evaluation of a variety of
cardiac-related therapeutics. eXIA improves the usefulness of micro-CT by providing a

simple methodology for imaging myocardial infarctions with high levels of contrast.
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This high level of contrast is also an improvement over the delayed hyperenhancement
seen in clinical CT for myocardial infarction using traditional iodinated contrast agents .
eXIA 160 is particularly exciting because it can be used for imaging of both cardiac
function (high blood enhancement, early time points) and myocardial infarction (high
myocardium enhancement, late timepoints) using a single injection.

One limitation of micro -CT versus other imaging modalities is the use of ionizing
radiation. The dose associated with micro-CT methods is not negligible but representes
approximately 8 to 11 times less than the LDsozo(Taschereau et al., 2006)This dose is not
expected to influence the results of this study.

This study did not consider the long -term kinetics of eXIA, but it would be
interesting to continue t o track the distribution of iodine on a longer time scale. Previous
studies have shown that both the myocardium and BAT show strong enhancement at 24
hours (Detombe et al., 2012) but those studies did not determine how long the iodine is
retained in those tissues or at what point the BAT reaches its maximal enhancement.
Further studies of the BAT enhancement are also warranted to better characterize the
contrast agent. Imaging mice at different temperatures (which would vary the amount of
thermogenesis in the BAT) would help to elucidate the direct relationship between
metabolic activity and eXIA uptake.

This study has shown that eXIA 160 is a potentially useful molecular imaging

tool for gathering functional information about the metabolic activity of tissues at the
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cellular level. With the resemblance of eXIA-CT to FDG-PET, the question arises: can
eXIA-CT be used in other areas where PET imaging is traditionally dominant? For
example, do cancer cells with high metabolic activity also show increased uptake of
eXIA? And, i f so, can eXIA be used as a molecular imaging tool for the detection of
cancer by CT?Would using eXIA in addition to FDG in dual -modality PET/CT imaging
improve the sensitivity and specificity of cancer imaging? Further studies will focus on

addressing these important questions.

3.5. Conclusions

eXIA 160 is a novel blood-pool contrast agent which shows uptake in
metabolically active tissues, including the myocardium and brown adipose tissue.
Infarcted myocardium showed no uptake of contrast agent, making it easy to
differentiate from non -infarcted perfused myocardium. Infarct size was successfully
measured using micro-CT with results comparable to both SPECT imaging and ex vivo
TTC staining. Further studies are warranted to further characterize eXIA 160 as a CT

molecular imaging tool for metabolically active tissues.
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4. EGFR-Targeted Gold Nanoparticles for Dual-Energy
CT of Lung Tumors.

4.1. Introduction

Lung cancer remains the leading cause of cancer death worldwide and the
number of deaths attributed to lung cancer are expected tocontinue increasing (Jemal et
al., 2008) Computed tomography is the standard imaging test for the assessment of
patients with suspected lung cancer. Unfortunately, malignant and benign lung nodules
often show similar morphological features in CT (Markowitz et al., 2007), so malignancy
cannot always be properly identified and treated. In the National Lung Cancer
Screening Trial (NLCST), CT screening in high-risk patients reduced lung cancer-specific
mortality (Kramer et al., 2011) and the United States Preventative Services Task Force
now recommends routine CT lung cancer screening for high risk patients (age 5580
wi th a history of smoking) ; however, this screening inevitably leads to the detection of
small pulmonary nodules (<1 cm) that are not well -characterized by currently available
imaging modalities (PET, CT, or MRI) (Hodnett and Ko, 2012). The NLCST proved that
most of thesenodules are not clinically significant. Consequently, there is a need to
extend the information provided by CT imaging for nodule characterization — both for
characterizing known tumors and for differentiating newly -detected malignant tumors
from benign n odules. This aim can be achieved by expanding the role of CT beyond its
present structural imaging capabilities towards functional and molecular -based imaging

capacities.
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One potential method for improving discrimination between benign nodules and
malignant tumors is to target cell-surface receptors that are presenton malignant cells,
but not benign cells. Contrast agents that are targeted to those speific cell-surface
receptors should demonstrate increased enhancement in regions with high receptor
expression. The development of targeted contrast agents has the potential to improve
lung cancer detection and characterization.

In this work, we focus on targeting the epidermal growth factor receptor (EGFR).
EGFR belongs to a family of receptor tyrosine kinases that trigger an array of signaling
pathways that lead to cell growth, proliferation and survival. Upregulation or
oncogenic activation of EGFR can lead to uncontrolled growth and tumor progression.
10-15% of Caucasians and up to 50% of Asians with Ung adenocarcinoma have an
activating mutation in the EGFR gene (Chan and Hughes, 2015) However,
approximately 93% of adenocarcinomas demonstrate EGFR expressia (Rusch et al.,
1993)and 40-80% of adenocarcinomas have overexpression of EGFRHirsch et al.,
2003;Chan and Hughes, 2015)Most tissues (including benign tumor nodules) have a
low basal level of EGFR expression, so targeting EGFRexpressing lung tumors can be an
effective strategy. Because of the important role that EGFR plays in many lung
adenocarcinomas, several drugs have been developed that specifically target the EGR
pathway, including EGFR -inhibiting antibodies (cetuximab) and small molecule tyrosine

kinase inhibitors (erlotinib, gefitinib, afatinib). These drugs do not seem to be effective
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for all patients overexpressing EGFR, but are highly effective in most pati ents that
harbor an activating mutation in the EGFR gene (Chan and Hughes, 2015)

Several obstacles exist to successful use of targeted nanoparticles as corast
agents. Becausenanoparticle accumulation in tumors due to EPRIs so effective, it is
difficult to demonstrate additional improvement in accumulation with actively  -targeted
probes. Studies have shown that there is no benefit to actively targeting large size (>100
nm) nanoparticles, while smaller particles show increased retention in tumor tissues
when they are actively targeted to a receptor (Toy et al., 2013) Presumably, this is
because large particles are naturally retained in the tumor tissue at higher levels than
smaller, more mobile particles. Therefore, active targeting of smaller particles allows
them to have tumor retention similar to that of large nanoparticles, but with less
retention in non -specific tumor tissue. This problem requires optimization to balance the
efficacy of EPR(increased for larger size) with the specificity benefit of active targeting
(increased for smaller particles). Delivery of nanoparticles to the center of tumors (which
tend to be poorly perfused) is also a difficult problem for larger nanoparticles. The
periphery of tumors is usually very well perfused, so the majority of nanopatrticles
accumulate around the periphery of the tumor. Large nanoparticles and
macromolecules do not diffuse through the tissue well enough to reach the center of the
tumor. For this reason, we use relatively small nanoparticles (25 nm) in this study to try

to maximize the sensitivity and specificity for lung tumor targeting.
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Another major challenge for active targeting of tumors is immune recognition.
PEGylated nanoparticle surfaces resist protein adsorption and are therefore not
recognized by phagocytic cells (Salmaso and Caliceti, 2013)Immobilizing proteins
(especially antibodies) on the surface of the nanopatrticle provides a site for potential
cellular interactions with the immune system. The Fc portion of antibodies is
particularly problematic, as phagocytic cells have cellular receptors that bind to the Fc
domain, leading to phagocytosis (Beningo and Wang, 2002) The Fcdomain can also
activate the complement cascade, leading todeposition of opsonins, immune recognition
and immune activation. This recognition can lead to rapid clearance of antibody-coated
nanoparticles from the bloodstre am, which greatly decreases the potential for tumor
uptake (Arruebo et al., 2009). Alternatives to antibody targeting of tumors include the
use of aptamers against tumor receptors, small molecules (e.g. folic acid), or antibody
fragments that lack the Fc portion.

In this study we compare th e results of targeting using a full -sized anti-EGFR
antibody (cetuximab) with targeting using a llama -derived single domain antibody.
Llama heavy chain variable region antibody fragments (VHH domains) are the smallest
possible antibody fragment that retains target specificity (see Figure 4.1). EGFRspecific
VHH domains have been produced and characterized by the Patz lab (Gottlin et al.,
2009) Because of their smaller size, VHH domains infiltrate tumors more rapid ly than

monoclonal antibodies, are highly specific, and are reported to be non-immunogenic in
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both mice and humans (Muyldermans, 2013). These domains have high affinity for their
targets, although usually somewhat lower affinity than very high affinity multi -domain

human antibodies.

S
&

Human Camelid VHH Single
Antibody Antibody Domain Antibody

Figure 4.1: Comparison of human antibodies with camelid antibodies and
VHH domains. Camelid antibodies contain only a heavy chain, with no light chain that
is seen in other mammmals. The VHH domain contains the full complementarity
determining region of the camelid antibody, but lacks the Fc fragment. Adapted from
Muyldermans, 2013

We hypothesized that these VHH domains w ould decrease immune recognition
compared to full -sized antibodies due to the small size and lack of the Fc fragment,
which would prolong the blood residence time of VHH -targeted nanoparticles. The
smaller antibody fragments can alsopack much more densely on the surface of the
particle than a full -sized antibody, which could potentially create a particle with high
aviditiy for EGFR. The effectiveness of VHH -targeted gold nanoparticles was compared
to targeting with a full -sized clinically -used antibody, C225 (Cetuximab). This antibody
is clinically approved for the treatment of EGFR -positive tumors and has very high
binding affinity (~ 0.39nM) for EGFR. The VHH domains have lower binding affinity

(~40 nM), but we expected that the higher avidity and reduced clearance might be able
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to make up for this lower binding affinity. In this study, the targeting effectiveness of
gold nanoparticles conjugated with both antibody types (as well as nontargeted

controls) was tested in vitro as well as in vivo in a mouse tumor model.

4.2. Materials and Methods

4.2.1. Gold Nanoparticle Synthesis

25 nm gold nanoparticles were synthesized via the citrate reduction of gold
chloride salt using a modified Frens method (Frens, 1973)50.55 mL of HAuCl 4 (10
mg/mL) was added to 1.5 L of ultrapure water and the solution was brought to boiling.

9 mL of a pre-warmed sodium citrate solution (100 mg/mL) was rapi dly injected into the
gold solution under vigorous mixing, after which the solution quickly changed color

from yellow to deep red. The solution was kept at 100°C and mixed for an additional 15
minutes to complete the reaction, and then the solution was cooled to room temperature.
The nanoparticles were then passed through a 0.22 um filter to remove any aggregates
that may have formed during the reaction. The size and distribution of the

nanoparticles were determined using transmission electron microscopy (TEM).

4.2.2. Antibody Preparation

An EGFR-specific VHH domain (VHH -122)waschosen from a llama-VHH
domain library generated by the Ned Patz lab, as described previously (Gottlin et al.,
2009) VHH -122 wasexpressed in Ecoli HB2151 periplasm and then purified by nickel

affinity chromatography using His SpinTrap columns (GE Healthcare) according to the
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manufacturer
(Gottlin et al., 2009), and has been shown to bind to both mutated and wild -type EGFR
extra-cellular domain with roughly equal affinity, approximately 40 nM.

A full -sized chimeric (human/mouse) clinically -used monoclonal antibody
against EGFR (C225Cetuximab) was purchased from the manufacturer (Lilly). C225
has a binding affinity of 0.39 nM for the EGFR extracellular domain (Kim and Grothey,

2008)

4.2.3. Targeted Nanoparticle Preparation

VHH-122and C225 antibodies were linked to gold nanopatrticles via a PEG linker
molecule. The PEG molecule contained a reactive NHS ester group (succinimidyl
valerate, SVA) capable of forming covalent bonds with primary amines on the
antibodies. The other end of the PEG molecule contained a thiol group (orthopyridyl
disulfide, OPSS) which can bind to the gold nanopatrticle surface. The antibodies were
PEGylated by reacting the OPSSPEG-SVA (5 kDa, Laysan Bio) with the antibodies at a
ratio of 25:1 (PEG:antibody) for VHH -122 and2.5.1 for C225. The reaction was
performed in HEPESbuffered saline at pH 8.6 at 4°C overnight. The PEGantibodies
were then mixed with bare gold nanopatrticles at a ratio of 50 antibodies/particle for
VHH domains or 10antibodies/particl e for C225.These ratios were chosen based on
preliminary testing that showed particle aggregation during the surface conjugation

when higher concentrations of protein were added to the surface. These nanopatrticles
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were rocked at 4°C for 2 hours, after which PEG-SH (5 kDa) was added to the gold
nanoparticles in large excessto fill in any gaps remaining on the surface after antibody
conjugation. Control (non -targeted) nanoparticles were also produced by adding a large
excess of PEGSH (5 kDa) to bare gold nanopatrticles in the absence of any antibodies.
All gold nanoparticles were rocked overnight at 4°C after PEG addition and then rinsed

by centrifugation . The nanoparticles werefilter -sterilized and concentrated prior to use.

4.2.4. Targeted Nanoparticle Characterization

The size distribution and surface charge of the gold nanopatrticles (bare,
PEGylated, and antibody-conjugated) were characterized by DLS and zeta potential
using a Malvern Zetasizer Nanoseries at 25°C. DLS size distribution was confirmed by
TEM using an FEI Tecnai G2 Twin TEM operating at 200 mV.Nanoparticles were tested
for stability in physiological solutions by incubating them in  PBSand DMEM with 10%
FBS. Resistance to aggregation wasletermined by measuring the peak optical
absorbanceusing a Cary 50UV -Vis spectrophotometer (Varian, CA), while size change
due to the adsorption of serum proteins was tracked by serial dynamic light scattering
measurements.

Conjugation of the antibodies to the AuNPs was further confirmed and
guantified by SDSPAGE analysis. After rinsing the targeted AuNPs, the bound
antibody was released from the gold surface by reaction with dithiothreitol ( DTT)

(Zhang et al., 2009) SDS was then added to the solution and the solutionwas heated to
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95°C for 15 minutes to fully denature the proteins. The nanoparticle s were then pelleted
by centrifugation and the supernatant containing the denatured antibodies was loaded
onto an SDSPAGE gel along with VHH -122 and C225 standards of known
concentration. The gels were stained with Oriole fluorescent dye (Bio-Rad) according to

the manufacturer’s instructions. The amount of
comparing the band intensity in the unknown lanes to the intensity of the known

standards. The amount of antibody on each nanoparticle was then calculated by using

the concentration of AUNPs in the original samples. AuNP concentration was

determined based on UV-Vis measurements of optical absorbance at 450 nm using a

published extin ction coefficient for 25 nm spherical AUNPs (Haiss et al., 2007)

4.2.5. In Vitro EGFR-Binding Assay

Binding of EGFR to the antibody -conjugated AuNPs was assessed by performing
an enzyme-linked immunosorbent assay (ELISA) in the nanoparticle suspension.
Antibody -conjugated AuNPs were blocked with 10% donkey serum in PBS, then
incubated with a soluble recombinant human EGFR extracellular domain -Fc chimera
(Sino Biological) in blocking buffer for 2 hours. The nanoparticles were then rinsed by
repeated rounds of centrifugation and resuspension in PBS. Binding of soluble EGFR to
the gold nanoparticles was then detected by adding an HRP-conjugated anti-human IgG
antibody, followed by another round of rinsing. 3 , 3 '-Tettameihylbenzidine ( TMB)

substrate was added and the reaction was stopped by concentrated H:SOa after 15
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minutes. The suspensionswere then centrifuged to pellet the nanoparticles and the
absorbance of each supernatantat 450 nmwas measured using a plate reader. The
ELISA measurements were normalized to both nanoparticle concentration and total

antibody concentration in the original sample .

4.2.6. In Vitro Cell Targeting

In vitro c ell targeting studies were performed in culture using A431 cells. The
A431 cell line is derived from a human head and neck squamous cell carcinoma and is
characterized by very high surface expression of the wild type EGFR. A431 cells were
cultured in Improved MEM Zinc Option Media (Gibco) supplemented with 10% FBS in
4 well chamber slides to 50% confluence, then AuNPs (2 mg/mL in 10% FBS and culture
media) were added to the chambers and incubated overnight. The slides were then
rinsed gently two times with culture media and two times with PBSto remove unbound
AuNPs. Half of the slides were fixed and used for microscopy, while the other half was
used for gold quantification by inductively -coupled plasma optical emission
spectroscopy (ICP-OES).

Fixed slides were imaged using a Zeiss Axiovert 135 inverted microscope (Carl
Zeiss Inc., Thornwood, NY) and a Cytoviva darkfield condenser (CytoViva, Inc.,
Auburn, AL). All images were acquired at 200x magnification. Darkfield images were
taken of each cell culture sample to detect gold nanoparticles bound to the cells. With

darkfield imaging, indirect sample illumination enables image production from light
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scattered by the samples. Gold nanopatrticles are readily detected due to their increased
scattering properties relative to the surrounding tissue.
For ICP-OES analysis, cells fom each sample group were scraped off the slides
and collected in a microcentrifuge tube. The cells were then pelleted by centrifugation
and the supernatant was removed. Cell pellets were digested in trace metals grade aqua
regia for 72 hours. The samples were then filtered througha 045y m f i Il ter and dil
with 2% nitric acid to 10 mL. Standard solutions of known gold concentrations (8
concentrations ranging from 0.1-10 ppm) were prepared in 2% aqua regia using certified
reference material Gold Standard for ICP (Fluka Analytical). The standards and digested
samples were analyzedfor gold concentration by ICP-OES (Teledyne Leeman

Laboratories, Hudson, NH).

4.2.7. In Vivo Imaging i Biodistribution Study

For the initial biodistribution imaging study, 3 groups of healthy C57BL/6 mice
(n=3 in each group) were injected by tail vein with C225-AuNPs, VHH -AuNPs or PEG-
AuNPs (150 mg gold/mL in PBS, 20 mg/25 g body weight). Dual energy CT imaging was
performed at 0, 2, 4, 12, 24, and 48 hours posinjection to track the dynamic gold
nanoparticle concentration. Although only one high atomic weight material (gold) was
present in these scans, we still used dual energy imaging to more accurately quantify the

gold concentrations within the mouse.
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4.2.8. In Vivo Imaging i Tumor Targeting Study

For the tumor targeting study, 3 groups of 4 -6 week old female athymic nude
mice (n=8in each group) were injected subcutaneously in the flank bilaterally with 1x10 ¢
A431cells in 100 uL Matrigel (Corning). After tumors reached 0.5 cc (10-14 daysafter
injection), mice were injected with one of three contrast agents: C225AuNPs, VHH -
AUNPs, or PEG-AuNPs (150 mg gold/mL in PBS, 20 mg/25 g body weight). Dual energy

CT images were acquired immediately after injection and 48 hours post-injection.

4.2.9. Dual-Energy CT

Both groups of animals were scanned using the DE CT system described in
section 2.1.1. The scanning parameters for the duakenergy scans were: 80 kVp, 160 mA,
10 ms/exposure for the first imaging chain and 40 kVp, 250 mA, 16 ms/exposure br the
second imaging chain. Acquisitions were performed for both imaging chains at each
angle of rotation with a 10 msec delay between the two x-ray tube exposures to
minimize cross-scatter. Because the tumors were not affected by respiratory motion, no
respiratory or cardiac gating was used in these scans. DE decomposition of gold and
iodine was performed after registration and filtration, using corresponding 80 and 40

kVp -filtered data, as described in section 2.1.2.

4.2.10. CT Image Analysis

CT images were andyzed using Avizo (FEI Visualization Sciences Group,

Burlington, MA ). Regions of interest including the blood, liver, spleen, and kidneys (for
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the biodistribution study) and the tumors (for the targeting study) were segmented in
Avizo. Because of the high gold concentrations in the blood, liver, and spleen, these
organs were readily segmented using the
tumors and kidneys were segmented by manually drawing rough regions around the
region of interest, then thresholding the regions until non-enhancing tissues outside the
kidney or tumor were completely excluded. The concentration of gold in each region of
interest was measured for each timepoint. For tumor gold quantification, the tumor
background signal was subtracted from the measured signal in the enhancing regions
before measuring the gold concentration. Nanoparticle blood half -life was calculated for
each nanoparticle type by fitting the blood gold concentration data from the

biodistribution study to an exponential decay curve.

4.3. Results
4.3.1. Nanoparticle Characterization

TEM images of the AuNPs showed spherical gold nanoparticles with an average
diameter of 25t2nm and average aspect ratio of 1.2 asshown in Figure 4.2a.
Measurements of nanoparticle hydrodynamic dia meter and zeta potential by DLS are
shown in Table 4.1and plots of hydrodynamic diameter for each particle are shown in
Figure 4.2b. Mean hydrodynamic diameter increased from 28 nm for the bare
nanoparticles to 42 nm after PEGylation. The addition of VHH domains increased the

average diameter only marginally (45 nm) compared to PEG alone The addition of
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C225, on the other hand, increased the hydrodynamic diameter of the nanopatrticles to

68 nm because of the large size of the IgG antibodies. The polydis persity index for all of

the nanoparticles types was comparable (0.220.31) Zeta potential measurements

showed an average zeta potential of-41 mV for the bare nanoparticles, which increased

to >-10 mV for all the modified nanopatrticles, showing effective surface passivation and

improved biocompatibility compared to the bare nanoparticles.

Table 4.1: Nanoparticle size and zeta potential measurements

Figure 4.2: Gold nanoparticle characterization.

Hydrodynamic Diameter (nm)

Hydrodynamic Polydispersity Zeta
Nanoparticle Type Diameter Index (PDI) Potential
(nm) (mV)
Bare AuNPs 28 0.22 -43.9
PEG-AuNPs 42 0.30 -2.2
VHH -AuNPs 45 0.31 -6.5
C225AuNPs 63 0.24 -8.5
HBH | ---Bare C1
5 PEG ©os
g o T_VHH E — Bare
?_,>- ol -=C225 _g 06 REE
2 38 —VHH
8 3 < o4 ---C225
5 0 :"“ { 0.2 + + + t
[a)] 1 10 1000 475 500 525 550 575

Wavelength (nm)

600

(A) TEM image of bare gold

nanoparticles. (B) DLS measurements of nanoparticle hydrodynamic diameter before
after surface modification . (C) UV-VIS spectroscopy of gold nanoparticles, showing a
shift in peak absorbance as a result of surfacemodification .

UV-VIS spectroscopy slowed a shift in the peak optical absorbance (surface

plasmon resonance peak) from 523 nm for the bare nanoparticles to 525 nm for the PEG
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AuNPs and VHH -AuNPs and to 526 nm for the C225AuNPs. This shift is due to a
change in the local refractive index of the gold nanoparticle surface when the chemical
composition on the surface is altered. The small shifts seen here show that molecules are
binding to the surface, but the change in nanopatrticle surface properties is not causing
nanoparticle aggregation, whi ch would show a much larger shift in the absorption peak.

Aggregatio n studies showed that PEG-AuNPs, VHH -AuNPs and C225-AuNPs
were stable for >6 hours (no measureable change in peak absorbancby UV -Vis) in both
physiological saline (PBS)and DMEM growth medium + 10% FBS, indicating both
stability to particle aggregation, as well as resistance to protein adsorption and resultant
particle cross-linking and aggregation in serum. Bare nanoparticles aggregated and
sedimented out of suspensionwithin 10 minute s of exposure to PBS. Serial DLS
measurements showed that the PEGAuUNPs and VHH -AuNPs had no change in
hydrodynamic diameter after 72 hours of incubation in 10% FBS, showing strong
resistance to protein adsorption. The C225AuNPs hydrodynamic diameter in creased
slightly after 72 hours in 10% serum, from 63 nm to 69 nm. This shows that these
nanoparticles with large antibodies on the surface had a small amount of protein
adsorption occur over the course of 3 days in serum. However, this was still a relatively
small change and no aggregation was demonstratedas a result of the protein

interactions.
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Quantification of antibodies on the surface following conjugation by SDS -PAGE,
showed that on average there were ~26 VHH antibodies and ~5 C225 antibodies bound
per 25 nm nanoparticle. To demonstrate that this linkage was specifically through the
PEGinker (and not through non -specific protein-surface interactions), somebare
nanoparticles were conjugated with non -PEGylated antibodies, followed by the additio n
of PEG-SH as described. Quantification of antibodies of the surface of these
nanoparticles showed that the mass ofprotein bound to the surface was undetectable for
both the VHH and C225 antibodies. This proves that the antibodies are only able to form
a stable bond with the gold surface (which is not displaced by the addition of PEG -SH)

when the PEG-linker is present.

4.3.2. In Vitro Nanoparticle EGFR Binding

Binding of the nanoparticle surface-immobilized C225 and VHH antibodies to
soluble EGFR extracellular domain was demonstrated by ELISA in suspension. Results
of the ELISA were normalized to both nanoparticle number ( shown in Figure 4.3a) and
antibody number ( Figure 4.3b). As expected, C225 showed the highest level of binding,
followed by VHH -122.PEG-AuN Ps showed almost no EGFR binding. When normalized
to number of nanopatrticles, the VHH -AuNPs demonstrated almost as much EGFR
binding as C225, but when normalized to number of antibodies, C225-AuNPs showed

much higher binding.
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Figure 4.3: ELISA for EGFR binding to targeted AuNPs. Shows the ELISA
signal normalized by number of nanopatrticles in solution. Both C225 and VHH -122
have high binding, while PEG has almost none. (B) shows the ELISA signal normalized
by number of antibodies in solution. Here, C225 has much higher than VHH -122,
consistent with its higher binding affinity.

The C225AuNPs have five times fewer antibodies attached to the surface, so
each C225 antibody is much better at binding to EGFR than each VHH antibody. This is
consistent with the previously reported binding affinities of these two antibodies —with
C225 having almost 100x stronger binding affinity compared to VHH -122 (Ks = 0.39 nM
for C225 and Ka ~ 40 nM for VHH -122). In order to compare the binding affinity seen
here on the surface of gold nanoparticles with the published binding affinity, w e can
calculate the expected fraction of each antibody that should be bound to EGFR using
theorietical binding affinities and the kno wn concentrations of EGFR and antibodies in
solution. The Ko (equilibrium dissociation constant) can be calculated using the

following formula:



where [A] is the concentration of the unbound ligand (EGFR) in solution , [B] is the
concentration of the unbound antibody (VHH or C225) and [AB] is the concentration of
bound EGFR-antibody complexes. Solving this equation with a total EGFR
concentration of 20 nM, total C225 concentration of 10 nM, and total VHH -122
concentration of 80 nM, we find that the saturation of C225(ratio of bound C225to total
C225 should be ~96%, while the saturation of VHH -122 should be ~16%. This shows
that the measured ELISA signal for VHH antibodies should theoretically be ~16% of the
ELISA signal for C225 under these conditions, assuming that the ELISA readings were
within the linear range for measuring EGFR . Our actual ELISA result showed that the
VHH group had ~15.7% of the signalthat the C225group had, which is consistent with
the theoretical calculation. This demonstrates that the antibodies on the surface of the
gold nanoparticles maintain a similar binding affinity to the antibodies prior to
PEGylation and surface immobilization, and that the surface immobilization has not

affected the relative ability of the two antibody types to bind to free EGFR in solution.

4.3.3. In Vitro Cell Targeting

Following incubation with gold nanopatrticles, A431 cells (which overexpress
EGFR) were imaged by darkfield microscopy to visualize gold nanoparticles binding to
the cells. Darkfield images are shown in Figure 4.4. C225AuNPs demonstrated a high

level of cell binding, with many cells being completely covered by gold nanoparticles.
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VHH -AuNPs also showed binding to cells, but to a much lesser degree PEGAUNP

binding to cells was negligible.

C225 VHH-122 PEG

Figure 4.4: Dark field images of AuNPs bound to A431 cells (high EGFR
expression). AuNPs appear as bright yellow -orange dots in the dark field images. Both
C225 and VHH-122show bindi ng to A431 cells, while the PEG controls show only
minimal binding. This demonstrates effective EGFRtargeting, particularly for the C225 -
AuNPs. Scale bars are 30 um.

Gold nanopatrticle binding to cells was quantified by ICP -OES, which can
accurately measure gold concentration in solution after acid digestion of the sample.
After collecting cell pellets from each group, the gold concentration within the cell pellet
was analyzed. ICP-OES results are shown in Figure 4.5.The cells incubated with C225-
AuNPs showed very high gold concentration (4.35 mg gold/mL in the pellet), while the
VHH -AuNP group showed a relatively low gold concentration (0.55 mg/mL). However,
this value was still much higher than the PEG -AuNPs, which had a gold concentration
of 0.13 mg/mL. This result is similar to the ELISA measurement of EGFR-binding per
antibody (C225 antibody has a much higher affinity than VHH) above. However, the
VHH -AuNP cell binding is much less than predicted from the ELISA measurement of

EGFR-binding per nanop article. Each VHH-AuUNP should theoreticaly be capable of
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binding to EGFR to a similar degree as the C225AUNPs, because the VHH-AUNPs have
5x more antibody bound to their surface. However, this result appears to contradict that
hypothesis. Although VHH -AuNPs can bind soluble EGFR almost as well as C225
AUNPs, they have areduced ability to attach (or remain attached during rinsing) to cells

expressing EGFR compared to C225AuNPs.

Pellet Gold Concentration
(mg/mL)

C225 VHH PEG

Figure 4.5: ICP-OES measurements of cell pellet gold concentrations. C225
AuNPs showed the highest degree of A431 cell binding, followed by VHH -AuNPs.
PEG-AuNPs showed only minimal cell binding.

4.3.4. CT Biodistribution Study

Each of the three nanopatrticle types (C225AuNPs, VHH -AuN Ps, and PEG
AuNPs) was injected intravenously into healthy C57BL/6 mice (n=3 for each group) to
study the contrast agent effectiveness, biodistribution, and blood half -life. Results are
shown in Figure 4.6. All of the nanoparticle types exhibited high CT ¢ ontrast (up to 900
HU enhancement above normal in the blood), as shown in the axial CT slice through the
heart in Figure 4.6a. Measurements of CT enhancement in the blood over time are

shown in Figure 4.6b. After measuring the enhancement at multiple time points for each
107



mouse, the data were fit to exponential curves to estimate the blood residence halflife.
C225AuNPs had significantly lower blood half -life (~11 hours) compared to the VHH
and PEG-AuNPs (~20 hoursfor both). The VHH -AuNPs had no decrease n blood half -
life compared to PEG-AuUNPs, despite the presence of antibody domains on the surface
of the AuNPs. Because the VHH domains are smaller and lack the Fc portion, they
appear to avoid rapid clearance, while the full -sized antibodies (C225)are recognized
and cleared from the bloodstream much more quickly, as we originally hypothesized.
The measured enhancement in the spleen 36 hours after contrast injection was
significantly higher for the C225 -AuNPs than for the other groups, while the
concentrations in the liver and kidney were similar between groups. This high spleen
enhancement at 36 hours further supports the idea that C225AuNPs are recognized by
phagocytes within the RES and cleared from the blood (and into the spleen) more

rapidly than the other groups.
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Figure 4.6: CT enhancement in healthy mice after injection of AUNP contrast
agents. (A) shows a CT axial cross-section through the heart immediately after injection
of VHH -AuNPs, demonstr ating high CT contrast in the lumen. (B) shows the measured
concentrations of each contrast agent in the blood over time, along with the exponential
fit curve for each nanoparticle type. All nanoparticles showed a smooth exponential
decrease in concentraton. C225 had a significantly shorter half-life than VHH or PEG.
(C) shows the organ enhancement at 36 hours for each contrast agentC225 showed
significantly more spleen accumulation than VHH or PEG

4.3.5. CT Tumor Imaging

Targeted (C225 and VHH) and control (PEG) nanoparticles were injected into
nude mice (n=8 for each group) bearing bilateral subcutaneous tumors derived from the
A431 cell line, which demonstrates high levels of EGFR expression. Dual energyCT was
used to visualize and quantify gold within each of the tumors. The mice were imaged 48
hours after contrast agent injection, at which point most of the contrast had been cleared
from the bloodstream. Figure 4.7 shows axial CT slices(with the gold map overlaid in
green) through the flank tumors in mice for each of the three groups. All of the tumors
(even those in the control PEG-AUNP group) had gold accumulation due to the EPR

effect. The VHH-AUNPs and PEG-AuNPs had no noticeable difference in accumulation
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in the CT images, but the C225AuNPs show much higher gold accumulation within the

tumors.

Figure 4.7: Axial CT slices of tumors at 48 hours post -injection. The single
energy CT scan in shown in grayscale (windowed from -1000 to 4000 HU), while the
dual energy decomposition gold map is shown in green (windowed from 3 to 15
mg/mL). Gold nanoparticles have been cleared from the bloodstream and are now
accumulated within the well -perfused tumor margins. Nanoparticles do not accumulate
within the poorly -perfused tumor core. All tumors have substantial nanoparticle
accumulation, but C225-AuNPs show the highest tumor enhancement.

Figure 4.8shows the guantification of average gold concentration within the
enhancing regions of the tumors for each group. Consistent with the CT images, the
measured gold accumulation sin the VHH -AuNP and PEG-AUNP groups are
statistically indistinguishable from one another. The C225AuNP group, on the other
hand, has significantly higher gold accumulation (p<0.05) than either of the other two
groups. These results contradicted our original hypothesis that the shorter blood
residence time for C225AuNPs would lead to less total tumor uptake of the
nanoparticles, and therefore lower gold concentrations. We also saw that the relatively
low binding affinity of the VHH -AuNPs for A431 cells was not effective enough in vivo

to increase the gold accumulation compared to EPR alone. The strong affinity of C225
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AuUNPs for binding to A431, on the other hand, led to significant additional

acaumulation.

*
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Figure 4.8: CT quantification of gold nanoparticle accumulation in the tumor
margins. Enhancing regions of each tumor were segmented by applying a threshold and
then subtracting out the backgrou nd signal from all voxels, and then the average gold
concentration within each segmented tumor was calculated. C225AuNPs have
significantly higher accumulation (p<0.05) in the enhancing portions of the tumor than
either VHH -AuNPs or PEG-AuNPs. Targeting with VHH does not provide any increase
in accumulation relative to the PEG controls.

4.4. Discussion

In this study we explored the use of three different contrast agents for imaging
EGFR-expressing tumors by CT. All of the contrast agents showed effective CT contrast,
with high initial enhancement within the blood and high contrast within the tumors and
other organs (spleen, liver, kidney) at later time points. The first contrast agent, PEG
AuNPs demonstrated a long blood half -life (~20 hours)due to a robust PEG coating
which minimized protein surface protein adsorption and subsequent immune

recognition and clearance. The PEGAUNPSs contained no targeting ligand and could
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only accumulate in tumors due to the leaky vasculature within the tumors (EPR effec).
All the tumors in the PEG-AuUNP group had a moderate level of gold nanopatrticle
uptake, showing the inherent effectiveness of EPR in this tumor model.

The second contrast agent, VHH-AUNPs, had multiple (~2 6) small VHH domain
antibodies on the surface of the nanoparticles. These domains have moderately high
binding affinity for EGFR, as demonstrated by effective binding of soluble EGFR by
VHH -AuNPs in solution. The domains are small and lack the Fc portion of the antibody,
which limits the ability of phagocytic cells to recognize these nanoparticles and engulf
them. The VHH-AuNPs had a long blood half -life (~20 hours), which was
indistinguishable from the PEG -AuNP blood half -life, showing that the presence of
small domain antibodies did not decrease the stealth nature of these nanopatrticles.
However, these nanoparticles demonstrated limited binding affinity for A431 cells in
vitro. The low binding affinity of VHH -AuNPs for A431 cells (as demonstrated in vitro)
was not sufficient to increase the accumulation of these targeted nanoparticles in vivo.

The third contrast agent, C225AuNPs, contained several (~5) full-sized
humanized anti -EGFR antibodies conjugated to the nanoparicle surface. These
clinically -used antibodies have very high binding affinity for EGFR , as demonstrated by
effective in vitro binding both to soluble EGFR in solution and to EGFR -expressing A431
cells in culture. These targeted nanoparticles demonstrated a reduced blood halflife (~11

hours) compared to the other two contrast agents, consident with increased immune
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clearance due to the presence of fultsized IgG antibodies on the nanopatrticle surface.
Despite the reduced blood residence time, the C225AuNPs had significantly higher
tumor uptake than the other two contrast agents. The high EGFR binding affinity of the
C225AuNPs was more than enough the counteract the effects of the reduced blood
residence time on total tumor accumulation.

Our original hypothesis that VHH domains would provide better targeting than
full -sized antibodies was contradicted by the data. Even though the C225-AuNPs had
lower blood half -life (and therefore, less time to accumulate in the tumors), they
demonstrated significantly higher tumor accumulation than any of the other
nanoparticle types. Suprisingly, the VHH -AuNPs showed no higher accumulation in
tumors than the PEG AuNPs. The VHH -AuNPs showed effective EGFR binding when
the EGFR was soluble in solution, but showed decreased binding when the EGFR was
on the surface of A431 cells. In previous studies with VHH domains (Gottlin et al., 2009),
the VHH -122 antibody was equally able to bind to EGFR in solution (from cell lysates)
and to EGFR-expressing cell lines (including A431 cells). However, we saw a decrease
in binding efficacy when binding to cells compared to binding to free EGFR in solution.
We hypothesize that this reduced binding efficacy is due to the presence of the relatively
large gold nanoparticles attached to the antibodies. When free VHH-122 is bound to
EGFR-expressing cells in culture, the binding strength is high enough to prevent the

antibody from being released during rinsing steps. However, when the antibody

113



targeted-AuNPs are attached to cells in culture, the antibody binding strength must be
high enough to keep the relatively massive gold nanopatrticle attached and prevent the
nanoparticle from being sheared away from the cells during rinsing steps. This requires
a much higher overall binding strength because of the large size (and mass) of the gold
nanoparticles relative to the size of the individual antibodies. Our hypothesis was that
the increased avidity of the VHH -AuNPs due to the presence of many antibodies (~25
per nanoparticle) on surface could potentially overcome this issue, but clearly that w as
not the case. It is likely that only a small fraction of the VHH antibodies on the surface of
the nanoparticle could actually interact with the EGFR on the A431 cells due to the high
curvature of the AuNP surface.

Although one of the primary determina nts of tumor accumulation for
nanoparticles is the nanoparticle blood residence time, this is clearly not the only
important factor in determining total tumor accumulation. Inthi s case, we saw that an
antibody -targeted nanoparticle contrast agent with hi gh binding affinity for the target
cells can have much higher total tumor accumulation than a non -targeted nanoparticle
even if it has a significantly lower blood residence time . The C225 antibody, with high
affinity and reduced blood residence time was superior to the VHH -122 antibody, a
tumor targeting ligand with lower affinity  but a long blood residence time. When
making the choice for a tumor targeting ligand, it is important to consider both the effect

that the targeting ligand will have on the nanopa rticle immune clearance and the overall
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targeting efficacy of the targeting ligand. For attachment to nanopatrticles, these data
suggest that high affinity ligands are preferable for in vivo use , even if they moderately
reduce blood residence time.

The C225-AuNPs used in this study showed highly effective tumor targeting
relative to non-targeted controls. This demonstrates the feasibility of using targeted
nanoparticle agents for the detection of surface receptors upregulated on tumor cells,
including tum ors over expressing EGFR. The ability to detect tumor EGFR over
expression (based on the degree of tumor CT enhancement) could be extremely useful in
discriminating between benign and malignant lung tumors on CT exam. This can be
used to better predict whi ch patients with an identified lung nodule are in need of
biopsy and potential surgery and which patients can instead be treated with watchful
waiting and periodic follow -up scans. Such methods to improve non-invasive
discrimination between benign and mali gnant nodules could have a large impact on
patient well -being by reducing unnecessary invasive procedures.

A previous small scale study (Reuveni et al., 2011ajnitially demonstrated the
use of C225targeted AuNPs for CT imaging. That study showed that C225targeted
AuNPs have higher tumor enhancement than non -targeted controls, as we confirmed in
this study. However, the mice in that study were injected with a much lower dose of
gold nanoparticles (5 mg gold) than in the present study (20 mg gold). The overall

enhancement in the tumors was significantly less for both groups in that study, but the
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ratio of tumor enhancement for targeted nanoparticles to non -targeted nanoparticles
was higher, due to very low non -targeted nanoparticle uptake by the tumors . In
contrast, we saw moderate uptake of non-targeted AuNPs in this study. Presumably, the
reduced dose of AUNPs decreased the effectiveness of nortargeted tumor accumulation
(EPR only) more than it reduced the effectiveness of targeted tumor accumulation (EPR
+ targeting). Therefore, the specificity of the targeted nanoparticle accumulation may
increase as the overall dose of nanoparticles decreasedfBoth of these studies also used
similarly -sized gold nanoparticles (30 nm and 25 nm), butit has been shown previously
that smaller particles tend to demonstrate more specific targeted uptake than larger
nanoparticles do (Toy et al., 2013) Optimization of both the injected dose and
nanoparticle size for targeted and non-targeted nanoparticles could be perfor med to
maximize the specificity of the targeted agent while still maintaining sufficient contrast

to positively identify the EGFR -expressing tumors.

45. Conclusions

We have compared the effectiveness of three gold nanopatrticle contrast agents
for the imaging of EGFR-expressing tumors: C225AuNps, VHH -AuNPs, and non-
targeted control PEG-AuNPs. The C225 and VHH-AuUNPSs both bind to EGFR in vitro,
but the C225-AuNPs show much higher binding affinity in cell culture. After in vivo
injection, the VHH -AuNPs and PEG-AuNPs show equivalent tumor accumulation,

while the C225-AuNPs show much higher accumulation, despite having the lowest
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blood residence time of the three groups. All three of the contrast agents could be used
effectively for both vascular imaging and tum or imaging by CT, however, the C225-
AuNPs showed significantly increased tumor uptake due to specific tumor targeting.
This increased enhancement with targeted nanoparticles can be used to better identify

receptor status of tumors and improve tumor discri mination and characterization.
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5. Characterization of Lung Tumor Vasculature Using
Dual-Energy CT with Gold and lodine Nanoparticles?

5.1. Introduction

As discussed in section 4.1, ing cancer remains the leading cause of cancer
death worldwide and there is a continued need to improve lung cancer screening and
lung nodule characterization by CT. In chapter 4, | presented a method of specific lung
tumor identification by targeting lung tumor EGFRreceptors using active antibody
targeting. While using CT to pro be tumor receptor status could provide useful
information for tumor identification and risk stratification, many other potential
strategies exist to improve CT lung tumor identification and characterization.

One potential method for additional tumor chara cterization is to study lung
tumor vasculature. Angiogenesis is a key factor in cancer growth and metastasis. In
particular, angiogenesis promotes tumor growth by supplying tumors with required
nutrients and provides a conduit for metastatic spread. Tumor vasculature formed by
rapid angiogenesis tends to be less wellorganized and more permeable than normal
vasculature (Goel et al., 2011) as demonstrated in Figure 5.1 The density of tumor

vasculature, which is often correlated with the extent of angiogenesis, is related to tumor

3 Portions of this chapter are adapted from:
Ashton J, Clark D, Moding E, Ghaghada K, Kirsch D, et al. (2014) DuatEnergy Micro-CT Functional

Imaging of Primary Lung Cancer in Mice using Gold and lodine Nanoparticle Contrast Agents: A
Validation Study. PLOSONE. 9(2):e88129.
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aggressiveness and can correlate with survival (Meert et al., 2002) There is also evidence
that the extent of vascularity and vascular permeability differs between benign and
malignant pulmonary nodules (Tateishi, 2005) however, more comprehensive studies,
which are best performed at the preclinical level, are needed to elucidate the importance

of vascular biomarkers in lung cancer.

Healthy Vessels Tumor Vessels

» Well-organized * Immature, tortuous
* Low permeability structure
» Complete basement * High permeability
membrane * Incomplete basement
+ Coated with pericytes membrane and pericyte
coverage
 Dilated vessels

Figure 5.1: Comparison of healthy and tumor blood vessels. Tumor vessels
consist of disorganized, leaky, and poorly -developed networks due to rapid tumor -
induced angiogenesis (Cao, 2009)

Using preclinical studies in mice, we have previously shown that indolent and
aggressive lung tumors can be differentiated using single energy micro-CT and an
iodine -containing liposomal (Lip -I) contrast agent (Badea et al., 202a). Increased
accumulation of nanoparticles (due to increased vascular permeability) was
demonstrated in more aggressive tumors compared to indolent ones, while vascular
density was similar in the two tumor types. The single contrast agent experiments
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required two CT scans separated by several days The first CT scan was performed
immediately after liposomal iodine injection, in order to measure the vascular volume of
the tumors. The second CT scan occurred several days later, after the liposomes had
beencompletely cleared from the bloodstream (and accumulated in the tumors).
Concentrations of iodine within the tumors were then measured as a marker of tumor
vascular permeability. The long delay between early and delayed-phase imaging may
not be needed if we adopt a more elegant solution involving two distinct types of
nanoparticles and CT imaging methods such as spectral or dualenergy (DE) CT.

We have previously developed a DE micro-CT method to separate gold and
iodine -based nanoparticles for vascular imaging in soft-tissue sarcomas(Clark et al.,
2013b) In this method, gold nanoparticles are injected and allowed to accumulate in
tumor tissue for two days by the enhanced permeability and retention effect. Liposomal
iodine is then injected and immediately followed by a DE -CT scan while the contrast
agent remains intravascular. Vascular permeability (rate of tumor uptake of gold
nanoparticles) is calculated using the measured gold concentration in the tissues, while
blood volume is calculated from tissue iodine concentrations. In this study, we applied
the DE micro-CT method to the challenging task of imaging lung tumors for
quantification of tumor blood volume and vascular permeability.

Extending this two -material DE micro-CT technigue to lung tumor imaging

presented considerable challenges. Primary lung tumors in mice are very difficult to
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image relative to other tumor types due to their small size (~1-mm diameter in this
study), cardiac and respiratory motion, and beam hardening artifacts. Micromotion
during scanning can lead to very large differences in th e reconstructed structure and
enhancement of such small tumors. Even subvoxel size motion can lead to volume
averaging around the periphery of the tumor, giving the periphery an enhancement
intermediate between tumor soft tissue and air -filled lung. While successful respiratory
gating greatly reduces motion artifacts, micron -scale differences from projection to
projection cannot be completely eliminated (Badea et al., 2004a)In this study, some
tumors looked different from one scan to the next (even on the same day). We presume
this is due to small differences in positioning of the mice, differences in the depth of
breathing between scans, and micromotion within a scan. All of these issues increased
the difficulty of image analysis. Beam hardening due to nearby high -density structures
(rib cage, vertebrae, contrastfilled heart and great vessels) causes additional artifacts
due to changes in the xray spectrum as the rays pass through the animal. This can affect
the 80 and 40 kVp scans differently, causing potentially significant inaccuracies in dual -
energy decompositions. These issues make accurate quantitative dualenergy CT
imaging of lung tumors one of the most difficult challenges in small animal imaging.
The potential for errors in our calculations due to these challenges makes ex vivo
validation of our results and comparison with our previous methods extremely

important in assessing the adequacy of our method.
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In this study, w e showed that the two contrast agent (two material) method,
which requires only a singl e CT scan, compares favorably with our previously published
single contrast agent (single material) method, which required two CT scans spaced
several days apart(Badea et al., 2012a)importantly, we also validate d our in vivo dual -
energy results with ex vivo gold standa rd measurements. To the best of our knowledge,
there have been no published clinical or preclinical DE-CT studies with rigorous
validation of calculated in vivo material concentrations. DE measurements are usually
calibrated using in vitro phantoms, which approximate, but do not fully represent, in
vivo conditions. Therefore, there is the potential for significant error in DE
measurements when relying only on in vitro phantom calibrations. In this work , we
performed in vivo validation, which is critical to further develop DE -CT for preclinical

models.

5.2. Materials and Methods
5.2.1. Liposomal lodine

PEGylated liposomal iodine (120 nm diameter) was produced as describedin
section 2.3.The size distribution of liposomes in the final formulation was determined
by dynamic light scattering (DLS) using a Malvern Zetasizer Nanoseries (Malvern
Instruments, Worcestershire, UK) at 25°C. Transmission electron microscopy (TEM) was
performed for additional size analysis and contrast agent characterization. Liposomes

were spot dried on a carbon film grid and imaged using an FEI Techai G2 Twin TEM
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(FEI, OR) at an operating voltage of 120 mV. Particle diameter was measured for 200
liposomes using ImageJ (NIH). The iodine concentration in the final liposomal solution
was quantified by measuring absorbance at 245 nm using a Cary 50 spectrophotometer
(Varian, CA). In vitro stability of the liposomes was verified by measuring release of
iodixanol from the liposomes after incubation in phosphate -buffered saline (PBS) at 37°C
for 72 hours. The concentration of iodixanol released following incubation was

determined by dialyzing the liposomes against 500 mL PBS and measuring the
absorbance of the dialysate in a quartz cuvette at 245 nm using a U\Vis

spectrophotometer (Cary 50, Varian, CA).

5.2.2. Gold Nanoparticles

Gold nanoparticles were produced using the Frens method, as described in
section 2.2. In this study, 12 nm diameter AuNPs were produced. 500 mL of a 1 mM
solution of HAUCI 4 in ultrapure water was brought to boiling. A pre -warmed solution
of 540 mg sodium citrate dissolved in 3 mL of water was rapidly injected into the gold
solution and the resulting mixture was stirred vigorously. The color changed from
yellow to colorless to dark red over the course of 30 seconds. The reaction was contied
at boiling for 15 minutes, after which the reaction vessel was removed from the heat
source and allowed to cool with continued stirring for 1 hour. After cooling, the
nanoparticles were filtered using a 0.45

produced nanoparticles, a large excess of 5 kDa thiotterminated polyethylene glycol
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(PEG; Laysan Bio, AL) was added to the filtered nanopatrticles, which were then rocked
at room temperature for 4 hours. Unbound PEG molecules were removed and the
particle s concentrated using a 100 kDa centrifugal filter.

The size distribution and surface charge of the gold nanopatrticles were
characterized by DLS and zeta potential using aMalvern Zetasizer Nanoseries at 25°C.
DLS size distribution was confirmed by TEM usin g an FEI Tecnai G2 Twin TEM
operating at 200 mV. Particle diameter and aspect ratio were measuredfrom TEM
images for 200 AuNPs using ImageJ.Absorbance spectra(400-650 nm) of AUNPs
suspended in ultrapure water were collected using a UV -Vis spectrophotometer (Cary
50, Varian, CA). Stability of the PEGylated nanoparticles against aggregation was
confirmed by monitoring the UV -Vis spectrum for 6 hours after addition of
physiological salt solutions of 0.9% NaCl or
(DMEM) cultu re medium with 10% fetal bovine serum (FBS) to solutions of bare or
PEGylated AuNPs. When aggregation occurs, the peak optical absorbance shifts to the
right and then the magnitude of the peak optical absorbance decreases over time and
aggregated nanoparticles settle out of suspension.The final concentration of gold in the
concentrated AuNP solution was determined by UV -Vis absorbance using the published
extinction coefficient of 12 nm AuNPs at 450 nm (Haiss et al., 2007)and was
subsequently correlated with measurements from inductive ly-coupled plasma optical

emission spectroscopy (ICP-OES), as described below.
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5.2.3. In Vivo Tumor Imaging

Lung tumors were generated by intranasal injection of adenovirus expressing
Cre recombinase (Gene Transfer Vector Core, University of lowa) into LSL-Kras®12p,
p53FFL compound mutant mice as described previously (Johnson et al., 2001;Jackson et
al., 2005;Kirsch et al., 2010)Mice with primary lung tumors were used for the imaging
study at 12 weeks post Adeno-Cre infection, at which point multiple aggressive lung
adenocarcinomas (~0.51.5 mm in diameter) were present within each mouse. All
animals were imaged at 24-30 weeks of age. A total of five animals were used for the
imaging study. Due to the longitudinal nature of this study, each mouse served as its
own control.

Longitudinal DE micro -CT imaging was performed in all animals as shown in
Figure 5.2. Three DE micro-CT scans were performed for each mouse in order to
compare the single-material method (CT scans 1 and 2) with our novel two -material
method (CT scan 3). We note that, unlike in our previous study (Clark et al., 2013b) DE-
micro-CT was performed even when using a single contrast agent, which allowed us to
measure gold concentration without the need for a comparison pre -contrast scan. On
day 1, the PEGyated AuN P contrast agent (12nm diameter, 75mg Au/mL) was injected
intravenously by tail vein at a volume dose of 0.32 mL/25 gm body weight and post-
injection scans (CT scan 1) were immediately acquired. We then waited 48 hours to

allow sufficient time f or gold accumulation to occur in the tumors. After this delay (day
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3) a second duatenergy CT scan (CT scan 2) was obtained. Immediately after the second
scan, the liposomal iodine contrast agent (135 mg iodine/mL) was injected by tail vein at
a volume dose of 0.3 mL/25 gm body weight and a third dual -energy CT scan (CT scan
3) was performed. Following the third scan, the mice were euthanized and tissues were

harvested for validation studies, as described below.

[ Dayt | [ Day2 | [ Day3 | Time
A A A A A >
Inject Inject
AuNp CT scan 1 CT scan 2 Lip-1 CT scan 3

Figure 5.2: Flowchart for contrast injection and imaging time points.  AuNPs
were injected on day 1, followed immediately by CT scan 1. Two days later, CT scan 2
was done, followed immediately by Lip -l injection and CT scan 3. All scans were dual
energy micro -CT acquisitions.

The animals were scannedusing the DE CT system described in section 2.1.1
Prospective respiratory gating was used to minimize the effects of animal respiratory
motion during scans (Badeaet al., 2004c) A LabVIEW (National Instruments, Austin,

TX) application was used to monitor the respiratory signal and trigger the x -ray tubes at
end expiration by computing a fixed time delay from the peak respiratory signal.
Acquisitions were performe d for both imaging chains at each angle of rotation with a 10
msec delay between the two x-ray tube exposures to minimize cross-scatter. Since this is
a very short delay relative to the length of the flat end expiratory phase, it does not affect
the performance of respiratory gating. A total of 360 views were acquired for each

imaging chain over the 360° rotation. Each prospectively-gated scan took approximately
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7 minutes to complete. The scanning parameters for the dualenergy scans were: 80 kVp,
160 mA, 10 ms/exposure for the first imaging chain and 40 kVp, 250 mA, 16 ms/exposure
for the second imaging chain. The total radiation dose associated with the three CT scans

was ~0.39 Gy.

5.2.4. Dual-Energy Decomposition

DE decomposition of gold and iodine was performe d after registration and

filtration, using corresponding 80 and 40 kVp -filtered data, as described in section 2.1.2.

5.2.5. Image Analysis

CT images were analyzed using Avizo (FEI Visualization Sciences Group,
Burlington, MA ). Regions corresponding to the blood (ventricular lumen and large
vessels) and spleen were automatically segmented using the 80 kVp data set, while
regions corresponding to the liver and kidneys were semi -automatically segmented
using the same data set. Each segmented region included the entie organ, but excluded
large blood vessels within the organ. Tumors were segmented semiautomatically using
the gold map from the dual -energy decomposition. Rough regions were manually
drawn outside the borders of the tumor, and those regions were threshol ded to select
only those voxels that contained a gold concentration between 0.25 mg/mL and 3
mg/mL. These threshold values were chosen in order to exclude normal lung

parenchyma, large blood vessels, and bone from the segmented tumors A total of 27
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lung tumors in the 5 mice were identified and segmented in each of the 3 DE micro-CT
scans.

Following segmentation, gold and iodine concentrations were measured in each
segmented region of interest by calculating the average value of the gold and iodine
maps over the entire region of interest. Because both nanoparticles are long halflife
contrast agents, they remain almost entirely within the vasculature immediately after
injection. The fractional blood volume (FBV) of each organ can, therefore, be estimated
by measuring the gold or iodine concentration within the organ immediately after
nanoparticle injection. We calculated FBV on day 1 using the AuNPs and again on day 3

using the Lip-I. FBV was calculated by the following equations:

FBV — CAu,dayl
Au,blooddayl

FBY = tooe
| ,bloodday3

where Cauday1 is the average gold concentration in a tissue immediately after gold
injection on day 1, Caupiood.dayt. IS the average gold concentration in the blood on day 1,
C.aay3 is the average iodine concentration in a tissueimmediately after Lip -I injection,
and Ciniood.day3 IS the average iodine concentration measured in the segmented blood on
day 3. FBV was calculated for each segmented tumor, spleen, liver, and kidney at both

time points. This calculated FBV is an estimate of the vascular density within the tissue,
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and was correlated with microvascular density calculated by analyzing images of
histological tissue sections, as described below.

After determining the FBV in each tissue, the concentration of gold accumulated
within each tissue was calculated. Because of its long blood halflife, over half of the
injected gold contrast agent remained in the blood stream on day 3. Therefore, the tissue
gold concentration measured in the CT gold map includes both gold that ext ravasated
into the tissue and gold that remains intravascular within the tissue. The FBV calculated
above can be used to subtract theremaining intravascular gold concentration according
to the following equations:

Cuiw =FBV3C

Au,iv Au,blood

CAu,accum = C

C

Autot = “Auiv

where Cauaccum is the accumulated (extravascular) gold concentration in a tissue, Cauytot iS
the total gold concentration in a tissue calculated from the CT gold map on day 3, Cauiv
is the concentration of gold within a tissue that remains int ravascular, and Caubiood. iS the
concentration of gold in the bulk blood calculated from the CT gold map on day 3. These
equations were used to calculate the accumulated gold within each tumor and organ.

For the single contrast agent method, the FBV fromCT scan 1 and the gold
concentrations from CT scan 2 were used in these calculations. For the two contrast

agent method, the FBV and gold concentrations were both from CT scan 3. For

validation, these accumulated gold concentrations were compared to concentrations of
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gold in each organ measured by inductively coupled plasma optical emission

spectroscopy (ICP-OES).

5.2.6. Validation Studies
5.2.6.1.Tissue processing

Samples of blood, lung tumors, and other organs (kidney, liver, spleen) were
extracted from all mice for analysis. Blood was drawn from the mice following the first
CT scan from the facial vein. A terminal blood draw and organ harvesting were
performed following the third CT scan. Each mouse was put under deep anesthesia by
an intraperitoneal injection of pent obarbital. Anesthesia was verified by toe pinch. The
abdominal cavity was opened and blood was drawn slowly from the inferior vena cava
while the heart was still beating. 0.5-1.0 mL of blood was collected from each mouse,
after which the inferior vena cavaand aorta were severed and the remaining blood was
allowed to drain into the abdominal cavity. The trachea was then cannulated with a 20 -
gauge needle, through which a 1:1 mixture of cryoembedding medium (OCT) and 30%
sucrose were injected into the lungs to fill the airspaces for later tissue sectioning.
Following inflation with embedding medium, the lungs were removed from the mouse
and either immediately dissected for lung tumors or embedded in OCT and frozen on
dry ice. Lung tumors extracted from the dis sected lungs were soaked in PBS for 5
minutes to rinse away residual blood and then frozen at —80°C for ICP-OES analysis.

Following lung extraction, the liver, spleen, and kidneys of each mouse were harvested
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and cut in half. The first half of each organ w as immediately embedded in OCT on dry
ice for sectioning. The second half was soaked in PBS for 5 minutes and frozen at80°C
for ICP-OES analysis. All tissues were kept frozen at—-80°C until ready for further

processing.

5.2.6.2.Tumor Histology

8um f r oz e sectibna weeeimmunostained for the endothelial cell marker
CD3L1. Prior to staining, sections were fixed with 4% paraformaldehyde, rinsed with PBS,
and blocked with 10% FBS in PBS for one hour. The sections were then incubated with
the primary antibody (ra t anti-mouse CD31, BD Pharmingen) diluted 1:250 in blocking
buffer for 2 hours at room temperature. The slides were rinsed three times with PBS for
10 minutes to remove unbound primary antibody, after which the secondary antibody
(Alexa Fluor488-conjugated donkey anti-rat 1gG, Invitrogen) diluted 1:500 in blocking
buffer was added and incubated for 1 hour in the dark. Nuclei were counterstained with
DAPI.Afew8-uym sections were also used for hematoxy
For H&E staining, samples were stained with hematoxylin, rinsed with water and
ethanol, stained with eosin Y, then rinsed with ethanol and xylene and mounted for
microscopy.

Immunostained sections were imaged using a Zeiss Axiovert 135 inverted
microscope (Carl Zeiss Inc., Thornwood, NY) and a Cytoviva darkfield condenser and

dual mode fluorescence module (CytoViva, Inc., Auburn, AL) fitted with a triple
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bandpass emission filter. All images were acquired at 200x magnification. Images were
taken of each tumor using both fluorescence and darkfield modes. At least three images
of each tumor were acquired when possible, however, a few tumors were too small to
obtain more than a section for imaging .

Immunofluorescence images were analyzed to calculate tumor microvascular
density. The green channel (corresponding to the CD31 stain) of each image was isolated
and automatically thresholded using ImageJ. Microvascular density for each imag e was
determined by calculating the percentage of each field of view that was positive for
CD3L1 staining after thresholding and averaging that percentage over multiple images of
the same tumor.

Combined darkfield and fluorescent images were produced by fir st thresholding
the darkfield images so that only the bright gold nanoparticles remained, then
overlaying the resulting gold nanoparticle image with the fluorescence image. This
allowed visualization of the spatial relationship between the gold nanoparticl es and the

vasculature within the tumors.

5.2.6.3.Tissue Gold Quantification

Blood samples, extracted tumors and organs (liver, spleen, kidneys), and samples
of the AUNPs were prepared for analysis of gold concentration by ICP -OES. Samples
were weighed, frozen, and then lyophilized. Dry samples were digested in trace metals

grade aqua regia for 72 hours. The samples were then filtered through a 0.45u m f i |
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and diluted with 2% nitric acid to a final gold concentration of approximately 2 ppm
(based on the estimatd gold concentrations from CT imaging). For lung tumor analysis,
all tumors from a single mouse were digested as a single combined sample to determine
the average tumor gold concentration for each mouse. Standard solutions of known gold
concentrations (8 concentrations ranging from 0.1-10 ppm) were prepared in 2% aqua
regia using certified reference material Gold Standard for ICP (Fluka Analytical). The
standards and digested samples were analyzed on ICROES (Teledyne Leeman

Laboratories, Hudson, NH).

5.2.6.4.Blood lodine Quantification

Because organicallybound iodine is not stable during acid digestion, ICP-OES
could not be performed for iodine quantification. W e instead used theUV absorbance of
the iodixanol molecule to quantify iodine concentrations in the bl ood samples. Blood
samples were diluted 1:2,000 in 10 mM sodium dodecyl sulfate (SDS) to lyse the
liposomes then centrifuged at 5,000 g for 10 minutes to remove cellular debris. The
supernatant was passed through a 3 kDa centrifugal filter to remove macromolecules
and the absorbance of the resulting filtrate was measured at 245 nm. Blood (without
liposomes) processed in the same manner was used as a blank for absorbance readings.
This absorbance was compared to a standard curve of known iodixanol concentrations

in 10 mM SDS.
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5.2.7. Statistics

Fractional blood volume on day 1 and day 3 were compared using a paired t-test.
Accumulated gold concentrations from the two CT methods were compared to each
other and to ICP-OES results using a tway ANOVA. Blood concentrati ons by CT were
compared to ICP-OES/UV-Vis results using a paired t-test. Fractional blood volume and
accumulated gold concentration for each of three tumor sizes were compared using a 1-
way ANOVA followed by a post -hoc Tukey test for multiple comparisons. All statistical
tests were considered statistically significant at a p<0.05 level. All data are plotted as

mean * standard deviation.

5.3. Results
5.3.1. Gold Nanoparticle Characterization

The absorbance spectrum of the bare gold ranopatrticles (Figure 5.3) showed a
peak at 518 nm, while the PEGylated nanoparticles had a peak absorbance at 521 nm, a

shift consistent with successful conjugation of PEG to the nanopatrticle surface.
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Figure 5.3 Gold nanoparticle absorbance s pectra. Absorbance spectra of bare
and PEGylated AuNPs, normalized to a peak absorbance of 1.0. The PEGylated AuNP
peak is shifted ~3 nm relative to the bare AUNP peak but is otherwise relatively
unchanged.

DLS results showed a mean hydrodynamic diameter of 11.6t1.4 nm with an
average polydispersity index (PDI) of 0.25 for the bare nanoparticles and a mean
hydrodynamic diameter of 29.9+1.2 nm with a PDI of 0.27 for the PEGylated
nanoparticles. Zeta potential measurements showed an average zeta potential ¢ -37+2
mV for the bare nanoparticles and —2.6:0.4 mV for the PEGylated nanopatrticles,
showing displacement of negatively charged citrate ions by the PEG-thiol and good
masking of the remaining surface charge by the long PEG molecules. Representative
TEM images of the nanoparticles are shown in Figure5.4. TEM of the AUNPs showed
spherical gold nanoparticles with an average diameter of 12.1+1.9nm and average

aspect ratio of 1.1. Aggregation studies showed that PEGylated AuNPs were stable for
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>6 hours (no measureable change in peak absorbance) in both 0.9% NaCl and DMEM
growth medium + 10% FBS, indicating both stability to ion -induced particle aggregation,
as well as resistance to protein adsorption and resultant particle cross-linking and
aggregation, while the bare nanoparticles aggregated completely within minutes of
exposure to both physiological solutions. The final measured concentration of gold in
the injected AuNP solution was 77.6 mg/mL by UV -Vis absorbance and 74.4 mg/mL by

ICP-OES.

Figure 5.4: TEM of nanoparticles. PEGylated gold nanoparticles are shown in
(A) and iodine -containing liposomes in (B). The scale bar represents 100 nm for both
panels.

5.3.2. Liposomal lodine Characterization

The average liposome size measured by DLS was 126+20 nm and the PDI was
0.11.TEM of the Lip -l (see Figure5.4) showed spherical liposomes with a dark interior
and a light bilayer with an average diameter of 103+34nm. Because the PEG coating is
not visible on TEM, this size is a measure of the bare liposome. When fully hydrated, the

PEG coating should increase the size of the liposomes by ~1420 nm, which is consistent
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with the DLS results. The final measured iodine concentration in the PEGylated
liposomal -iodine formulat ion was 135.0 mg/mL by UV absorbance. Stability tests

showed <1% leakage of encapsulated iodixanol after incubation at 37°C for 72 hours.

5.3.3. CT Tissue Enhancement

Figure 5.5 shows CT images of a single mouse from each of the three scans, with
labels marking a lung tumor, liver, spleen and kidneys. Figure 5.6 shows average
enhancement within each organ at each of the time points, including pre -contrast values
for each organ which were derived from earlier CT scans used for monitoring tumor

size.

Figure 5.5: Maximum intensity projections of the 80 kVp CT datasets
following bilateral filtration. CT scan 1 is shown in (A), CT scan 2 in (B) and CT scan 3
in (C). Tumor is marked "T", liver is marked "L", spleen is marked "S" and kidneys are
marked "K". The images are all windowed between -300 and 1200 HU.The scale bar
represents 1 cm in all panels.
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Figure 5.6: Average CT tissue enhancement. Tissue enhancement (aerage of 5
mice) is shown at 40 and 80 kVp for tumor, blood, spleen, liver, and kidneys in each of
three CT scans. Precontrast values are the average tissue enhancement of the mice from
pre-experiment monitoring scans.
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After gold injection (CT scan 1), the blood showed high levels of contrast (~800
HU at 40 kVp). The spleen, liver, kidneys, and tumors all showed moderate
enhancement due to the gold within their vasculature. In each case, the 40 kVp images
showed greater contrast than the 80 kVp images dueto the higher attenuation of gold at
40 kVp relative to 80 kVp. After 48 hours, the average contrast in the blood dropped to
54% of its initial value, yielding a blood half -life of ~54 hours (assuming exponential
decay). While the contrast dropped in the blood, it remained approximately steady in
the tumors, liver, and kidney from CT scan 1 to CT scan 2. Although the intravascular
gold concentration was decreasing in these organs, gold was also accumulating
extravascularly in the tissues, which made overall contrast levels remain the same.
Tissue enhancement in the spleen increased from day 1 to day 3 due to significant gold
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accumulation within the spleen. Over this time period, enhancement within the other
soft tissues (data not shown) decreased proportional to the decrease in blood levels.
After iodine injection (CT scan 3), the contrast in the blood increased again. The 80 kVp
data showed a significantly higher increase than the 40 kVp data, consistent with the
relative attenuation of iodine at the two en ergy levels. Likewise, all of the organs
measured showed a moderate increase in contrast at 80 kVp and a small increase in
contrast at 40 kVp due to iodine within the vasculature of the organs.

Figure 5.7 shows CT images focused on the lungs at each of tie three time points
in approximately the same slice for a single mouse, as well as the final overlay of the
gold and iodine dual -energy decomposition maps (with bones segmented out and
colored white) for the final time point. These images show multiple tum ors (see arrows)
in both lungs. The dual-energy decomposition shows both gold (green) and iodine (red)
in the blood stream, which appears yellow in the overlay. The tumors are primarily
green due to the accumulation of gold within the tumors. The liver at the bottom of the
image shows up yellow -green, due to the combination of extravasated gold and
intravascular gold and iodine within the liver. The soft tissue has a small amount of both
gold and iodine due to intravascular contrast within the tissues. Arou nd the ribs, there is
a patchy distribution of green and red, primarily due to beam hardening artifacts from
the dense ribs. The tumors enhanced significantly relative to the normal lung

parenchyma at all three time points after contrast injection, which a llowed for easy
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identification of the tumors, despite their small size (0.2 -1.5 mm?). In several cases, the
size and shape of individual tumors varied significantly between the different CT scans,
but identification of these tumors at different time poin ts was still possible based on

their relative location within the lungs.

Figure 5.7: Maximum intensity projections of the lungs.  Coronal CT images
showing the filtered 80 kVp dataset from CT scan 1 (A), CT scan 2 (B), CT scan 3 (C), and
the final overlay of the DE decomposition of CT scan 3 (D) with bones segmented out
(bones in white). (E) is a zoomed in image of the right side of CT scan 3 and (F) is a
zoomed in image of the right side of the DE overlay of CT scan 3. The boxes in (C) and
(D) show the regions that are enlarged in (E) and (F), respectively. 80 kVp images are
windowed from -300 to 1200 HU. The overlays are windowed from 0.25 to 6 mg/mL
gold, and 0.25 to 15 mg/mL iodine. The scale bar represats 0.5 cm in all images.
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5.3.4. Fractional Blood Volume

Fractional blood volume for each tumor and organ was computed immediately
after each contrast agent injection (using CT scan 1 and CT scan 3). The average FBV for
each timepoint is shown in Figure 5.8. The average FBV for tumors after gold injection
was 14%, while the average FBV after iodine injection was 13%, which was not a
statistically significant difference. The actual FBV values for individual tumors ranged
from 6% to 21%, showing some heterogeneityfrom one tumor to another. FBV
calculation for the other organs also showed no statistically significant differences
between the two measurements. The spleen had the highest fractional blood volume at
44% on day 3. The liver and kidney had approximately th e same fractional blood

volume at 29% on day 3.
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Figure 5.8: Fractional blood volume. Comparison of FBVs calculated from CT
scan 1 (based on gold) and CT scan 3 (based on iodine) for each of the organs. N of
the differences were found to be statistically significant (p<0.05).
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5.3.5. Validation Studies
5.3.5.1.Tumor Histology

Figure 5.9 shows representative images of tumor sections with H&E staining,
darkfield microscopy, and fluorescence microscopy. Tumor H&E staining showed dense
regions of cells, with some areas forming acinar structures (including well -developed
central blood vessels) and some areas showing highly irregular cells with large atypical
nuclei and no clear organization. In general, the larger tumors had more areas with
malignant characteristics (large nucleus to cytoplasm ratio, atypical cell morphology,
loss of architecture, necrotic regions) and had more and larger blood vessels than
smaller tumors, although there was a large amount of variability from tumor to tumor.
Darkfield microscopy showed clusters of gold nanoparticles throughout the tumors,
spleen, and liver. Most of the gold nanoparticles within the tumors were located near
blood vessels (as shown in the fluorescence/darkfield overlays), but same nanoparticles
extended farther into the interstitial space in most of the tumors. A large amount of gold
nanoparticles were also found intracellularly in lung cells that were most likely alveolar
macrophages (judging by cell morphology), as shown in Fig ure 5.9with a yellow arrow.
This was especially true in poorly -developed tumors that seemed to incorporate some
normal lung alveoli within the tumor. There was also some gold in alveolar
macrophages in the normal lung tissue. Darkfield images of cardiac muscle showed a

very small amount of nanoparticle accumulation.
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Figure 5.9: Lung tumor histology. (A) H&E staining of a lung tumor. (B)
Darkfield microscopy of a different section of the same tumor. (C) The overlay of
darkfield and fluorescence images with the nanopatrticles from the darkfield image in
orange, the CD31 stain in green and DAPI in blue. The yellow arrow denotes a cell (most
likely a macrophage) with cytoplasm filled with nanoparticles. The scal e bar represents
50 pm in all panels.

Fluorescence microscopy was also used to quantify the microvascular density
(percent area staining positive for CD31) within the tumors as a comparison to the CT
FBV. The average microvascular density measured by CD31staining was 7%, compared
to 14% for CT FBV.Figure 5.10 shows a plot of the CT-calculated FBV versus the
histological microvascular density for each of 13 tumors which were successfully
identified in both CT and histology images. Linear regression of the data gave an R
value of 0.81, which shows strong correlation between the two methods. The p-value for
the regression slope (testing the hypothesis that the slope does not equal zero) was
<0.001, which shows that there is a statistically significant postive correlation between

the CT and histology-derived measures of vascular density.
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Figure 5.10: Microvascular density. Plot of microvascular density measured by
CD31 immunostaining versus FBV measured by CT. Linear regression line is shown
with the accompanying R 2 value and p-value for the slope of the regression equation.

5.3.5.2.Gold and lodine Quantification

Gold concentration within each tissue was calculated using both the segmented
gold map from the DE decomposition and the ICP-OES results from the digested tissue
and blood samples. lodine concentrations in the blood were also determined using both
the CT iodine map and absorbance spectra of blood samples. Figure5.11 shows a
comparison of the average CT-computed concentrations and the tissue sample
concentrations for the five mice.

Figure 5.11a shows the calculated gold accumulation by CT (after subtracting the
intravascular gold) for each organ versus the ICP-OES data. This figure shows the gold
accumulation calculated by both CT methods. Data from CT scan 1 and 2 were used for
the single contrast agent method, while data from CT scan 3 was used for the two
contrast agent method. Both methods were compared with the ICP-OES results. The
average gold accumulation in the tumors measured by CT using the dial energy method
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was 0.#0.2mg/mL. The spleen had the highest measured CT concentration of the other
organs at 3.5:0.4mg/mL, while the liver had 1.3 £0.3mg/mL and the kidneys had 0.8+0.2
mg/mL. In every case there was good agreement between the two CT methods as well as
between the CT methods and the ICP-OES validation. 1-way ANOVA analysis of the
three measurements for each organ was performed, and none of the differences were
found to be statistically si gnificant. Although it was not statistically significant, there
was a small noticeable difference between the CT and ICROES data in the gold
concentrations for the spleen and kidney.

Figure 5.11b shows the calculated gold and iodine concentrations in the blood by
CT at each of the time points versus the ICROES or UV-Vis absorbance data. The
average gold concentration in the blood immediately after injection on day 1 was 9.1
mg/mL, which fell to 5.3 mg/mL by day 3. The blood iodine concentration immediate ly
after injection on day 3 was 16.6 mg/mL. In every case, there was exceptional agreement
between blood concentrations calculated by CT and ICP-OES/UV-Vis. Paired t-tests of

each comparison showed no statistically significant differences.
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Figure 5.11: Comparison of CT -measured concentrations with validation
methods. (A) Concentrations of accumulated gold in the tumors and other organs for
the single-material method (based on CT scan 1 and 2), the twematerial method (based
only on CT scan 3) and ICROES. (B) Measured CT concentrations of gold in the blood
on day 1 and day 3, iodine concentration in the blood on day 3, and corresponding
measurements by ICP-OES and UV-Vis. None of the differences were found to be
statistically significant (p<0.05).

5.3.6. Vascular Biomarkers Versus Tumor Size

Figure 5.12 shows a plot of FBV and accumulated gold concentration
measurements versus tumor size. The ANOVA and post-hoc Tukey test results show a
significant difference in FBV between the smallest (<0.5 mn%) tumors and the medium
(0.51 mm3) tumors, with the medium tumors having a larger FBV. The large (>1 mm 2)
tumors also had a larger FBV than the smallest tumors, but the difference was not
statistically significant (p= 0.08). The accumulated gold concentration shows a larger
average gold concentration in the smallest tumors than in the larger ones, but this

difference does not reach statistical significance in the ANOVA (p=0.10).
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Figure 5.12: Tumor size and vascular biomarkers. Comparison of fractional
blood volume (A) and accumulated gold concentration (B) for three different sizes of
tumors. Statistical significance (p<0.05) is denoted by *.

5.4. Discussion

In this study, w e performed three different DE micro -CT scans. The first two
scans were done to replicate the singlematerial method used in our previous lung
tumor study (Badea et al., 20123)out with a reduction of time (from 7 to 2 days)
between the early and delayed imaging time poi nts. This reduction in time is adequate
for studies in mice with aggressive lung tumors. The third scan (after iodine injection)
was performed to demonstrate our new method —using two materials and two X -ray
energies to obtain the same vascular information when performing only a single CT
scan. We injected gold 48 hours before our single scan to allow time for extravasation of
the gold into the tumors and injected iodine immediately before our single scan to have
a measure of FBV. From the dualenergy decomposition of our single scan, we could
then calculate FBV based on the iodine map and vascular permeability based on the gold

map.
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Comparing the results of the first two CT scans (single-material method) with the
results of the third CT scan (two -material method) showed that the two methods were in
good agreement. FBV measurements made on day 1 and day 3 showed no statistically
significant differences between the methods (see Figure5.8). It is important to note that
FBV was the same between the two methods,demonstrating reproducibility in
measurements using two different long -circulating contrast agents. It also proves that
the gold remaining in the bloodstream on day 3 did not interfere with the measurement
of iodine for FBV calculation, even though there i s a potential for increased beam
hardening due to the presence of two contrast agents. Likewise, the accumulated tissue
gold concentrations calculated for the two methods in both tumors and other organs
were in agreement. There was a small (but not statisically significant) difference in the
measured gold concentration in the spleen for the two methods, but no remarkable
differences in any of the other tissues. Of all the organs that we measured, the spleen
was the most prone to difficulties in the dual -energy decomposition due to its high
vascularity and high gold uptake. The presence of high amounts of two contrast agents
within the spleen may have led to some beam hardening, causing small inaccuracies in
the dual-energy decomposition; however, this diffe rence was small and not significant
to the overall results of the study. Most importantly, the measurements for FBV and
gold accumulation in the lung tumors agreed almost perfectly between the methods,

showing that our two -material, single-scan method is st as good as (if not better) than
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our previous single -material, two -scan method for quantifying tumor vascular
parameters.

Comparison of our two -material method with histological staining confirmed the
accuracy of our FBV measurements. A comparison of microvascular density from CD31
immunostaining with FBV from CT showed a very strong correlation (R 2=0.81), but not
equivalence, between the two calculated parameters (see Figure5.10). This is not
surprising because, although they are clearly related, these two methods do not measure
exactly the same parameters. Microvascular density measures the twadimensional area
of tissue sections that stains positive for an endothelial marker. It does not directly
measure the vascular lumen or whether the vessels ae perfused. FBV, on the other
hand, is a three-dimensional measurement of perfused volume within the lumen of the
vessels. Therefore, microvascular density is not inherently equal to the FBV, as we saw
in our results. Although the two measurements are not equal, the strong correlation
between them shows that differences in microvascular density as measured by CD31
staining can be accurately detected by in vivo CT FBV measurements.

Comparison of our two -material imaging method with ICP -OES tissue gold
guantification and UV -Vis iodine quantification also confirmed the accuracy of our
calculated gold concentrations (see Figure5.11). Accumulated concentrations of gold in
the tumors measured by CT matched almost perfectly with the ICP -OES results.

Measurements of gold and iodine concentrations in the blood made by CT also matched
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the ICP-OES and UV-Vis absorbance results very closely. Accumulated concentration of
gold in other organs, especially the spleen, showed a small (not statistically significant)
differen ce between the calculated CT values and the measured ICPOES values. This is
most likely due to the assumptions made in CT and ICP-OES calculations.In the CT
calculation for accumulated gold, intravascular gold was subtracted from the total gold
concentration, leaving only the gold that has accumulated within the tumor tissue.
Therefore, our accumulated gold concentrations assume that there is no intravascular
gold remaining within the tissue. In our tissue processing, we drained the majority of

the blood from the mouse before harvesting the organs and then floated the organs in
PBS to remove additional blood; however, it is very unlikely that this method

completely removed the blood from the organs. H&E sections showed some residual red
blood cells within the larger vessels, showing that at least some blood remained. This
explanation is further supported by the finding that the organ with the highest blood
volume (spleen) showed the greatest discrepancy between CT and ICROES data. Itis
likely that the org ans with the highest amount of blood before sacrificing the mouse still
had the highest amount of blood (and therefore residual gold) after the blood was
drained. The difference between the CT and ICP-OES for the tumors was smallest for the
tumors, most li kely because the tumors contained the least amount of blood to begin
with and whatever blood remained was easily washed away in the PBS. Therefore, our

assumption that the measured ICP-OES gold concentration should be equal to the
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extravasated gold concentation was most accurate for the tumors, and slightly less
accurate for the larger, more vascular organs. Although small differences existed
between the CT measurements and ICROES measurements, these differences were not
statistically significant and not significant to the results of our tumor imaging. The
overall agreement between the CT calculations and the ICROES results provided good
validation of both our one -material and two -material methods for measuring vascular
permeability.

Measurements of vascuar permeability for both the one -material and two -
material methods depended on the extravasation of gold nanoparticles. In this study, we
used PEGylated 12 nm gold nanopatrticles to estimate the vascular permeability of the
tumors. This size was chosen toclosely match the 15 nm commercially-produced
AuroVist (Nanoprobes, Inc., Yaphank, NY) gold nanoparticles that had been used in our
previous studies (Clark et al., 2013b) This choice allowed us to directly compare these
results with the results from our previous two -material dual -energy study in sarcomas.
This size of gold nanoparticle, however, may not be best the choice for maximizing
specific gold accumulation in tumors. While we did see gold accumulation in the
tumors, we also saw significant accumulation in other tissues, including the spleen,
liver, ki dneys, and normal lung tissue. Furthermore, a small accumulation was also
present in muscle tissue, as confirmed by histology. This shows that our nanopatrticles

were small enough to extravasate in multiple non -tumor tissues. In choosing the ideal
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nanoparti cle size, we aim to maximize both tumor specificity (less uptake in non -tumor
tissues) and total tumor uptake and retention of our nanoparticles. The use of a larger
size nanoparticle would likely reduce non -specific uptake in normal tissues and increase
the total gold accumulation within tumors due to the EPR effect; however, larger
nanoparticles may not be able to pass beyond the perivascular space in the tumors due
to their size, which would prevent distribution of nanoparticles throughout the tumor.
Previous studies have shown that maximal tumor uptake due to EPR occurs at sizes
between 30 and 100 nm(Perrault et al., 2009) In order to optimize the choice of
nanoparticle size in lung cancer imaging, additional studies could be performed to
explore the role of nanoparticle size on the uptake and distribution of nanoparticle in
lung tumors.

The use of nanoparticles in tumor imaging has the potential for many additional
benefits. Because nanopatrticle are retained by tumors for a long period of time, they
provide lasting contrast for the tumors when serial CT scans are needed, which would
allow for tumor size monitoring over the course of cancer therapy. Measuring vascular
permeability can also be usead to predict which tumors are most likely to respond to
nanoparticle chemotherapeutics (Karathanasis et al., 2009b) Gold nanoparticle contrast
agents could themselves also be used as combination agents for drug ad gene delivery
(Duncan et al., 2010;Kim et al., 2010;Song et al., 201,3)hotothermal therapy (Kennedy et

al., 2011) or augmentation of radiotherapy (Hainfeld et al., 2010).
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The ideal result of this and subsequent studies would be the ability to distinguish
different types of lung nodules and tumors by CT not only by their anatomical
appearance, but also by other physiological parameters, including blood volume,
vascular permeability, or even receptor expression. In this study we have used dual-
energy CT to look at the differences between FBV and vagular permeability in different
nodule sizes of lung adenocarcinomas. Although they are all the same tumor type, these
tumors are at different levels of development. We have shown that there is a significant
difference in fractional blood volume between sm all and medium -sized tumors. There is
also a noticeable, but not statistically significant, difference in vascular permeability
between small and large tumors. Our previous single -material study showed that there
is a significant difference in vascular per meability between aggressive and benign lung
tumors (Badea et al., 2012aand similar increased vascular permeability has been seen in
other aggressive tumor models (Karathanasis et al., 2009b) Other studies have shown
that vascular permeability to nanoparticles changes as tumors transition from pre -
malignant to malignant lesions (Rygh et al., 2011) and that vascular permeability
measurements correlate with levels of VEGF expression in tumors (Karathanasis et al.,
2009a) All of these results suggest the potential impact that functional CT imaging could
have on lung tumor characterization. While one single parameter is not sufficient to
characterize a tumor, multiple parameters (including the vascular parameters explored

here, receptor status as discussed in chapter 4, and anatomical parameters) when
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combined together could be very useful in discriminating tumor types. Additional
studies are warranted to further compare these vascular measurements as well as other

functional parameters in a variety of lung tumor and benign nodule types.

5.5. Conclusions

We have shown that dual-energy micro-CT using gold and iodine nanoparticle
contrast agents can accuragly measure functional vascular parameters in a primary
mouse model of lung cancer. Despite the challenges associated with imaging small lung
tumors, in vivo dual -energy CT measurements of gold and iodine concentrations fully
agree with the results of ex vivo studies. This dual -energy, two-material method is
equivalent to our previous single energy, single material method, but allows for
measurements of both fractional blood volume and vascular permeability with a single
CT scan. This method has the potental for improving CT characterization of lung

tumors, which could lead to better differentiation of different tumor types.
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6. Dual Energy CT Imaging of the Vascular Effects of
Gold Nanoparticles in Radiation Therapy

6.1. Introduction

Radiation therapy (RT) is one of the most commonly used treatments for cancer.
It can be used as monotherapy, or in conjunction with surgery and/or chemotherapy. X-
ray radiation therapy causes both direct ionization of macromolecules within the target
cells as well as the ionization of water, produc ing free radicals which cause additional
indirect damage in the surrounding tissues. When DNA is damaged by either direct
ionization or free radicals, it can result in cell death. One of the primary drawbacks of
RT is that this radiation damage is not tumor selective. Radiation can affect both healthy
tissues and tumor tissuesalike, and can cause serious complications intissues
surrounding the treated tumor (Bentzen, 2006;Yi et al., 2009;Haubneet al., 2012)
Therefore, one of the main challenges in radiation therapy is to increase its therapeutic
index, either by increasing the effectiveness of the RT within the target tissue (thereby
reducing the necessary dose) or by reducing the damage caued by the RT in the
surrounding normal tissues.

One method of increasing the effectiveness of radiation therapy within a tumor is
to add agents to the tumor that can either enhance thedelivered radiation dose or
sensitize the local tissue to increase he damage done by the radiation therapy. Gold
nanoparticles have been shown to be a promising radiation therapy enhancer (Hainfeld

et al., 2008) Because gold nanopatrticles have a high atomicnumber, they absorb a large
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amount of low and medium energy x-rays (10-250keV) via the photoelectric effect.
When the photoelectric effect occurs, a secondary electron is ejected frm the gold atom
as well as a characteristic xray or Auger electrons when the hole in the inner electron
shell is filled. These pass out of the nanopatrticle surface into the surrounding
environment and can cause additional local damage, including direct ionization and the
production of free radicals and electrons. The secondary electrons have very short range
(>99% deposited within 250 nm), so most of theextra energy released by the
nanoparticles is deposited in cells that are in direct proximity to the nanoparticles
(Schuemann et al., 2016a)lf the nanopatrticles are located within a tumor, but not in the
surrounding normal tissues, this increased dose will be deposite d entirely within the
tumor. Because gold nanoparticles selectively accumulate in tumors due to the enhanced
permeability and retention (EPR) effect (Maeda et al., 2013) they have the potential to be
very effective in radiation therapy augmentation without increasing the dose to
surrounding tissues.

Gold nanoparticles have been used for augmentation of radiation therapy in
many studies. Hainfeld et al. have shown that tumors loaded with AuNPs receive a
higher dose during RT than normal tissue without AuNPs. In a mouse model of brain
tumors, the one-year survival was 86% with AUNP -augmented RT versus 20% with RT
alone, and 0% with AuNPs alone (Hainfeld et al., 2004a;Hainfeld et al., 2008;Hainfeld et

al., 2010) Monte Carlo simulations and biological studies have estimated that the the
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radiation dose enhancement due to gold nanoparticles can vary from 10% up to 500%
for orthovoltage x -rays, depending on the nanoparticle size, concentration, and other
experimental parameters. A majority of studies, however, demonstrate a radiation dose
enhancement of between40% and 80% in the presence of gold nanopatrticles (Retif et al.,
2015)

Mo st nanoparticles (>10 nm diameter) are too large toeffectively diffuse through
tumor tissue after they have extravasated. Instead, they initially remain near the blood
vessels and then slowly diffuse away over time (Miao and Huang, 2015). When
nanoparticles are used for radiation therapy t his leads to an uneven distribution of dose
enhancement in the tumor, which is not necessarily desirable for tumor therapy.
However, a higher concentration of gold near the vasculature could provide a biological
advantage over a homogeneous distribution for some applications. With high
concentrations of gold in the perivascular space, a large portion of the additional dose
from radiation therapy will be deposited in and around the endothelial cells and
associated pericytes A high vascular radiation dose could induce increased vascular
permeability or complete tumor vascular disruption, prompting extensive tumor cell
death (Schuemann et al., 2016h)

Because the additional radiation dose delivered to a tumor from gold
nanoparticles is deposited near the surface of the nanoparticles, AuNP-augmented

radiation therapy should be most effective when the gold nanopatrtic les are in close
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proximity to the target cells — preferably either attached to the surface of the cell or
internalized within the cell. Therefore, vascular-targeted AUNPs are expected to have a
greater effect on the endothelial cells than non-targeted AuN Ps, even if the nontargeted
AUNPs are located intravascularly or in the perivascular space. Monte Carlo simulations
have estimated that the radiation dose to endothelial cells would be increased by ~43%
when gold nanoparticles are located in or around the blood vessel, but up to 200% when
the nanoparticles are attached to the endothelial wall (Lin et al., 2015) A study
examining the effect of endothelial -targeted gold nanopatrticles in radiation therapy ha s
shown significant disruption of vascular structures on microscopic exam, including
altered vessel morphology, endothelial cell detachment, and disruption of the basement
membrane. These vascular changes were not seen in tumors treated with RT in the
absence of the gold nanoparticles (Kunjachan et al., 2015)

The most commonly used ligand for targeting tumor epitheli um is the RGD
(Arg-Gly-Asp) peptide, which has high affinBty for
integrin receptor (Ruoslahti and Pierschbacher, 1987;Danhier et al., 2012;Kunjachan et
al., 2014) T mteguin receptor is strongly involved in the regulation of
angiogenesis and is present on activated endothelial cells in the neovasculature within
tumors. This integrin has been shown to be highly expressed on tumor blood vessels in
human tumor biopsi es, but not on vessels in normal tissues(Danhier et al., 2012)

Cyclization of the RGD peptide is commonly used to improve the binding properties of
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the peptide by conferring rig idity to the structure, which increases the potency and
speci ficity of {Bhirtegmeamet.i Qydizatforoalso reduaes the
susceptibility of the peptide to chemical degradation, which increases the in vivo
stability of the molecule (Danhier et al., 2012) Among the cyclic RGD derivatives,
¢(RGDfK) (shown in Figure 6.1) is one of the most commonly used because the lysine
residue allows for straightforward chem ical conjugation of the molecule (Temming et

al., 2005)

Figure 6.1: Molecular structure of cyclic(RGDfK)

Our goal in this study was to examine the effects of udng both c(RGD)-targeted
and non-targeted AuNP sto augment RT, how this influences tumor vascular
permeability , and how we can exploit these effects for increased delivery of nanoparticle
chemotherapeutics. We have previously shown the ability to measure i ncreased vascular
permeability after radiation therapy using dual energy CT in a mouse model of soft-
tissue sarcoma(Moding et al., 2013) as well aswell as in a model of radiation -induced
cardiac injury (Lee et al., 2014)In these studies, nanoparticle contrast agents (either

liposomal iodine or gold nanoparticles) were injected IV into the mice after irradiation.
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Vascular permeability was assessed by measuring the accumuétion of gold or iodine
nanoparticles within the tissue by dual energy CT. In both cases, the accumulation of
nanoparticles increasedsignificantly after radiation therapy.

In this study, we examined the vascular permeability in soft -tissue sarcomas
after irradiation with different doses (0 Gy, 5 Gy, 10 Gy, or 20 Gy) augmented with
vascular targeted-AuNps, non -targeted AuNPs, or no AuNPs. For each group, we
measured the accumulation of liposomal iodine in the tumors following irradiation  to
evaluate vascular permeability . We sought to find the ideal radiation dose which would
maximize the biological effect of AUNP augmentation as well as demonstrate the
effectiveness of AUNP targeting compared to non-targeted controls. After determining
the dose that provided the maximum increase in liposomal iodine accumulation, we
demonstrated the use of AUNP-augmented RT to increase tumor accumulation of
liposomal chemotherapy and improve therapeutic efficacy.

Our approach can enable the delivery of increased chemothempeutic doses to
tumors, while maintaining established dose constraints for the organs at risk.
Combining RT and chemotherapy is expected to be more successful than RT or
chemotherapeutics alone, as well as improve survival. With this approach, it may be
possible to use a smaller dose of each to accomplish the same results, but with lower

toxicity or the need for less (or no) surgery.
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6.2. Materials and Methods
6.2.1. Nanoparticle Synthesis

25 nm gold nanoparticles were synthesized as described in section 4.2.1. Thsize
and distribution of the gold nanoparticles were determined by TEM using an FEI Tecnai
G2 Twin TEM operating at 200 mV.

120 nm PEGylated liposomal iodine (Lip -1) was synthesized as described in
section 2.3. The size distribution of liposomes in the final formulation was determined
by dynamic light scattering (DLS) using a Malvern Zetasizer Nanoseries (Malvern

Instruments, Worcestershire, UK) at 25°C.

6.2.2. Targeted Nanoparticle Synthesis

Cyclic RGD peptides (c(RGDfK), Anaspec)were linked to gold nanoparticle s via
a PEG linker molecule. The PEG molecule contained a reactive NHS ester group
(succinimidyl valerate, SVA) capable of forming a covalent bond with the primary
amines on the lysine side chain of the peptide. The other end of the PEG molecule
contained a thiol group (orthopyridyl disulfide, OPSS) which can bind to the gold
nanoparticle surface. The peptides were PEGylated by reacting the OPSSPEG-SVA (5
kDa, Laysan Bio) with the c(RGDfK) at a ratio of 3:1 (PEG:peptide). The reaction was
performed in HEPE S-buffered saline at pH 8.6 at 4°C overnight. Unconjugated peptides
were removed via dialysis in ultrapure water using a 1 kDa MWCO membrane. OPSS -

PEG-c(RGDfK) was reacted with tris(2-carboxyethyl)phosphine (TCEP) for 30 minutes to
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reduce the OPSS disulfide into free thiols, resulting in a SH -PEG-c(RGD) molecule. This
was then added directly to a solution of bare AUNPs (1:8 ratio of PEG:AUNP by mass).
These nanoparticles were rocked atroom temperature for 2 hours, after which 5 kDa
PEG-SH was added (1:4 FEG:AuNP by mass) to cover the remaining gold surface. After
rocking overnight, 5 kDa PEG-SH was again added to fully passivate the AuNP surface
(1:2 mass ratio). Nontargeted AuNPs (PEG-AuNPs) were also produced by adding a
large excess of PEGSH (5 kDa) to bare gold nanopatrticles in the absence ofthe
c(RGDfK) peptide. All gold nanoparticles were rocked overnight at 4°C after PEG
addition and then rinsed by centrifugation. The nanoparticles were sterilized via
filtration (0.22 um) and concentrated by centrifugal filtration prior to use.
Hydrodynamic diameter and zeta potential of t he nanoparticles were determined using

a Malvern Zetasizer Nano series.

6.2.3. In Vitro Targeting Study

To verify effective binding of c(RGD) -AuNP sto endothelial cells, a targeting
study was performed in vitro with human umbilical vein endothelial cells (HUVECS).
HUVECs (Lonza, Walkersville, MD) were grown in endothelial growth medium (EGM -
2), supplemented with vascular endothelial growth factor (VEGF), fibr obl ast gr owt h
factor basic (hFGFb), ascorbic acid, hydrocortisone, insulin -like growth factor -1,
gentamicin, amphotericin -B, and 2% fetal bovine serum (Lonza).HUVECs were cultured

in 4 well chamber slides until they reached ~90% confluence. AuNPs were then added to
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the media (PEG-AuN Ps or RGD-AuNPSs) at a concentration of 1 mg/mL or 6 mg/mL. The
cells were incubated with AuNPs overnight, after which the AUNP -containing media
was removed by aspiration and the cells were rinsed two times with fresh media and
two times with PBS. The cellswere then fixed with 4% paraformaldehyde and imaged

using darkfield microscopy to visualize the gold nanoparticles attached to the cells.

6.2.4. Sarcoma Tumor Model

Sarcoma tumors were generated by hindlimb intramuscular injection of an
adenovirus expressing Cre recombinase into LSL-Kras®12b; p53FL conditional mutant
mice (Kirsch et al., 2007a) Because Cre is not expressed in the tumor vasculature of these
mice, all of the mice in this study have wild -type vasculature. Tumors typically develop
2-3 months after injection. Tumors were treated with irradiation after they reached a

tumor volume of approximately 0.2 -0.3 cnrd.

6.2.5. Sarcoma Irradiation

The sarcomas were irradiated with parallel -opposed anterior and posterior fields
using the X-RAD 225Cx small animal image-guided irradiator (Precision X -Ray, Inc.).
The tumor was localized to isocenter via fluoroscopy. Irradiation was performed using a
collimating cone to produce a 15 mm diameter circular radiation field at is ocenter with
an average dose rate of 300 cGy/min (225 kVp, 13 mA beam). The RT dose was

controlled by irradiation time (Moding et al., 2013).
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6.2.6. Mouse Imaging Study

A total of 54 mice with sarcoma tumors grouped in 9 different groups were used
in the imaging study , as describedin Table 6.1. The treated mice were injected with
PEG-AuNPs, RGD-AuUNPs or no AuNPs prior to radiation therapy. The gold
nanoparticles (160 mg/mL) were injected at a dose 0f20 mg gold/25 g body weight. 24
hours after AUNP injection, the sarcomas were irradiated with a dose of 5 Gy, 10 Gy, 20
Gy or no radiation. The mice were injected with liposomal iodine (0.3 ml/25 g body
weight, 120 mg/mL)) 24 hours after RT, at which point the vascular damage should be at
its maximum level (Moding et al., 2015). DE-CT imaging was performed three days after
liposomal iodine injection in order to quantify the amount of iodine accumulated within
each of the tumors. The study protocol is illustrated in Figure 6. 2.

Table 6.1: RT imaging study experimental treatment groups

0 Gy 5 Gy 10 Gy 20 Gy

No AuNPs n==6 n=>5 n==6 n==6
PEG-AuNPs - n=>5 n==6 n==6
RGD-AuNPs - n=7 n=7 -
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Figure 6.2: Imaging p rotocol timeline. Radiation therapy occurs 24 hours after
gold nanoparticle injection, which is followed 24 hours later by injection of liposomal
iodine. DE CT imaging is performed 3 days after iodine injection to allow sufficient time
for iodine accumulation in the tumors.

6.2.7. Dual Energy Micro-CT

CT imaging was performed 3 days after liposomal iodine injection to assess the
extent of liposomal iodine accumulation within the t umors as an indication of vascular
permeability . Dual energy imaging was used in order to accurately differentiate the
iodine nanoparticles from the gold nanopatrticles that were also present within the
tumors. CT scans were performed using the DE CT systen described in section 2.1.1.
The scanning parameters for the dualenergy scans were: 80 kVp, 160 mA, 10
ms/exposure for the first imaging chain and 40 kVp, 250 mA, 16 ms/exposure for the
second imaging chain. Acquisitions were performed for both imaging ¢ hains at each
angle of rotation with a 10 msec delay between the two x-ray tube exposures to
minimize cross-scatter. Because the hindlimb tumors were not affected by respiratory
motion, no respiratory or cardiac gating was used in these scans.DE decompaosition of
gold and iodine was performed after registration and filtration, using corresponding 80

and 40 kVp-filtered data, as described in section 2.1.2.
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6.2.8. Image Analysis

CT images of the tumors were manually segmented in Avizo (Version 8.1,
Visualization Sciences Group, FEI, Hillsboro, OR) using the iodine map from the dual
energy decomposition. Rough regions were manually drawn outside the borders of the
tumor, and those regions were thresholded to select only those voxels that contained an
iodine concentration greater than 2 mg/mL. This threshold value was chosen to exclude
normal tissues and poorly vascularized portions of the tumor (which had no iodine
accumulation). The average iodine concentration in each segmented tumor was then
measured (after subtracting the background signal of 2 mg/mL) and compared. Gold

concentrations within each tumor were also measured following the same method.

6.2.9. Tumor Combination Therapy

The effect of AUNP-augmented RT on the delivery of liposomal doxorubicin
(Doxil, Janssen)was studied by replacing liposomal iodine in the protocol described
above with liposomal doxorubicin. Based on the results of the imaging study, 5 Gy was
chosen as the optimal radiation dose for this study, and only RGD -AuNPs wer e used.
25mice were broken into 5 treatment groups: (1) RT + RGD-AuNp + Doxil , (2) RT +
Doxil, (3) Doxil alone, (4) RT alone, and (5) no treatment.

As described above, AUNPs were injected in mice, then 24 hours later 5 Gy
irradiation was performed. A single dose of Doxil was injected into the mice 24 hours

after RT. Doxil was injected at a dose of 4 mg/kg body weight, which is a dose thatis
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well -tolerated in mice and has been shown toslow tumor progression in other mouse
tumor models (Rios-Doria et al., 2015) Tumor size and body weight measurements were
collected twice a week after RT and Doxil injection. Tumor length and width were
measured by caliper, and then tumor volume was calculated using the equation V= (L x
W?2)/2, where L is the measured tumor length and W is the measured tumor width.
Tumor volume doubling time was calculated for each tumor. If the doubling time
occurred between measurement time points, the doubling time was calculated by linear
interpolation between those time points. The average doubling time for each treatment

group was compared to demonstrate growth delay after therapy.

6.2.10. Statistics

Treatment groups for the iodine accumulation study were split into categories
prior to ANOVA and post -hoc testing in order to only perform the relevant pairwise
comparisons between different treatment groups. 1-way ANOVAs were performed for
the groups in the 5 Gy treatment level, for the groups in the 10 Gy treatment level, for
groups in the 20 Gy treatment level, and for all the control (no AuNP) groups. Following
the 1-way ANOVA analyses, post -hoc Tukey testing was performed for pairwise
comparisons within each of these treatment categories. No pairwise comparisons were
performed outside of these treatment categories. Gold accumulation and tumor volume
doubling time measurements were each analyzed by a single way ANOVA followed

by post-hoc Tukey testing for individual comparisons. Error bars in all plots represent
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the standard error of the mean (SEM) and statistical signific ance in all plots is shown at

the p<0.05 level.

6.3. Results and Discussion
6.3.1. Nanoparticle Characterization

Bare AUNPs had a core diameter of 25+ 2nm by TEM, as shown in Figure 6.3.
The hydrodynamic diameter and zeta potential measurements for each of the
nanoparticles are shown in Table 6.2 The AuNPs increased in size following the
addition of PEG, but there was no significant difference in hydrodynamic diameter
between the PEGAUNPs and the c(RGD)-AuNPs. The surface of the citrate-capped
AuNPs had a strong negative charge, while surfaces of the PEGAUNPs, ¢c(RGD)-
AuNPs, and liposomes were all near-neutral charge.

Table 6.2: Nanoparticle hydrodynamic diameter and zeta potential
measurements

Hydro dynamic Zeta
Nanopatrticle Type y y Potential
Diameter (nm)

(mV)

Bare AuNPs 36 -55
PEG-AuNPs 56 -3
c(RGD)-AuNPs 58 -9
Liposomes 121 0
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Figure 6.3: TEM of bare gold nanoparticles. The nanoparticles have an average
core diameter of 25 nm £ 2 nm.

6.3.2. In Vitro Targeting

The in vitro targeting efficacy of the c(RGD) -AuNPs was tested with human
umbilical vein endothelial cells (HUVECS), which express high levels of t h ef3s a
integrin in culture (Albert et al., 2006). After overnight incubation in culture, targeted
RGD-AuNPs bound readily to the HUVECs at both low (1 mg/mL) and high (6 mg/mL)
concentrations, while the non-targeted PEGAUNPs showed no binding at low
concentrations and minimal binding at high concentrations . Dark-field images of the
gold nanoparticles bound to HUVECSs are shown in Figure 6.4. At 6 mg/mL, the RGD -
AuNPs were almost completely covering the cell surface. After in vivo injection of gold
nanoparticles (20 mg/mouse), the initial blood concentration should be approximately 13
mg/mL (assuming 1.5 mL blood volume), which is double the concentration tested here.
Thus, we expect the RGDAuUNPSs to bind to the tumor endothelium in vivo very

effectively.

169



0 mg/mL | 1 mg/mL 6 mg/mL

PEG-AuNPs

c(RGD)-AuNPs

Figure 6.4: Darkfield microscopy of endothelial cell targeting by gold
nanoparticles. In darkfield microscopy, gold nanoparticles show up as bright yellow
dots due to the high amount of light that they scatter. RGD -AuNPs bind to the
endothelial cells to a very high degree at both 1 mg/mL and 6 mg/mL. PEG-AuNPs
show no cell binding at 1 mg/mL and only minimal binding at 6 mg/mL. The scale bar
represents 50 um andis the same in all panels.

6.3.3. Tumor CT Imaging

The accumulation of liposomal iodine in tumors (a measure of tumor vascular
permeability) after AUNP -augmented radiation therapy was quantified by dual energy
CT imaging. Using dual energy CT allowed us to decompose each image into gold and
iodine maps, in order to accurately quantify the accumulation of iodine in the tumors
even when gold nanoaparticles were also present. Representative CT imagesof mice in
each treatment group are shown in Figure 6.5, with the iodine map superimposed on the

single energy grayscale image Quantification of iodine accumulation within the
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enhancing regions of each tumor is shown in Figure 6.6. From our previous work
studying vascular disruption following RT (Moding et al., 2013), we knew that a high
dose of radiation therapy (20 Gy) causes a significant increase in the vascular
permeability within the sarcoma tumor model. In this study, we wanted to use AUNP -
augmentation to reduce the dose of RT necessary for vascular disruption. The first step
was measure the effect of RT alone (in the absence of gold nanoparticles) at multiple
doses to see how the biological response is related taadiation dose. We treated tumors
at 5 Gy, 10 Gy, 20 Gy or 0 Gy (no radiation) and measured the accumulation of
liposomal iodine after RT. We found that the 0 Gy, 5 Gy, and 10 Gy groups all had
roughly equivalent levels of iodine accumulation (~2 mg/mL iodine after background
subtraction), whereas the 20 Gy goup had significantly increased iodine accumulation

(4.2 mg/mL).

171



PEG-AuNP  No AuNP

RGD-AuNP

Figure 6.5: Maximum intensity projections of the DE CT iodine map for
hindlimb tumors in each RT treatment group.  DE CT was performed 3 days after
liposomal iodine injection. The iodine map is overlaid on the grayscale 80 kVp dataset.
lodine (shown in red) is present in all of the tumors, but visibly lowest in the no AUNP
(0 Gy, 5 Gy, and 10 Gy) groups as well as the PEGAUNP 5 Gy group. All the other
tumors appear to have increased tumor liposomal iodine accumulation as a result of
radiation therapy, demonstrating increased vascular permeability in those tumors. In
these images, the iodine map (red) is windowed between 2 mg/mL and 35 mg/mL. The
grayscale images (80 kVp dataset) are windowed from -100 HU to 3500 HU.
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Figure 6.6: Tumor liposomal iodine accumulation after gold nanoparticle -
augmented radiation therapy. In the absence of @ld nanoparticles, there was no
increase in iodine accumulation after radiation therapy at 5 Gy or 10 Gy, but a
significant increase in accumulation at 20 Gy. The addition of non-targeted PEG-AuNPs
increased the iodine accumulation in the 10 Gy group, but made no change at the 5 Gy
or 20 Gy doses. The addition of vasculartargeted RGD-AuNPs led to a large increase in
accumulation at 5 Gy (compared to both control and PEG-AuNP groups). At 10 Gy, the
addition of RGD -AuNPs did not statistically increase the iodine accumulation compared
to PEG-AuNPs, but RGD-AuNPs did increase iodine accumulation compared to the
control group with no AuNPs.

Next, we wanted to study the effect of adding gold nanopatrticles (non-targeted
PEG-AuNPs) 24 hours prior to RT at eachof these radiation doses. These gold
nanoparticles have a blood half-life of approximately 20 hours (as shown in section 4.3.4
above), so at 24 hours there should be some accumulation within the tumor and about
half of the original concentration of gold le ft in the blood vessels. Thus, there should be

high concentrations of gold both within the vessel lumen as well as in the perivascular
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region, which should lead to an increase in the delivered dose to the endothelium
during RT. We saw that the 10 Gy PEGAUNP group had significantly higher iodine
accumulation than the 10 Gy control group, demonstrating effective vascular disruption
at this dose with AUNP -augmentation. At 5 Gy, we saw ho increased vascular
permeability. The increased dose delivery to the endothelium at this low dose was still
not enough to causedisruption. This result was not suprising, becausethe 10 Gy dose by
itself was also not enough to increase vascular permeability. The AuNP-augmentation at
5 Gy would have needed increase the delivered dose by more than 100% in order to
have more of an effect than we saw at 10 Gy with no AuNPs. At 20 Gy, we also saw no
improvement in vascular permeability as a result of AUNP -augmentation. 20 Gy
radiation by itself is enough to cause a large increasein vascular permeability (more
than double iodine accumulation) compared to controls, so it may be that the effect of
radiation on vascular permeability ha d already reached its maximum (or close to its
maximum) at this point, and additional radiation does not continue to increase the
vascular permeability. It would be possible to test this hypothesis by treating mice with
even higher levels of RT to further explore the dose-response curve, but in this study we
were concerned with maximizing vascular permeab ility at low radiation doses in order
to limit the radiation side effects.

Because we expected vasculatargeted gold nanoparticles to increase the

delivered dose of radiation to the endothelial cells more than non -targeted
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nanoparticles, we repeated thelow dose (5 Gy and 10 Gy) experiments with RGD-
AuUNPs. Our goal was to show that the targeted nanoparticles with RT could have a
biological effect on vasculature at lower doses than was seen with non-targeted AuNPs
or RT alone. At the 5 Gy, there was a large (and statistically significant) increase in
iodine accumulation in the RGD -AuNP group (~4 mg/mL iodine) compared to both the
PEG-AuNP group and control group (~2 mg/mL iodine for both). This level of iodine
accumulation is similar to what was seen in both of the 20 Gy treatment groups, which
shows that there was a very large (>100%) dose enhancement delivered to the
endothelium with vascular -targeted AuNPs. At the 10 Gy level we also saw a large
increase in iodine accumulation for the RGD-AuUNP group ¢ ompared to 10 Gy alone. It
appeared to be higher than the PEGAUNP group as well, but this difference did not
reach statistical significance. RGD-AuNPs improved delivery of radiation to the
endothelium at both doses, but improvement (compared to non -targeted AUNPS) was
largest at the 5 Gy radiation dose.

Gold nanoparticle accumulation in each tumor was also measured in order to
determine what effects radiation dose and nanoparticle type had on overall gold
accumulation. The gold nanoparticles were injected 24 hours prior to RT, which gave
them time to start to accumulate in the tumor due to EPR. Some of the nanoparticles
remained in the blood after RT, so they could continue to accumulate in the tumors after

the vascular permeability had increased. Therefore, we expected to see tumor gold
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accumulation to correlate with tumor iodine accumulation. Representative CT images of
mice in each treatment group are shown in Figure 6.7, with the gold map superimposed
on the single energy (80 kVp) grayscale image. Quantification of gold accumulation
within the enhancing regions of each tumor is shown in Figure 6. 8. Gold accumulation
in the PEG-AuNP groups agree well with iodine accumulation in those same groups. 5
Gy with PEG-AuUNP showed low levels of gold accumulat ion, while the 10 Gy and 20 Gy
groups iodine accumulations were both incre ased with 20 Gy having the highest
accumulation of any group . Both RGD-AuNP groups, on the other hand, showed very
low accumulation of gold nanopatrticles five days after injection. There could be a few
possible reasons for the low accumulation seen here, despite the high accumulation of
iodine occurring in the same mice. First, the RGD-AuNPs have a shorter blood half-life
than the PEG-AuNPs due to the presence of peptide on the surface of the nanoparticles
and slightly more negative charge on the nanoparticle surface. CT imaging immediately
after iodine injection (48 hours after AUNP injection) showed that the average gold
nanoparticle concentrations in the blood stream are significantly lower for RGD -AuNP s
(2.8 mg/mL) than for PEG -AuNPs (3.5mg/mL) despite an equivalent dose being initially
delivered. After 48 hours, more of the RGD-AuNPs had been cleared from the
bloodstream than PEG-AuNPSs, so we can assume that RGDAuUNPs were also at a lower
concentration than PEG-AuNPS in the bloodstream at the time of irradiation (24 hours

after AuUNP injection). Once vascular disruption had occurred, there were more
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nanoparticles left in the bloodstream for the PEG group than for the RGD group, so
more PEG-AuNPs accumulated than RGD-AuNPs. Second, the RGDAUNPs may not
accumulate in the tumors as much due to their endothelial cell binding. When the
targeted AuNPs pass through the tumor blood vessels, they bind strongly to the
endothelial cells, which may prevent them from passing out of the bloodstream into the
tumor tissue. In this case,although the concentration of AUNPs on the surface of the
endothelium would be high, while the concentration of AUNPs within the tumor would
very low. This effect has bea seen with high affinity tumor -targeted antibodies, which
show decreased distribution through a tumor with higher receptor binding affinity
(Adams et al., 2001)A similar effect has also been seen with blood-brain barrier (BBB)
targeting, where antibodies with very high affinity for the transferrin receptor remain
stably attached to the BBB even after transcytosis, so they do not distribute into the
brain. Lower affinity antibodies, on the other hand, canbe released from the BBB and

travel into the brain. (Yu et al., 2011)
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PEG-AuNP

RGD-AuNP

Figure 6.7: Maximum intensity projections of the DE CT gold map for
hindlimb tumors in each AUNP -RT treatment group. DE CT was performed 3 days
after liposomal iodine injection ( 5 days after gold injection). Gold nanoparticle
accumulation (shown in green) appears to be the highest in PEGAUNP groups that also
had higher iodine accumulation (10 Gy and 20 Gy). Gold accumulation in the PEG-
AuNP 5 Gy group is visibly lower than the other PEG -AuNP groups. Both RGD-AuNP
groups show very low gold accumulation in the tumors, despite the increased vascular
permeability seen in these groups in the iodine imaging. The gold map (green) is
windowed betwee n 2.5mg/mL and 40mg/mL. The grayscale images (80 kVp dataset)
are windowed from -100 HU to 3500 HU.
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Figure 6.8: Tumor gold accumulation after gold nanopatrticle -augmented
radiation therapy. Gold accumulation was quantified by DE CT 3 days after liposomal
iodine injection (5 days after gold injection). The highest gold accumulation was seen in
the PEGAUNP 10 Gy and 20 Gy groups, which also demonstrated high vascular
permeability to liposomal iodine. The lowest gold accumulation was seen in both RGD-
AuNP groups, despite the increased vascular permeability to liposomal iodine seen in
these groups. Accumulation in the 20 Gy group was significantly higher than all of the
other groups except 10 Gy PEGAuUN P. The accumulation in the 10 Gy PEGAUNP
group was significantly higher than in the 10 Gy RGD -AuNP group.

Examination of the DE CT gold maps after RT also revealed the presence of gold
nanoparticles within the intestinal wall in the RGD -AuNP group, but not in the PEG-
AuUNP group. CT images of intestinal enhancement in mice 2 days or 5 days after RGD-
AuUNP injection are shown in Figure 6.9a and 6.9b, respectively. Enhancement appears
to decrease from 2 days to 5 days, but the intestines remain visibly entanced 5 days after
gold injection. Intestinal targeting is not usually reported in studies using RGD as a
targeting ligand, but the effect has been noted. One report studying the biodistribution
of RGD-targeted protein s found significantly increased small intestine accumulation for

RGD-targeted groups compared to controls. On histological analysis, they found that
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the RGD-targeted proteins were entirely located within the vasculature of the small
intestines, showing that the RGD peptides were binding to th e intestinal blood vessels,
but not penetrating into the intestinal tissue (Schraa et al., 2002) It is not currently

known why the ¢(RGD) binds to small intestine endothelium in some case.

Figure 6.9: Axial sections of the mouse abdomen showing intestinal
enhancement after RGD -AuNP injection . DE CT images are shown with the gold map
superimposed on the 80 kVp grayscale image. (A) shows a mouse 2 days after gal
injection, while (B) shows a mouse 5 days after injection. Intestinal enhancement is
shown at both time points, but decreases between 2 days and 5 days posinjection. The
gold maps are windowed from 2 mg/mL to 20 mg/mL, while the 80 kVp images are
wind owed from -500 HU to 2000 HU.

The presenceof gold nanoparticles in normal organs, including the liver, spleen,
and small intestine could be problematic for treating tumors in the vicinity of those
organs with AuNP -augmented radiation therapy. The dose enhancement seen in the
tumor with AuUNPs would also occur in those tissues, which could increase the off -target
radiation damage. However, the irradiated field is usually very narrow in RT and would
not normally include these organs unless the tumor is in very close proximity to them.

In this study, the hind -limb sarcomas were far from the liver, spleen, and intestines, so

no off-target dose enhancement would be expected.

180



6.3.4. Tumor Combined Therapy

Following the successful demonstration of increased liposomal iodine
accumulation with RGD -AuNP augmentation of RT at 5 Gy, we sought to demonstrate
increased delivery and effectiveness of liposomal doxorubicin (Doxil) under the same
conditions. Similar to the imaging protocol, mice were injected with  RGD-AuNPs 24
hours prior to RT (5 Gy), and then they were injected with Doxil 24 hours after RT. Five
different treatment groups were used with different combinations of RT, Doxil, and
RGD-AuNPs. The model of soft-tissue sarcoma used in this study is extremely
aggressve and difficult to treat, so we did not expect to see tumor cures with these
treatments. Rather, tumor growth delay after treatment was tracked by monitoring
tumor size over time. Tumor triplin g time was calculated for each treatment group, as
shown in Figure 6.10. Tumors in the control group (no treatment) and RT only group
tripled in size on average after~4 days whereas tumors treated with Doxil or RT
combined with Doxil tripled on average after~8days. However, these tripling times
were not statistically different than the tripling time for the control group. The group
receiving RGD-AuUNP -augmented RT (5 Gy) with Doxil had a significantly higher tumor
volume tripling time (~13days) compared to all other treatment groups. The addition of
RGD-AuNPs significantly improved the treatment effect compared to RT + Doxil in the
absence ofAuNPs, demonstrating the effectiveness of this method in improving

treatment outcomes with a liposomal chemotherapeutic agent. This combination of low
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dose RT with dose enhancement by vascular-targeted AuNPs could potentially be used

clinically to improve the delivery and efficacy of liposomal chemotherapeutics.

20 T mNo Treatment
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RT+Doxil
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Figure 6.10: Tumor volume trip ling time for mice treated with combined RT
and Doxil. The combined therapy with vascular targeted RGD -AuNPs, radiation
therapy, and Doxil showed a significant growth delay (higher tripling time) compared to
all other treatment groups. The Doxil and RT+Doxil groups showed a small increase in
tumor tripling time compared to the non-treated control mice, but these differences were
not statistically significant.

One of the primary factors limiting the effective translation of nanoparticle -based
chemotherapeutic is the relatively low an d inconsistent effectiveness of EPR in humans
compared to mouse models. Whereas most mouse tumor models exhibit substantial
nanoparticle accumulation due to EPR, human trials are much more varied. Therefore,
many liposomal drugs that have shown great prom ise in animal models have had limited
success when translated to patients(Maeda et al., 2013;Prabhakar et al., 2013}iposomal
chemotherapeutic formulations have the potential for greatly improving cancer therapy

by increasing the dose delivered to the tumor while reducing the systemic dose and the
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associated side effects. However, liposomal drugs are not effective if the tumors do not
have high inherent vascular permeability. The use of AUNP -augmented radiation t herapy
prior to treatment with liposomal chemotherapeutics could greatly improve liposome
delivery to the tumors by disrupting the tumor vasculature and increasing its
permeability to nanoparticles. Several other methods of improving liposome delivery to
tumors have been studied, including augmenting vascular permeability factors
(bradykinin, nictric oxide, prostaglandins) in tumors (Seki et al., 2009;Maeda et al., 2013)
causing hypertension pharmacologically in or der to increase extravastion into tumors
with high interstitial pressure (Noguchi et al., 1992;Maeda, 2012)inducing hyperthermia
in the tumor (Kong et al., 2001) and damaging the vasculature with photothermal heating
(Melancon et al., 2011)or radiation therapy without AUNP augmentation (Davies Cde et
al., 2004;Moding et al., 2013;Appelbe et al., 2016)In this study, we have shown that the
radiation dose necessary to increase vascular permeability can be decreased substantially
by augmenting the radiation with the injection of vascular -targeted AuNPs. Because of
the specific targeting of tumor blood vessels, the extra dose delivered by the AuNPs will
be limited to vessels within the tumor, which will prevent vascular disruption and
subsequent liposome accumulation in surrounding tissues, which could otherwise lead to
toxicity in th oseareas

The methods shown in this study also demonstrate the effectiveness of usingCT

imaging with liposomal contrast agents to measure the EPR effect andpredict the
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effectiveness of liposomal drugs in the treatment of cancer. This canpotentially be
translated to patients, where tumors with high vascular permeability can be identified
with CT imaging of liposomal contrast agents prior to making the choice of whether or
not to us a liposomal chemotherapeutic agent. This can allow for precision medicine,
where only the tumors with high inherent vascular permeability will be treated with
liposomal agents, providing maximum benefit to those patients. Researchers have
demonstrated effective imaging of EPR in large animal models (Hansen et al., 2015)
using radio -labelled liposomes, and others have proposed using nanoparticle-based
contrast agents for MRI or fluorescence imaging (Prabhakar et al., 2013) Using CT to
measure the EPR effect in tumors could have major advantages, because CT is one of the
primary methods used for anatomical tumor i maging, and CT is the main imaging
modality used in conjunction with radiation therapy for tumor delineation and

treatment planning.

6.4. Conclusions

These results show that radiation therapy can increase the permeability of tumor
vasculature to liposomal iod ine independent of AUNP usage and that the increase in
permeability is dose-dependent. With the addition of gold nanoparticles the radiation
dose required to increase vascular permeability decreases significantly, particularly for
vascular-targeted AuNPs. The accumulation of liposomal iodine in this imaging study

represents a surrogate for the amount of liposomal drug that could be delivered to tumors
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under those same conditions. The combination of vascular targeted AuNPs with low -dose
RT increased the effectiveness of Doxil therapy in mouse soft-tissue sarcomas, as
predicted by the results of the imaging study. Such a combined treatment system has the
potential to significantly improve tumor therapy and reduce the side effects from both RT

and chemotherapy.
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7. Protease-Activatable CT Contrast Agent for Cancer
Molecular Imaging

7.1. Introduction

Molecular imaging holds great promise for improving clinical diagnosis, but
molecular imaging using CT has been limited by its low contrast sensitivity relative to
other modalities. Traditional iodinated small molecule CT contrast agents cannot be
effectively used as targeted probes because they cannot overcome this inherent low
contrast sensitivity. The recent development of gold and iodine -based nanopatrticle
contrast agents has opened the door for CT molecular imaging (Wowra et al.,
1988;Hainfeld et al., 2006;Popovtzer et al., 2008;Hainfeld et al., 2011;Reuveni et al.,
2011b) Nanoparticle contrast agents can carry a large contrastload per particle, have a
prolonged blood half -life, and have tunable size and surface chemistries.Although
specific targeting does tend to increase nanoparticle accumulation at the target site, in
most cases (particularly in tumor targeting) the specific signal from the accumulation of
targeted probes has a very high background due to the passive accumulation of non-
targeted controls by EPR.Therefore, the long-term impact of ligand -targeted
nanoparticle contrast agents remains unclear.

The ideal imaging probe would have very high specificity for a particular target
and very low background signal. One method of achieving this goal is to develop
imaging probes which can be specifically activated by a particular biomolecular

interaction (Lee et al., 2008) In absence of that biomolecular target, no(or very low)
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signal is present, but upon interaction with the target the probe signal increases
significantly. Such probes have been predominately developed for optical imaging using
guenching and activation of fluorescent molecules. Fluorescence quenching is strongly
dependent on the distance between a fluorophore and its quencher. When held close to
the quencher, a fluorescent molecule emits no measurable signal but when the two
molecules sepaate, the fluorophore signal increases significantly. These probes have
been used most successfully to detect changes in pH or the presence of specific proteases
(Lee et al., 2010) Proteasesensitive probes have been used forimaging of protease
activity in cancer (Weissleder et al., 1999;Kirsch et al., 2007b;Ab¢Elgaliel et al.,
2011;Habibollahi et al., 2012) cardiac remodeling after myocardial infarction (van
Duijnhoven et al., 2014), atherosclerosis(Chen et al., 2002;Deguchi et al.,
2006;Nahrendorf et al., 2009) multiple sclerosis (Gerwien et al., 2016) inflammation and
aneurysm formation (Razavian et al., 2016) prediction of aortic aneurysm rupture
(Golestani et al., 2014)and arthritis (Ibarra et al., 2011)

Most malignant tumors have significantly elevated secretion of extracellular
proteases including matrix metalloproteinases (MMPs), cathepsins, and caspasegFrosch
et al., 1999;Mohamed and Sloane, 2006)MMPs are extracellularly secreted proteases
that cleave extracellular matrix proteins and adhesion molecules. MMP -2 and MMP-9,
in particular, play an important role in canc er growth and development due to their

roles in regulating angiogenesis and degrading the extracellular matrix, which can lead
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to tumor metastasis (Deryugina and Quigley, 2006;Kessenbrock et al., 2010;Klein and
Bischoff, 2011). Tumors have increased expression of MMPs relative to normal tissues
and higher level of MMP -2 and MMP -9 secretion has been shown to correlate with
tumor invasion and metastasis (Davies et al., 1993;Schmalfeldt et al., 2001;Nomura and
Katunuma, 2005;Tan et al., 2013)

Fluorescent-based activatable probes have been used in preclinical studies for
early detection of tumor protease activity and as a potential prognostic marker for tumor
progression. Howe ver, optical imaging methods are limited by the poor penetration
depth of optical wavelengths of light. Because of this, optical imaging can only be used
for surface tumors or tumors that can be accessed using an optical probe Extending the
use of protease-activatable probes into the realm of three-dimensional imaging has the
potential to greatly increase the clinical applicability of p rotease imaging and improve
disease diagnosis and evaluation.Proteaseactivated probes have been proposed for MR
imaging (Schellenberger et al., 2008;Haris et al., 2014put these probes are still in the
preliminary stages of development. To date, no proteaseactivatable probes have been
demonstrated for CT imaging.

Use of proteaseactivated smart probes for CT imaging has the potential to make
a broad impact on clinical medicine. Development of such a probe will be a significant

step forward for non -invasive molecular imaging and has the potential to improve
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diagnosis and risk stratification for cancer and other inflammatory conditions with high
protease secretion.

In this study, we developed a CT contrast agent that degrades in the presence of
proteases.This contrast agent (see Figure 7.1)onsists of multiple small (4 nm)
PEGylated gold nanoparticles which are linked together into a cluster by a peptide
sensitive to cleavage by MMP-2 and MMP-9. These degradable gold clusters will be co-
injected with iodine -containing PEGylated liposomes (120 nm)to provide two material
signals for dual energy CT. Both contrast agents accumulate in tumors due to the EPR
effect. Cleavage of the peptide within tissues with high protease activity will allow the
clusters to break down into small AuNPs that can diffuse away while the larger
liposomes wil | remain in place. Separation of the gold and iodine signals, as detected by
dual energy CT, can then be used to measure protease activity. The simultaneous
detection of two contrast agents will allow for ratiometric measurements of in vivo

protease activity.
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Figure 7.1: Schematic of the two contrast agents. PEGylated gold nanoparticles
are crosslinked into clusters by a cleavable peptide linker. Upon protease degradation
within tumors, the individual n anoparticles are released and diffuse away. PEGylated
liposomal iodine is also present in the tumors, but does not degrade in the presence of
proteases.

7.2. Materials and Methods
7.2.1. Liposome Synthesis

120 nm PEGylated liposomal iodine (Lip -1) was synthesized as described in
section 2.3. The size distribution of liposomes in the final formulation was determined
by dynamic light scattering (DLS) using a Malvern Zetasizer Nanoseries (Malvern
Instruments, Worcestershire, UK) at 25°C. Liposomes were spot dried on acarbon film
grid and imaged using an FEI Tecnai G2 Twin TEM (FEI, OR) at an operating voltage of

120 mV.
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7.2.2. Gold Nanoparticle Synthesis

Gold nanoparticles were synthesized via the reduction of gold chloride salt by
citrate and sodium borohydride . A 500 mL sdution of chloroauric acid (HAuCl4, 0.085
mg/mL) and sodium citrate (0.0735 mg/mL) was made in ultrapure water at room
temperature. Reduction of the gold was initiated by rapidly injecting 3 mL of ice cold
sodium borohydride (2 mg/mL) into the solution wit h vigorous mixing. The color of the
solution changed to a deep orangered within 2 -3 seconds.The solution was mixed for
an additional 15 minutes at room temperature to allow the reduction to go to
completion. Immediately following nanoparticle formation, a 50 mL solution of 2 kDa
PEG-SH (0.128 mg/mL) was added dropwise with continued mixing. This concentration
of PEG is enough to stabilize the particles against aggregation, but not enough to fully
cover the nanoparticle surface. This incomplete PEGylation is necessary foreventual
nanoparticle cross-linking to form clusters. Following initial surface passivation, these
nanoparticles were concentrated to 35 mg/mL using 50 kDa MWCO centrifugal filters.
The bare and partially PEGylated gold nanoparticles were characterized by TEM using
an FEI Tecnai G2 Twin TEM operating at 200 mV and by dynamic light scattering using a

Malvern Zetasizer Nanoseries (Malvern Instruments, Worcestershire, UK).

7.2.3. Degradable Linker Synthesis

A cleavable peptide (GGGPQGIWGWGK) was purchased from Genscript

(Piscataway, NJ) This peptide sequence has been very wellcharacterized and is
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sensitive to cleavage by matrix metalloproteinase (MMP)-2 and MMP-9 (West, 2004;Lee
et al., 2005;Moon et al., 201West, 2011;Ali et al., 2013) These MMPs have been shown
to be upregulated in many forms of cancer (Yang et al., 2009) This MMP -sensitive
peptide was used to produce a degradable crosslinker as shown in the schematic in
Figure 7.2. The peptide was linked to two PEG molecules containing a reactive NHS
ester group (succinimidyl valerate, SVA) capable of forming a covalent bond with the
primary amine on the lysine side chain of the peptide (C terminus) and the N -terminal
amine. The other end of the PEG molecules contained a thiol group (orthopyridyl
disulfide, OPSS) which can bind to the gold nanopatrticle surface. The peptides were
PEGylated by reacting the OPSSPEG-SVA (5 kDa, Laysan Bio) with the peptide at a
ratio of 2.51 (PEG:peptide). The reaction was performed in HEPES-buffered saline at pH
8.6 at 4°C overnight. The final result was an OPSSPEG-peptide -PEG-OPSS molecule,
containing protected thiols on both ends. Following conjugation, the linker molecule

was dialyzed against ultrapure water and lyophilized. Successful conjugation of the PEG
molecules to the peptide was verified by gel permeation chromatography (GPC) with an

evaporative light scattering detector (Polymer Laboratories) .
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Figure 7.2: Synthesis of protease-cleavable linker molecule
7.2.4. Gold Cluster Formation

To form cleavable clusters of gold nanopatrticles, the linker molecule was first
activated by reducing the OPSS groups tothiols using a thiol -free reducing agent tris(2-
carboxyethyl)phosphine (TCEP) at 5x molar excess. Following disulfide reduction, the
PEG-peptide-PEG dithiol linker molecule ( 256uL, 30 mg/mL) was added to the partially
PEGylated gold nanoparticles synthesized above G56uL, 35 mg/mL) in a
microcentrifuge tube and mixed by rapidly v ortexing for 1 minute followed by shaking
for 1 hour to complete cluster formation. Any remaining unreacted thiols on the surface
of the clusters were blocked by diluting the clusters 3x in pH 7.0 HEPES buffer (50 mM)
and adding 2 kDa PEG-Maleimide (3:1 mdeimide:peptide molar ratio) for 3 hours. The

maleimide group reacts with any remaining free thiols, which prevents any additional
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cluster growth. A large excess of 2 kDa PEGSH was then added to fully passivate the
remaining gold surface. To form non-degradable control clusters, the peptide linker
molecule was replaced with a 10 kDa homobifunctional PEG dithiol (Laysan Bio, Arab,
AL) . This non-degradable linker is able to cross-link the nanoparticles using the same
protocol, but it does not require disulfi de reduction prior to cluster formation. Successful
cluster formation was confirmed by measuring the hydrodynamic diameter using DLS.
Any remaining unlinked AuNPs were removed by size exclusion chromatography (SEC)

using a column packed with Sepharose CL-2B (Sigma).

7.2.5. Nanoparticles Stability Testing

Stability testing of the gold clusters was performed by incubating the
nanoparticles in phosphate-buffered saline (pH 7.4) with 10% fetal bovine serum for 72
hours at 37°C.Aggregation or size change was monitor ed by dynamic light scattering.

In vitro stability of the liposomes was verified by measuring the release of
iodixanol from the liposomes after incubation in either phosphate-buffered saline (PBS)
or DMEM culture media with 10% fetal bovine serum at 37°Cfor 14 days. The
concentration of iodixanol released following incubation was determined by dialyzing
the liposomes against 500 mL PBS and measuring the absorbance of the dialysate in a

guartz cuvette at 245 nm using a UV-Vis spectrophotometer (Cary 50, Varian, CA).

194



7.2.6. In Vitro Degradation Testing

To demonstrate degradation of the nanoparticle clusters in solution, degradable
and non-degradable clusters were incubated with 0.01 mg/mL collagenase (collagenase
from Clostridium histolyticum, Type |, Sigma) in pH 7.4 phosphate buffer and 1 mM
CaCl2 at 37°C for 4 hours. Following cleavage with collagenase, the cleavage products
were analyzed by DLS and compared to both non-cleaved controls and non-crosslinked
AuUNPs.

To simulate diffusion of degraded clusters in tissue, an agarose phantom was
formed by sandwiching a droplet of concentrated (10 mg/mL) gold nanoparticles (4 nm
AuNPs, degradable clusters, or control clusters) in 1% agarose between twoglassslides,
cooling to gel the agarose, and then adding additional 1% agarose between the slides to
form an agarosesquare around the center droplet of gold nanoparticles. A schematic of
the tissue phantom is shown below in Figure 7.10. These slides were then incubated at
37°C in solutions of either PBS or PBS with 0.@ mg/mL collagenase and 1 mM CaCk.
Diffusion of the gold nanoparticles away from the center after cleavage was tracked
visually. The glass slides were used to restrict diffusion to two dimensions within the
agarose gel phantom. Photographs of the gels were taken before incubation and 48
hours after incubation with collagenase. Average linear profiles of the image intensity

within each phantom were generated using ImageJ (NIH) .
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Sensitivity of the cleavable probes to cellular proteases was assessed inudtures
of HT1080 human fibrosarcoma cells, which have a high level of MMP -2 secretion
(Panth et al., 2016) HT1080 cells were cultured in thin layers (3-5 mm) of Matrigel on
TransWell inserts (Corning) . A solution of concentrated clusters (or 4 nm AuNPS) in
culture media (phenol red-free DMEM + 10% FBS)was dropped on top of the cells,
while the bottom chamber of the transwell insert contained only culture media. The
Matrigel acted as a diffusion barrier between th e upper and lower chambers, allowing
only small nanopatrticle to travel across. The media in the bottom well was changed
every day, and the concentration of gold nanopatrticles in the bottom well was measured

at each change by U\Vis spectroscopy (absorbanceat 450 nm).

7.2.7. In Vivo CT Imaging 7 Healthy Mice

Prior to testing in a tumor model, the gold nanopatrticle clusters were tested in
vivo in healthy C57BL/6 mice. Two groups of mice (n=3 in each group) were injected by
tail vein with either degradable clusters or control clusters. The dose for each injection
was 20 mg contrast agent/25 g body weight. DE CT scans were acquired immediately
post-injection and at 1 day, 3 days, and7 days postinjection as described in section 2.1.2.
DE decomposition w as usedto compute maps of gold concentrations. Average gold
concentrations were measured in the blood at each of the time point, which were used to
compute the blood half-life for each contrast agent. The mice were weighed every 2 days

following contrast agent inject ion and observed for visual sizes of toxicity.

196



7.2.8. In Vivo CT Imaging T Tumor Model

4-6 week old female athymic nude mice were injected subcutaneously in the
flank with 2x10° HT1080 cells in 100 uL Matrigel. After tumors reached 0.5 cc (1614
days), the tumor-bearing mice were divided into two groups (n=8 mice in each group).
The first group was injected with the degradable nanoprobe and the second was injected
with the non -degradable control nanoprobe. Both groups were also injected with
liposomal iodine. The gold nanoparticle clusters were given at a dose of 20 mg/25 g
body weight, while the liposomal iodine was given at a dose of 35 mg/25 g body weight.
The gold nanoparticles were injected first, then the mice were given 1 hour to recover,
after which th e liposomal iodine was injected. Dual energy CT images were acquired
immediately after liposomal iodine injection and at 3, 7, 11, 14, and 18 days post
injection.
7.2.9. Dual Energy Micro-CT

For imaging, we used our custom, dual -source micro-CT systemdescribed in
section 2.1.1.Acquisitions were performed for both imaging chains at each angle of
rotation with a 10 msec delay between the two x-ray tube exposures to minimize cross-
scatter. A total of 360 views were acquired for each imaging chain over the 360° rdation.
The scanning parameters for the dual-energy scans were: 80 kVp, D0 mA, 10

ms/exposure for the first imaging chain and 40 kVp, 250 mA, 16 ms/exposure for the
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second imaging chain. DE micro-CT data processing and dual energy decomposition of

gold and iodine followed the protocol in section 2.1.2.

7.2.10. Image Analysis

CT images segmentedusing Avizo (Version 8.1, Visualization Sciences Group,
FEI, Hillsboro, OR). The filtered 80 kVp dataset was used to segment the major vessels
(for the healthy mice) and the tumors (for the tumor mice). The blood was segmented
using the automatic segmentation tools in Avizo. For tumor segmentation, r ough
regions were manually drawn outside the borders of the tumor, and those regions were
thresholded to select only those voxels that had an intensity higher than 200 HU . This
threshold value was chosen to exclude normal tissues and poorly vascularized portions
of the tumor . The total mass ofiodine and gold in each segmented tumor was then
measured. The ratio of iodine massto gold masswithin the tumor was calculated for
each mouse. In some tumor slices, a visual map of the iodineto-gold ratio was produced
in ImageJ by first smoothing the 2D images to reduce the noise, then creating a mask of
the slice containing all of the pixels that had a positive value for both gold and iodine,
and finally dividing the values of the iodine map by the values of the gold map for all
pixels within that mask. To better visualize the iodine:gold ratio, this result was then log
transformed so that all positive values correspond to higher concentrations of iodine
then gold, while negative values correspond to higher concentrations of gold than

iodine.
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7.2.11. Statistics
All plots are represented as the mean value * the standard error of the mean.
Significance in each plot (shown by *) represents p<0.05. Differences in iodine:gold ratio

bet ween groups wer e metess Bafoeedhe tiegt was pesformedi,e nt ' st

the ratiometric data was first log transformed to normalize the distribution of the data.

7.3. Results
7.3.1. Nanoprobe Characterization

Liposomal iodine was synthesized to serve as a reference contrast agent for use
with the degradable gold nanoparticle clusters. The average liposome size measured by
DLS was 121+15 nm, as shown in Figure 7.3TEM of the Lip -l showed uniform spherical
liposomes with an opaque interior (due to high iodine concentration) and a light bilayer.
Stability tests showed 1.5% leakage of encapsulated iodixanol after incubation in PBS at
37°C for 7days and 4.8% leakage afterincubation in culture media and 10% serum for 7

days.
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Figure 7.3: Size analysis of liposomal iodine. (A) The liposomes have an
average hydrodynamic diameter of 121 nm as measured by dynamic light scattering. (B)

TEM imaging of the liposomes show a uniform population of spherical particles with a
high concentration of iodine in the core.

The gold nanoparticles were imaged by TEM after synthesis, as shown in Figure
7.4. The nanoparticles exhibit a highly monodisperse population with an average core
diameter of 3.8+ 08 nm. DLS shows an average hydrodynamic diameter of 9.6 nm

(intensity average), which increases to21 nm following partial PEGylation.
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Figure 7.4: Size analysis of gold nanoparticles . (A) DLS shows a hydrodynamic
diameter of 9.6 nm which increases to21 nm following PEGylation. (B) TEM imaging
shows amonodisperse population with an average core diameter of 3.8nm.
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A degradable peptide linker molecule was formed by conjugating the protease-
degradable peptide to two OPSS-PEG-SVA molecules. Successful conjugation was
confirmed by GPC analysis, as shown in Figure 7.5. Both the conjugated product and
the original OPSSPEG-SVA molecule were run on GPC for comparison. The conjugated
molecule shows a shift in mean retention time, with only a small amount of
unconjugated OPSSPEG-SVA remaining. The area under the unconjugated peak is
approximately 29% of the total area under the curve. Becauwse there was 25% excess
OPSSPEG-SVA in the original reaction, the actual conjugation of the peptide to OPSS

PEG-SVA was very high (>90%.
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Figure 7.5: GPC analysis of degradable linker. The PEGpeptide-PEG had a
shift in retention time compared to the unconjugated OPSSPEG-SVA, demonstrating
effective conjugation. The area under the curve of the unconjugated peak (the peak
overlapping the OPSS-PEG-SVA curve) was 29% of the total area under the curve.

The partially PEGylated gold nanoparticles were mixed with the protease -
degradable peptide crosslinker to form degradable gold nanopatrticle clusters. After

removing the unreacted gold nanoparticles using SEC(~20% of the total AUNPs were
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not incorporated in clusters), the clusters were characterized by both DLS and TEM (see
Figure 7.6). The clusters have an average hydrodynamic diameter of133 nm, an average

diameter on TEM of 112 + 20 nm, and each cluster is made up of ~4®0 crosslinked gold

nanoparticles.
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Figure 7.6: Size analysis of gold nanoparticle clusters. (A) DLS results show a
similar size distribution for both the degradable and non -degradable clusters, with an
average hydrodynamic diameter of 133 nm for both. (B) TEM imaging of the clusters
shows groups of ~40-60 nanopatrticles linked together.

Stability of the gold nanoclusters under physiological conditions was determined
by incubating the clusters in DMEM with 10% FBS at 37°C for 48 hours. DLS (shown in
Figure 7.7) was performed before and after incubation with serum to detect changes in
size resulting from either nanocluster degradation or aggregation. There was no change
in average hydrodynamic diameter for either degradable or control clusters after the
incubation in DMEM and serum , demonstrating high stability and resistance to non -

specific cleavage in the serum.
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Figure 7.7: Stability testing of gold nanopatrticle clusters in serum . DLS results
show no change in average size after incubation of the clusters in serum for 48 hours,
demonstrating resistance to both non-specific cleavage in the serum and aggregation.

7.3.2. Cluster Degradation in Solution

Degradation of the gold nanopatrticle clu sters was first demonstrated in solutions
of collagenase. Size measurements (DLS)vere taken before and after a 4hour
incubation with collagenase for both the degradable and control clusters. The size of the
degradation products was compared to the size of the PEGylated AuNPs (not cross-
linked) to determine the effectiveness of degradation. The results are shown in Figure
7.8.The degradable clusters decreased in size from 133 nnto 26 nm after incubation
with collagenase. Individual PEGylated AUNPs hav e mean diameter of 21 nm, so this
change in sizerepresents an almost complete degradation of the clusters down to
individual nanoparticles. Part of the size difference between the degraded clusters and
the PEGylated nanopatrticles can also be explained bythe presence of the cleaved

peptides (attached to 5 kDa PEG) on the surface of the degraded nanopatrticles, which
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are not present on the PEGylated nanoparticles. These likely make the degraded
nanoparticles slightly larger than the original PEGylated AuNPs . Control clusters were
also tested for degradation in solutions of collagenase, but no size change was apparent
after the incubation. This shows that the degradable cluster cleavageoccurs specifically
due to enzymatic cleavage ofthe peptide, rather than by some other non-specific

dissociation of the crosslinker molecule from the nanoparticle surface.
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Figure 7.8: Cluster degradation testing. Both degradable (A) and control (B)
clusters were incubated in solution of collagenase for 4 hours. The degradable clusters
decreased in sizeback to the original size of the PEGylated AuNPs, while the control
clusters showed no change in size after collagenase incubation.

7.3.3. Cluster Degradation in Tissue Phantoms

The ability of the clusters to diffuse through tumor tissue following degradation
is essential for the in vivo success of this proteaseresponsive contrast agent. Therefore,

degradation of the clusters within gel phantoms was performed in order to testth e
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ability of the clusters to diffuse through extracellular matrix -like materials after
degradation.

First, the diffusion of gold nanoparticles through an agarose gel following
degradation by collagenase was tested. Stutions of clusters were encapsulated in a drop
of 1% agarose, sandwiched between two glass slides, and then surrounded by a square
of 1% agarose to slow the diffusion of the clusters out of the central core (see Figure
7.9a). The glass slides act to restrict diffusion to two-dimensions, so that the spread of
the nanoparticles could be easily visualized. The agarose phantoms were incubated in
PBS and collagenase for 48 hours, after which photographs of the gels were taken
(Figure 7.9b) and the average intensity profile across the gel was detemined (Figure
7.9c). Initially the clusters remain restricted the central agarose core. After 48 hours, the
degradable clusters spread throughout most of the gel matrix. The control clusters had a
small amount of spreading compared to the intial distribu tion, but the vast majority of
clusters remained within the central core. This demonstrates the ability of the degraded
clusters to spread through a gel matrix away from the site of their initial degradation,

while intact clusters remain diffusion -restricted .
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Figure 7.9: Diffusion of degradable clusters in an agarose gel phantom. (A)
shows a schematic of the agarose phantom, containing a central core with high
nanoparticle concentration surrounded by a square slab of 1% agarose. The agarose
phantom is sandwiched between two glass slides to restrict diffusion to 2D. (B) shows
photographs of the agarose phantoms before and after degradation. (C) shows
guantification of the average linear intensity profile across the center of the phantom for
each image, demonstrating the ability of the degradable clusters to diffuse through the
phantom after cleavage.

Diffusion of clusters through a Matrigel layer after cleavage with cellular clusters
proteases was also tasted. Solution of gold clusters were placed over HT1080 cells
growing within Matrigel in the top well of a Transwell insert. Cleavage and subsequent
diffusion of the clusters throught the Matrigel layer were detected by measuring the
amount of gold nanop articles reaching the bottom well of the Transwell plate based on
optical absorbance of the solution at 450 nm The cumulative amount of gold
nanoparticles diffusing into the bottom well was plotted for each nanoparticle type
(PEGylated AuNPs, degradable clusters, and control clusters) as shown in Figure 710.
At the end of 10 days, ~60% of the .1m AuNPs placed in the top well had diffused
through the Matrigel layer. ~45% of the degradable clusters had diffused through the

layer, while only ~10% of the control clusters had reached the bottom well. The
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degradable clusters diffused through the gel much more slowly than the 4 nm AuNPs
initially, but the rate of diffusion into bottom well was similar for the two groups after

the first 3 days. The clusters bok some time to initially degrade in the presence of the
HT1080 cells, but then were able to diffuse through the Matrigel. The control clusters, on
the other hand, only showed minimal diffusion through the Matrigel after 10 days.

These large clusters carslowly diffuse through the Matrigel, but their diffusion is much
more limited than the diffusion of the 4 nm AuNPs or degraded clusters. This again
demonstrates that the designed degradable clusters should be able to diffuse away from
liposomes after cleavage within tissues, while non-cleaved clusters(or similarly -sized

liposomes) should be much more restricted.
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Figure 7.10: In vitro AuNP diffusion in a Matrigel tissue phantom . The
cumulative fraction of AuNPs diffusing through the Matrigel layer into the bottom well
of a TransWell plate was tracked by daily measurement of media optical absorbance
(450 nm). The 4 nm AuNPs showed the highest diffusion through the layer, with
degradable clusters close behnd. The control clusters showed only minimal diffusion
through the Matrigel.
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7.3.4. In Vivo CT Imaging 7 Healthy Mice

Degradable and control clusters were injected into healthy C57BL/6 mice to test
in vivo contrast agent performance. Both contrast agents showed high intravascular
contrast after injection (>800 HU at 80 kVp), which allowed for clear delineation of the
vascular tree. Intravascular gold concentration was measured over the course 7 days,
which is plotted in Figure 7.11. Each of the two blood clearance curveswas fit to an
exponential decay equation in order to estimate the blood half -life of the two contrast
agents. The degradable clusters had an average blood haltlife of ~21 hours, while the
control clusters had an averageblood half -life of ~24 hours. The small difference
between these two means was not statistically significant. Both nanoparticle agents had
a prolonged blood residence time, which is ideal for tumor accumulation, and there was
no significant difference between the contrast agents, showing that they should have
similar concentrations in the blood and similar uptake by EPR in a tumor model. Seven
days after contrast agent injection, none of the mice in this study had any significant

change in weight or noticeable signs of toxicity as a result of the nanoparticle injections.
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Figure 7.11: Contrast agent kinetics within the blood.  Both control and
degradable clusters show a similarly -prolonged blood half -life (~21 and ~24 hours). By 7
days after injection, both contrast agents undetectable in the blood by CT.

7.3.5. In Vivo Protease Imaging

Mice bearing subcutaneous HT1080 tumors were injected with a combination of
either degradable clusters and liposomal iodine or control clusters and li posomal iodine.
The liposomal iodine was included to act as a constant reference agent, by which the
decreasing concentration of degradable gold clusters could be detected. Dual energy CT
was used to image these mice at multiple time points over a 14 daytime period after
injection. Dual energy decomposition was used to measure the ratio of iodine to gold
within the tumors at each time point. In the degradable cluster group, it was expected
that this ratio would increase over time as the degraded gold n anoparticles diffuse away
and the liposomal iodine remain in place. In the control cluster group, it was expected
that this ratio would remain constant at all time points, since both the control clusters
and the liposomal iodine should remain diffusion -restricted within the tumors. Dual
energy images of a tumor from the degradable cluster group 14 days after injection are
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shown in Figure 7.12. After separating each image into gold and iodine concentration
maps (panels A-C), a map of the iodine:gold ratio w as produced by choosing the pixels
where the two contrast agents were co-localized (positive concentration for both) and
then dividing the concentration of iodine by the concentration of gold in each of those
pixels. In Figure 7.12d, this map is plotted after log transform, so that all positive values
are regions where iodine has a higher concentration than gold and all negative values
are regions where gold has a higher concentration than iodine. In this tumor slice, there
is much more iodine than gold th roughout most of the slice, except at the edges in

regions where the iodine had low accumulation.

Figure 7.12: Dual energy maps of tumor gold and iodine concentrations for a
mouse in the degradable cluste r group 14 days after injection. (A) shows the overlay of
the gold (green) and iodine (red) maps with the 80 kVP image (grayscale). (B) and (C)
show the iodine and gold maps, respectively. (D) shows a map of the log of the iodine
to gold ratio within thi s tumor slice. Only pixels with positive concentrations of both
materials were included in this map. The gold and iodine maps are windowed between
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1.5 mg/mL and 8 mg/mL. The 80 kVP image is windowed between -250 HU and 2000
HU.

While visualizing a map of protease activity throughout the tumor (as seen in
Figure 7.12d) would be ideal, this was difficult in practice due to imperfect co -
localization of the iodine and gold in many tumors. Although both contrast agents
accumulated in all tumors, the region s of enhancement for gold and iodine did not
always line up perfectly, making ratiometric imaging difficult on pixel -by-pixel basis. In
order to accurately quantify the iodine:gold ratios, the total mass ofgold and iodine
within the entire tumor (excludi ng non-enhancing portions) were measured, then the
iodine:gold ratio for the whole tumor was calculated at each of the time points. Figure
7.13 shows the results of these calculations at different time points. Figure 7.13ab
shows the gold concentration maps for a single mouse injected with the degradable
contrast agent at 3 days and 14 days postinjection. The concentration of gold within the
tumor rim clearly decreased substantially over that time. Because the tumors grew
significantly between time poin ts (~10 day doubling time), the concentration of the
nanoparticles was diluted over the course of the study. Therefore, the total mass of gold
and iodine within each tumor was used for quantification and comparison between time
points (instead of using concentration measurements) to remove the effect of tumor size
on the calculations. The quantification of tumor gold and iodine massfor mice at each
time point is shown in Figure 7.13c. All the contrast agents showed an increaseotal

massin tumor sfrom day 3 to day 7 due to continued accumulation of nanoparticles into
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the tumor from the blood. The mass ofgold in the tumors for the control clusters
remained essentially constant from day 7 to day 14, reflecting a lack of degradation and
clearance from the tumors. The mass of gold in the tumor tumor for the degradable
cluster group dropped substantially from day 7 to day 14 (~45% decrease inmass), as
expected. Surprisingly, the liposomal iodine concentrations (in both groups) also
dropped from day 7 today 14 by ~40%. Because the iodinenasswas dropping over the
course of the experiment, the ratio of iodine:gold did not actually increase for the
degradable group from day 7 to day 14, even though these was a significant decrease in
gold mass(see Figure 7.13d) However, there was a significant change in the tumor
iodine:gold for the control group, with a decrease in ratio from 1.61 (higher iodine than
gold) to 0.82 (higher gold than iodine). More importantly, there was a significant
difference between the iodine:gold ratios calculated for the degradable cluster and
control cluster groups. The degradable cluster group maintained a high iodine:gold
ratio throughout the experiment due to the degradation of the clusters, while the control
cluster group had a large drop in iodine:gold ratio because there was no protease

degradation.
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Figure 7.13: Measurement of tumor gold and iodine concentration at each
timepoint. CT images of a tumor with degradable gold clus ters (shown in green) are
shown at day 3 (A) and day 14 (B) postinjection. The concentration within the tumor
rim decreases noticeably during that time. Quantification of tumor iodine and gold
concentrations for each group at teach time point is shown in (C). Both the liposomal
iodine and degradable clusters decrease in concentration over time, while the control
clusters remain relatively unchanged. Calculation of the average iodine -to-gold ratio for
each group at day 7 and day 14 is shown in (D). Atday 7, there is no difference
between the control and degradable groups, but by day 14 there is a significant
difference, with the control group ratio dropping substantially.
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7.4. Discussion

In this study, we demonstrated the development of a degradable, pr otease
responsive contrast agent for CT imaging consisting of small gold nanoparticles cross-
linked together with a protease -sensitive peptide linker. This contrast agent shows high
stability and resistance to serum protease degradation in vitro, as well as almost
complete degradation down to individual nanoparticles in the presence of collagenase
The oontrast agent can diffuse through hydrogel -based tissue phantoms after cleavage
by both collagenase and cellular proteases, while nondegraded clusters remain
diffusion -restricted under the same conditions. The degradable clusters were highly
effective as a CT contrast agent, with high intravascular enhancement after injection,
long blood half -life, and no observable toxicity. In tumor imaging, this contrast agent
can be coinjected with liposomal iodine for quantitative ratiometric imaging of tumor
protease activity using dual energy CT. In these studies, there was a significant
difference in iodine:gold ratio between the group with degradable clusters comp ared to
group with non -degradable control clusters. In the presence of protease degradation, the
iodine:gold ratio remains high, while in the absence of protease degradation, the ratio
drops significantly. This demonstrates effective detection of tumor pro tease activity by
the degradable probes.

The proteaseresponsive contrast agent proposed here could be used either by

itself for single energy imaging, or combined with liposomal iodine for dual energy
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imaging. Using single energy imaging, the change in gold concentration can be tracked
over time using multiple CT scans. The change in gold concentration from one time
point to the next can then be correlated with protease activity within a tissue.
Alternatively, this degradable contrast agent can be used in conjunction with liposomal
iodine (or another high atomic weight nanopatrticle) for single time point ratiometric
measurement of protease activity using dual energy CT. Because a reference material is
present, there is no need to do serial CT scans taneasure changes in gold concentration.
Assuming the behavior of the iodine reference material over time is well -characterized,
the gold concentration can be directly compared to the iodine concentration at a single
time point to determine the extent of protease degradation that has occurred. This
requires the use of dual energy CT in order to properly separate and quantify the two
materials simultaneously.

Using ratiometric measurements to quantify protease activity has significant
advantages over other proposed form of CT molecular imaging. Many different studies
have demonstrated CT contrast agents that can target various receptors or tissue types
(Chanda et al., 2010;Hainfeld et al., 2011;Reuveni et al., 2011@ole et al., 2014)n order
to detect specific pathologies or receptor status. However, it is challenging to make these
targeted imaging studies quantitative because accumulation of the contrast agent at the
target always depends on initial concentration of contrast agent injected into the

bloodstream, and in many cases (for cancer imaging) accumulation at the target also
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depends on the EPR effectThese factors canbe influenced by patient (or animal) size,
blood volume, tumor type, etc. Therefore, using the accumulation of a single injected
contrast agent as a quantitative marker will almost always be imperfect. Ratiometric
imaging, on the other hand, is less dependent on these variable factors. The absolute
concentration of the contrast agents is not important (as long as they arein the
detectablerange), so the quantification will not be affected by differences in injection
technique, subject size, effectiveness of EPR, blood volume, etc.

Although this approach use d ratiometric imaging with dual ener gy CT, the
accuracy of ratiometric quantification could be even further increased with alterations to
the contrast agent design. In this study, we used a degradable contrast agent that could
be usedeither by itself or in combined with liposomal iodine. A similar contrast agent
could also be developed specifically for ratiometric protease imaging which contains
both the iodine and gold components physically attached to one another. In this case,
one of the two components would breakdown and diffuse away from the other in the
presence of proteases. This would ensure that the two contrast agents would always
have the same blood halflife, the same tumor accumulation, and they would be
perfectly co-localized within every image voxel. The only factor that could cause a
change in the concentration ratio of the two components would be degradation of the
contrast agent. Thiswould eliminate many potential confounding factors that could

influence the accuracy of in vivo protease quantification. However, this also significantly
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complicates contrast agent designand synthesis, which is why the simpler case of two
separate contrast agents was used for this proof of concept study.

Although we were not able to create accurate visual maps of the iodine -to-gold
ratio for every tumor due to imperfect co -localization of the contrast agents, we were
able to use dual energy measurements to quantify the total mass of gold and iodine
within each tumor and use the ratio of these two values as a measure of global tumor
protease activity. Using this method, we detected clear differences in the iodine-to-gold
ratio between a group that had active cluster degradation by proteases and a group that
lacked protease degradation of clusters.

An unexpected result we found in this study was that the concentration of iodine
within the tumors decreased by ~40% from day 7 to day 14 postinjection. Our in vitro
testing of liposome stability showed that the liposomes are quite stable in serum at body
temperature, only losing ~5% of the encapailated iodixanol over 7 days. Based on this
data, we expected that the concentration of iodine within the tumors would be relatively
stable over the course of this study. However, it appears that the degradation of
liposomes in vivo occurs more rapidly th an in serum under in vitro conditions.
Liposome degradation in the extracellular compartment of the tumor should be similar
to the degradation in serum. However, if the liposomes are endocytosed by cells, they
can be broken down enzymatically over the course of a few days in the endolysosomal

pathway (Straubinger et al., 1990) If a significant fraction of the injected liposomes were
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engulfed by tumor -associated macophages, this could easily explain the drop in tumor
iodine concentration seen in the in vivo study. This problem could potentially be

avoided if the contrast agent could degrade and diffuse out of the tumor more quickly,
so that the liposomes would not h ave time to undergo internalization and intracellular
degradation before imaging and quantification occurred. Although a perfect reference
material would not decrease in concentration significantly over time, the fact that the
iodine concentration decreased over the course of the experiment did not significantly
affect the results of the study. Because the iodine concentration was dropping equally in
both treatment groups, the comparison of the iodine -to-gold ratios for the two groups
was remains valid. A s long as the change in concentration of the reference material over
time is consistent and well-characterized, it can still be used as a reference mateal for
ratiometric measurements.

In this study , we showed successfulmolecular CT imaging with an enz yme-
responsive contrast agent.To our knowledge, this has been the first demonstration of a
responsive CT contrast agentand represents the first step in the molecular imaging of
cellular enzyme activity by CT. As a proof of concept, this proposed contrast agent
showed effective degradation in vivo and demonstrated our ability to measure protease
activity using dual energy CT. However, based on the results of this study we have seen
that this contrast agent is not yet fully optimized for this application. The ideal contrast

agent for ratiometric dual energy protease activity quantification would contain two
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different high atomic weight materials (gold, iodine, barium, etc .) linked together. One
of the materials must be degradable, so that it can be releaed from the rest of the
contrast agent in the presence of proteases. Ideally, the degradation products would be
much smaller than the gold nanoparticles used in this study so that they could diffuse
out of tumors more rapidly, and even potentially be rele ased from within cells after
intracellular degradation of the contrast agent. The other materi al must be highly stable
over the time course of a typical study, but would preferably still eventually break down
to avoid long -term accumulation and potential t issue toxicity. Designing a contrast
agent that meets all of these restrictions is challenging, but such a contrast agent could
be highly effective for the quantitative imaging of protease activity by CT. This contrast
agent could also be extended for use with a variety of protease targets. In this study,
MMP -2 and MMP-9 were specifically targeted based on the chosen peptide sequence,
but different peptide sequences can be used in order to target the probe to other secreted
proteases. These CT imaging probes could be used fora variety of pathologies that
involve high protease activity, including cancer, atherosclerosis, and other inflammatory

diseases.

7.5. Conclusion

We have demonstrated the design, in vitro characterization, and in vivo
application of a pr oteaseresponsive CT contrast agent, consisting of small gold

nanoparticles crosslinked together by protease-sensitive peptide linkers. This contrast
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agent shows high in vitro stability, complete degradation in solution, and effective
diffusion through t issue phantoms following degradation. In vivo, it demonstrates high
CT contrast, prolonged blood half -life and good biocompatibility. When co -injected with
liposomal iodine, this contrast agent was successfully used for the detection of protease
activity w ithin MMP -2 secreting tumors. Although there is room for further
development in the contrast agent design, this represents the first demonstration of a

responsive CT contrast agent for the molecular imaging of cellular enzymatic activity.
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8. Concluding Remarks and Future Directions

8.1. Summary of Work Presented and Significance

In this thesis, the feasibility of using nanoparticle contrast agents together with
dual energy techniques for CT molecular imaging was demonstrated. These techniques
were successfully goplied for the identification and measurement of myocardial
infarctions, for measuring lung tumor vascular density, vascular permeability, and
EGFR expression, for measuring the effect of AuNP-augmented radiation therapy on
tumor vasculature and predicting the effectiveness of Doxil therapy, and for quantitative
molecular imaging of in vivo tumor protease activity by a protease -responsive CT
contrast agent. Each of these studies has explored new applications of CT molecular
imaging and advanced the fields of both dual energy CT imaging and CT nanoparticle

contrast agent design and application.

8.2. Future Directions

The advances in CT molecular imaging described herecould have a large impact
on patient care if they were translated into clinical use. Dual energy CT is already used
for many clinical applications, but its use is limited to measuring traditional CT contrast
agents (low molecular weight iodinated compounds). While these compounds provide
effective contrast for imaging studies, they are cleared rapidly by the kidneys (Bourin et
al., 1997) so prolonged imaging protocols are not feasible. They also rapidly distribute

non-specifically throughout the body, leading to uniform e nhancement of many
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different tissue types prior to clearance from the body. These agents do not specifically
accumulate in tumors, they can’'t be targeted w
can’'t respond t o imcal contast agentstmast incorports high

atomic weight materials at very high concentrations, with both low toxicity and low

cost. These strict requirements make improvements to contrast agent design very

difficult.

The biggest obstacle to clinical translation of the methods described in this thesis
is the application of nanoparticle contrast agents in human patients. Nanoparticle
contrast agents incorporate high atomic weight materials at very high concentrations,
but usually at relatively high cost and with un certain long term safety. Because
nanoparticle contrast agents are not rapidly cleared from the body by the kidneys, they
remain in the body for much longer than a traditional clinical contrast agent and
therefore long-term toxicity becomes extremely important. T here is strong evidence
supporting the biocompatibility of gold nanoparticles (Cervenka et al., 1999;Hainfeld et
al., 2006;Lin et al., 2008)but each nanoparticle formulation is unique and must be
individually tes ted for potential long term toxicity. Some gold nanopatrticle products are
in clinical trials, including gold nanoparticle -based tumor necrosis factor (CYT-6091,
Cytlmmune Inc.), which is a tumor vascular disrupting agent, and gold nanoshells
(Nanospectra Inc.), which are used for tumor photothermal therapy. In both cases, these

clinical trials are aimed at using gold nanoparticles for treating cancer.In the case of
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cancer therapy, the benefitto-risk ratio is high for the use of these nanoparticles. They
can potentially treat patients that do not respond to other therapies, which can
significantly increase their length and quality of life. The very small risk of long term
toxicity from gold nanoparticles is outweighed by the potential benefit that can be
gained by the therapy. The calculus for CT imaging agents is very different. First, CT has
relatively low contrast sensitivity, so a very high concentration of contrast agent must be
injected to achieve sufficient CT signal. The gold nanoparticle concentrations that must
be injected for CT are 2 orders of magnitude higher than those used for therapeutic
purposes. Therefore, the risks of long term toxicity increase significantly. Second, CT
imaging with contrast agents is done routinely for a wide variety o f applications. Many
patients are tracked on a regular basis with longitudinal contrast -enhanced CT scans.
The small individual risk of long term toxicity becomes much more of a problem when
gold nanoparticles are used broadly among a large population of patients. The long-
term toxicities are not well enough understood to justify using them for routine imaging,
particularly if patients are getting injected with the contrast agents repeatedly. The
nanoparticle contrast agents would have to show substantial benefit over traditional
contrast agents in order to be clinically approved. Because traditional clinical contrast
agents work well for most applications, nanopatrticle contrast agents will likely only be
approved for very specific imaging uses, where their application will clearly improve

clinical outcomes. For example, if a specific nanoparticle contrast agent could be used to
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diagnose a tumor that would otherwise require invasive and risky biopsy, then the
potential benefit becomes much greater. In order to develop gold nanopatrticle contrast
agents that are clinically translatable, they must have very substantial and well -
documented benefits compared to traditional contrast agents. Therefore, the continued
development of gold nanoparticle contrast agents for molecular imaging in preclinical
models is necessary in order to identify the applications that could have the largest
clinical benefit.

The most translatable nanoparticle contrast agents are those that can eventually
degrade and be completely cleared from the body. In these cases, longterm toxicity is
not as much of an issue, and the risk of using these agents drops significantly. The
liposomal iodine used in this thesis is one example of such a contrast agent. The
liposome bilayer is composed of natur al phospholipids and cholesterol, which can be
broken down by phospholipases within the body and either incorporated or excreted
(Straubinger et al., 1990) The agueous core of the liposomal iodine contains a traditional
CT contrast agent (iodixanol), which is low molecular weight and can be cleared from
the kidneys after its release from the liposome. This contrast agent was recently in Phase
| clinical trials, bu t the trial was terminated due to patient side effects It is unknown
why this particular liposome formulation caused problems, but many other liposomal
formulation of drugs are either in clinical use or in clinical trials (see discussion in

section 2.3).Because both liposomes and iodixanol are already used in the clinic, it is

224



likely that a different liposomal formulation containing iodixanol could still be

successful in patients. There are many possibilities for developing nanoparticle contrast
agents that could be used in patients, but continued preclinical development is
necessary to identify the most promising candidates for clinical translation.

Molecular imaging could significantly improve CT imaging and clinical
diagnosis, but molecular imaging wi th CT will be limited without the development of
new, clinically useful contrast agents that are more versatile than the current clinical
contrast agents. In this thesis | have demonstrated the use of several different contrast
agent designs that could be used for CT molecular imaging. Molecular imaging holds
great promise for improved diagnosis and patient care, but significant advances in the

field are still necessary before these applications can be translated to the clinic.
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