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Abstract

Applications of Magnetic Particle Imaging
by
Xinyi Yedda Zhou

Joint Doctor of Philosophy
with University of California, San Francisco in Bioengineering

University of California, Berkeley
Professor Steven M. Conolly, Chair

Magnetic particle imaging (MPI) is an emerging tracer imaging modality with high sensitiv-
ity and ideal image contrast. MPI uses low-frequency magnetic fields to image the spatial
distribution of superparamagnetic iron oxide (SPIO) tracers. There is ideal image contrast
because background tissue (bone, muscle, blood, fat) produces no MPI signal. Moreover,
there is zero depth attenuation of low-frequency magnetic fields in tissue, allowing for quan-
titative imaging. In this dissertation, I describe several new preclinical imaging applications
which take advantage of the unique physics of MPI: lung perfusion imaging, white blood cell
tracking, and enzyme-responsive nanocarriers.

Pulmonary embolism (PE), a blood clot in the lung, is usually diagnosed with CT pul-
monary angiography. However, patients with poor renal function are not able to tolerate
the high iodine dose. The MPI tracer is kidney-safe because it clears through the liver and
spleen instead of the kidneys. Moreover, imaging around air-tissue interfaces such as those
in the lung do not result in imaging artifacts (unlike in magnetic resonance imaging) because
of the comparably low gradient homogeneity needed. Hence, MPI has ideal properties for
a kidney-safe alternative lung perfusion imaging method. In Chapter 2, I show fabrication
and optimization of the first MPI lung perfusion imaging agent, MAA-SPIO, and in vivo
lung perfusion images in a rat. I quantitatively track the biodistribution and clearance of
the tracer over time. Additionally, I show that the lung perfusion imaging method can be
paired with a method for lung ventilation imaging using aerosolized SPIOs. This allows for
imaging of both the lung capillaries and lung airways.

In Chapter 3, I discuss MPI white blood cell imaging. This technique is of particular
interest for tracking autologous cell-based immunotherapies, such as chimeric antigen re-
ceptor T cells (CAR-T). Moreover, the natural homing abilities of the WBCs can localize
difficult-to-find infections, such as osteomyelitis, and a similar technique is used in nuclear
medicine. However, MPI allows for effective long-term cell tracking because no radionuclide
tag is used. I demonstrate dynamic imaging of MPI tracer-tagged white blood cells (WBC)



administered to in vivo mice, and initial work on tracking these WBCs in a mouse model of
inflammation.

In Chapter 4, I demonstrate proof-of-concept work on a concept for enzyme-responsive
nanocarriers. Tracers that can visualize and respond to the function of biological and cellu-
lar processes would allow for more specific disease diagnoses. I show that aggregated SPI1Os
have a quenched MPI signal as compared to stably-dispersed SPIOs, and that SPIOs can be
encapsulated in a liposomal formulation. In the platform described, the enzyme hydrolyzes
the SPIO-containing liposomes, and MPI signal quenching is observed. These projects repre-
sent novel work in diverse categories of MPI applications research, showcasing the strengths
of the unique physics of MPI.
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Selected MPI vascular imaging applications. (a) Cancer imaging of rats.
MPI/CT of a human breast tumor xenograft shows enhanced image contrast 6 h
after SPIO injection. Arrows indicate tumor volume. Adapted with permission
from [155]. Copyright 2017 American Chemical Society. (b) Traumatic brain in-
gury (TBI) imaging of rats. Blue dotted circle indicates impact site. Green circles
indicate lymph nodes. The TBI rat has significant signal from the hemorrhage, as
well as signal inside the lymph nodes, unlike the control [99]. Copyright Institute
of Physics and Engineering in Medicine. Adapted with permission of IOP Pub-
lishing. All rights reserved. (¢) Stroke imaging of mice. MRI and MPI signals
were plotted over time for certain selected regions of interest: filled black circles,
MRI signal ischemic hemisphere; filled black squares, MRI signal healthy hemi-
sphere; red dotted line, MPI signal ischemic hemisphere; red crosses, MPI signal
healthy hemisphere). The concentrationtime curves of the MPI and MRI showed
similar progression and reduced wash-out of the contrast agents into the ischemic
hemisphere. Reprinted with permission from [87]. Copyright 2017 American
Chemical Society. (d) GI bleed imaging of mice. Dynamic projection MPI and
subtraction MPI images, both co-registered to X-ray anatomical reference, allow
detection and quantification of GI bleed in a ApcMin/+ mouse model predisposed
to GI polyp development. Reprinted with permission from [156]. Copyright 2017
American Chemical Society. . . . . . . . . . .. ...
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mice. MPI (A), MRI (B) and corresponding overlay MPI/MRI (C) of a mouse
brain transplanted with 1 x 10° (left hemisphere) or 5 x 10? (right hemisphere)
SPIO-labeled mesenchymal stem cells. Reproduced from [14] under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). b) Stem
cell injection imaging in rats. 3D MPI-C'T imaging of intravenously injected hu-
man mesenchymal stem cells (hRMSCs) and SPIO control. (A) MPI imaging of
hMSC tail vein injections <1 hr post-injection shows substantial hMSC localiza-
tion to lung. (B) At 12 days, hMSC tail vein injections show significant total
clearance and liver migration. (C) MPI imaging of SPIO-only tail vein injections
less than one hour post-injection shows immediate uptake in liver and spleen.
(D) Control injections of isotonic saline show no detectable MPI signal. Repro-
duced with permission from [157] under the Creative Commons Attribution (CC
BY-NC) License (https://creativecommons.org/licenses/by-nc/4.0/). (¢) Long-
term stem cell implant imaging in rats. (LEFT) Longitudinal MPI imaging of
5 x 10° SPIO-labeled human NPCs implanted in the forebrain cortex over 87
days. Scale bar 1 cm. Color intensity in ng/mm?. (RIGHT) Postmortem Prus-
sian blue (PB) staining confirms presence of iron-labeled cells at administration
site. Adapted with permission from [157] under the Creative Commons CC BY
License (https://creativecommons.org/licenses/by/4.0/). . . . . .. .. ... ..
Recent progress in tracer technologies. (a) In vitro tri-color MPI. Three
different MPI tracers are indistinguishable in a standard MPI reconstruction al-
gorithm, but can be distinguished after applying a multi-color reconstruction
algorithm. Adapted with permission from [108] under the Creative Commons At-
tribution 3.0 license (http://creativecommons.org/licenses/by/3.0). (b) In vivo
dual-color MPI. Rat lung and liver are targeted with two nanoparticles with dif-
ferent relaxation behavior. In standard MPI, the organs are indistinguishable,
but after the colorizing algorithm the organs can be distinguished based on the
relaxation behavior of the SPIOs within. Image courtesy of Daniel Hensley. (¢)
Multi-modal Janus iron oxide MPI tracers. SPIO tracers can be designed for
multi-modality imaging. Mice were subcutaneously implanted with nanoparticle-
labeled cells and imaged under MPI, fluorescence and T2-weighted MRI. Adapted
with permission from [126]. Copyright 2017 American Chemical Society. (d)
Lung perfusion imaging with MAA-SPIO. Large macroaggregated albumin con-
jugated to SPIOs are biomechanically trapped in the rat lung, allowing imaging
of blood perfusion through the lungs [159]. Institute of Physics and Engineering
in Medicine. Adapted with permission of IOP Publishing. All rights reserved.

Preparation of MA A-SPIOs. Biotinylated albumin is conjugated to streptavidin-

functionalized SPIOs, then heated with stirring to form macroaggregates. B =
biotin, S = streptavidin, BSA = bovine serum albumin, SPIO = superparamag-
netic iron oxide nanoparticle. . . . . . . .. ..o L
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with approximately 1.4x10° SPIO particles per MAA cluster (0.4 mg Fe/kg),
effectively target to the lung vasculature within 10 minutes by lodging in the
lung capillary due to MAA-SPIO particle size larger than capillary diameter. (b)
SPIOs (0.4 mg Fe/kg) alone do not target to the lung and instead immediately
clear to the liver and spleen in 10 minutes. Streaking artifacts are apparent due
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3D MPI scans of excised organs, displayed as MIPs. (a) Organs ex-
cised from animal injected with 700,000 MAA-SPIOs, and approximately 1.4x10°
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ter injection. (b) Organs excised from animal injected with SPIOs only (0.4 mg
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3D MPI MAA-SPIO scans in vivo rats over 24 hours, dlsplayed as
MIPs. 700,000 MAA-SPIOs, with approximately 1.4x10° SPIO particles per
MAA cluster (0.4 mg Fe/kg), effectively target to the lung vasculature by lodg-
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Ventilation setup for aerosolized SPIO delivery. Rats are mechanically
ventilated with puffs of aerosolized 10 mg Fe/mL SPIOs. Aerosol droplets are <

MPI ventilation scans via aerosolized SPI1Os over 15 days. Inhaled SPIOs
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mucociliary pathway. MPI scans are coregistered to x-rays. Colorbar in ng Fe/mm?.

MPI Lung Ventilation/Perfusion Imaging. The rat first receives MAA-
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Clinical WBC Imaging. (a) Clinical WBC imaging procedure. Blood is drawn
from the patient, then WBCs are isolated, labeled with radionuclides, and rein-
jected into the patient. This process takes 3-4 hours. The patient is generally
imaged a day after cell infusion. (b) WBC imaging in a healthy adult [83]. Cells
are initially caught in the lungs and clear to the liver and spleen. Hence, patients
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and the cells have time to home to sites of inflammation. (¢) WBC imaging of
an infected toe. In this example, a toddler has osteomyelitis in a toe of the left
foot [152]. . . . . .
Comparison of NR8383 cell labeling with different commercial MPI
tracers. (a) MPI signal of labelled cells, as measured on the arbitrary waveform
relaxometer. (b) Iron content of labelled cells. The control cells are excluded
from the analysis since the signal per gram iron is dependent on the SPIO type.
Moreover, the raw MPI signal seen in the control is indistinguishable from noise
and over an order of magnitude smaller than that of any labelled cells. (c¢) Cell
viability, based on propidium iodide staining measured via flow cytometry. (d)
Resolution of tracers before and after cell labeling. . . . . . ... ... ... ..
Comparison of RAW 264.7 cell labeling under brightfield light mi-
croscopy. Cells were imaged on the Zeiss Axio Observer inverted microscope
after incubation with SPIOs overnight. The iron oxide nanoparticles appear as a
brown color without the need for any other staining. Scale bar 100 pm.

Comparison of RAW 264.7 cell labeling with different commercial MPI
tracers. (a) MPI signal of labelled cells, as measured on the arbitrary waveform
relaxometer. (b) Iron content of labelled cells. The control cells are excluded
from the analysis since the signal per gram iron is dependent on the SPIO type.
Moreover, the raw MPI signal seen in the control is indistinguishable from noise
and over an order of magnitude smaller than that of any labelled cells. (c) Cell
viability, based on propidium iodide staining measured via flow cytometry. (d)
Resolution of tracers before and after cell labeling. . . . . . ... ... ... ..
Comparison of RAW264.7 cell labeling with different concentrations
of VivoTrax. (a) MPI signal of labeled cells, as measured on the arbitrary
waveform relaxometer. (b) Iron content of labelled cells. The control cells are
excluded from the analysis since the signal per gram iron is dependent on the
SPIO type. The control cells are excluded from the analysis since the signal per
gram iron is dependent on the SPIO type. Moreover, the raw MPI signal seen
in the control is indistinguishable from noise and over an order of magnitude
smaller than that of any labelled cells. (c¢) Cell viability, based on propidium
iodide staining measured via flow cytometry. (d) Resolution of tracers before and
after cell labeling. . . . . . . . . .
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are prelabeled with SPIOs with Prussian Blue stain confirmation of iron la-
beling (second image from left). The mouse is then injected with pre-labeled
macrophages and imaged for six hours. (b) MPI macrophage scans of a healthy
mouse (red colormap) overlaid onto X-ray anatomical reference. Initial local-
ization in the lungs is observed, followed by a slow clearance to the liver and

Validation of Inflammation Model with Luminol. (a) Response to 10 ug
LPS over 72 hours. A response at the site of LPS administration is only seen
at the 48 hour time point. (b) Response to 50 pg LPS over 72 hours. A mild
response is seen 1 hour after LPS administration and a large response is seen
thereafter. . . . . . . .
Validation of Inflammation Model with Lucigenin. (a) Response to 10
pg LPS. over 72 hours. A response is only seen at the 24 hour time point. (b)
Response to 50 pg LPS over 72 hours. A response is seen at the 24 hr and 48 hr
time points. Interestingly, the bioluminescence seen in both mice is higher up on
the body than the site of LPS injection (right flank), and is seen on both sides
of the animal in the 50 pug mouse, suggesting that lucigenin may be highlighting
LPS uptake and macrophage activity in the lymphatic system. . . . . . . . . ..
Batch-to-batch variation in LPS potency for inflammation induction.
(a) Neutrophil (luminol) response to 50 ug LPS from three different vials, 24
hours after LPS administration. (b) Macrophage (lucigenin) response to 50 ug
LPS from different vials, 24 hours after LPS administration. . . . . . . ... ..
MPI cell tracking in a mouse model of inflammation. MPI projection
images (hot colormap) are overlaid onto X-ray anatomical reference (grayscale).
Six hours post cell infusion, mice show accumulation of RAW 264.7 in the lungs.
At 24 hours and beyond, varying clearance to the liver and spleen is seen. No
uptake is seen in the site of inflammation is on the right flank. . . . . . . . . ..
Optical cell tracking in a mouse model of inflammation. Six hours post
cell infusion, mice show accumulation of RAW 264.7 in the lungs. At 24 hours
and beyond, varying clearance to the liver and spleen is seen. No uptake is seen
in the site of inflammation is on the right flank. . . . . . . ... ... ... ...
Effect of Experimental Reagents on VivoTrax PSF. AWR measurements of
VivoTrax diluted in various reagents. Applied field is in units of milliTesla/vacuum
permeability (mT/mug). Raw signal is in units of Volts (V). (LEFT) Peak nor-
malized MPI PSF. Changes in the SPIO resolution can be easily observed in this
graph. (RIGHT) Raw MPI PSF. Changes in the peak SPIO signal/mass of iron
can be easily observed in this graph. VivoTrax in DMSO: FWHM = 16.7 mT,
peak signal = 0.05671 mV. VivoTrax in etoposide: FWHM = 10.7 mT, peak
signal = 0.21186 mV. VivoTrax in media: FWHM = 13.1 mT, peak signal =
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Chapter 1

Introduction to Applications in
Magnetic Particle Imaging

1.1 Attribution

Permission has been granted from the committee chair and coauthors to adapt this work from
the previously published paper, Magnetic particle imaging for radiation-free, sensitive and
high-contrast vascular imaging and cell tracking, by Xinyi Y Zhou, Zhi Wei Tay, Prashant
Chandrasekharan, Elaine Y Yu, Daniel W Hensley, Ryan Orendorff, Kenneth E Jeffris, David
Mai, Bo Zheng, Patrick W Goodwill and Steven M Conolly [160].

1.2 Introduction to MPI

Magnetic particle imaging (MPI) is a new tracer imaging technique first introduced by
Philips, Hamburg [37]. MPT directly images the location and concentration of superpara-
magnetic iron oxide nanoparticle (SPIO) tracers with time-varying magnetic fields and has
remarkably high sensitivity and contrast. Several SPIOs are clinically approved and currently
on the market, including Feraheme (ferumoxytol), which is FDA approved for treatment of
anemia in chronic kidney disease (CKD) patients [86]. Outside of the United States, SP1Os
are available for patient imaging (Resovist), sentinel lymph node localization (Sienna) and
hyperthermia (NanoTherm) applications [112, 138, 153]. Safe, radiation-free scanning in
MPI combined with high-contrast, high-sensitivity imaging gives MPI fundamental advan-
tages in vascular imaging and cell-tracking, which we discuss in this review.

The physics of MPI relies on the electronic magnetization of SPIOs [37]. When an excita-
tion field is applied to SPIOs in the field-of-view (FOV), the magnetic dipoles reorient rapidly
in response. Much like in MRI, the change in magnetization can be visualized via Faraday’s
law with a receiver coil. Unlike MRI, the change is of electronic magnetization, rather than
nuclear magnetization. This results in a higher sensitivity for MPI, as the electronic magne-
tization of iron is 22 million times stronger than that of the nuclear magnetization of water
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at 7 Tesla [120]. To localize this signal, a large gradient field is used, as shown in Fig. 1.1.
Outside of a small region with a near zero field, termed the field free region (FFR), the
gradient locks SPIOs in place even if the excitation field is applied. Inside the FFR, the
SPIOs reorient in response to the excitation field. By rastering this FFR across each point

in the FOV, an image is created.
j. ak

FFR

W

Figure 1.1: The Field Free Region (FFR). The FFR allows signal localization in MPI.
SPIOs outside of the FFR are locked in place and cannot generate signal in an inductive
pickup coil, while SPIOs inside the FFR are free to move.
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MPI sensitivity can be as low as nanograms of iron (corresponding to as few as ~200
cells for cell tracking applications), and resolution can be as fine as ~1 mm [106, 100].
These specifications were obtained on academic prototype scanners. Commercial preclinical
MPI scanners were only recently introduced by Bruker GmbH and Magnetic Insight Inc,
and specifications are steadily improving. Theoretical work predicts that a human MPI
scanner could have picogram sensitivity in a 1 second scan [36] and technical improvements
have been made approaching this goal [45]. MPI has no view limitations, and it works
robustly even in the lungs and bones, where MRI and Ultrasound routinely fail. Indeed,
researchers have demonstrated proof-of-concept studies for MPI imaging of lung perfusion
and ventilation [159, 6, 96]. MPI also has no depth limitations, unlike optical imaging
methods. Many molecular reporters employed in cell culture studies and small animals
employ optical fluorescence or bioluminescence probes, which are fundamentally limited by
optical scattering and attenuation to surface applications. Last, unlike radiotracers, the
SPIOs reporter half life is essentially infinite, enabling researchers to track the location of
labeled cells even three months after introduction to a murine model [158]. This may be
enabling since Nuclear Medicine reporters last for only hours (FDG 2 hours half life, Tc-99m
6 hours, In-111 2.8 days) while many pathophysiologic processes require weeks to manifest.
Finally, MPI obtains a dose-limited sensitivity that is already competitive with Nuclear
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Medicine method on prototype MPI scanners. In the next sections, I discuss applications
development in MPI.

MPI Imaging Applications

Vascular Imaging Cell Tracking

Imaging
Trajectory

Figure 1.2: MPI Imaging Applications today. Broadly, MPI researchers have pursued
vascular imaging and cell tracking. In vascular imaging, researchers have used both tracers
that passively highlight the physiology of interest, or are specifically targeted via an antibody
or other moiety. In cell tracking, researchers have imaged several types of stem cells, and more
recently interest has grown in imaging immune cells for infection imaging, immunotherapy
tracking and early-stage cancer detection. Scanner schematic adapted with permission from
[156]. Copyright 2017 American Chemical Society.

Vascular imaging phantom image courtesy of Justin Konkle. Stem cell tracking image cour-
tesy of Bo Zheng. Image fusion of MPI (color) and CT (grey).

1.3 Vascular Imaging

The earliest applications of MPI focused on vascular imaging with untargeted SPIOs, such as
3D imaging of a beating mouse heart using Resovist [154]. This early work emphasized some
of the inherent advantages of MPI — three-dimensional, high-contrast and fast imaging. Both
imaging speed and circulation time of the MPI tracers are crucial for vascular applications.

SPIOs used in MPI typically have a hydrodynamic diameter between 50-100 nm, and
they remain in the bloodstream until cleared by the reticuloendothelial system [48]. Circu-
lation time varies from minutes to hours depending on the nanoparticle coating. Early MPI
researchers typically relied on ferucarbutran (also known as Resovist or VivoTrax), which is
a cyclodextrin coated SPIO originally designed as a MRI liver imaging agent to highlight



CHAPTER 1. INTRODUCTION TO APPLICATIONS IN MAGNETIC PARTICLE
IMAGING 4

(a) (C) ----MP!, ischemic X MPI, contralateral
@ MRI, ischemic MIMRI, contralateral

INITIAL MPI IMAGES

After injection control  After initial impact TBI 3 days later control 3 days later TBI

Normalized Signal Normalized Signal

Figure 1.3: Selected MPI vascular imaging applications. (a) Cancer imaging of rats.
MPI/CT of a human breast tumor xenograft shows enhanced image contrast 6 h after SPIO
injection. Arrows indicate tumor volume. Adapted with permission from [155]. Copyright
2017 American Chemical Society. (b) Traumatic brain injury (TBI) imaging of rats. Blue
dotted circle indicates impact site. Green circles indicate lymph nodes. The TBI rat has
significant signal from the hemorrhage, as well as signal inside the lymph nodes, unlike the
control [99]. Copyright Institute of Physics and Engineering in Medicine. Adapted with
permission of IOP Publishing. All rights reserved. (¢) Stroke imaging of mice. MRI and
MPI signals were plotted over time for certain selected regions of interest: filled black circles,
MRI signal ischemic hemisphere; filled black squares, MRI signal healthy hemisphere; red
dotted line, MPI signal ischemic hemisphere; red crosses, MPI signal healthy hemisphere).
The concentrationtime curves of the MPI and MRI showed similar progression and reduced
wash-out of the contrast agents into the ischemic hemisphere. Reprinted with permission
from [87]. Copyright 2017 American Chemical Society. (d) GI bleed imaging of mice. Dy-
namic projection MPI and subtraction MPI images, both co-registered to X-ray anatomical
reference, allow detection and quantification of GI bleed in a ApcMin/+ mouse model pre-
disposed to GI polyp development. Reprinted with permission from [156]. Copyright 2017
American Chemical Society.

cancerous lesions [154]. It targets the liver within minutes [112]. The Krishnan group at
University of Washington developed SPIOs with 2-fold better spatial resolution compared
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to Ferucarbutran and extended the circulation time of MPI SPIOs to 2+ hours in mice
and 4+ hours in rats using polyethylene glycol coatings [66, 63]. Alternative approaches to
increasing MPI tracer circulation time include loading SPIOs into red blood cells [106, 91,
130]. These long-circulating tracers are crucial for applications like cancer imaging via the
enhanced permeability and retention (EPR) effect [155], brain imaging for traumatic brain
injury (TBI) and stroke via visualizing cerebral blood volume and cerebral blood flow [87,
99|, and gastrointestinal (GI) bleed imaging [156]. Each of these applications shown in Fig.
1.3 requires imaging over hours or days, and hence long circulating SPIO tracers offer MPI
an advantage over nuclear medicine techniques, in which radionuclide decay limits the imag-
ing time course. As an example, longer circulation time enables blood volume and blood
perfusion studies in the brain, which could aid in stroke diagnosis and treatment planning.
We can also appreciate the information available from the high resolution of MPI optimized
tracers. For instance, in Fig. 1.3a at 10 minutes the initial wash-in of nanoparticles into the
tumor margins is visible. This subtle rim enhancement is discernible hours before the SPIOs
have highlighted the entire tumor at the 6 hour time point.

Recently, groups have employed both biochemical and biomechanical targeting moieties
on SPIO surfaces to highlight pathophysiologies. Biochemical active targeting to cancers
includes using lactoferrin to highlight brain glioma [5, 141], while biomechanical targeting
includes labeling macroaggregated albumin (MAA) with SPIOs to evaluate lung perfusion or
directly administering nebulized SPIOs to the lung airways [159, 96, 6]. Unlike radiotracers,
SPIO signal is stable over time, obviating the need for preparation immediately before patient
use. The convenience and image quality of 3D MPI with targeted SPIOs will enable MPI
scans as a compelling alternative to FDG-PET or Tc99m-V /Q scintigraphy for diagnosing
cancer and pulmonary embolism, respectively. Future work in vascular imaging will continue
in this vein to highlight specific pathophysiologies and harness the increasing resolution of
MPIT technology to highlight previously hidden perfusion behavior.

1.4 Cell Tracking

In recent years, stem cell tracking has gained research traction as a theranostic technique.
Successful stem cell therapy requires verification that stem cells reach their intended desti-
nation, remain there over time and maintain viability to eventually create functional tissues
or organs. MPI tracking of stem cells, shown in Fig. 1.4, has been demonstrated to quan-
titatively image the biodistribution of intravenously administered stem cells in rats, neural
implants of stem cells in rats, and neural implants of stem cells in mice [157, 158, 14]. Of note
is that the study tracking the biodistribution of intravenously administered stem cells was
able to robustly image the presence of stem cells in the lungs, an area which is traditionally
difficult for MRI and Ultrasound due to artifacts caused by air-tissue interfaces. Moreover,
the neural implant work imaged stem cells over 87 days, a study which would not be possible
with the clinical tracer modalities today due to the need for radioactively decaying tracers.
These early studies on stem cell lines have sparked further interest in the field of MPI stem
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Figure 1.4: Selected MPI cell tracking applications. (a) Stem cell implant imag-
ing in mice. MPI (A), MRI (B) and corresponding overlay MPI/MRI (C) of a mouse
brain transplanted with 1 x 10° (left hemisphere) or 5 x 10? (right hemisphere) SPIO-
labeled mesenchymal stem cells. Reproduced from [14] under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). b) Stem cell injection imaging in
rats. 3D MPI-CT imaging of intravenously injected human mesenchymal stem cells (hM-
SCs) and SPIO control. (A) MPI imaging of hMSC tail vein injections <1 hr post-injection
shows substantial hMSC localization to lung. (B) At 12 days, hMSC tail vein injec-
tions show significant total clearance and liver migration. (C) MPI imaging of SPIO-only
tail vein injections less than one hour post-injection shows immediate uptake in liver and
spleen. (D) Control injections of isotonic saline show no detectable MPI signal. Reproduced
with permission from [157] under the Creative Commons Attribution (CC BY-NC) License
(https://creativecommons.org/licenses/by-nc/4.0/). (c¢) Long-term stem cell implant imag-
ing in rats. (LEFT) Longitudinal MPI imaging of 5 x 10° SPIO-labeled human NPCs
implanted in the forebrain cortex over 87 days. Scale bar 1 cm. Color intensity in ng/mm?.
(RIGHT) Postmortem Prussian blue (PB) staining confirms presence of iron-labeled cells at
administration site. Adapted with permission from [157] under the Creative Commons CC
BY License (https://creativecommons.org/licenses/by/4.0/).

cell tracking, leading to work demonstrating that MPI can be used to image pancreatic islet
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transplants in mice and work developing new nanoparticle agents for multimodal imaging
of stem cells, including via MPI [149, 80]. These studies demonstrated up to 200-cell sensi-
tivity, which is far more sensitive than other medical imaging modalities [95]. Last, recent
progress has been made in correlating MPI relaxation times to stem cell viability in vivo
[30]. This technique relies on analyzing the harmonic spectra of the MPI signal (Magnetic
Particle Spectroscopy - MPS) to determine if the SPTIOs are still within the cell or have been
released to the outside after cell death. With new particle and arbitrary excitation design
[134], it may be possible to further distinguish stem-like states versus apoptotic or non-stem
states.

Researchers have recently explored MPT for tracking prelabeled white blood cells (WBCs),
which could emerge as a radiation-free alternative to infection imaging via traditional WBC-
In111 scintigraphy (Gaudet et al., Zhang et al., Chandrasekharan et al., World Molecu-
lar Imaging Conference, Philadelphia, September 2017). Preliminary work has shown that
MPI can track cultured macrophages in both healthy and middle cerebral artery occlusion
(MCAO) stroke mice, and tumor-associated macrophages in a 4T1 mouse model of metastatic
cancer. Future work in MPI cell tracking is expected to extend these imaging studies to ther-
anostic applications, such as tracking stem cell migration for disease treatment, or immune
cell migration for immunotherapy treatment of cancers.

We note that the theranostic potential of MPI extends far beyond guiding cell-based
treatments. Although this review focuses on MPI imaging applications, extensive work has
also been performed demonstrating the utility of MPI for ionizing radiation-free surgical
guidance [119, 49, 111, 22] and therapeutic guidance, such as with magnetic hyperthermia
(69, 54, 73, 72, 132].

1.5 Tracer Development

In the early days of MPI, researchers had to rely on SPIOs designed for T2* or T1-weighted
MRI contrast agents [150]. Since MRI and MPI see SPIOs with completely different physics,
the MPI performance of these SPIOs was not ideal. Dramatic improvements in sensitivity
and image resolution have been enabled through tailoring of SPIOs to MPIs unique physics
(23, 28, 26]. Both theory and experiment have shown that 5-20 nm core sizes show poor
resolution [4, 41, 110]. Larger core sizes (>27 nm) do not perform as well as the optimal
range of 20-26 nm, due to relaxation blurring [135]. While 1-2 mm resolution is comparable
to nuclear medicines resolution, a dramatic improvement in spatial resolution (100 microns)
would obviate perhaps the last technical weakness of MPI. Since image resolution is improved
both by either better SPIOs or higher scanner gradients, these MPI-tailored SPIOs could
dramatically reduce scanner cost. A ten-fold improvement in SPIO magnetic resolution could
reduce the cost of a clinical MPI scanner by nearly one-hundred-fold. Hence, high-resolution

SPIOs remain an exciting and crucial area in MPI research to enable safe and cost-effective
human MPI.
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Figure 1.5: Recent progress in tracer technologies. (a) In wvitro tri-color MPI.
Three different MPI tracers are indistinguishable in a standard MPI reconstruction al-
gorithm, but can be distinguished after applying a multi-color reconstruction algorithm.
Adapted with permission from [108] under the Creative Commons Attribution 3.0 license
(http://creativecommons.org/licenses/by/3.0). (b) In vivo dual-color MPI. Rat lung and
liver are targeted with two nanoparticles with different relaxation behavior. In standard
MPI, the organs are indistinguishable, but after the colorizing algorithm the organs can be
distinguished based on the relaxation behavior of the SPIOs within. Image courtesy of Daniel
Hensley. (c¢) Multi-modal Janus iron oxide MPI tracers. SPIO tracers can be designed for
multi-modality imaging. Mice were subcutaneously implanted with nanoparticle-labeled cells
and imaged under MPI, fluorescence and T2-weighted MRI. Adapted with permission from
[126]. Copyright 2017 American Chemical Society. (d) Lung perfusion imaging with MAA-
SPIO. Large macroaggregated albumin conjugated to SPIOs are biomechanically trapped
in the rat lung, allowing imaging of blood perfusion through the lungs [159]. Institute of
Physics and Engineering in Medicine. Adapted with permission of IOP Publishing. All
rights reserved.

Beyond improving MPI signal and resolution, harnessing MPI physics to provide molec-
ular contrast is an exciting research area. Color MPI extracts information about SPIO re-
laxation to distinguish between nanoparticles with different relaxation dynamics and opens
the door to multiplexing in MPI, similar to fluorescence multiplexing [108]. This work has
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recently been extended to in wvivo imaging, as shown in Fig. 1.5 (Hensley et al., World
Molecular Imaging Conference, Philadelphia, September 2017).

Relaxation mechanisms include Néel and Brownian, which are strongly influenced by the
viscosity of the medium. In general, smaller particles exhibit mainly Néel behavior and are
unaffected by the media viscosity or by binding. Larger particles exhibit mainly Brownian
behavior and are very sensitive to media viscosity and to binding. Small relaxation changes
can be detected via color MPI, but even standard MPI can detect large relaxation changes
[33].  MPI has seen only limited research into targeted nanoparticle coatings that target
specific pathophysiologies [126, 142]. It will be exciting to see the vast area of nanomedicine
research applied to MPI-targeted SPIOs for high specificity and sensitivity diagnosis of dis-
ease with zero ionizing radiation.

1.6 Author’s Work in Context

In this dissertation, I discuss several novel applications of magnetic particle imaging, encom-
passing these three main categories of applications development in MPI. First, I discuss the
development of lung ventilation/perfusion (V/Q) imaging with MPI. I developed and tested
in vivo rats the first lung perfusion MPI imaging agent (termed MAA-SPIOs), which was the
first systemically administered MPI tracer targeted to a specific organ other than clearance
organs. I also describe a method to pair the perfusion study with a previously developed
method for MPI ventilation imaging, in which aerosolized SPIOs are delivered to rodent
airways. The MPI V/Q scans described are analogous to the nuclear medicine V/Q scans,
which are commonly used clinically to diagnose pulmonary embolism. The perfusion study
is targeted to the lung capillaries and therefore is a type of vascular imaging application.
Next, I discuss the development of MPI white blood cell (WBC) imaging, in which MPT is
used to track white blood cells throughout the body. This type of cell tracking analogous to
nuclear medicine WBC scans, which are commonly used to detect osteomyelitis and other
difficult-to-localize infections. Last, I discuss a method for phospholipase detection via MPI
relaxometry. This tracer development work demonstrates the potential to provide metabolic
information via liposome SPIOs, pushing the envelope of contrast mechanisms available in
MPI.
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Chapter 2

Lung Perfusion MPI Imaging

2.1 Attribution

Permission has been granted from the committee chair and coauthors to adapt this work from
the previously published paper, First in vivo magnetic particle imaging of lung perfusion in
rats, by Xinyi Y Zhou, Kenneth E Jeffris, Elaine Y Yu, Bo Zheng, Patrick W Goodwill,
Payam Nahid and Steven M Conolly [159].

2.2 Motivation

Pulmonary embolism (PE) is the third leading cause of cardiovascular mortality in North
America, affecting 21-69 people per 100,000 per year [116, 71]. It is often fatal when un-
treated, carrying a 30% mortality rate, which improves to 8% with timely treatment. It
occurs not only in patients comorbid with other conditions such as obesity or a history of
surgery, but also in otherwise healthy patients after long-distance air travel or pregnancy
[129, 52]. It is the leading cause of maternal mortality in developed countries [15]. Be-
cause patients can present with non-specific symptoms such as chest pain and/or shortness
of breath, definitive diagnosis of PE remains difficult for clinicians. Up to 35% of patients
initially suspected of having PE are ruled out, and conversely, many cases of PE are only
diagnosed post-mortem [19].

Imaging studies are therefore necessary for the clinician to make a differential diagnosis
of PE. CT pulmonary angiography (CTPA) and ventilation/perfusion (V/Q) scans are the
two diagnostic imaging approaches most commonly used for clinical PE diagnosis [34, 116].
Both methods have good sensitivity and specificity when used in conjunction with other
criteria. The use of CTPA is increasing despite its higher radiation dose (as much as ten-
fold as compared to V/Q) due to its superior spatial resolution and its ability to suggest
alternative diagnoses if no clot is apparent [25, 122]. Moreover, V/Q scans, like many other
nuclear medicine scans, are often only available during daytime, weekday hours compared
to the widespread all-hours availability of CT in emergency departments [116].
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V/Q consists of two individual scans that investigate lung performance during ventilation
(V) in both inhalation and exhalation phases, and blood perfusion (Q) into pulmonary
capillaries. In the ventilation scan, the patient inhales a radionuclide gas or aerosol, such as
Xenon-133, and the lungs are then imaged using a gamma camera to show areas in the lungs
with airflow blockages [127]. In the perfusion scan, %™Tc-MAA is injected intravenously,
and the filling of the capillaries and any perfusion defects are visualized using a gamma
camera [10]. ?"Tc-MAA is macroaggregated albumin (MAA) chelated to the radionuclide
tracer *"Technetium. MAA targets the lung because at a size range of 10 —90 pm, it is
trapped in the first capillary bed reached after IV injection, i.e., the lungs, which have 6 pm
average lumen diameter [123, 143].

In order to improve resolution and diagnostic accuracy, V/Q can incorporate single-
photon emission computed tomography (SPECT) imaging to produce 3-D images that high-
light perfusion defects much more accurately and consistently [114]. V/Q scans are preferred
when the injection of iodine is a safety concern, such as for chronic kidney disease (CKD)
patients or patients with contrast allergies [71]. V/Q is also preferred in pregnant patients
due to ionizing radiation concerns and because it is more likely to be diagnostic [15].

The other major medical imaging modalities of ultrasound and MRI are poor diagnos-
tically in the lung and thus rarely used clinically when PE is suspected [139, 104]. The
ultrasound transmit wave does not penetrate the lung due to near-total reflection at the first
air-tissue interface. In MRI, Ty* of lung tissue is very short due to the + 5 ppm magnetic
field disturbance outside the air-filled alveoli; fortunately, new approaches with ultrashort-
TE pulse sequences and Gadolinium contrast have largely mitigated this challenge. However,
the use of Gadolinium is contraindicated in patients with CKD and new studies have raised
concerns about the accumulation of Gadolinium in the brain tissues of healthy patients [115,
92]. Hence, lung MRI remains uncommon in a clinical setting.

Magnetic particle imaging (MPI) is an emerging tracer imaging modality with high sen-
sitivity and ideal image contrast, using low-frequency magnetic fields to image the spatial
distribution of superparamagnetic iron oxide (SPIO) tracers. There is ideal image con-
trast because background tissue (bone, muscle, blood, fat) produces no MPI signal. More-
over, there is zero depth attenuation of low-frequency magnetic fields in tissue, allowing
for quantitative imaging. The scanner and parameters used for data collection in this pub-
lication utilizes a field-free point (FFP) and has a sensitivity of approximately 80 ng Fe
in a gradient-determined voxel [157]. However, MPI sensitivity varies from microgram to
nanogram amounts ([106]) of iron because it is dependent on the tracer in addition to specific
scanner geometry and scan parameters. Tradeoffs for increased sensitivity include resolution
and scan time [100]. Gleich’s theoretical work suggests that a human MPI scanner could
have picogram sensitivity in a 1 second scan [36].

Some of the SPIOs used in MPI experiments have already been clinically approved as
MRI contrast agents [150]. These tracers clear through the liver and spleen and are degraded
in these organs; the iron is taken up by iron storage proteins such as ferritin and hemoglobin
[81]. However, MPI-optimized tracers with improved MPI resolution and SNR are different
than MRI-optimized tracers and much more characterization must be done to fully evaluate
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V/Q Scan CTPA MPI Q Scan
Sensitivity 91.7% 100% TBD
Specificity 92.9% 92.9% TBD
Radiation Dose 0.21-2.4 mSv 4.2-19.9 mSv Zero
Contrast Agent/Tracer | ¥3"Xe gas (V) 9" Tc-MAA (Q) iodine SPIOs
Dose 1.4 mL %" Tc-MAA 100 mL (30 g iodine) | 5 mg/kg (< 0.5 g)
Target Population Contrast allergy, renal insufficiency | Healthy patients Healthy patients
Availability Up to 3-4 hour wait (tracer prep) | 24/7 24/7

Table 2.1: Comparison of MPI to Current Modalities for PE Diagnosis. While the
sensitivity and specificity of MPI for PE diagnosis is yet to be tested, MPI has several ideal
characteristics for PE detection. Note that up to 25% of patients may have a sensitivity to
iodine or weak kidneys, resulting in a need for a CTPA alternative [78, 129, 120, 60, 94, 7,
38, 20].

the pharmacokinetics and clearance of these new tracers [23, 28, 27].

MPI has a comparative advantage over several modalities in lung imaging because there
are no air-tissue interface artifacts nor ionizing radiation. While MRI requires parts-per-
million levels of magnetic field homogeneity, MPI requires only a few percent field homo-
geneity for the drive field. Hence, the MPI signal in lung capillaries is completely unaffected
by the £ 5 ppm magnetic field disturbance produced by nearby air-filled aveoli, which can
cause severe artifacts in conventional MRI. MPI also carries safety advantages over C'T and
V/Q for PE diagnosis since the lungs are particularly vulnerable to radiation dose. A per-
fusion scan using ™ Tc-MAA delivers a typical radiation dose of 100-250 MBq or 0.21-2.4
mSv for the complete V/Q scan [114]. For reference, a a dental X-ray delivers 0.005 mSv.
Because the MPI tracer and scanning process use no ionizing radiation, it is one of the
safest tracer imaging modalities to date and has potential for clinical translation [44, 107].
A summary of the characteristics of the common clinical diagnostic scans to diagnose V/Q
and the characteristics of MPI are shown in Table 2.1.

Previously, Nishimoto [96] demonstrated promise for MPI in lung imaging with the first
in vivo MPI ventilation studies in mice using a nebulized microsprayer to deliver Resovist
to the lungs. Here, we report a method for preparing a novel MPI lung perfusion imaging
agent, macroaggregated albumin-SPIOs (MAA-SPIOs), and demonstrate its efficacy and
biodistribution for in vivo MPI lung perfusion imaging in rats. We combine this method
for lung perfusion imaging with the previously demonstrated method for lung ventilation
imaging, facilitating the first MPI V/(Q images.
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2.3 Methods

MPI Lung Perfusion Imaging
Preparation of SPIO-Labeled MAA

Macroaggregated albumin preparation was adapted from methods in Hunt et al. [57] and
Sajid et al. [118]. Biotinylated bovine serum albumin (bBSA) was purchased from Pierce
Biotechnology (Rockford, IL, USA) and multicore streptavidin-functionalized perimag (for-
merly known as nanomag-MIP) iron oxide nanoparticles were purchased from micromod
Partikeltechnologie GmbH (Rostock, Germany). Perimag SPIOs are synthesized through
coprecipitation and have a polydisperse cluster morphology with a mean effective magnetic
diameter of 19 nm; they are described fully in [23]. For transmission electron microscopy, per-
imag particles were deposited onto a carbon film copper TEM grid from Electron Microscopy
Sciences (Hatfield, PA, USA) and imaged using a 120 kV FEI Tecnai 12 transmission elec-
tron microscope (FEI, Hillsboro, OR). 1.5 mg/mL bBSA and 0.1 mg/mL perimag in pH 5.4,
0.1 M acetate buffer were stirred for 10 minutes, then heated with stirring at 1150 rpm for
20 minutes in a 70 C hot water bath. The mixture was cooled at room temperature with
stirring for 10 minutes, pushed through a 70 pm filter and finally spun down at 2000 relative
centrifugal force (rcf) and resuspended in 1 mL saline.

Using a hemocytometer and images taken with an Olympus IX70 inverted optical mi-
croscope, the polydispersity of MAA-SPIO was determined using a custom Matlab (Math-
works) script. For measurements of size stability, MAA-SPIOs were stored in saline at 4 C
and counted every day for four days after initial preparation. Roughly 200-300 MAA-SPIO
particles out of the entire sample were counted each time.

Animal clearance experiments of MAA-SPIOs

All animal procedures were conducted according to the National Research Council's Guide
for the Care and Use of Laboratory Animals and approved by UC Berkeley's Animal Care
and Use Committee. Female Fischer 344 rats at 25 weeks old, weighing on average 154 g, were
used for in vivo imaging. All animals were fed on an ad libitum diet of Teklad Rodent Diet
2018 (Harlan, Indianapolis, IL). Briefly, three groups of rats anesthetized under isoflurane
(4% for induction and 3.5% for maintenance, 1.5 L/min flow) received tail vein injections
by hand with a maximum total volume of 1 mL of sterile phosphate buffered saline (PBS)
and either a perimag or MAA-labeled perimag bolus at a dose of 0.4 mg Fe/kg. Roughly
700,000 MAA particles were in each dose of MAA-SPIO, with approximately 1.4x10° SPIO
particles per MAA-SPIO. Imaging was started 10 minutes post-injection unless otherwise
stated in the figure. CT was performed post-mortem.



CHAPTER 2. LUNG PERFUSION MPI IMAGING 14

MPI Lung Perfusion Imaging

A custom-built 3D MPI scanner with 7 T /m field free point gradient and ~1.5 mm full-width-
at-half-maximum resolution was used for imaging, as previously described in [120, 157]. The
system used drive field frequency of 20.05 kHz and excitation strength of 40 mTpp, with 10
minute scan time for a 4x4x10.6 cm field-of-view (FOV) for the time course scans in Fig.
2.6, and 4x3.75x10.6 cm FOV for all other MPI scans. Live animals were imaged under
isoflurane anesthesia (2%, 1.5 L/min) with respiratory gating to reduce breathing artifacts.
In the gating process, a pneumatic breath pad is placed on the animal to track animal
breathing movement. Imaging only proceeds in the period when the animal is done with
each breath; this minimizes movement artifacts. The measurement time reflects the total
scan time with gating. MPI images were reconstructed using an x-space MPI reconstruction
and rendered in this paper as maximum intensity projections (MIPs) [40, 41, 85]. MIPs
were generated by projecting the voxel with the highest value on every slice throughout
the volume into a 2D image. MIPs were chosen because it is difficult to show the full
biodistribution of the particles in a single slice because the organs are located in different
depths throughout the body. Six perimag SPIO point sources from 1 to 10pg were used
to construct a calibration curve (R* = 0.94). Note that the quantification may be less
accurate after the MAA-SPIOs travel past the lungs due to the MAA-SPIOs degrading and
being taken up into the microenvironment of phagosomes [137, 81]. Images were visually
coregistered to CT skeletal references taken on a RS9-80 Micro CT scanner (GE) with 17-
minute acquisition time and 93 pm isotropic resolution. All data acquisition, control, data
processing and visualization were performed with MATLAB. MAA-SPIO clearance half-life
from the lung was calculated by summing the signal in a region-of-interest around the lung
and applying an exponential fit over the time course.

Organ Excision and Imaging

To confirm the location of tracers 10 minutes post-injection, animals were sacrificed and
dissected. The lungs, liver, heart, and spleen of these animals were removed and imaged
using MPI as previously described.

MPI Lung Ventilation Imaging
Aerosol Inhalation Setup

SPIOs (PerimagTM, micromod Partikeltechnologie GmbH, Rostock, Germany) was added
to the aerosol mix in order to track the aerosol in vivo with magnetic particle imaging. In
short, the nebulizer was connected in line between the y-junction and the output of the
rodent ventilator device to inject the aerosol into the ventilation airstream to be inhaled by
the rodent. SPIONs were mixed into 1x phosphate buffered saline to a final concentration of 5
mg/mL (1.7 mg iron / mL). Due to the low concentration, the aerodynamic properties of the
aerosol droplets should be negligibly affected by addition of SPIONs (< 0.5% weight change).
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Roughly 0.3 mg/kg of SPIONSs were delivered into the rodents via aerosol inhalation and MPI
scans were acquired at multiple time points up to 13 days after to evaluate clearance from
the lung. Aerosol was generated by a vibrating mesh nebulizer (AeronebTM Lab Nebulizer
Unit, Small VMD, Kent Scientific Corporation, Connecticut, USA) and the ventilator has
tunable stroke volume and rate (Model 683 Small Animal Ventilator, Harvard Apparatus,
Holliston, MA, USA).

MPI Lung Ventilation Imaging

The scanning methods described for MPI lung perfusion imaging above were closely adapted
for lung ventilation imaging. However, animals were imaged on the UC Berkeley 6.3 T/m
field-free-line (FFL) [156] instead of on the FFP scanner. The FFL produces 2D projection
images instead of 3D images, and can image the same FOV in 1/5th of the time. Both
scanners have a drive field frequency of 20.225 kHz and an excitation strength of 40 mTpp.

MPI Ventilation/Perfusion Imaging

The animal first received the MAA-SPIO lung perfusion agent and MPI imaging immediately
thereafter. After waiting 24 hours for MAA-SPIOs to clear to the liver and spleen, the
animal received aerosolized SPIOs and ventilation imaging. Scans were performed on the
UC Berkeley 6.3 T/m FFL scanner as described earlier.

2.4 Results

MPI Lung Perfusion Imaging
Fabrication and Characterization of MAA-SPIOs

Using a combination of biotin-streptavidin binding and non-specific aggregation of albumin
in acetate buffer through heating, we prepared macroaggregated albumin conjugated to a
SPIO tracer (MAA-SPIOs), as shown in Fig. 2.1.

Optimization of the size and morphology of MAA is shown in Fig. 2.2. After an appropri-
ate protocol to produce MAA was identified, streptavidin-coated SPIOs were incorporated
into the solution of (biotin-coated) BSA. Characterization of the optimized MAA-SPIOs is
shown in Fig. 2.3. By light microscopy, MAA-SPIOs had a particle distribution with 98% of
particles <70 pm in length with no particles >83 pm observed. A representative micrograph
is seen in Fig. 2.3(a). Note that the perimag SPIO clusters, visualized through transmission
electron microscopy in Fig. 2.3(b), are several orders of magnitude smaller and therefore
have little effect on MAA size. The mean MAA particle size was 25 pm with a standard
deviation of 13pm. A histogram of 327 particles counted on a hemocytometer is shown in
Fig. 2.3(c). MAA-SPIOs were stable and maintained a similar size distribution over five
days, with mean particle size 27 pm with a standard deviation of 13 pm on day 5, as shown in
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Figure 2.1: Preparation of MAA-SPIOs. Biotinylated albumin is conjugated to
streptavidin-functionalized SPIOs, then heated with stirring to form macroaggregates. B
= biotin, S = streptavidin, BSA = bovine serum albumin, SPIO = superparamagnetic iron
oxide nanoparticle.
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Figure 2.2: Optimization of Macroaggregated Albumin Size. Solutions of bovine
serum albumin (BSA) at different concentrations and different stir speeds were heated for
20 minutes at 70 C, resulting in variable aggregate sizes and morphologies.

Fig. 2.3(d). The morphology and size distribution is comparable to that of commercial MAA
kits, for which “more than 90% of the particles are between 10 and 70 micrometers, while the
typical average size is 20 to 40 micrometers; none is greater than 150 micrometers.” [60, 97]
Note that the MAA-SPIO fabrication process does not degrade the MPI signal intensity, as
shown in 2.3(e). The phantom shape is slightly different since the large MAA-SPIOs settle
down and compact in the test tube, but the overall iron concentration was found to be the
same.

Based on the particle sizes, it is expected that following intravenous injection, the parti-
cles will be entrapped in the pulmonary capillary bed because the particles are larger than
the 6 pm of the typical rat capillary. Note that average human lung capillaries are also
roughly 6 pm in diameter, hence a similar principle could be used to design MAA-SPIOs for
human studies [123, 143].



CHAPTER 2. LUNG PERFUSION MPI IMAGING 17

35

(a)

% Particles in Class

0 10 20 30 40 50 60 70 80 90
(b) (c) Size Class (um)
50 | | | | |
| - 500
g 40 —_ _— 400
~ — - 300
o 30
_(% 1 r 200
20 —_ __ 100
10 ' ' ' ' ' MAA-SPIOs SPIOs-onl ’
-1 0 1 2 3 4 y

Days After Preparation

(d) (e)

Figure 2.3: Characterization of of MAA-SPIOs. (a) Brightfield image of MAA-SPIOs.
200 pm scale bar. (b) TEM image of perimag SPIO clusters. 100 nm scale bar. (c) Histogram
of MAA-SPIO size distribution (of 327 particles measured). (d) Size stability of MAA-SPIOs
in saline over five days (~200-300 particles measured each day). (e) MPI scans of roughly
2 million MAA-SPIO and equivalent iron concentration SPIO only phantoms, each in 80 uL
water. Colorbar for both scans in ng Fe/cm?.

In Vivo Imaging of Lung Perfusion in Rats

The hypothesis that lungs will entrap MAA-SPIOs following intravenous injection is con-
firmed via magnetic particle imaging (MPI). Fig. 2.4(a) shows that MAA-SPIOs are visible
in MPI and effectively target the lung perfusion within 10 minutes after a venous injection.
SPIOs only localize to the liver and spleen as expected, shown in Fig. 2.4(b). The rapid
clearance of the SPIO control is expected since perimag is coated with dextran, a coating
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(a) MAA-SPIOs 10 min post-injection. (b) SPIOs 10 min post-injection.

Figure 2.4: 3D MPI MAA-SPIO scans in vivo rats 10 minutes after IV injec-
tion, with coronal, sagittal and axial MIPs shown. (a) 700,000 MAA-SPIOs, with
approximately 1.4x10° SPIO particles per MAA cluster (0.4 mg Fe/kg), effectively target to
the lung vasculature within 10 minutes by lodging in the lung capillary due to MAA-SPIO
particle size larger than capillary diameter. (b) SPIOs (0.4 mg Fe/kg) alone do not target
to the lung and instead immediately clear to the liver and spleen in 10 minutes. Streaking
artifacts are apparent due to imperfect respiratory gating. Coregistration to CT. Colorbar
in ng Fe/cm3.

that has been shown to impart very short blood circulation times [125].

Ezx vivo scans of excised organs, shown in Fig. 2.5(a) confirm that the MAA-SPIOs
localize to the lungs, with 80% of the signal seen in the lungs vs. only 20% in the liver, and a
9:1 lung to liver maximum signal intensity ratio. In comparison, dissected control rats given
an SPIO-only injection, seen in Fig. 2.5(b) show signal only in the liver and spleen.
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Figure 2.5: 3D MPI scans of excised organs, displayed as MIPs. (a) Organs excised
from animal injected with 700,000 MAA-SPIOs, and approximately 1.4x10°> SPIO particles
per MAA cluster (0.4 mg Fe/kg), and sacrificed 10 minutes after injection. (b) Organs
excised from animal injected with SPIOs only (0.4 mg Fe/kg) and sacrificed 10 minutes after
injection. Colorbar in png Fe/cm?3.

Clearance of MAA-SPIOs from Lungs to Liver and Spleen

As shown in MPI images coregistered with CT in Fig. 2.6, MAA-SPIOs travel to the lungs
within 10 minutes and are visible only in the lungs for one hour. Because the MAA is fragile
due to the non-specific aggregation method, erosion and fragmentation reduce the particle
size, allowing it to pass through the pulmonary capillary bed over time. This is seen in Fig.
2.6 showing that the fragmented MAA-SPIOs were accumulated by the reticuloendothelial
system, localizing in the liver and spleen, and were no longer present in the lungs after one
day. The half-life of MAA-SPIO elimination from the lung was approximately 4.8 hours,
compared to 2-4 hours for commercial **Tc-MAA [60, 97, 90]. The total signal appears to
drop between 30 min and 1 hour because as the initial MAA-SPIO dose spreads throughout
the body, the contrast in the lungs decreases. This effect is exacerbated in the MIPs since
the volume of the liver is considerably larger than that of the lungs.

MPI Lung Ventilation Imaging

Animals were intubated and administered aerosolized SPIOs as per the setup shown in
Fig. 2.7. The MPI time course study in Fig. 2.8 shows the initial deposition in the lungs
and the mucociliary clearance of the SPIOs into the gastrointestinal tract. Due to the
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Figure 2.6: 3D MPI MAA-SPIO scans in vivo rats over 24 hours, displayed as
MIPs. 700,000 MAA-SPIOs, with approximately 1.4x10° SPIO particles per MAA cluster
(0.4 mg Fe/kg), effectively target to the lung vasculature by lodging in the lung capillary
due to MAA-SPIO particle size larger than capillary diameter. MAA-SPIOs fragment over
time and clear to the liver and spleen over 24 hrs. MPI scans are coregistered to CT scans.
Colorbar in pg Fe/cm?.

large hydrodynamic size of the SPIOs (130 nm hydrodynamic size), there is expected to
be negligible penetration of the blood-lung barrier. At the 20 min time point, SPIOs were
clearly localized in the lungs. At the 15 day time point, SPIOs were observed in the lower
gastrointestinal tract. Over the course of 15 days, the MPI signal in the lungs gradually
decreased as the SPIOs were cleared from the lungs. Further data from our group confirming
the mucociliary clearance pathway of inhaled SPIOs are published in Tay et al. (2018) [133].
The feces were collected and a two-compartment model showed that as the MPI signal in
the lungs decreased, the MPI signal in the excreta increased.

MPI Lung Ventilation/Perfusion Imaging

Current MPI techniques cannot distinguish between SPIOs in the airways and SPIOs in the
lung capillaries. Based on the long clearance time of inhaled SPIOs (days) as compared to the
rapid clearance time (hours) of MAA-SPIOs, we decided to first image the rat lung capillaries
with MAA-SPIOs, then wait for clearance over 24 hours before ventilation imaging. The
procedure and resulting images are shown in Fig. 2.9. While streaks of MPI signal near the
lungs are often due to gating artifacts, as is the case with the streaks on the left edge of the
imaging, the vertical streak in the middle is the trachea. This was confirmed by by a longer
FOV image (not shown) showing very high deposition of aerosolized SPIOs in the throat and
a continuous column of SPIOs from the the throat to the lungs. The uneven deposition in
the left and right sides of the lung shows one challenge of aerosol delivery via endotracheal
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Figure 2.7: Ventilation setup for aerosolized SPIO delivery. Rats are mechanically
ventilated with puffs of aerosolized 10 mg Fe/mL SPIOs. Aerosol droplets are < 4 pm.
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Figure 2.8: MPI ventilation scans via aerosolized SPIOs over 15 days. Inhaled
SPIOs are seen in the lung airways and clear slowly out of the airways over days via the
mucociliary pathway. MPI scans are coregistered to x-rays. Colorbar in g Fe/mm?.

intubation, which is excerbated by the small size of rats compared to larger animal models
or humans.

2.5 Discussion

MPI lung ventilation/perfusion (V/Q) images are comparable in quality to that of nuclear
medicine V/Q: contrast is excellent since there is no tissue background signal in either modal-



CHAPTER 2. LUNG PERFUSION MPI IMAGING 22

Wait 24 Aero.sol.
ventilation

hours for
clearance of
MAA-SPIOs © |
Tail vein — } - Sacrifice

injection of
MAA- SPIOs \
\/ ’

Lung Ventilation Image  Lung Perfusion Image

Figure 2.9: MPI Lung Ventilation/Perfusion Imaging. The rat first receives MAA-
SPIO for MPI lung perfusion imaging. After 24 hours, the rat receives aerosolized SPIOs for
MPI lung ventilation imaging. Streaking artifacts on the left edge are apparent as a result
of imperfect respiratory gating.

ity, and high sensitivity allows for a 700,000 MAA-SPIO dose, within the range of clinical
doses recommended by commercial MAA manufacturers for V/Q scans [60, 90, 97]. Both
MPI and V/Q have relatively lower spatial resolution — roughly 1.5 mm and 3 mm respec-
tively — compared to the <0.5 mm spatial resolution available for the latest CT scanners,
but V/Q and CTPA have similar diagnostic power for PE because nuclear medicine pro-
vides superior contrast [41, 17, 78]. Regardless, MPT resolution can and is being improved
rapidly with the continued development of MPI-optimized SPI1Os, higher gradient scanners,
and computational approaches such as frequency based MPI and deconvolution [8, 41, 42,
27, 46, 109]. Because an improvement in resolution implies a reduction in voxel size and
therefore a reduction in signal per unit volume, clinicians will have to carefully balance the
tradeoffs of resolution and SNR for each imaging application.

The novel MPI lung perfusion imaging agent, MAA-SPIO, shows promise for mimicking
the pharmacokinetics of commercial MAA. Commercial suppliers report a 20:1 lung to liver
ratio of %" Tc-MAA immediately post-injection in humans, while we report a 9:1 lung to
liver ratio in rats [60, 97]. Additionally, commercial supliers report a clearance half-life from
the lungs to the liver of approximately 2-4 hours in humans, while we report a 4.8 hour
half-life in rats [60, 97, 90]. While results from humans and rats are not directly comparable,
since both the SPIOs and radionuclides are several orders of magnitude smaller than the
micron-sized MAA particles, we expect that these differences are more due to variations in
commercial and in-house MAA manufacture rather than inherent differences in MAA-SPIO
and ?"Tc-MAA pharmacokinetics.

Image quality is not the only consideration in determining an appropriate imaging modal-
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ity for differential diagnosis of PE; speed and safety are also essential. While it is difficult for
any imaging modality to match the unparalelled speed and resolution of X-ray CT imaging,
patients who require V/Q instead of CTPA because of iodine contraindication can face a 2+
hour wait time due since *"Tc-MAA must be prepared immediately before use due to the
rapid half-lives of nuclear medicine tracers [50, 32]. In contrast, MAA-SPIOs are stable after
preparation and we anticipate that MPI scan times will be comparable to MRI for 3D scans
and up to two orders of magnitude faster for 2D scans [43, 35, 70]. Moreover, fully electronic
methods of scanning the entire FOV can greatly speed up the scan time of MPI, while new
reconstruction techniques can allow online-capable reconstruction times [98]. Previously,
[154] covered a field of view of 20.4 x 12 x 16.8 mm? (to image a beating mouse heart) with
temporal resolution of 21.5 ms. The parametric trade-offs in MPI of SNR, resolution and
imaging time must be balanced carefully for each imaging application. The superior safety
of MPI V/Q imaging for PE diagnosis is notable in two areas: there is zero ionizing radiation
(unlike CTPA and nuclear medicine V/Q) and the tracers clear through routes independent
of the kidneys (unlike iodine in CTPA), which is safer for patients with poor renal function
86].

This work on MPI lung ventilation/perfusion imaging adds to previous work on MPI
preclinical imaging in the torso region, including on lung ventilation, whole body blood
pool imaging and whole body stem cell tracking (showing 200 cell sensitivity) [96, 62, 158,
157]. Collectively, the high quality images and range of applications demonstrated in the
literature suggest the general utility of MPI for lung imaging. Future work to add functional
information to MPI lung imaging via new MPI contrast methods (i.e., “color” MPI) is of
particular interest to the field [108, 53].

2.6 Conclusion

We successfully fabricated the first MPI lung perfusion imaging agent, MAA-SPIOs, with
comparable morphology, size distribution and n vivo biodistribution and clearance compared
to the 9"Tc-MAA used in lung perfusion scintigraphy and SPECT studies. MAA-SPIOs
carry the advantage of signal stability after preparation, whereas " Tc must be conjugated
to MAA immediately before use due to the short six-hour half-life of *™Technetium [50].
Hence, a MAA-SPIO imaging study could rapidly and conveniently be ordered by the clini-
cian.

We demonstrated for the first time high sensitivity and high contrast 3D images of lung
perfusion in vivo rats using this novel MAA-SPIO agent, confirming the targeting properties
of MAA-SPIOs via ez vivo MPI scans of excised lung, liver and spleen. The 1.5 mm full-width
at half-maximum resolution is comparable to V/Q studies and can be improved to 200 pm
by the use of higher gradients, albeit with a direct loss in SNR (and therfore sensitivity), or
nanoparticles optimized for MPT [41].

We also paired the perfusion scan with a previously published method for lung ventilation
imaging. Inhaled aerosolized SPIOs localize immediately to the lung airways and clear
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through the mucociliary pathway over days. While MPI cannot currently distinguish between
tracers in the airways and tracers in the lung capillaries, we demonstrated that both could
still be imaged independently in wvivo rats. We performed the perfusion study first, then
waited 24 hours for the MAA-SPIOs to clear before performing the ventilation study with
aerosolized SPIOs. Based on the MAA-SPIO clearance time course shown in Fig. 2.4, the
two studies could potentially be performed in a shorter time period with only a two hour
wait in between ventilation and perfusion scans. Alternatively, the signal from the initial
scan could be subtracted out, with a technique described by our group in Yu et al. (2017)
[156].

This proof-of-concept study suggests that MPI may be uniquely suited for accurate and
safe diagnosis of life-threatening lung conditions such as PE. Importantly, MPI has superior
safety characteristics over the current recommended imaging modalities of CTPA and V/Q
scintigraphy or SPECT since no ionizing radiation is used. Additionally, SPIO tracers are
thought to be better tolerated by patients with poor renal function compared to the CTPA
contrast agent iodine [86].

This proof-of-concept work on healthy rats demonstrates promise for pairing MAA-SPIOs
and aerosolized SPIOs with the superior safety of MPI imaging to someday offer completely
iodine and radiation-free, robust lung ventilation/perfusion images with good convenience,
cost and safety.
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Chapter 3

MPI1 White Blood Cell Imaging

3.1 Attribution

The work described on white blood cell tracking was done in collaboration with K. L. Barry
Fung, Prashant Chandrasekharan, David Mai, Kenneth E. Jeffris and Steven M. Conolly.
The work described on assessing cell viability in MPI was done in collaboration with Caylin
Colson, Zhi Wei Tay, Daniel Hensley, K. L. Barry Fung, Elaine Y. Yu, Bo Zheng and Steven
M. Conolly.

3.2 Introduction

Inflammation refers broadly to the tissue response to injury, while infection implies the
presence of microorganisms in causing the injury [161]. The inflammatory reaction may result
from trauma, foreign particles (including microorganisms), ischemia and tumors. Tracking
immune activity is of broad utility for diagnostic and treatment decisions in inflammation,
as well as for deciphering innate immune cell biology [68].

White blood cell (WBC) imaging is a technique in nuclear medicine for imaging infec-
tion and inflammation, most commonly used in cases of suspected osteomyelitis [82]. This
technique most frequently refers to when white blood cells are isolated from patient blood,
labeled with radionuclides (usually Indium-111 Oxine (In111) or Technetium-99m Hexam-
ethylpropyleneamine Oxine (HMPAQO)) and reinjected into the patient for cell tracking, as
shown in Fig. 3.1. Hence, the innate homing ability of white blood cells to sites of in-
flammation is used as a localization mechanism. Other methods that do not require cell
isolation are also in use, such as Gallium-67 Citrate (Ga67-Citrate) and Fluorine-18 Fluo-
rodeoxyglucose (18F-FDG). These depend on the physiological uptake of particularly sized
imaging agents or biological molecules conjugated to radionuclides. The physiological uptake
of In111-WBCs, Ga67-Citrate and 18F-FDG all varies somewhat, and different agents are
preferred depending on the location of the suspected pathology.
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Figure 3.1: Clinical WBC Imaging. (a) Clinical WBC imaging procedure. Blood is drawn
from the patient, then WBCs are isolated, labeled with radionuclides, and reinjected into
the patient. This process takes 3-4 hours. The patient is generally imaged a day after cell
infusion. (b) WBC imaging in a healthy adult [83]. Cells are initially caught in the lungs and
clear to the liver and spleen. Hence, patients are generally imaged on the second day so that
there are less confounding factors and the cells have time to home to sites of inflammation.
(c) WBC imaging of an infected toe. In this example, a toddler has osteomyelitis in a toe of
the left foot [152].

Beyond the traditional uses of WBC imaging for imaging of infection and inflammation,
interest in imaging therapeutic, engineered WBCs is growing. Development of cell-based
therapies, particularly adoptive immunotherapy, has skyrocketed over past several years.
Despite dramatic successes, immunotherapies typically remains the final treatment option
after surgery, radiation, and chemotherapy are no longer showing marginal benefits. This
is due to the uncertain long-term prognosis and risks of toxicity [61, 58]. Toxicities such
as cytokine release syndrome — a systemic uncontrolled inflammatory response — or ”on-
target /off-tumor” recognition — in which healthy organs are targeted along with the tumor
— can be life-threatening [11]. The ability to localize the distribution and viability of the
administered cells in vivo would help answer questions on the mechanisms behind efficacy
and toxicity [65]. Current studies of cell persistence in vivo have largely been performed in
preclinical models [103] using in vitro assays.

While nuclear medicine techniques for white blood cell tracking are the most established,
magnetic resonance imaging (MRI) and optical techniques have also been studied extensively.
Of these, only MRI is useful for human studies. Due to the fundamental physics limitations of
light absorption and scattering, particularly in the fluorescence wavelengths commonly used
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for cell tracking, light only penetrates several micrometers through tissue [68]. As a result,
only surface structures in humans or small animals can be imaged optically. In contrast,
the magnetic fields used in MRI are able to penetrate completely through a human body.
For MRI cell tracking, the cells are labeled with SPIOs to generate T2* contrast. Either
the cells can be prelabeled and infused into the animal or patient, or the SPIOs can be
directly injected for uptake by cells in situ. The technique can be very sensitive, generating
roughly 500-cell sensitivity in certain homogeneous tissues such as the brain [39]. However,
the negative contrast mechanism — meaning that labeled cells appear as dark signal dropouts
— is problematic in tissues that already appear dark on MRI, such as the lungs. Cell number
quantification in vivo is therefore difficult and unreliable in many tissue types. Other labeling
agents have been explored to generate positive contrast in MRI, such as Gadolinium (Gd)
based agents or perfluorocarbons (PFCs) [68]. Concerns have grown about the toxicity of
Gd-based agents and the cell labeling process has been challenging. In contrast, the use of
PFCs for cell labeling is growing. PFCs are used for ! ' MRI as opposed to traditional ' H
MRI. While both methods can be performed on the same MRI scanners, **  MRI produces
an image of only the labeled cells since fluorine is not naturally present in biological tissues
[128]. Accurate quantitation of cells is therefore straightforward. However, even in recent
work the sensitivity of 1F MRI is still limited to 25,000 cells in pellets, and would likely to
be lower in vivo [88].

Both MRI and MPI carry similar advantages as radionuclide-free modalities: they are
safer, more convenient since on-site hot chemistry facilities are not needed, and are enabling
for long-term imaging since the non-radioactive tracer does not undergo signal decay. How-
ever, MPI cell tracking carries further advantages, in particular an exceptional sensitivity of
200 cells in a voxel [157, 158]. This exceptional sensitivity, coupled with the quantitative
nature of MPI and the positive contrast mechanism, makes MPI particularly well-suited for
cell tracking. MPI has also been shown to generate different types of contrast depending on
the type of nanoparticle used, suggesting the potential to monitor functional aspects of the
cell using MPI [21]. This is particularly relevant for the development of live cell therapeutics;
for instance, the viability, differentiation status, tumorigenicity and immunogenicity are all
aspects of stem cell function essential to their regenerative potential in vivo [121].

Broader challenges remain in the non-specific nature of clinical immune cell imaging,
and effectively distinguishing infection versus other types of inflammation remains an open
research question [124, 117, 84]. Some of the therapeutic cell types in development, such as
T-cells, are also relatively difficult to label effectively because of their low phagocytic ability
and high division rate [140, 128]. The myriad of open challenges in inflammation imaging
and cell tracking suggest that MPI WBC cell tracking is unlikely to be a silver bullet for
these applications. Nonetheless, MPI has several compelling characteristics for cell tracking,
and hence for white blood cell imaging of inflammation. In particular, the high sensitivity,
positive contrast and lack of radioisotopes and ionizing radiation in MPI potentially allows
for the tracer image achievable via nuclear medicine with the safety and convenience of MRI.

In this chapter, I describe optimization of MPI WBC labeling in a macrophage cell line
with iron oxide nanoparticles, tracking a macrophage cell line in vivo healthy mice, and
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initial work attempting to image inflammation n vivo mice and to assess cell viability in
vitro.

3.3 Methods

Optimization of Macrophage Labeling

NR8383 rat alveolar macrophage cells from ATCC (Rockville, MD) were cultured in Ham’s
F12K medium (ThermoFisher Scientific, Waltham, MA) supplemented with 15% heat-
inactivated fetal bovine serum (ThermoFisher Scientific, Waltham, MA). RAW 264.7 mouse
macrophage-like cells from the UCB Cell Culture Facility (Berkeley, CA) were cultured in
Dulbecco’s Modified Eagle’s Medium (Corning, Manassas, VA) supplemented with 10% heat-
inactivated fetal bovine serum (ThermoFisher Scientific, Waltham, MA). Cells were incu-
bated overnight with either VivoTrax (Magnetic Insight, Alameda, CA) or perimag-COOH,
perimag-NH2, synomag-COOH, synomag-NH2, or synomag-PEG (micromod Partikeltech-
nologie GMbH, Rostock, Germany) at an iron concentration 100 ug/mL. For dose response
experiments, cells were incubated overnight with VivoTrax at an iron concentration of 0, 100,
200 or 1000 pg/mL. Nanoparticle size and zeta potential in DI water were characterized using
dynamic light scattering on a Malvern Zetasizer Nano ZS (Malvern Panalytical, Malvern,
Worcestershire). Cells were spun down at 0.2 RCF for 3 minutes, the supernatant containing
free SPIOs was aspirated out, and the pellet was resuspended in phosphate-buffered saline.
100,000-3,000,000 cells were then spun down into a 40 uplL pellet for measurement of MPI
signal strength and resolution in UCB’s arbitrary waveform relaxometer (AWR) [134]. All
measurements were taken with a sinusoidal drive field frequency of 20.225 kHz, an excita-
tion strength of 40 mTpp. A bias field from -60 mT to 60 mT is applied throughout the
scan; the resulting point-spread-function (PSF) mimics the line profile through the scan of
a point source in a 2D or 3D scanner. Propidium iodine staining (Invitrogen, ThermoFisher
Scientific, Waltham, MA) was used to determine cell viability via flow cytometry using the
Attune NxT Acoustic Focusing Cytometer (Life Technologies, Carlsbad, CA). Labeled cells
were imaged under brightfield microscopy using the Zeiss Axio Observer inverted microscope
(Oberkochen, Germany).

MPI Macrophage Tracking in Healthy Mice

RAW 264.7 cells were cultured as described above. Labeling was achieved by incubating
the cells overnight with VivoTrax (Magnetic Insight, Alameda, CA) superparamagnetic iron
oxide (SPIOs) tracers. Iron labeling was verified with Prussian Blue staining (Sigma-Aldrich,
St. Louis, MO). C57BL/6 mice received a tail vein injection of 8 million SPIO-labeled RAW
264.7 cells. All animal procedures were conducted to the National Research Council’s Guide
for the Care and Use of Laboratory Animals and approved by UC Berkeley’s Animal Care
and Use Committee. Live animals were imaged under isoflurane anesthesia (2%, 1.5 L/min).
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MPI 2D projection time course images were taken with the UCB home-built 6.3 T /m field free
line (FFL) scanner over six hours [156]. The FFL is created and shifted electromagnetically.
The scanner has a drive field frequency of 20.225 kHz and an excitation strength of 40 mTpp.
All images were reconstructed using an x-space MPI reconstruction algorithm [41]. X-rays
for anatomical reference were taken using a Kubtec XPERT 40.

Induction and Verification of Inflammation

Inflammation was induced in 6-10 week BALB/c mice using a subcutaneous injection of
either 10 ug or 50 ug lipopolysaccharides from Escherichia coli O111:B4 (product # L4391,
lot # 088MO04067V) Sigma-Aldrich, St. Louis, MO) in the right flank. To validate inflam-
mation, 100 uL of Rediject Inflammation Probe (PerkinElmer, Waltham, MA) was injected
intraperitoneally to visualize neutrophil activity and 200 pL of 2.5 mg/mL lucigenin (Cay-
man Chemicals, Ann Arbor, MI) in 0.9% phosphate buffered saline (PBS) was used to
visualize macrophage activity. Neutrophil and macrophage activity were imaged using the
IVIS Lumina VivoVision as per Rediject Inflammation Probe manufacturer instructions and
as per Tseng and Kung for lucigenin [144].

MPI Macrophage Tracking in Inflamed Mice

RAW 264.7 cells were cultured as described previously and labeled via incubation overnight
with perimag-NH2 at a concentration of 250 pug/mL (micromod Partikeltechnologie GMbH,
Rostock, Germany). Cell viability assessed with Trypan Blue (ThermoFisher Scientific,
Waltham, MA) staining and iron labeling was assessed with the AWR. 7 million cells/100
1L PBS was infused into BALB/c mice. MPI imaging was performed as described earlier in
the section on MPI macrophage tracking in healthy mice.

Optical Macrophage Tracking in Inflamed Mice

RAW 264.7 cells were cultured as described previously and labeled with VivoTrack 680
(PerkinElmer, Waltham, MA) as per manufacturer instructions. Three 9 week old BALB/c
mice received a subcutaneous injection of 50 ug LPS at a concentration of 1 mg/mL in the
right flank. On the same day, 8 million cells in 100 uL PBS at 82% viability by Trypan Blue
staining were infused into mice via tail vein injection. Animals were imaged using the IVIS
Lumina VivoVision at 6 hrs, 1 day, 2 days and 3 days post-injection with VivoTrack 680
manufacturer suggested imaging settings.

Induction and Measurement of Cell Death

RAW 264.7 cells were cultured as described previously and labeled via an overnight incu-
bation with VivoTrax at a concentration of 100 ug Fe/mL. Cell death was induced by the
addition of 0 M, 1000 pM or 2000 uM etoposide (E1383, Sigma-Aldrich, St. Louis, MO).
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Lyophilized etoposide was reconstituted in dimethyl sulfoxide (DMSO) at 4.25M and the
stock was diluted into PBS before addition into culture. After harvest, aliquots of each sam-
ple were labeled with Annexin V and Propidium lodide (V13241, ThermoFisher Scientific,
Waltham, MA) for flow cytometry measurements of apoptosis and necrosis on the Attune
NxT Acoustic Focusing Cytometer (Life Technologies, Carlsbad, CA). The remaining cell
samples were spun down into 40 pL pellets for AWR measurements as described earlier.

Additionally, a range of cell-free controls consisting of 5.5 mg Fe/mL stock VivoTrax
diluted into different solutions were measured. AWR measurements were performed of 5 pL
VivoTrax in 35 pul. PBS, DMSO, 0.0425M etoposide diluted in 1% DMSO and 99% PBS,
or RAW 264.7 cell culture media. Additionally, AWR measurements were performed of 10
uL VivoTrax in 30 puL of pH 0 solution, pH 14 solution, water or NR8383 media. Last,
measurements were performed of 0.5 pL VivoTrax incubated in 39.5 pL of water or NR8383
media at room temperature over four days.

3.4 Results and Conclusion

Two general methods exist for labeling cells for cell tracking. One is prelabeling of cells (also
known as ez vivo labeling), while the other is in situ labeling of cells in vivo [68]. In the
former method, a population of purified cells is labeled with the tracer or contrast agent,
then injected into the animal or patient. This allows for tracking of a known population of
cells. In the latter method, the probe is directly injected into the animal or patient, and the
probe is taken up by the cells of interest. This method is more convenient, but non-specific
uptake may be more prevalent. I focus on the prelabeling method in my dissertation, but
both methods are feasible with MPI.

Optimizing Macrophage Labeling

Nanoparticle uptake by cells is known to be influenced by nanoparticle size and charge
[51, 64]. Generally, neutral particles show the poorest uptake, while both positively and
negatively charged particles are more likely to be phagocytosed. These properties were
investigated for several commercial SPIOS using DLS and are shown in Table 3.1. The
nanoparticle cores for particles tested are polydisperse iron oxides, primarily magnetite.
VivoTrax particles are coated with carboxydextran, while micromod particles are coated
with dextran and then additional amine (NH2), carboxyl (COOH) or polyethylene glycol
(PEG) groups.

Next, RAW 264.7 and NR8383 cells were labeled with the SPIOs and the MPI signal
per cell, iron per cell, resolution change before and after labeling, and cell viability were
measured. The two cell lines are both macrophage-like, but RAW 264.7 is mouse-derived
and NR8383 is rat-derived. The results for NR8383 cells are seen in Fig. 3.2. With the
exception of synomag-COOH, despite the range of hydrodynamic diameters (52-110 nm) and
zeta potentials (-4 to 22 mV), the cell uptake is roughly 2-15 pg/cell for all nanoparticles.
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Synomag-COOH had the greatest absolute value of zeta potential (-44 mV) and showed by far
the highest MPI signal, but the resolution degraded to twice its value before labeling. Note
that the iron loading is similar between VivoTrax and synomag-COOH, but the MPI signal
for a given mass of iron varies between SPIOs. Resolution is measured as full-width-at-half-
maximum (FWHM) of the point spread function (PSF). Further investigation showed that
this effect was also seen as soon as synomag-COOH was diluted in cell culture media (data
not shown), suggesting that the poor stability of the particles causes immediate aggregation
and therefore deterioration of the particle resolution.

Labeling experiments were also repeated with RAW 264.7 cells, as shown in Fig. 3.4.
RAW 264.7 cells showed fairly similar uptake patterns, but the amount of synomag-COOH
labeling was reduced. This effect may be because RAW 264.7 cells are entirely adherent,
while NR8383 cells grow partially adherent to the tissue culture surface and partially in
suspension. The cells in suspension have additional surface area in contact with the labeling
media, which facilitates nanoparticle uptake. However, it is unclear why this effect only
occurs with synomag-COOH. Additionally, the RAW 264.7 cells labeled with VivoTrax and
perimag-COOH show roughly 20% lower viability compared to NR8383 cells subject to the
same labeling protocol. Peculiarly, synomag-COOH labeled RAW 264.7 show a particularly
low viability of 38% compared to 98% viability in synomag-COOH labeled NR8383 cells.
We suspect that the extremely high loading of synomag-COOH into NR8383 cells resulted
in many dead cells with unusual morphologies, and these cells were gated out of the flow
cytometry analysis. Gating is used to exclude debris or clusters of cells from flow cytometry
analyses, but may also exclude unusually shaped cells.

Last, a dose response experiment comparing RAW 264.7 labeling when the cells were
incubated with different amounts of VivoTrax was performed as shown in Fig. 3.5. Iron
loading increases with higher concentrations of VivoTrax, but the cell viability decreases.
The resolution also worsens slightly, possibly because SPIOs are more likely to aggregate at
higher concentrations.

Under brightfield light microscopy, as shown in Fig. 3.3, the iron uptake of the cells can
be visualized as a brown color. We can observe a loose correlation between the intensity
of the color and the AWR measurements of iron loading for each SPIO type. Interestingly,
microscopy reveals that there is significant variation in individual cell loading, and that there
are localized areas of high iron uptake. This effect is particularly pronounced in the cells
labeled with synomag-COOH. It is unclear why this effect occurs; potentially, electrostatic
interactions between SPIOs may cause clustering of SPIOs, which could then lead to areas
of high SPIO uptake.

Overall, we concluded that of the commercial SPIOs tested, most demonstrated a similar
ability to label cells while preserving cell viability and particle resolution. We also tested
whether 5 pg/mL of the trasfection agent protamine sulfate would influence VivoTrax label-
ing ability in NR8383 cells, but saw minimal differences in labeling despite the zeta potential
change from -26 mV to -19 mV (data not shown).
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Z-Average (d nm) | Zeta Potential (mV) | Polydispersity
VivoTrax 52 -26 0.21
perimag-NH2 110.1 22.2 0.194
perimag-COOH | 74.09 -15.2 0.183
synomag-NH2 48.32 -4.15 0.166
synomag-COOH | 28.63 -44 0.038
synomag-PEG 42.12 11.1 0.052

Table 3.1: Hydrodynamic Diameter and Zeta Potential of Commercial SPIOs.
DLS was used to characterize SPIOs for cell labeling from Magnetic Insight and micromod
Partikeltechnologie. The hydrodynamic diameter, zeta potential and polydispersity index
were measured.

MPI Macrophage Tracking in Healthy Mice

In Fig. 3.6, the mouse macrophage scan protocol is described and resulting MPI images
overlaid onto X-ray anatomical reference are shown. The images show localization of IV-
injected macrophages in the lung capillaries, followed by clearance to the liver and spleen.
This kinetic behavior is expected in healthy patients and animals because the WBCs are
comparable in size to the lung capillary size (roughly 6 microns). Overall, this preliminary
test demonstrates that MPI is able to replicate cell tracking results from other modalities
[31, 83] with excellent signal-to-noise and contrast-to-noise ratio.

Establishing a Mouse Model of Localized Inflammation with
Lipopolysaccharides

Bacterial lipopolysaccharides (LPS) are commonly used for animal models of inflammation
because of their potency [24, 1]. The toxin is the major component of the outer mem-
brane of Gram-negative bacteria, but also is secreted from bacteria [113, 75]. However, LPS
shows high batch-to-batch variability and mouse strains show high variability in response to
LPS [146, 67]. Therefore, careful validation of LPS-induced inflammation is essential. The
serotype O111:B4 was used as the inflammatory agent because it induces more rapid and
severe inflammation compared to other LPS serotypes [93]. The luminol-based (5-amino-
2,3-dihydro-1,4-phthalazinedione, sodium salt) Rediject Inflammation Probe and lucigenin
(bis-N-methylacridinium nitrate) were used to visualize neutrophil and macrophage activity,
respectively. Luminol bioluminescence results from a myeloperoxidase (MPO) mediated re-
action, allowing for specific imaging of superoxide generated in the neutrophil phagosomes.
Lucigenin bioluminescence results from the activity of phagocyte NADPH oxidase (Phox)
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Figure 3.2: Comparison of NR8383 cell labeling with different commercial MPI
tracers. (a) MPIsignal of labelled cells, as measured on the arbitrary waveform relaxometer.
(b) Iron content of labelled cells. The control cells are excluded from the analysis since the
signal per gram iron is dependent on the SPIO type. Moreover, the raw MPI signal seen in
the control is indistinguishable from noise and over an order of magnitude smaller than that
of any labelled cells. (c) Cell viability, based on propidium iodide staining measured via flow
cytometry. (d) Resolution of tracers before and after cell labeling.

in macrophages. As shown in Fig. 3.7, both 10 ug and 50 pg of LPS induce inflammation
visible with luminol 24 hr after induction. However, 10 pug induces less inflammation and
the associated neutrophil activity fades after the 24 hr time point. While luminol is useful
to confirm the induction of acute inflammation, lucigenin can predict when our pre-labeled
macrophages will track of the site of inflammation, since it visualizes macrophage activity.
In Fig. 3.8, the higher and more persistent inflammatory response with 50 ug LPS as com-
pared to 10 ug matches what was seen with the luminol. However, the response appears
to higher up than the right flank location where LPS was injected, and in the case of 50
png LPS, appears on both sides of the animal. We suspect that this may be due to uptake
of LPS in the lymphatics and lucigenin may highlight corresponding macrophage activity
there. We also compared three different vials of LPS of the same lot number from the same
supplier, as shown in Fig. 3.9. While the center mouse shows both luminol (neutrophil) and
lucigenin (macrophage) response at the site of inflammation, the other two mice either show
luminol-only or lucigenin-only response. Qualitatively, the intensity of the responses also
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Figure 3.3: Comparison of RAW 264.7 cell labeling under brightfield light mi-
croscopy. Cells were imaged on the Zeiss Axio Observer inverted microscope after incuba-
tion with SPIOs overnight. The iron oxide nanoparticles appear as a brown color without
the need for any other staining. Scale bar 100 pm.

varies. Since all vials are endotoxin tested by the supplier, this variation is thought to result
from the potency of the LPS changing in storage. As a result, we endeavored to use the
same vial of LPS throughout experiments and to freeze down aliquots if the reconstituted
vial had not be used within a month.

MPI Cell Tracking in a Mouse Model of Inflammation

RAW 264.7 cells labeled with perimag-NH2 at an iron loading of 1.4 pg/cell, with a viability
of 85%, were infused into inflamed mice for MPI imaging. In Fig. 3.10, a similar clearance
pattern as to the healthy mice is seen, with initial lung uptake at 6 hrs and clearance to
the liver and spleen afterwards. No uptake is seen at the site of inflammation. MPI signal
seen outside of the mouse is thought to be due to the poor resolution of MPI cell labeling
SPIOs relative to the small size of the mouse, which is exacerbated by resolution degradation
post-labeling.



CHAPTER 3. MPI WHITE BLOOD CELL IMAGING 35

MPI Signal Iron Loading
2.00E-07 20
18
1.506-07 | _15
3 812
= 1.00E-07 - @ 10
2 £
5.00E-08 - 4
: []
0.00E+00 - 0 N - |
o
SRS I G I P s & s N &
& W i S 9 i 5 & o S o & &
& & P S g & & # ¢ ¢
& & & s s & & & & &
{a] QQJI ‘3\0 o= ) (b) QQ' o\;%(\ 9 o
Viability Resolution
100 15
80 30 m before labeling
= = 25 m after labeling
-_E 60 E 20
> 40 Z 15
= o Z 10
0
N
(‘50 «@1- OOQ\ ‘g\q’ OO‘?‘ ‘Szow ‘o@
o Q,;0 o;o ) &Q q,o &5 S ‘ < S
& & 3 K & et & 2 & &
& & & N & o & ) s
& T &4 & i & & & 0
(c) < B N (d) & S @ s

Figure 3.4: Comparison of RAW 264.7 cell labeling with different commercial MPI
tracers. (a) MPIsignal of labelled cells, as measured on the arbitrary waveform relaxometer.
(b) Iron content of labelled cells. The control cells are excluded from the analysis since the
signal per gram iron is dependent on the SPIO type. Moreover, the raw MPI signal seen in
the control is indistinguishable from noise and over an order of magnitude smaller than that
of any labelled cells. (c) Cell viability, based on propidium iodide staining measured via flow
cytometry. (d) Resolution of tracers before and after cell labeling.

Optical Cell Tracking in a Mouse Model of Inflammation

Based on the MPI results, we wanted to evaluate whether the RAW 264.7 homing ability or
the sensitivity of MPI was the source of the negative results. The peak macrophage influx
may account for only 0.4-2% of the total injected cells [102]. Hence, we used VivoTrack 680,
a commercial optical cell tracking reagent for IVIS imaging, which has been shown to have
a sensitivity of < 20,000 cells. After inflammation was induced in the right flank of BALB/c
mice, VivoTrack 680-labeled RAW 264.8 cells were infused into the mice. We also confirmed
induction of inflammation as described previously (data not shown). At six hours after cell
infusion, initial uptake is seen in the lungs as expected, and at the 24, 48, and 72 hour time
points afterwards, varying uptake is seen in the liver and spleen. No uptake is seen at the
site of uptake on the right flank. Given the known sensitivity of IVIS/VivoTrack 680 and the
cell viability (82%), this suggests that RAW 264.7 may not be sufficiently macrophage-like to
home to the LPS site of inflammation. Alternatively, macrophage activity may not localize
to the distal LPS site until the inflammation resolution phase, as has been shown in other
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Figure 3.5: Comparison of RAW264.7 cell labeling with different concentrations
of VivoTrax. (a) MPI signal of labeled cells, as measured on the arbitrary waveform
relaxometer. (b) Iron content of labelled cells. The control cells are excluded from the
analysis since the signal per gram iron is dependent on the SPIO type. The control cells are
excluded from the analysis since the signal per gram iron is dependent on the SPIO type.
Moreover, the raw MPI signal seen in the control is indistinguishable from noise and over
an order of magnitude smaller than that of any labelled cells. (c) Cell viability, based on
propidium iodide staining measured via flow cytometry. (d) Resolution of tracers before and
after cell labeling.

work [1].

MPI Measurements of Cell Viability

In the cell tracking work shown above, it is unknown how long the cells remain viable post-
injection. Poor viability may be one reason why the cells are not homing to the site of in-
flammation. Moreover, maintaining cell viability after administration in vivo is an important
challenge for cell therapies [121]. Therefore, we examined the possibility of distinguishing
cell viability based on the SPIO PSF. Previous work has shown that MPI can distinguish
between viscosities in a biologically relevant range, and that intracellular viscosity increases
after cell death [145, 74]. Intuitively, the nanoparticle would take longer to flip in a higher
viscosity medium, resulting in a broader PSF.
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Expand RAW 264.7 SPIO Labeling Injection

(a) MPI mouse macrophage scan procedure.

(b) MPI macrophage scans in a healthy mouse.

Figure 3.6: MPI macrophage tracking in a healthy mouse: (a) MPI mouse macrophage
scan procedure. Similar to the procedure for clinical WBC scans, the macrophages are
prelabeled with SPIOs with Prussian Blue stain confirmation of iron labeling (second image
from left). The mouse is then injected with pre-labeled macrophages and imaged for six
hours. (b) MPI macrophage scans of a healthy mouse (red colormap) overlaid onto X-ray
anatomical reference. Initial localization in the lungs is observed, followed by a slow clearance
to the liver and spleen.

Because there are many confounding factors that may influence the SPIO PSF, controls
were run to evaluate the effect of the non-cell components of the experiment. As is evident
from Fig. 3.12, certain components, such as dimethyl sulfoxide (DMSO), have a dramatic
influence on the SPIO signal. The peak signal for the SPIO sample in DMSO is 30% that
of the peak signal in PBS, and a broadening of the PSF is also seen. However, DMSO is
only used for initial reconstitution of the etoposide used to induce cell death. Neither the
presence of etoposide nor the lower concentration of DMSO present affect the SPIO signal
in the etoposide sample, confirming that any changes in VivoTrax PSF in a population of
dead cells as opposed to live ones would be due to changes in viability. A slight broadening
and signal drop in the PSF of VivoTrax diluted in media are also observed.

Next, SPIO-labeled cells were treated with a chemotherapeutic agent to induce cell death
and the resultant cell viability was quantified with propidium iodide staining (gold standard)
and MPI (novel technique). Etoposide is a common chemotherapeutic agent that has pre-
viously been used to induce cell death in RAW 264.7 cells [147]. As shown in Fig. 3.13(b),



CHAPTER 3. MPI WHITE BLOOD CELL IMAGING 38

(a) 10 pg subcutaneous LPS injection

(b) 50 pg subcutaneous LPS injection

Figure 3.7: Validation of Inflammation Model with Luminol. (a) Response to 10 ug
LPS over 72 hours. A response at the site of LPS administration is only seen at the 48 hour
time point. (b) Response to 50 ug LPS over 72 hours. A mild response is seen 1 hour after
LPS administration and a large response is seen thereafter.

while etoposide decreases cell viability, the effect is not dose-dependent at the concentra-
tions tested. Moreover, SPIO labeling reduces absolute viability by about 20%. Therefore,
we were only able to test if MPI could distinguish between viability differences of about 10%.
As shown in Fig. 3.13(a) and 3.13(b), the PSF of the less viable cells appears to broaden
very slightly, but it is unclear whether this effect is significant.

Successful SPIO labeling of a macrophage cell line and tracking of labeled cells in a
healthy mouse were shown. Cell viability was > 70% with all commercial SPIOs tested, and
iron loading was generally 5-15 pg Fe/cell. synomag-COOH showed extraordinarily high
loading, but also a significant degradation of MPI resolution. Other SPIOs tested showed
minimal (< 10%) degradation in resolution (roughly 2X worse). In a healthy mouse, MPI
imaging showed cell localization to the lungs and clearance through the liver and spleen over
six hours, replicating a biodistribution pattern seen in other modalities. A mouse model of
inflammation using a subcutaneous right flank injection of LPS serotype O111:B4 was vali-
dated in BALB/c mice with the optical inflammation activity agents luminol and lucigenin.
However, MPI did not show any cells visible at the site of inflammation when SPIO-labeled
RAW 264.7 cells were infused into a mouse with a site of LPS-induced inflammation. These
results were confirmed in a higher sensitivity optical cell tracking study, suggesting that RAW
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(a) 10 pg subcutaneous LPS injection
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Figure 3.8: Validation of Inflammation Model with Lucigenin. (a) Response to 10 ug
LPS. over 72 hours. A response is only seen at the 24 hour time point. (b) Response to 50 ug
LPS over 72 hours. A response is seen at the 24 hr and 48 hr time points. Interestingly, the
bioluminescence seen in both mice is higher up on the body than the site of LPS injection
(right flank), and is seen on both sides of the animal in the 50 pg mouse, suggesting that
lucigenin may be highlighting LPS uptake and macrophage activity in the lymphatic system.

264.7 cells may not home to sites of inflammation in the three days after LPS inflammation.
We also assessed whether the PSF of SPIO-labeled cells correlated with cell viability. A
chemotherapeutic agent, etoposide, was used to induce cell death. For a difference in abso-
lute viability between treated and untreated cells of about 10%, very little change was seen
in the PSF.

Future work will require longer monitoring of the animals to evaluate whether RAW 264.7
only localizes to the site of inflammation in the resolution phase of wound healing, as has
been seen in other work [1]. To improve cell viability imaging of MPI, new SPIOs that show
high uptake into cells and are highly sensitive to changes in viscosity are needed. Previous
work has discussed these needs in more detail, but nanoparticles for this specific application
are still in development [21].
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(a) Luminol Imaging (b) Lucigenin Imaging

Figure 3.9: Batch-to-batch variation in LPS potency for inflammation induction.
(a) Neutrophil (luminol) response to 50 ug LPS from three different vials, 24 hours after
LPS administration. (b) Macrophage (lucigenin) response to 50 ug LPS from different vials,
24 hours after LPS administration.
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Figure 3.10: MPI cell tracking in a mouse model of inflammation. MPI projection
images (hot colormap) are overlaid onto X-ray anatomical reference (grayscale). Six hours
post cell infusion, mice show accumulation of RAW 264.7 in the lungs. At 24 hours and
beyond, varying clearance to the liver and spleen is seen. No uptake is seen in the site of
inflammation is on the right flank.

3.5 Discussion

Macrophages exhibit phagocytosis, but many other immune cells of interest, such as T-cells,
are non-phagocytic [140]. Non-phagocytic cells uptake an order-of-magnitude less SPIOs
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Figure 3.11: Optical cell tracking in a mouse model of inflammation. Six hours
post cell infusion, mice show accumulation of RAW 264.7 in the lungs. At 24 hours and
beyond, varying clearance to the liver and spleen is seen. No uptake is seen in the site of
inflammation is on the right flank.
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Figure 3.12: Effect of Experimental Reagents on VivoTrax PSF. AWR measurements
of VivoTrax diluted in various reagents. Applied field is in units of milliTesla/vacuum per-
meability (mT/mug). Raw signal is in units of Volts (V). (LEFT) Peak normalized MPI
PSF. Changes in the SPIO resolution can be easily observed in this graph. (RIGHT) Raw
MPI PSF. Changes in the peak SPIO signal/mass of iron can be easily observed in this
graph. VivoTrax in DMSO: FWHM = 16.7 mT, peak signal = 0.05671 mV. VivoTrax in
etoposide: FWHM = 10.7 mT, peak signal = 0.21186 mV. VivoTrax in media: FWHM =
13.1 mT, peak signal = 0.17361 mV. VivoTrax in PBS: FWHM = 10.7 mT, peak signal =
0.21454 mV.

compared to phagocytic cells, greatly decreasing SNR. Moreover, autologous cells rather
than allogenic cell lines are often preferred for both diagnostic and treatment applications
due to the reduced immunogenicity [76]. While the increased immunogenic potential of al-
logenic cells may be desired for certain treatments, the alloimmunity mechanism — that is,
that the host may recognize the donated cells as non-self and reject them — reduces the
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Figure 3.13: Effect of Cell Viability on VivoTrax PSF. (a) AWR measurements of
labeled cells treated with different amounts of a chemotherapeutic agent (etoposide) to induce
cell death. Applied field is in units of milliTesla/vacuum permeability (mT/mug). Raw signal
is in units of Volts (V). (b) Viability (according to propidium iodide staining) of VivoTrax-
labeled cells treated with etoposide. The control is not labeled with VivoTrax. (c) Resolution
of labeled cells treated with different amounts of etoposide.

specificity of the response to the disease target. Additionally, the RAW 264.7 cells used in
our studies are an immortalized macrophage-like cell line which has some cancerous char-
acteristics and generally reduced resemblance to normal macrophage physiology [9]. Each
step towards using immune cells that most closely resemble the animal or patient’s own
cells, from immortalized allogenic cell lines to finite allogenic cell lines to autologous cells
in primary culture, increases the complexity of the process and the difficulty of acquiring
a high number of cells [89]. Therefore, future work must contend with the challenges of
acquiring sufficient physiologically relevant and safe cells and labeling for high SNR imaging
in a realistic timeframe.

While we did attempt autologous cell isolation, we were only able to acquire about 150,000
monocytes from a single mouse spleen after a 30 minute isolation process, and about 200,000
neutrophils from 2 mL of mouse blood after a 4 hour isolation process, using magnetic
bead isolation kits from Stem Cell Technologies (Vancouver, Canada) and Miltenyi Biotec
(Bergisch Gladbach, Germany). Given that previous work showed that peak macrophage
influx into a site of inflammation was only 0.4-2% of the total injected cells, only 600-4000
cells would be expected to home to the site of inflammation given our cell yields [102]. While
our group has previously shown a 200 cell detection limit (SNR 1), that work was performed
with stem cells that phagocytosed 2-10X more iron and refers to the sensitivity of a cell
phantom concentrated in a single voxel volume of 750 pL [158]. In a live animal, a site of
inflammation is unlikely to be concentrated into a single voxel and moreover exists in the
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context of clearance organs which uptake the majority of the injected cells, reducing the
contrast. Increasing the sensitivity of MPI is therefore essential for the success of tracking
pre-labeled WBCs to sites of inflammation.

In this work, the cell labeling techniques were limited to commercial SPIOs available.
However, customized synthesis could include coatings (highly cationic or antibody-based)
that would enable higher uptake for the cell type or interest, or iron oxide cores with higher
MPI signal/Fe mass. For instance, the Krishnan group synthesized particles with 5X better
signal-to-noise ratio compared to Resovist (also known as VivoTrax) and 2X better linear
spatial resolution [29]. Alternatively, an in situ cell labeling technique — in which SPI1Os are
directly infused into the animal or patient and WBCs bind or uptake the SPIOs inside the
body — would obviate the need for cell isolation and greatly speed up the process. Different
antibody-based coatings can enable SPIO binding to specific WBC types. However, the
specificity and safety of the antibody coatings are potentially of concern [131, 2, 151]. Both
approaches require significant innovations in MPI nanoparticle technology.

Last, of note is that while bioluminescence and fluorescence was used in this work as a
higher sensitivity modality which has commercial tracers available both to monitor metabolic
activity and to label cells, the extraordinarily properties of optical imaging are only applicable
for preclinical imaging in rodents. The depth penetration of light into biological tissue is
merely several millimeters, so even in this mouse study the inflammation site had to be
placed close to the surface of the animal [3]. At the low frequency magnetic fields used in
MPT (20 kHz), there is no signal attenuation from tissue. Hence, while further work must
be done to improve the sensitivity of MPI — especially for this application in which the iron
dose is severely limited by the nanoparticle uptake by cells — the fundamental physics of
MPT are highly promising for its clinical translation.
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Chapter 4

Phospholipase Detection via MPI
Relaxometry

4.1 Attribution

This work was done in collaboration with Prashant Chandrasekharan, Zhi Wei Tay and
Steven M. Conolly.

4.2 Motivation

Interest in the ability to visualize and measure the function of biological and cellular pro-
cesses in vivo — i.e., molecular imaging — has grown as imaging technology has enabled more
advanced probing of diseases beyond the anatomy [105]. This enables earlier and more accu-
rate diagnosis of diseases such as cancer without invasive techniques, and a more tailored and
effective approach to treatment. For instance, molecular imaging has been used to predict
which chemotherapeutic drugs might be most efficacious based on the receptors on breast
tumors, without an invasive biopsy. White blood cell imaging to visualize inflammation
and infection, as discussed in an earlier chapter, is one such molecular imaging technique.
However, one technique at the forefront of molecular imaging is the use of activatable or
switchable contrast mechanisms [79]. These tracers will turn “on” or “off” contrast based on
some condition, such as probe binding or enzymatic activation. The ON/OFF mechanism
enables both molecular contrast not otherwise possible and especially high CNR imaging.
Most of the probes have been developed for preclinical optical imaging, but recent work has
pushed these techniques to clinically used modalities, such as position emission tomography
(PET) [148].

The physics of MPI enables similar contrast through several mechanisms. First, while
the tracer is thought of as a superparamagnetic SPIO that responds instantaneously to the
applied field, in reality there are relaxation mechanisms that influence the response — and
hence the point spread function (PSF) — of the tracer [21]. The two relaxation mechanisms
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are called Néel and Brownian, in which the former refers to the realignment of the magnetic
moment within the SPIO and the latter refers to the physical rotation of the SPIO such that
the magnetic moment aligns with the applied field. The Brownian mechanism is influenced
by the viscosity of the medium, while the Néel mechanism is not. In general, smaller particles
exhibit mainly Néel behavior and are unaffected by the media viscosity or by binding. Larger
particles exhibit mainly Brownian behavior and are sensitive to media viscosity and/or to
binding events. The Néel and Brownian behavior is seen in the tracer PSF even in the
standard sinusoidal MPI scanning scheme, but the contrast can be amplified via color or
pulsed MPT scanning techniques [108, 136].

For MPI tracers to exhibit different MPI physics based on some environmental condition,
therefore, the SPIO must exhibit Brownian behavior and it must have an environmentally re-
sponsive coating or carrier. Extensive work on functionalization of SPIOs has been performed
for a variety of applications including molecular imaging, but also for triggered drug-release
nanoparticles or highly-sensitive, point-of-care biosensors [56, 77]. Phospholipase A2 (PLA2)
is a water-soluble enzyme overexpressed in many conditions including atheroschlerosis, breast
cancer and prostate cancer [12, 16, 59]. For instance, PLA2 is overexpressed up to 22X in
prostate cancer. Therefore, a sensitive, high-contrast mechanism to image PLA2 could serve
as a tool to diagnose and localize various pathologies. Such probes have been attempted for
optical imaging and 19F MRI [18, 47]. As noted by the authors, the optical technique may be
best suited for intraoperative tumor margin imaging due to the background fluorescence and
penetration depth challenges in optical imaging. The 19F MRI technique is highly promis-
ing since MRI is already in use for full-body clinical scanning and 19F imaging allows for
positive contrast cell tracking. Preliminary work has shown that MPI may be more sensitive
than 19F imaging [55], but both techniques have different strengths, highlighting the value
of multimodality imaging.

In this chapter, I discuss a concept for PLA2-responsive nanocarriers in MPI, and ini-
tial work fabricating and testing such nanocarriers. I demonstrate the phase transfer of
hydrophobic oleic acid coated SPIOs into aqueous solution via liposomal encapsulation, and
that the liposomes are enzymatically digested by PLA2, thereby influencing the resultant
MPT signal.

4.3 Methods

Fabrication of Nanocarriers

25 nm core size oleic-acid coated SPIOs were purchased from Imagion Biosystems (San Diego,
CA). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and cholesterol were purchased
from Avanti Polar Lipids (Alabaster, AL). DPPC, cholesterol and SPIOs were combined at
a molar ratio of 50:40 DPPC:cholesterol and 80:20 w/v ratio of lipids:oleic acid in 1 mL
dichloromethane (Sigma-Aldrich, St. Louis, MO). These ratios were adapted from Peiris et
al [101]. Nile Red (Sigma-Aldrich, St. Louis, MO) was also added to the mixture. The
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mixture was evaporated via rotary evaporator at room temperature and vacuum. The dry
film was hydrated with 1 mL DI water at 60 C to produce liposomes.

In Vitro PLA2-Triggered Nanocarrier Response

Liposomes were treated with Triton X-100 (ThermoFisher Scientific, Waltham, MA) or
phopholipase-A2 (PLA2) from porcine pancrease (Sigma-Aldrich, St. Louis, MO). PLA2
was resuspended in 10 mM HEPES buffer with 2 mM CaCl,, pH 7. Calcium is included as
PLA2 activity is calcium ion dependent. Measurements of the MPI point-spread-function
(PSF) were performed in the UCB arbitrary waveform relaxometer (AWR) [134]. All mea-
surements were taken with a sinusoidal transmit (tx) field frequency of 20.225 kHz, an
excitation strength of 40 mTpp. A bias field from -60 mT to 60 mT is applied through-
out the scan. The resulting PSF, reconstructed via the x-space algorithm using the data
corresponding to the positive slew direction of the tx field, mimics the line profile through
the scan of a point source in a 2D or 3D scanner [41]. PSF measurements give the MPI

signal strength, measured as the voltage at the peak, and MPI resolution, measured as the
full-width-at-half-maximum (FWHM).

4.4 Concept

q ’
Phospholipase A2 SPIO  spiI0
DPPC Nanocarriers Encapsulating SP10s Aggregated SP1Os
ﬂ o
MPI signal quenched signal

Figure 4.1: Responsive Nanocarrier Concept. DPPC micelles or liposomes encapsulat-
ing SPIOs exhibit high MPI signal. When phospholipase A2 cleaves DPPC, the hydrophobic
SPIOs are released into aqueous media and aggregate, quenching the MPI signal.

The concept is shown in Fig. 4.1. Oleic acid coated nanoparticles can be encapsulated
within DPPC, which is an amphiphilic phospholipid with hydrophobic and hydrophilic ends.
DPPC can be cleaved by the enzyme phospholipid A2, at which point the the hydrophobic
SPIOs are released into the aqueous media and therefore aggregate together. The aggregated
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nanoparticles will not exhibit the superparamagnetic properties ideal for MPI tracers, and
therefore the signal will be quenched.

4.5 Results

SPIO Aggregation Induces SPIO Signal Quenching

As shown in Fig. 4.2, oleic acid SPIOs show a standard MPI PSF in toulene, but show a
quenched signal in aqueous solution. Visibly, the solution in toluene was well-dispersed and
stable, while the SPIOs appeared to be aggregated at the bottom of the tube in water. The
SPIOs in water appear to flip around 17 mT instead of 0 mT, and the FWHM is increased
to 24 mT from 12 mT, indicating increased Brownian relaxation of the aggregated particles.
This can be intuitively understood as the aggregate takes a longer time to follow the AC
excitation magnetic field compared to a singly-dispersed SPIO, resulting in both the lag and
lower signal.

«107® Positive tx slew : Raw MPI PSF

==SPIOs in toluene
==SPIOs in water
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Figure 4.2: SPIO Signal Quenching. Oleic acid particles were stable and well-dispersed
in toluene, resulting in an expected, high signal MPI PSF as seen on the AWR. In water,

the SPIOs aggregated and the signal was quenched significantly.

Nanocarrier Fabrication

The fabrication process is shown in Fig. 4.3 and described earlier in the Methods section.
Cholesterol is added to the mixture in order to improve the stability of the liposome [13].
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Nile Red is added to the mixture to assess the success of liposomal encapsulation, as the dye
is colored in nonpolar media and quenched in aqueous media. Therefore, that the liposomes
remain red after hydration in aqueous media indicates successful stable liposome formation.

Nile Red Nile Red Liposomes
in H,0 in EtOH in PBS

=
Mixture in DCM Rotavap into thin films Resuspend in PBS

Figure 4.3: Nanocarrier Fabrication. (LEFT) DPPC, cholesterol, SPIOs and Nile Red

mixture in DCM. (MIDDLE) Nanocarriers in thin films after rotary evaporation. (RIGHT)

Liposomes in PBS. Note that Nile Red is colored in nonpolar ethanol but not in polar water.

The red color of the liposomes therefore indicates that the Nile Red has been encapsulated
into the polar phase.

Nanocarrier Response to PLA2

As shown in the photograph on the right in Fig. 4.4, the presence of PLA2 digests the
liposomes into smaller, more compact parts in a dose-dependent manner. In the AWR
measurement on the left, the surfactant Triton X disrupts the nanocarrier and results in
a lower MPI signal, as expected. However, the PLA2 response is unpredictable; 2 pL of
PLA2 resulted in a lower MPI signal, but 1 pl of PLA2 resulted in a higher MPI signal.
The maximum MPI signal intensity change is roughly 10%, with a similar FWHM across all
samples.

4.6 Conclusion and Discussion

We were able to demonstrate the SPIO aggregation resulted in signal quenching as expected,
and that hydrophobic oleic acid coated SPIOs could be encapsulated into nanocarriers and
dispersed stably in aqueous solution. However, minimal differences were seen in nanocar-
riers hydrolyzed with either PLA2 or Triton X compared to control. Compared to single
SPIOs stably dispersed in toluene, the PSF of liposomes before and after lysis more closely
resembles that of SPIOs aggregated in water (FWHM 24-26 mT). Hence, we suspect that
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Figure 4.4: Nanocarrier Response to PLA2. (LEFT) AWR measurements of liposomes
after disruption by TritonX or digestion by PLA2. (RIGHT) Liposomes are digested by
PLA2 in a dose-dependent manner.

SPIO aggregates formed during the phase transfer process, significantly quenching the signal
before the addition of PLA2 and thereby limiting the achievable contrast.

4.7 Future Work

Alternate fabrication methods, such as those using high-power sonication, may reduce ag-
gregates and thereby allow for responsive SPIO nanocarriers with higher initial MPI signal
and hence a more dramatic quenching effect post-enzymatic digestion. This high contrast
would also allow translation of these 1D results to a 2D or 3D imaging format.

While we have focused on the potential to build an ON/OFF type biosensor, in some
applications it is desirable to be able to track both an ”ON” and ”OFF” status. For instance,
in the cell tracking application discussed in Chapter 3, the location of both living and dead
cells are of interest. By generating differences in the shape of the point-spread-function
without changing the peak signal, it could be possible to both visualize and distinguish
between live and dead cells.

In the traditional sinusoidal MPI scanning and reconstruction regime used above, changes
in PSF shape usually occur when a highly Brownian nanoparticle is used and the nanoparticle
experiences a more or less viscous medium. In the example of a more viscous medium, the
physical rotation of the Brownian particle results in a signal that lags behind the 0 mT
point. In Fig. 4.2, we can see that the PSF has both broadened and shifted away from 0
mT. As a result, traditionally there have only been two knobs to turn in order to generate
different types of contrast in MPI: signal strength and resolution. Neither is ideal, since
in most imaging applications high sensitivity and high resolution is desired. However, we
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can envision particle behavior in which the PSF peak signal and FWHM is maintained, but
different shifts away from 0 mT occur. Recently published techniques, such as pulsed MPI,
show that high resolution images can be recovered from shifted data [136].

Future work in this space will combine efforts in nanoparticle synthesis and function-
alization with new MPI scanning sequences and reconstruction algorithms, enabling high
sensitivity and high resolution MPI imaging with novel contrast modes.
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Chapter 5

Conclusion

In this dissertation, I describe the development of several novel applications of magnetic
particle imaging (MPI), each of which takes advantage of the unique physics of MPI. First, I
demonstrate kidney-safe imaging of the lung capillaries and airways with MPI, which takes
advantage of the clearance mechanisms of the SPIO tracer and the MPI gradients, respec-
tively. Next, I demonstrate time course white blood cell tracking with MPI, which takes
advantage of the stable signal of the SPIO (as compared to a radionuclide tracer exhibiting
radioactive decay). This is particularly important in this application because WBCs take
several hours to a day to track to sites of inflammation. Last, I demonstrate proof-of-concept
work on an enzyme-responsive nanocarrier towards a MPI tracer that quenches in response
to the enzyme phospholipase A2, which is overexpressed in many cancers. Together, these
applications highlight the advantages of MPI and cover several main categories of applica-
tions development in MPI: vascular imaging, cell tracking, and tracer development. Future
work must demonstrate that these proof-of-concept tracers and cell-labeling mechanisms
allow for MPI imaging of disease pathologies in relevant mouse and rat models.
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