





Figure 4.20: Intra-tumor injection of magnetic nanoparticle. (A) Pre-injection ROIs were defined
for two regions within the tumor that differed in T2 (yellow, 54.6 + 1.3 ms; green, 47.8 = 1.9 ms).
(A) Post-injection ROIs showed a difference that was greater than the natural variation in tumor
T2 (yellow, 55.7 + 5.5 ms; green, 16.1 + 1 ms).
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CHAPTER 5

PET/MR IMAGING OF RGD-TARGETED **CU-LABELED MAGNETIC NANOPARTICLES

5.1 Introduction

Strategies that combine anatomical and functional imaging modalities hold the greatest promise
to studying the molecular and cellular processes of disease. Positron emission tomography
(PET) is a highly sensitive imaging nuclear imaging modality that provides quantitative,
functional information at the whole-body scale. Magnetic resonance imaging (MRI) produces
high resolution images of soft tissue as well as functional and spectroscopic information.
Interest in combining PET with MRI has surged (1-4), and structured nanomaterials have
emerged as possible a platform for the development of dual-PET/MR imaging agents.

To date, few reports of dual-modality PET/MRI nanoparticles have been published (5-8).
We report the development and in vivo evaluation of a dual-PET/MR nanoparticle target to the
angiogenesis molecular marker a,B; integrin. We produced **Cu-labeled iron oxide
nanoparticles labeled at high specific activity and radiochemical purity. The particles were
enveloped by polyethylene glycol polymers tipped with cyclized RGD peptides. Phantom
imaging studies measured the PET and MRI contrast generation by ®*Cu-labeled iron oxide
nanoparticles. Quantitative ex vivo biodistribution, in vivo microPET/CT and MR imaging was

used to assess nanoparticle targeting to tumor a,f3; integrin expression.

5.2 Experimental Procedures

5.2.1 Materials
Chelex 100 resin (50—100 mesh), hydrochloric acid, hydroxylamine hydrochloride, ferrous
ammonium sulfate hexahydrate, 1,10-phenanthroline, sodium hydroxide,
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ethylenediaminetetraacetic acid (EDTA), dimethyl sulfoxide (DMSO), 10 mM phosphate buffered
saline (PBS), chloroform, and mouse serum were obtained from Sigma-Aldrich Inc. (St. Louis,
MO). 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid mono(N-hydroxysuccinimide
ester) (DOTA-NHS) was provided Macrocyclics Inc. (Dallas, TX). Succinimidyl-([N-methyl]-
dodecaethylene glycol) ester (NHS-mPEG), succinimidyl-[(N-maleimidopropionamido)-
dodecaethylene glycol] ester (NHS-PEG-Maleimide), 100 mM phosphate buffered saline, and
desalting spin columns were obtained from Pierce Biotechnology, Inc. (Rockford, IL). Integrin
a,Bs targeting peptide c(RGDyC) (cyclo-(Arg-Gly-Asp-D-Tyr-Cys)) was obtained from Peptides
International, Inc. (Louisville, KY). Alexa Fluor 647 succinimidyl ester was purchased from
Invitrogen (Carlsbad, CA). Copper-64 was produced on a Washington University Medical School
Cyclotron (Model CS-15, Cyclotron Corp.) by the **Ni(p,n)®Cu reaction with the nuclide having a
specific activity of 50-200 mCi/pg at the end of bombardment (11). Buffers used for ®*Cu
labeling and all reactions were passed through a Chelex 100 column prior to use. Water was
deionized to 18 MQecm using an E-Pure water filtration system (Barnstead International,

Dubuque, IA).

5.2.2 Preparation of PEGylated DOTA-MNPpc and DOTA-MNP,:c—RGD

DOTA-NHS ester was dissolved in 10 mM PBS and pH was adjusted to 7.5 by drop-wise addition
of 0.5 M NaOH. An aliquot of the DOTA-NHS solution was immediately added to amino-
functionalized cross-linked iron oxide nanoparticles (BioPhysics Assay Laboratory, Inc.,
Worcester, MA) at a molar ratio of 25:1 and the reaction was mixed for 1.5 hr at room
temperature. The solution was loaded onto a desalting spin column to separate any unreacted
DOTA-NHS from DOTA-conjugated magnetic nanoparticles (DOTA-MNP). NHS-PEG-Maleimide

or NHS-mPEG was dissolved in molecular sieve-treated DMSO and added to DOTA-MNP in 100
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mM PBS (pH 7.3) at a 1000:1 molar ratio. The reaction proceeded for 30 min at room
temperature with constant mixing, followed by purification using spin columns equilibrated with
100 mM PBS (pH 6.9) containing 10 mM EDTA. ¢(RGDyC) was dissolved in DMSO and added to
the maleimide-activated nanoparticles (DOTA-MNPys-Mal) or methoxy-nanoparticles (DOTA-
MNP, pcc) at @ molar ratio of 250:1 and reacted at room temperature for 2 hr. Peptide-
conjugated DOTA-magnetic nanoparticles (DOTA—-MNP—-RGD) were purified similarly using spin
columns, followed by filtration at 0.2 um and storage in 10 mM PBS at 4 °C. DOTA-MNPp¢; and
DOTA-MNPy:c—RGD used in live cell imaging studies were prepared using equal parts Alexa

Fluor 647 succinimidyl ester and DOTA-NHS.

5.2.3 Nanoparticle Characterization

The number of integrin-targeting RGD peptides per nanoparticle was measured by reacting, in
triplicate, equal amounts of c(RGDyC) with maleimide-activated nanoparticles (DOTA—MNPpgg-
Mal) or methoxy-nanoparticles (DOTA-MNP,»e6) according to procedures outlined above. Upon
completion of the reaction an aliquot of each sample was assayed for the concentration of
unreacted c(RGDyC) using an Invitrogen Thiol Kit (Carlsbad, CA). The difference in thiol
concentration between DOTA-MNPps-Mal and DOTA-MNP,,»eg Samples was used to calculate
the average number of c(RGDyC) conjugated to DOTA-MNPps-Mal.

The hydrodynamic diameter of DOTA—-MNPpes and DOTA—MNPpec—RGD was measured
by dynamic light scattering (DLS). DLS measurements were performed using a NICOMP 380 ZLS
Submicron Particle Sizer (Particle Sizing Systems, Inc., Santa Barbara, CA) equipped with a 632.8
nm He-Ne laser and an Avalanche Photodiode detector at a fixed 90° scattering angle.
Nanoparticle samples used were chelated with “cold” (i.e. stable) isotopes of copper according

to the identical procedure used for radiolabeling with copper-64. Dilute nanoparticle samples
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(0.4 mL) were placed in prewashed cylindrical optical cells and incident laser light was adjusted
using a neutral density filter to obtain a scattering intensity of 300 KHz. Samples were measured
in triplicate (5 runs each) at 23 °C for 30 min in a temperature-controlled sample chamber and
data are reported as the average volume-weighted hydrodynamic diameter.

Surface potential of nanoparticle solutions was measured using the NICOMP 380 phase
analysis light scattering (PALS) module. Electrophoretic mobility (1) was measured and ¢-
potential was calculated using the Smoluchowski equation. Samples were measured in triplicate
(with 5 runs each) at 23 °C and data are reported as the average &-potential (mV).

Iron concentration of DOTA-MNPpgg and DOTA-MNPyc—RGD solutions was determined
using a 1,10-phenanthroline assay (12, 13). Solutions of hydroxylamine hydrochloride (10
mg/mL), sodium acetate (125 mg/mL), 1,10-phenanthroline (1 mg/mL) and hydrochloric acid (6
M) were prepared using deionized water. In a 200 uL tube, 17 uL of 6 M hydrochloric acid was
added to 18 pL of dilute nanoparticles and incubated in a thermocycler at 100°C for 10 minutes.
The resulting solution of dissolved nanoparticles was combined with 10 pL of hydroxylamine
hydrochloride and 855 L of sodium acetate, followed by addition of 100 puL 1,10-
phenanthroline. The absorbance of the sample at 510 nm was measured using a microplate
reader (Safire I, Tecan Group Ltd., Mdnnedorf, Switzerland) and compared to a standard curve

of ferrous ammonium sulfate hexahydrate solution.

5.2.4 Magnetic Nanoparticle Radiolabeling

In general, nanoparticles were labeled with ®*Cu and evaluated according to Shokeen et al (14).
DOTA-MNPpgz and DOTA-MNPpc—RGD were dissolved in 10 mM PBS at 1.2 and 1.5 mg Fe/mL,
respectively, prior to labeling. Nanoparticles (60 pug) were combined with 0.1 M ammonium

L 6

acetate buffer (pH 5.5) to a final volume of 230 u Cu-acetate (3 mCi) was added and
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nanoparticle samples were incubated at 37 °C for 1 hr with constant mixing. The solution was
then challenged with 5 pL of 10 mM EDTA at 37 °C for 5 min with mixing (to remove
nonspecifically bound ®*Cu), followed by purification using a centrifugal desalting column
equilibrated with 10 mM PBS . Purity of **Cu-MNP was determined by radiochemical thin layer
chromatography (radio-TLC). A small amount of the of the **Cu-labeled MNP solution was
applied to an ITLC-SG plate (Pall Corporation, East Hills, NY) and developed using a 1:1 mixture
(v/v) of 10% (w/v) ammonium acetate and methanol (R; = 0 for **Cu—MNP and R; = 1 for **Cu-
EDTA and ®*Cu-acetate). The TLC plate was then measured using a Bioscan 200 imaging scanner
(Bioscan Inc., Washington DC).

Radiochemical purity (RCP) of **Cu-MNP was evaluated by radio-fast protein liquid
chromatography (radio-FPLC) using an Amersham Biosciences AKTA FLPC system (GE
Healthcare, Piscataway, NJ) equipped with a UV detector (280nm) and fitted with an in-line
Model 170 radioisotope detector (Beckman Coulter Inc., Fullerton, CA). A 100 uL sample of
dilute **Cu-MNP (ca. 10 puCi) was applied to a Superose 12 gel filtration column (GE Healthcare,
Piscataway, NJ) and eluted with 20 mM HEPES and 150 mM NaCl (pH 7.3) at a flow rate of 0.8
mL/min. The RCP of %*Cu =MNPy:c—RGD and **Cu—MNPp¢s was found to be > 98%. The
nanoparticle solution was then diluted in 10 mM PBS (pH 7.4) to obtain doses (ca. 100 uCi)
suitable for imaging and biodistribution studies. Serum stability of **Cu—MNP was measured by
radio-TLC analysis after 0, 1, 3, 6, and 24 hr incubation in mouse serum at 37 °C with constant

shaking.

5.2.5 Nanoparticle Phantom Imaging
The ability of ®*Cu-labeled magnetic nanoparticles to function as effective contrast agents for

PET and MRI was assessed using an imaging phantom. Samples of radiolabeled nanoparticles
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ranging in concentration from 0.1 to 25 pg Fe/mL were prepared and scanned for 10 min in a
Focus 120 microPET. After a period of time for sufficient **Cu decay (excess of 10 half-lives),
labeled nanoparticles were reconstituted in 1% low-melting agarose and imaged in a 7.0-T
Pharmascan scanner (Bruker BioSpin, Billerica, MA). T2 images were obtained using a multi-
slice multi-echo sequence (2000 ms repetition time; 12 echoes ranging from 12-144 ms; 180° flip

angle; 3 cm FOV; 1 mm slice thickness; 128 x 128 matrix; 4 averages; 234 W in-plane resolution)

5.2.6 Cellular Imaging Studies

Live cell imaging experiments were performed to determine the binding specificity of peptide-
targeted dual PET/MRI nanoparticles. Human glioblastoma U87MG cells (ATCC, Manassas, VA)
were cultured in low glucose DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS
(ATCC), 100 U/mL penicillin, and 100 mg/mL streptomycin. Cell studies were performed using
magnetic nanoparticles chelated with stable 63/85cy isotopes of copper (i.e. “cold”) according to
the procedure used for radiolabeling with copper-64. U87MG cells were cultured in 8-well Nunc
Labtek Il chambered coverslips (#1.5) (Thermo Fisher, Rochester, NY). After removal of growth
medium, 65nM Alexa Fluor 647-conjugated magnetic nanoparticles in serum-free medium were
added to cells and incubated for 30 minutes at 37 °C. The nanoparticle/serum-free medium was
removed and replaced with Opti-MEM (Invitrogen). Nanoparticle specificity was confirmed
through blocking studies by incubating cells with Cu -MNPy;c—RGD in the presence of 5 uM
c(RGDyC). Live cell images were obtained using a Zeiss Axiovert 200 epifluorescent microscope

equipped with a 40X objective lens and Axiocam MRm cooled CCD camera.
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5.2.7 M21/M21L Cell Uptake Assay

The M21 line (a,B3 integrin-positive) was derived from a metastatic human melanoma lesion.
The accompanying line, M21L, is an a,B; integrin-negative stable variant derived from the M21
that fails to synthesize ay subunit mRNA. M21 and M21L lines were kindly provided by Dr. David
Cheresh (Scripps Institute). Further details of the cell internalization assay are provided by
Shokeen et al. M21 and M21L cells were maintained in RPMI 1640 supplemented with 10% FBS
until reaching approximately 65-75% confluence. Uptake experiments were performed in
triplicate.

Cells were detached from culture flasks using trypsin/EDTA , washed, and resuspended
in PBS containing Ca and Mg. For each replicate, 1 x 10° M21 or M21L cells were incubated with
3 nM **Cu =MINPpeg—RGD or ®*Cu —MNPys (ca. 5 uCi). For blocking tests, cells and nanoparticles
were incubated with 10 uM free c(RGDyC). Samples were incubated with nanoparticles for 30
min at 37 °C with gentle rocking using a tube rotator (Miltenyi Biotec). Samples were then
pelleted (1400 rpm, 1 min) and washed 3 times with cold PBS. Cell pellets were promptly lysed
using 0.5% sodium dodecyl sulfate (SDS), followed by counting in a gamma counter. After
counting, protein content was determined using a BCA assay (Pierce) and counts were

normalized by protein concentration.

5.2.8 Determination of Nanoparticle Biodistribution

All animal procedures were performed in compliance with guidelines set forth by the Georgia
Institute of Technology Institutional Animal Care and Use Committee and the Washington
University Animal Studies Committee. Female mice (BALB/c, M21/M21L tumor-bearing
athymic, and U87MG tumor-bearing athymic) (Charles River Laboratories, Inc., Wilmington, MA)

weighing approximately 20 g were anesthetized using 1-2 % isoflurane and given tail vein
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injections of 100 pCi of #4CU—MNPpec—RGD or **Cu—MNPpg; at a dose of 0.1 mg Fe/kg mouse
body weight. Mice (n = 4 per time point) were sacrificed by cervical dislocation at 1 hr, 4 hr, and
24 hr post injection and organs of interest were collected, weighed, and activity was measured
with a Gamma 8000 gamma counter (Beckman Coulter Inc., Fullerton, CA). Standard doses were
prepared and measured along with the samples to allow calculation of the percentage injected
dose (%ID) for the selected tissues. Data were corrected for *Cu decay and the percentage

injected dose per gram of tissue (%ID/g) was calculated according to the following equation:

(cpm in sample — background) x 10?

%ID/g = .
ID/g (decay correction factor) x (sample weight) x (com in standard dose) ~ Equation 5.1

5.2.9 U87MG Tumor Model

Tumors were grown in female athymic nu/nu mice aged 3 to 4 weeks old (Charles River
Laboratories). Mice received subcutaneous injections of 5 x 10° U87MG cells suspended in 100
pL PBS into the nape of the neck. Tumors were allowed to grow for approximately 3.5 weeks

(200-500 mm? tumor volume) before use in imaging or biodistribution studies.

5.2.10 M21/M21L Tumor Model

A bilateral tumor model formed from subcutaneous inoculation with two different cell lines. The
M21 line (a,,Bs integrin-positive) was derived from a metastatic human melanoma lesion. The
accompanying line, M21L, is an a,Bs integrin-negative stable variant derived from the M21 that
fails to synthesize a, subunit mRNA. M21 and M21L lines were kindly provided by Dr. David
Cheresh (Scripps Institute). Tumors were grown in female athymic nu/nu mice aged 3 to 4

weeks old (Charles River Laboratories). Mice received subcutaneous injections of 1 x 10° M21L
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and M21 cells suspended in 100 pL PBS into the right and left rear flanks, respectively. Tumors
were allowed to grow for approximately 4 — 6 weeks (0 -500 mm?® tumor volume) before use in
imaging and biodistribution studies. Further details of the M21/M21L bilateral tumor model are

given in chapter 4.

5.2.11 In Vivo PET/CT Imaging

MicroPET scans were performed using a microPET Focus 120 (Siemens Medical Solutions USA,
Inc., Malvern, PA). U87MG tumor-bearing were anesthetized using 1-2 % isoflurane and given
tail vein injections with 100 pCi of 4 CU—MNPpec—RGD or **Cu—MNPpg (0.1 mg Fe/kg body
weight) in 100 pL PBS. Mice were reanesthetized and scanned in the supine position for 20
minutes at 24 hr post injection. Anatomical information was obtained from CT scans (microCAT
I, Siemens Medical Solutions USA, Inc., Malvern, PA) performed immediately after completion
of microPET. Analysis of microPET images was accomplished using vendor software (ASIPro,
Siemens Medical Solutions USA, Inc.) on decay-corrected images. Coregistration of microPET
and microCT images was performed by means of fiducial markers in the animal transfer bed and
the Amira software package (Mercury Computer Systems, Inc., Chelmsford, MA). Post-PET
biodistribution of tumor-bearing mice was performed as outlined above immediately following

microPET imaging.

5.2.12 In Vivo MR Imaging

U87MG tumor-bearing mice underwent MR imaging immediately before and 24 hr after
receiving tail vein injections of cold CuU—-MNPpeg—RGD or Cu—MNPye; (10 mg Fe/kg body weight)
in 100 uL PBS (n = 4). Animals were anesthetized using 1-2 % isoflurane and connected to an

MR-compatible monitoring and gating system (Model 1025, SA Instruments, Inc., Stony Brook,
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NY). Cardiac gating was performed by affixing neonatal electrodes (3M Corp., St. Paul, MN) to
the forepaws using conducting electrode cream (Grass Technologies, West Warwick, Rl), and
respiratory gating was performed by means of a respiratory pillow (SA Instruments).
Temperature was maintained using a water-filled blanket fed by a thermostatically controlled
heating pump. Animals were placed in the prone position on an imaging bed and positioned in
the bore of a 7.0-T Pharmascan MRI scanner (Bruker BioSpin, Billerica, MA). Tumor images were
obtained using a multi-slice multi-echo sequence and a 30 mm mouse body volume coil (Bruker
BioSpin) with the following parameters: SE TR/(TE), 2000 ms/(12, 24, 36, 48, 60, 72, 84, 96, 108,
120, 132, 144) ms; flip angle, 180°; matrix size, 128 x 128; field of view, 3 x 3 cm; in-plane
resolution, 234 um; slice thickness, 1 mm; slices acquired, 8; slice orientation, axial; averages, 4;
scan time, 17 min 4 s. Tumor ROIs were defined using ParaVision 4 (Bruker BioSpin), and T2

colormaps were generated using MATLAB (MathWorks, Inc., Natick, MA).

5.3 Results

5.3.1 Nanoparticle Conjugation

To prepare nanoparticles for dual PET/MR imaging, cross-linked iron oxide magnetic
nanoparticle were functionalized with the macrocyclic ligand DOTA to allow radiolabeling by
chelation of copper-64 (Figure 5.1A). The cross-linked, aminated polysaccharide coating of the
nanoparticles provides a site for attachment of DOTA and RGD peptides. DOTA-NHS was
reacted with the nanoparticle coating followed by removal of any unreacted DOTA-NHS. DOTA-
MNP was further modified by conjugating NHS-PEG-Maleimide to the polysaccharide coating,
providing a flexible linker for attachment of integrin-targeting RGD peptides. The maleimide
group on the activated intermediate product, DOTA-MNP:s—Mal, is susceptible to hydrolysis

(15) and rapid purification using desalting spin columns was employed. Purified DOTA-MNPpgc—
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Mal was then reacted with the thiol-containing c(RGDyC). The final product, DOTA—MNPpgc—

RGD is shown in Figure 5.1B.
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Figure 5.1: Development of af; integrin-targeted dual PET/MRI nanoparticles. (A)
Conjugation scheme showing reaction of amino-CLIO with DOTA-NHS ester, followed by
PEGylation and conjugation with c(RGDyC) (B) Schematic representation dual-modality **Cu—
MNPpes—RGD . ®*Cu—MNPpes was synthesized in a similar fashion, except methoxy-terminated
PEG was conjugated to the particle surface.

On average, 43 + 9 c¢(RGDyC) peptides were conjugated to DOTA-MNP to allow targeting of o33
integrin. The hydrodynamic diameter of nanoparticles was determined by dynamic light
scattering (DLS). DOTA-MNPp:c—RGD and DOTA-MNP;¢; were found to have diameters of 42 +
6 nm and 34 + 5 nm, respectively (Figure 5.2A). The ¢-potential of DOTA—-MNPy:c—RGD and
DOTA-MNPp:g was 4 mV and 7 mV. The small positive charge is attributed unreacted amine

groups buried within the dextran coating.

5.3.2 Nanoparticle Radiolabeling
The positron-emitting radionuclide **Cu (t;, =12.7 hr; £ = 0.653 MeV, 17.4%; £ = 0.578 MeV,

39%) was used to radiolabel DOTA—MNPpc—RGD, allowing PET imaging and biodistribution
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studies. Copper-64 can be produce at high specific activity and yield in biomedical cyclotrons
(16, 17). Chelation of **Cu to various macrocyclic ligands provides an efficient route for
radiolabeling a range of macromolecules and nanoprobes (18).

Highly efficient labeling of DOTA—MNP:c—RGD was obtained by incubation with ®*Cu at
37 °Cfor 1 hrin 0.1 M ammonium acetate buffer, pH 5.5. In this study 64Cu—MNPpEG—RGD was
labeled to a specific activity of 45 uCi/ug (specific activity of up to 70 puCi/ug was achieved with
this compound in related studies). Nonspecifically bound ®*Cu was removed by addition of EDTA
(18) upon completion of the labeling reaction, and **Cu-EDTA was separated from **Cu —
MNPp:c—RGD using a desalting spin column. The radiochemical purity of the purified
nanoparticles, determined by radio-FPLC, was found to be in excess 98%. The labeling yield was
82-85% by radio-TLC. #4Cu—MNPp:c—RGD incubated in mouse serum at 37 °C for 24 hr retained
98.2 + 0.2% of the radioactive **Cu (decay corrected), an indication of high in vitro stability

(Figure 5.2B).

5.3.3 Phantom Studies

The dual-modality imaging capability of **Cu-MNP:c—RGD nanoparticles was evaluated by
subjecting a nanoparticle imaging phantom to standard PET and MR scans (Figure 5.2C). The T2-
weighted MR image shows a clear change in contrast with iron concentration. The PET image
shows corresponding concentration-dependent signal intensity. We determined the MRI
detection threshold for ®*Cu—MNPpec—RGD in this study to be =~ 5 ug Fe/mL, while the microPET

threshold was 0.1-0.5 pg Fe/mL, in agreement with previously reported values (5).
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Figure 5.2: Characterization of **Cu-MNP,c—RGD. (A) Dynamic light scattering of **Cu—
MNPp:c—RGD showing a diameter of 42 + 6nm. (B) Serum stability of #4CU—MNPp:c—RGD as
determined by radio-TLC. (C) Phantom image of nanoparticles imaged by PET (top row) and MRI
(bottom row).

5.3.4 Cellular Imaging Studies

In vitro cell binding assays were employed to evaluate the ay[3; integrin targeting of MNPpec—
RGD. U87MG human glioblastoma cells (19), known to express high levels of ayB; integrin (20),
were incubated for 30 min at 37 °C with 65 nM of Alexa Fluor 647-labeled DOTA—MNPy:c—RGD
or DOTA-MNPpgs. Binding of DOTA-MNPyc—RGD to U87MG cells was observed, while no
significant binding of DOTA—MNP;s occurred (Figure 5.3). In the case of DOTA—-MNPy:c—RGD,
nanoparticle binding to U87MG cells could be blocked by the addition of 5 uM c¢(RGDyC) to the

binding medium during incubation.
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Figure 5.3: Live cell nanoparticle imaging. Bottom row shows targeting of a3 integrin-
expressing US7MG cells with 65 nM **Cu—MNPpeg—RGD, **Cu—MNPpeg, and **Cu—MNPp:c—RGD in
the presence of 5 UM c(RGDyC). Top row shows corresponding white light images.

5.3.5 M21/M21L Cell Uptake Assay

In vitro cell uptake assays were performed using 64Cu—MNPpEG—RGD and 64Cu—MNPpEG with and
without concomitant blocking by addition of excess free c(RGDyC) peptide. M21 metastatic
human melanoma cells express a,f; integrin with the variant line M21L is a,B; integrin-negative.
Cells were incubated for 30 min at 37 °C with 3 nM %*Cu—MNPpec—RGD or **Cu—MNPpG. Blocking
was accomplished by adding 10 uM free RGD peptide. Binding of **Cu-MNP:s—RGD to M21
cells was observed, while no significant binding of #4Cu—MNPpe occurred (Figure 5.4). Uptake of
#4Cu—MNPpec—RGD was blocked by addition of excess RGD peptide. M21L showed no uptake of

4 Cu—MNPpec—RGD or **Cu—MNPpes, with or without RGD blocking.
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Figure 5.4: M21/M21L cell uptake of peptide-targeted magnetic nanoparticles. Binding of
#4Cu—MNPpec—RGD to a,B; integrin-positive M21 cells was observed, while no significant binding
of **Cu—MNPp¢s occurred. Uptake of #4Cu—MNPpec—RGD was blocked by addition of 10 uM RGD
peptide. M21L cells (a,B; integrin-negative) showed no uptake of **Cu-MNPps—RGD or *Cu—
MNP, with or without RGD blocking.

5.3.6 Biodistribution of Peptide-targeted Dual PET/MRI Nanoparticles in BALB/c Mice

To evaluate the in vivo kinetics and biodistribution of RGD-functionalized dual-modality
nanoparticles, BALB/c mice were injected with a low dose of nanoparticles labeled at high
specific activity (100 uCi of **Cu—MNP labeled at 45 uCi/pg, corresponding to 0.1 mg Fe/kg
mouse body weight) and the biodistribution of selected organs was measured at 1 hr, 4hr, and
24 hr post injection (Table 5.1). RGD-functionalized nanoparticles exhibited high uptake by
organs of the reticuloendothelial system (e.g. liver, spleen, bone) compared to non-
functionalized nanoparticles. #4CU-MNPpec—RGD experiences rapid blood clearance after 1 hr,
while **Cu—MNPye remains at high levels at each time point. #4Cu—MNPpes concentration in the
heart, muscle, and fat was greater than that of **Cu-MNPpc—RGD, presumably due to the low

blood concentration of ®*Cu—MNPpec—RGD.
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Table 5.1: Biodistribution of ®*Cu-labeled, RGD-functionalized magnetic nanoparticles in
female BALB/c mice

%Cu-RGD-MNP %4Cu-MNP

Organ 1hr 4 hr 24 hr 1hr 4 hr 24 hr

Blood 18.1 £ 3.50 1.1 £0.2 09 +00 46.9 £ 24 424 £ 4.1 2356 +29
Lung 7.8 £1.30 42 +05 47 £04 132+ 14 16.3 £ 2.1 9520
Liver 55.0 £ 3.10 779 £3.2 620 +6.7 113 +£14 126 £1.0 205 +£39
Spleen 656 + 540 111.0 £ 10.0 135.3 £ 12.0 7724 90 +£13 22552
Kidney 6.4 +1.00 5907 63+05 70+05 6.7 £ 1.1 6.9 +£06
Muscle 09 +0.10 05+0.1 05+0.1 15 +04 18 +04 1.9 £0.2
Fat 22 +070 1.1 £0.9 07 +04 2.8 +1.1 35+08 2307
Heart 35 £ 1.00 1.8 £0.2 22 +01 94 +26 85 27 43 £05
Bone 49 £ 050 6.0+ 09 57 +04 29+05 29 +£00 26 £0.3

Data are presented as percentage injected dose per gram (%ID/g) £ SD (n = 4).

5.3.7 Biodistribution of Peptide-targeted Dual PET/MRI Nanoparticles in U87MG Tumor-
bearing Mice

The biodistribution of ®*Cu-labeled nanoparticles in U87MG tumor-bearing athymic mice at a
dose of 0.1 mg Fe/kg body weight (Table 5.2) was similar to the pattern observed in BALB/c mice
at 24 hr (Table 5.1). RES organ uptake of **Cu-MNPys—RGD was prominent (liver, 50.4 + 5.1;
spleen, 61.1 + 14.7; and bone, 5.8 + 1.9 %ID/g), while blood activity was greatly diminished at 24
hr (1.0 + 0.3 %ID/g). In the absence of peptide functionalization, **Cu-MNPees nanoparticles
showed reduced RES organ accumulation (liver, 22.4 + 11.5.; spleen, 13.7 + 7.1; and bone, 1.9 +

0.4 %ID/g) and a = 16 fold higher blood concentration relative to RGD-conjugated nanoparticles.
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Table 5.2: Biodistribution of ®*Cu-labeled, RGD-functionalized magnetic nanoparticles in
U87MG tumor-bearing mice at 24 hr post injection

%ID/g
Organ ¥Cu-RGD-MNP #Cu-MNP
Blood 10 + 03 167 + 15
Lung 46 + 0.9 77 £ 16
Liver 504 + 5.1 224 + 115
Spleen 61.1 + 14.7 137 + 7.1
Kidney 64 07 57 + 08
Muscle 05 + 01 23 £ 06
Fat 04 + 02 22 + 10
Heart 19 + 03 48 + 03
Brain 01 % 00 08 + 03
Bone 58 + 1.9 19 & 04
Tumor 31 £ 07 62 £ 08

Data are presented as percentage injected dose per gram (%ID/g) +
SD (n = 6 or 4) at 24 h post-injection.

Accumulation of **Cu—MNP;; in several non-target organs (heart, 4.8 £ 0.3; muscle, 2.3 £ 0.6;
and fat, 2.2 + 1.0 %ID/g) was greater than accumulation of **Cu—MNPpc—RGD (heart, 1.9 + 0.3;
muscle, 0.5 £ 0.1; and fat, 0.4 £ 0.2 %ID/g) due to the large difference in blood concentration
between the two nanoparticles. U87MG tumor uptake of **Cu—MNPpec—RGD and **Cu-MNPpg
was 3.1+ 0.7 %ID/g and 6.2 £ 0.8 %ID/g, respectively.

To evaluate the U87MG tumor-to-background activity, and to account for the significant
difference in blood concentration exhibited by #4CU—MNPpec—RGD and ®*Cu—MNPpg, tumor-to-
tissue ratios were calculated for selected organs (Figure 5.5). In general, ratios of tissues
surrounding tumors of animals administered #4Cu—MNPpec—RGD (blood, 3.4 + 1.7; muscle, 6.4 +
2.2; and fat, 8.9 + 4.7 %ID/g) were significantly higher than for those administered S4CU—MNPpeg

(blood, 0.4 £ 0.1; muscle, 2.9 £ 0.8; and fat, 3.4 + 1.8 %ID/g).
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Figure 5.5: Tumor/tissue ratios. Comparison of U87MG tumor/tissue ratios for 64Cu—MNPpEG—
RGD and 64Cu—MNPpEG. 64Cu—MNPpEG—RGD showed a significantly higher tumor/tissue ratio for
non-target tissue surrounding the tumor site (e.g. muscle, blood, fat). Error bars represent SD (n
=4 or 6) (*P<0.05, **P<0.01, ***P<0.001, §P =0.06).

5.3.8 Biodistribution of Peptide-targeted Dual PET/MRI Nanoparticles in M21/M21L Tumor-
bearing Mice

The biodistribution of ®*Cu-labeled nanoparticles in M21/M21L tumor-bearing athymic mice at a
dose of 0.1 mg Fe/kg body weight (Table 5.3) was similar to the pattern observed in U87MG
tumor-bearing mice at 24 hr (Table 5.2). RES organ uptake of ®**Cu—MNPpc—RGD was also
prominent while blood activity was greatly diminished at 24 hr (1.0 + 0.3 %ID/g). No difference
in nanoparticle accumulation by M21 and M21L tumors was observed. Tumor-to-blood and

tumor-to-muscle for **Cu-MNP:c—RGD remains significantly higher than that of ®**Cu—MNPp.
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Table 5.3: Biodistribution of ®*Cu-labeled, RGD-functionalized magnetic nanoparticles in
M21/M21L bilateral tumor-bearing mice at 24 hr post injection

%ID/g %I|D/organ
Biodistribution MNP-RGD MNP MNP-RGD MNP
Blood 0.93 *+ 0.21 21.36 £ 1.71 1.39 + 0.27 31.14 + 3.37
Lung 541 + 113 11.23 + 1.82 0.87 + 0.17 1.74 + 0.49
Liver 59.02 + 8.08 17.66 + 7.78 49.97 + 512 16.15 + 6.13
Spleen 86.35 + 16.36 19.86 + 12.86 491 + 1.73 1.09 + 0.65
Kidney 6.62 + 1.34 648 + 1.25 0.98 + 0.23 0.88 + 0.14
Muscle 0.40 + 0.07 212 + 0.21 3.47 + 0.63 18.16 + 2.64
Fat 249 + 3.12 2.73 + 1.00 7.37 + 9.60 7.73 + 2.64
Heart 219 + 0.58 492 + 1.31 0.23 + 0.07 0.50 + 0.26
Brain 0.21 + 0.03 1.12 + 0.50 0.08 + 0.02 0.43 + 0.20
Bone 7.03 + 2.30 299 + 0.37 16.20 + 4.73 6.78 + 0.80
M21-L 1.55 + 0.40 3.97 + 1.34 0.37 + 0.33 0.36 + 0.20
M21 1.48 + 0.34 433 + 1.55 0.35 + 0.39 0.47 + 0.36

Data are presented as percentage injected dose per gram (%ID/g) and percentage injected dose per
organ (%ID/organ) + SD. (MNP, n =7; MNP-RGD, n = 8)

5.3.9 In Vivo PET imaging of Nanoparticle Accumulation in U87MG Tumors

Tumor-bearing mice were administered a 0.1 mg Fe/kg dose (100 uCi) of ®**Cu—MNPpeg—RGD (n =
6) or **Cu—MNPpes (n = 4) and microPET-CT images were acquired at 24 hr post injection (Figure
5.6, Figure 5.7). Both nanoparticles produced PET signal in U87MG tumors, in agreement with
biodistribution studies. However, tumors were clearly visible when imaged using RGD-targeted
particles due to high tumor-to-background ratios, while the high background activity exhibited
by untargeted nanoparticles obscured tumor visualization. Prominent uptake of ®**Cu—MNPpes—
RGD by the liver and spleen could be observed. Accumulated activity could also be seen in the
bone, with marked uptake along the lumbar region of the vertebral column and the ilium. ®*Cu—
MNPy displayed low overall liver, spleen, and bone activity relative to RGD-targeted
nanoparticles. A widespread, diffuse accumulation of #4Cu—MNPpeg was visible in all animals,
due to its extended blood retention. **Cu—MNP;gs was observed in the heart and carotid

arteries due to the prolonged blood retention.
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Figure 5.6: MicroPET/CT imaging ®*Cu—MNPp:c—RGD (A, B) and **Cu-MNP (C, D) in US7MG
tumor-bearing mice at 24 hr post-injection. (A, C) 3D PET/CT images show clear tumor
delineation using RGD-targeted nanoparticles (A), while untargeted nanoparticles (C) resulted in
widespread uptake. (B, D) Axial slices corresponding to dotted line in 3D PET/CT images.

147



C tumor

¢

'

Sy o
J.'ﬂ

Figure 5.7: Alternate microPET/CT images of **Cu-MNP,:c—RGD (A, C) and **Cu—MNP; (B, D)
in U87MG tumor-bearing mice at 24 hr post-injection. (A,B) Sagittal PET/CT images show clear
tumor delineation using RGD-targeted nanoparticles (A), while untargeted nanoparticles (B)
resulted in widespread uptake. (C, D) Axial slices corresponding to dotted lines in Figure 5.6.

5.3.10 In Vivo MRI of Nanoparticle Accumulation in U87MG Tumors

To examine the MR imaging potential of dual-modality nanoparticles, cold RGD-targeted
magnetic nanoparticles were evaluated in tumor-bearing mice. Animals were scanned using a
multi-slice multi-echo sequence to obtain T2-weighted tumor images. Animals were
administered CuU—MNPpc—RGD or Cu—MNPp¢s and imaged again at 24 hr post-injection. T2 maps
of tumors were generated and quantitative analysis of nanoparticle accumulation was

performed.
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Figure 5.8: MR Imaging of Cu-MNPPEG-RGD (A-D) and Cu—-MNPPEG (E-H) in tumor-bearing
mice at before (top row, A-F) and 24 hr after (bottom row, C-H) injection. A decrease in mean
tumor T2 resulting from administration of RGD-targeted nanoparticles can be observed in T2-
weighted images (A, C) and in corresponding T2 maps (B, D). Non-targeted nanoparticles, with
high blood concentration, also produced a decrease in mean tumor T2 after injection, shown in
both T2-weighted images (E, G) and T2 colormaps (F, H).

MRI of U87MG tumors showed a contrast enhancement 24 hr after injection of dual-modality
nanoparticles. T2-weighted images of tumors after MNP injection show a negative contrast
enhancement (signal hypointensity) compared to pre-injection images (Figure 5.8). Analysis of
the corresponding multi-echo T2 maps showed decrease in mean tumor T2 twenty four hours

after injection of dual-modality nanoparticles.
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Figure 5.9: Quantitative evaluation of mean tumor T2 before and 24 hr after injection with
#4Cu-MNPpc—RGD (n = 6) or **Cu-MNPpgg (n = 4). Error bars represent SD (*P<0.05,
***¥Pp<0.001).

While both Cu-MNPp:c—RGD and Cu—MNP;s produced contrast enhancement in MRlIs, the
decrease in mean tumor T2 produced by Cu—MNP;c—RGD (preinjection, 61.7 £ 1.2 ms;
postinjection, 55.7 + 2.1) was less than the decrease produced by Cu—MNPy:; (preinjection, 60.1
1 1.4 ms; postinjection, 44.6 + 1.8) (Figure 5.9). No measureable decrease in mean muscle or

bone T2 was observed for either nanoparticle.

5.4 Discussion

Since its inception in the 1990s (21-23), PET/CT has combined the high sensitivity detection of
PET with the anatomical orientation of CT, leading to improved accuracy in cancer detection
(23), staging, and restaging (24, 25). Currently, PET/CT is the gold standard in general oncologic
imaging (26). Unfortunately, CT scans expose patients to considerable amounts of radiation in
addition to the PET tracers used in PET/CT scans. Combining PET with MRI would pair the
superior resolution and soft tissue contrast as well as the functional and spectroscopic

capabilities of MRI with the high sensitivity of PET (27-31). Whole-body imaging ability of PET
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could aid in identification of distant lesions that could otherwise go undetected in MR scans.
Interest in combining PET with MRI has surged (1, 2, 4, 6), and structured nanomaterials have
emerged as possible a platform for the development of dual-PET/MR imaging agents. The
unique properties of nanoparticles lend themselves to the design of PET probes. The large
surface area of nanoparticles can be labeled at high specific activity, thus increasing the
sensitivity of detection and payload of therapeutic isotopes and targeting ligands. To date, the
majority of nanoparticles developed as PET molecular imaging agents have been polymer-based
(32-34). Recently, several PET/MRI nanoparticles have been described for applications in lymph
node (8), macrophage (5), and tumor imaging (6).

In this study we have combined an established magnetic nanoparticle platform (35) with
a positron-emitting tracer to develop a tumor-targeted, dual-modality nanoparticle for PET/MR
imaging. Magnetic nanoparticles were functionalized with polyethylene glycol to allow
attachment of targeting ligands. The resulting monodisperse particles were extensively
functionalized ay33 integrin-targeting peptides to provide multivalent enhancement of binding
(36). Nanoparticles were labeled at high specific activity and exhibited strong stability in mouse
serum over 24 hr, and phantom studies confirmed the dual PET/MR imaging ability of ®*Cu-MNP.
RDG-dependent targeting of nanoparticles to ayBsintegrin was demonstrated using a U87MG
cell imaging assays showed

Biodistribution studies revealed a strong RES uptake of peptide-functionalized MNP,
leading to a discrepancy in the kinetics of blood clearance and organ distribution of targeted
versus non-targeted nanoparticles. The reduced blood half-life of #4Cu-MNPpec—RGD may have
decreased its opportunity to escape the vasculature (35) and bind to ayB; integrin on U87MG
cells deep inside the tumor. This phenomenon would limiting nanoparticle targeting to only

vascular oy integrin, thus decrease the pool of target molecules available to the nanoparticle
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and reducing signal to noise. The blood concentration of #4CU—MNPpeg at 24 hr was 16-fold
higher than that of ®**Cu-MNPpec—RGD, yet the tumor uptake was only 2-fold higher.
Additionally, the tumor-to-background of untargeted nanoparticles was significantly lower than
RGD-targeted nanoparticles (Figure 5.5). These observations indicate an RGD-dependent tumor
uptake and produce substantially enhanced delineation of tumors in PET images (Figure 5.6,
Figure 5.7).

The similarity in uptake by M21 and M21L tumors (Table 5.3) may be explained by the
rapid blood clearance of #4Cu—MNPpec—RGD. Both M21 and M21L tumors will have angiogenic
blood vessels. The endothelial cells forming the new blood vessels in both M21 and M21L
tumors will express a,f; integrin. RGD nanoparticles may be cleared from the blood before they
are able to leak into the extra-vascular space and bind to a,B; integrin in M21 cells. In this
scenario, where particles are cleared before vascular escape, #4Cu—MNPpec—RGD would only bind
to endothelial a,B; integrin. Since M21 and M21L express similar amounts of vascular a,3
integrin the nanoparticles bind the same amount of a,B; integrin in each lesion. This would
explain why excellent targeting was observed in vitro but not in vivo.

Magnetic resonance imaging detected the presence of nanoparticles in U87MG tumors
at 24 hr post injection. A greater decrease in mean tumor T2 was produced by the CuU—MNPpgg
(6.2 £ 2.1 ms) than by Cu-MNPpc—RGD (15.5 + 2.3 ms, P<0.01) (Figure 5.9). Comparison of
mean muscle T2 showed no significant decrease upon administration of either nanoparticle,
precluding a tumor-to-background comparison. The inherent low T2 of muscle (26-32 ms at 7.0
T) and the use of a volume coil may have decreased the ability to detect small differences in
muscle accumulation of nanoparticles.

In conclusion, we report the development of a3 integrin-targeted magnetic

nanoparticles for dual-PET/MR imaging. Nanoparticles were labeled with **Cu at high specific
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activity and radiochemical purity. Conjugation of c(RGDyC) to magnetic nanoparticles resulted
in specific targeting of ayfBs integrin in vitro, as well as pronounced tumor delineation in vivo.
MRI studies showed an accumulation of nanoparticles in tumors, however peptide-targeted
nanoparticles did not show a distinct advantage over non-targeted nanoparticles. These finding

provide insight into the design and development of future multimodality PET/MRI probes.
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CHAPTER 6

SUMMARY AND FUTURE DIRECTIONS

6.1 Conclusions and Ongoing Studies

Functionalization of ®*Cu-MNPpes with RGD peptides dramatically altered the particle’s blood
clearance and biodistribution. Addition of approximately 50 peptides per produced a sharp
decrease in circulation half-life as wells as intense uptake by the liver and the spleen. A
decrease in half-life was expected upon addition of targeting ligands, but the magnitude
observed here was surprising. We feel confident in this observation, as these experiments were
repeated several times and were performed on both U87MG and M21/M21L tumor-bearing
mice.

The high liver and spleen uptake suggests that rapid clearance of RGD-nanoparticles is
due to absorbance of plasma proteins (i.e. opsonins) and subsequent phagocytosis by Kupffer
cells in the liver and monocytes in the spleen (i.e. RES system). Still, the magnitude by which the
circulation half-life and biodistribution are altered is greater than reported for similar
nanoparticle. While this may be the result of bias on part of some researchers when selecting
“representative data,” other parameter of ligand-dependent behavior need to be explored.
Understanding how ligands affect pharmacokinetics will aid in the development of advanced
nanoparticles for imaging and treating disease.

Alteration of probe pharmacokinetics due to ligand attachment is generally caused by a
specificimmune response to the ligand or by the absorption of plasma proteins due to ligand
charge or hydrophobicity. While RGD binds to many types of cells, there is no known specific
immune response to RGD. The peptide we used, cyclo(RGDyC) has two charged residues,

arginine and aspartic acid. Arginine is strongly basic due to resonance stabilized positive charge
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of the guanidinium chemical group (pK, = 12.48) present on the sidechain (1). This also allows
arginine to participate in extensive hydrogen bonding (2). Aspartic acid is an acidic residue with
a B-COOH sidechain (pK, = 3.9) and is negatively charge at physiologic pH. Of the remaining
residues, cysteine is uncharged and the reactive thiol side chain is covalently linked to the
nanoparticle PEG coating. Tyrosine is a hydrophobic, neutral residue with a phenol side chain
(pK, = 10.5). The hydroxyl is more acid than that of either serine or threonine (due to
resonance). The net charge on ¢(RGDyC) at physiologic pH would be zero, however the peptide
may be somewhat basic owing to arginine. We therefore we exclude charge from being the
dominant factor causing the altered kinetics reported. The peptide shows little solubility in
aqueous solution. DMSO was used to dissolve peptides for bioconjugation. The peptide is
linked to PEG chains on the nanoparticle coating which should act to lessen the hydrophobic
behavior of the peptide. However, residual hydrophobicity may be a factor contributing to the
altered pharmacokinetics.

Another factor to be considered when determining the cause of ligand-dependent
changes in kinetics is the binding of RGD to alternative biomolecules. That it is, RGD binding to
molecules other than ayf; integrin. RGD has high affinity for a,B; integrin (nanomolar) and the
multivalent presentation via nanoparticles increases this affinity (3, 4). RGD also has affinity for
other integrins (oyBs, asB1, auPs, ayBs) (5-9). The affinity for these integrins is much less than
for ayPBs integrin, however multivalent presentation of RGD on nanoparticles will increase the
affinity for these integrins. The RGD sequence was discovered at an integrin binding domain
present in many extracellular matrix proteins (ECM) involved in cell adhesion, such as
vitronectin, fibronectin, and collagen (10-14). As such, any cell type that binds to these proteins
is a potential target of RGD nanoparticles. RGD has been shown to bind to several cells types,

including platelets, leukocytes, endothelial cells, and osteocytes. Thus, one factor in explaining
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the marked change in nanoparticle behavior may be that particles are binding to many sites in
the body and are therefore rapidly removed from circulation, while untargeted particles
circulated freely.

We have already begun a series of experiments to gain understanding into the altered
kinetics presented in this dissertation. The blocking of ligand binding through co-injection of
excess free ligand is a common strategy to prove specificity. Here we injected U87MG tumor
bearing mice with 64Cu—MNPpEG—RGD with and without concomitant block. Mice received a 15
mg/kg block of c(RGDyC) 10 minutes prior to, and 120 minutes after injection with 4 pg (100 uCi)
#4Cu—MNPpec—RGD. Our observation was that blocking extended the circulation lifetime of the
#4Cu—MNPpec—RGD relative to **Cu-MNPye (Table 6.2). It could be that free RGD peptide is
occupying non-tumor sites of uptake (Kupffer cells in the liver, macrophages in the spleen,
platelets, osteocytes, etc.). Tumor-to-blood for #4Cu—MNPp:c—RGD was higher than #cu-
MNPy:c—RGD + RDG block at 4 hr post injection; they were equal at 24 hr post inject. Tumor-to-
muscle for **Cu—MNPp:c—RGD was also higher than **Cu—-MNPyc—RGD + RGD block at 4 and 24
hr post injection.

The same experiments were also performed in BALB/c mice to see if the change in
kinetics due to peptide conjugation was specific to nude mice (Error! Reference source not
found.). Rapid blood clearance and high liver/spleen uptake was seen in BALB/c was well. The
effect of peptide block was less evident in BALB/c mice. The uptake by the spleen at 24 hr was
lower for mice receiving peptide block. Other differenced were not observed. The difference in
peptide blocking between BALB/c and nude mice could be cause by the larger number of
immune cells in BALB/c compare with nude mice. That is, the block may be able to saturate
their phagocytic uptake of particles in nude mice but on in BALB/c because of the larger

reservoir of immune cells they posses.
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We also are in the process of determining the role played by enhanced permeability and
retention (EPR) effect in the tumor accumulation of our probe. Specifically the role of EPR will
be tested using compounds shown to modulate EPR effects (15, 16) (Table 6.2). Additionally, we
have discussed using radiolabeled serum albumin to measure the blood contribution to tumor
activity by circulating nanoparticles versus bound nanoparticles

We evaluated several methods to mitigate the ligand-dependent change in
pharmacokinetics observed. Among the available options were (1) coinjection using blocking
excess of RGD, or (2) comparing tumor uptake of **Cu-MNP:c—RGD versus nanoparticles
conjugated with a non-targeting, scrambled RGD peptide. We chose the former for two
reasons. One reason was because of the interest our collaborators had in this approach. While
blocking with free RGD has been reported for radiolabeled RGD peptides (18), few instances of
blocking long circulating, large molecular weight nanoparticles with short-circulating peptides
have been reported.

The other reason for not using scrambled RGD peptides is the promiscuity shown by
RGD-like peptides. RGD and RGD-like peptides bind to many members of the integrin family.
For example, changing RGD to KGD destroys ayf3 integrin affinity but does not lessen affinity for
o3 integrin. The glycine position can also be occupied by other individual amino acids or pairs
(9). Affinity to ayBs integrin is retained at high levels by many substitutions to the basic cyclic
RGD format (17). Many small, cyclic peptides have high affinity for other members of the
integrin family (RYD, RHD, RLD, REDV, KRLDGS, KQAGDV, LDV, CREETAWAC, etc) (9).
Additionally, our flow cytometry studies with fluorescent cyclic RAD peptide (Chapter 4) showed
some residual binding to ayB; integrin-positive U87MG cells. In general, it is difficult to prepare

a scrambled control peptide for RGD. Use of a less promiscuous targeting peptide is advisable.
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6.2 Contributions to the Field

At the time of writing, relatively few dual-modality probes have been developed for PET/MRI.
Nahrendorf et al used untargeted ®*Cu-labeled CLIO to image uptake by macrophages in
inflammatory plaques in a mouse model of atherosclerosis (47) (Figure 1.3). PET and MRI were
performed separately and the images produced were not coregistered. Also, animal groups
either received ®*Cu-labeled magnetic nanoparticles for PET (at 1.5 mg Fe/kg body weight) or
unlabeled (i.e. “cold”) versions of the same magnetic nanoparticle for MR imaging (30 mg Fe/kg
body weight). No single animals underwent both PET and MRI in this study. Also of note, the
chelator used to attach ®*Cu was the acyclic diethylene triamine pentaacetic acid (DTPA). Use of
this chelator is curious, as its affinity for ®*Cu is lower than the more commonly used cyclic
chelators (e.g. DOTA, TETA).

Choi et al used ***I to label magnetic nanoparticles for combined PET/MRI (48). High
temperature organometallic synthesis was used to produce monodisperse 15nm MnFe,0,
nanoparticles (particles are doped with manganese to enhance MR contrast effect (49)). The
MnFe,0, cores were coated with serum albumin to allow solubility in water (Figure 1.4). The
exchange of nanoparticle surface ligands with protein is an older approach to nanoparticle

12%| Jabeling was

coating and it is unclear why the authors chose this method. Nevertheless,
achieved and the resultant particles produced PET and MR contrast.

To test the particles in a biological environment, untargeted particles were injected into
rat forepaws. At one hour post injection PET and MR imaging was performed. Resulting images
were coregistered by means of custom made fiducial markers. The injected particles gathered
in the brachial and axillary lymph nodes, which were visible in post PET and MRI. The authors

did not state what the circulation half-life of the nanoparticle. The early imaging time point (1

hr postinjection) indicates the nanoparticles have a short blood (ca. < 2hr) half-life. The
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accumulation in brachial and axillary lymph nodes was unilateral (i.e. restricted to the side
possessing the forepaw receiving the injection, in this case the right side of the body). The
unilateral accumulation indicates that particles were not systemically available, presumably due
to a short blood half-life. The systemic uptake of long circulating magnetic nanoparticles has
been well studied (50-52).

Jarrett et al used ®*Cu to label anionic dextran sulfate coated iron oxide (ADIO)
nanoparticles (53) (Figure 1.5). No PET or MR imaging was performed in this study. The surface
of ADIO was modified to contain aldehyde groups to allow conjugation with amine-activated
DOTA. Strangely, the authors reported that ADIO functionalized with DOTA could not be labeled
with ®#*Cu. The authors claimed that charge effects were the cause. Successful labeling was only
reported when ®*Cu was chelated by DOTA prior to attachment to the nanoparticle surface.
After personal discussion with the author it was determined that the author failed to use the
correct pH during the labeling step. Additionally, the aldehyde particles were treated with
ethylenediamine to generate amine functional groups on the particle surface. The use of
bifunctional ethylenediamine will undoubtedly lead to some degree of undesired nanoparticle
crosslinking.

Lee et al used ®*Cu to label polyaspartic acid-coated iron oxide nanoparticles (PASP-10)
(54) (Figure 1.6). The PASP-10 particles were synthesized by coprecipitation of iron salts in the
presence of PASP. The nanoparticles had a 5 nm core and were 45 + 10 nm in diameter after
coating with PASP. The nanoparticles were conjugated with RGD peptide and target to integrins
in a mouse tumor model. PET and MRI was performed but not coregistered. The authors failed
to show pre- and post-injection MR images of the same animals. The MR images that were
show were of poor quality and low resolution. Pre- and post-injection PET images were shown

and specific targeted was achieved.
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Our studies evaluated two radiolabeled nanoparticles for PET/MR imaging. The first was
a **Cu-labeled iron oxide nanoparticle with a PEG-lipid coating. This novel work exploited the
flexibility of lipids-PEG coating which can easily be modified. Protein coatings are susceptible to
immune reaction and can be bulky, whereas our work contains PEG to prevent immune reaction
and is generally thinner than protein coatings. We reported detailed synthesis and radiolabeling
studies. Phantom studies showing PET/MRI contrast were performed. Multi-organ, multi-time
point biodistribution was performed as well as multi-time point PET imaging. This work was a
systematic and rigorous investigation of a novel PET/MRI nanoparticle.

The second study we performed used RGD-targeted magnetic nanoparticles. The MNPs
had a cross-linked dextran coating and were radiolabeled with ®*Cu. Phantom PET and MRI
studies were performed. PET and MR imaging was performed in tumor-bearing mice. Specific
accumulation was observed in PET images. Of the existing particles used for PET/MRI with a
dextran coating, one was untargeted and an acyclic chelator was used, providing lower affinity
for ®*Cu. Our work used targeted dextran particles with a high affinity chelator.

In summary, we have developed two novel nanoparticles as dual PET/MRI contrast
agents. The particles were characterized physically, in vitro, and in vivo. Investigations were
performed to study the mechanics of particle accumulation and blocking. Our work significantly

contributes to the field and extends the understanding of dual PET/MRI nanoparticles.

6.3 Future Collaboration

The NHLBI sponsored Program of Excellence in Nanotechnology (PEN) provides funding to both
Dr. Bao’s lab and the lab of my future postdoc mentor. Our laboratories have forged a

successful collaboration over the past two years and plan to continue working together. We
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look forward to our continued collaboration to develop MRI, PET, and multimodal molecular

imaging probes, and to apply these technologies to the aims of the NHLBI PEN.
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