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Abstract

Angiogenesis is an essential component of tumour growth and, consequently, an important target
both therapeutically and diagnostically. The cell adhesion molecule a,; integrin is a specific marker
of angiogenic vessels and the most prevalent vascular integrin that binds the amino acid se-
quence arginine-glycine-aspartic acid (RGD). Previous studies using RGD-targeted nanoparticles
(20-50 nm diameter) of iron oxide (NPIO) for magnetic resonance imaging (MRI) of tumour an-
giogenesis, have identified a number of limitations, including non-specific extravasation, long blood
half-life (reducing specific contrast) and low targeting valency. The aim of this study, therefore, was
to determine whether conjugation of a cyclic RGD variant [¢(RGDyK)], with enhanced affinity for
a,B;, to microparticles of iron oxide (MPIO) would provide a more sensitive contrast agent for
imaging of angiogenic tumour vessels. Cyclic RGD [¢(RGDyK)] and RAD [c¢(RADyK)] based
peptides were coupled to 2.8 ym MPIO, and binding efficacy tested both in vitro and in vivo. Sig-
nificantly greater specific binding of c¢(RGDyK)-MPIO to S-nitroso-n-acetylpenicillamine
(SNAP)-stimulated human umbilical vein endothelial cells in vitro than PBS-treated cells was
demonstrated under both static (14-fold increase; P < 0.001) and flow (44-fold increase; P < 0.001)
conditions. Subsequently, mice bearing subcutaneous colorectal (MC38) or melanoma (B16F10)
derived tumours underwent in vivo MRl pre- and post-intravenous administration of
c¢(RGDyK)-MPIO or c(RADyK)-MPIO. A significantly greater volume of MPIO-induced hy-
pointensities were found in ¢(RGDyK)-MPIO injected compared to c(RADyK)-MPIO injected
mice, in both tumour models (P < 0.05). Similarly, administration of ¢(RGDyK)-MPIO induced a
greater reduction in mean tumour T,* relaxation times than the control agent in both tumour
models (melanoma P < 0.001; colorectal P < 0.0001). Correspondingly, MPIO density per tumour
volume assessed immunohistochemically was significantly greater for c¢(RGDyK)-MPIO than
c¢(RADyK)-MPIO injected animals, in both melanoma (P < 0.05) and colorectal (P < 0.0005) tu-
mours. In both cases, binding of ¢(RGDyK)-MPIO co-localised with a,3; expression. Comparison
of RGD-targeted and dynamic contrast enhanced (DCE) MRI assessment of tumour perfusion
indicated sensitivity to different vascular features. This study demonstrates specific binding of
c¢(RGDyK)-MPIO to a,[3; expressing neo-vessels, with marked and quantifiable contrast and rapid
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clearance of unbound particles from the blood circulation compared to NPIO. Combination of this
molecular MRI approach with conventional DCE MRI will enable integrated molecular, anatomical

and perfusion tumour imaging.

Key words: Tumour; angiogenesis; cRGDyK; microparticles; MRI; DCE.

Introduction

Angiogenesis, the formation of new blood ves-
sels from pre-existing vessels, is required for tumour
growth, development and metastasis [1-3] and, con-
sequently, is a target for cancer therapy [4]. Therefore,
the ability to localise and quantify angiogenesis could
have importance for directing treatment selection and
monitoring response to therapy [5].

Expression of the integrin a.fs, also known as
vitronectin receptor [6], is characteristic of angiogenic
vessels, in which it plays a key role in endothelial cell
proliferation, adhesion, and survival [7]. Whilst ex-
pression of ayfsis particularly high on activated en-
dothelial cells of angiogenic blood vessels, it is low on
normal, non-angiogenic blood vessels [8]. Moreover,
clinical studies have identified a,[; as a biomarker of
malignancy and its expression correlates with tumour
grade [9, 10]. Accordingly, a.ps has become an im-
portant target for molecular imaging of angiogenesis
[11,12].

Physiologically, ayps mediates cell adhesion to
extracellular matrix proteins, such as fibronectin and
collagen, by binding to the conserved amino acid se-
quence arginine-glycine-aspartic acid (RGD) [13, 14].
The RGD-binding site is located at the interface be-
tween the B-propeller domain and the 3 I-like domain,
where amino-acid residues from the two domains
interact directly with the RGD peptide [15]. Initial
reports of radiolabelled RGD probes for clinical and
preclinical PET or SPECT imaging of a.ps expression
were published over a decade ago [16, 17]. Despite
this, progress has been relatively slow, most likely as a
consequence of the complex multi-step radiochemis-
try required for many such agents. At the same time,
the relatively poor spatial resolution of PET/SPECT
imaging remains a hurdle, particularly in assessing
tumour vasculature heterogeneity. In contrast, MRI
yields high spatial resolution and excellent soft tissue
contrast without the need for ionising radiation, and
allows for concomitant angiography and perfusion
acquisitions. Paramagnetic contrast agents (e.g. con-
taining gadolinium) targeted to endothelial a3 via
monoclonal antibodies [11] or peptidomimetics [18]
have been used previously to image tumour angio-
genesis [19], as have gadolinium-based lipidic nano-
particles encapsulating fluorescent dyes using RGD as
a ligand [5, 20]. However, the MRI contrast effect
conferred by gadolinium-containing contrast agents is

relatively low. Consequently, interest has also ex-
tended to ultrasmall superparamagnetic particles of
iron oxide (USPIO; diameter < 100 nm), which yield
considerably greater contrast effects than gadolini-
um-based agents. More recently, USPIO conjugated
with RGD peptides have been used to target a3 in-
tegrin expression on tumour cells or on the tumour
vasculature [21-23].

Despite the improved sensitivity of nanoparti-
cles of iron oxides (NPIO < 500 nm) several issues
remain including the possibility of non-specific ex-
travasation [21-23], long blood half-life (reducing
specific contrast) and low targeting valency. In con-
trast, microparticles of iron oxide (MPIO; diameter > 1
um) have a short half-life in the circulation (< 5 min)
[24] together with considerably greater surface area,
which can increase binding affinities through multi-
valency effects [25]. Moreover, the higher iron content
of MPIO, compared to NPIO, yields a substantially
higher contrast-to-noise ratio per particle, with a
dephasing effect approximately 50 times their physi-
cal diameter [26]. In addition, whilst NPIO can ex-
travasate from leaky angiogenic vessels, potentially
compromising molecular specificity through passive
tissue retention, the relatively large MPIO are obligate
intravascular agents [27, 28]. Indeed, the potential of
MPIO for molecular imaging has been demonstrated
in numerous animal models of human disease [27-36].

The aim of the current study was to determine
the efficacy of RGD-targeted MPIO for detection of
angiogenic tumour vessels. Whilst the relatively large
size of such microparticles brings many positive
characteristics for imaging purposes (above), their
buoyancy in flowing blood means that to achieve ef-
fective retention at sites of interest, the target-ligand
interaction must be, not only specific, but also of high
affinity [37]. Therefore, to increase the effective affin-
ity of the targeting RGD peptide, we have generated a
cyclic RGD variant [c(RGDyK)] with high affinity for
avPs, and have conjugated this polyvalently to mi-
croparticles of iron oxide. We have tested the binding
characteristics of ¢(RGDyK)-MPIO to ayps-expressing
endothelial cells under flow conditions in vitro, and
subsequently quantified the MRI contrast effects of
¢(RGDyK)-MPIO in vivo in animal models of colon
carcinoma and melanoma.
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Materials and Methods

RGD-MPIO Synthesis

Cyclic RGD and RAD based peptides [c(RGDyK)
/ ¢(RADyK)] (CS Bio, Menlo Park, CA) were coupled
to 2.8 pm Dynabeads (M-270 amine, Invitrogen), and
used throughout for the in vivo work. Dynabeads (100
uL) were first suspended in phosphate buffered saline
(PBS) (pH 7.4). A heterodimer crosslinker,
4-maleimidobutyric acid N-hydroxysuccinimide ester
(75 pg), was added to the solution. The mixture was
incubated for 30 min at room temperature with slow
tilt rotation. After incubation, a magnet was placed to
the tube to collect the beads, and the supernatant was
removed. The beads were washed twice with PBS and
resuspended in 100 pL of PBS. ¢(RGDyK) / ¢c(RADyK)
peptides were thiolated as described previously [38],
and the thiolated c(RGDyK) / ¢c(RADyK) (200 pg) was
added to the Dynabead solution. The mixture was
incubated for 1 h at room temperature with slow tilt
rotation. After 1 h, cysteine was added to a final con-
centration of 5 mM, and the mixture was incubated
for another 15 min at room temperature to quench
non-reacted groups. The beads were washed twice
with PBS and the products were resuspended in PBS.

Assessment of peptide-loading

Peptide loading of ¢(RGDyK)-MPIO and
¢(RADyK)-MPIO was determined by flow cytometry
analysis. The aspartic acid residue of the peptide was
fluorescently labelled in a two-step protocol consist-
ing of the activation of the free carboxylic acid by EDC
and further reaction of the activated ester with a
fluorophore containing a primary amino group (Alexa
Fluor 647 cadaverine). When labelled in such way
each RGD unit contains one fluorophore. Quifikit
calibration beads were used as reference and labelled
with a secondary antibody containing 5 fluorophores
per protein. Briefly,10 pg c¢(RGDyK)- or
¢(RADyK)-MPIO were diluted in 1 mL of MES buffer
15 mM pHS6.0, pelleted on a Dynal magnetic separator
(Invitrogen, UK) and redispersed in 200 pL EDC
(Sigma Aldrich, UK) solution (10 mg/mL) in MES
buffer 15 mM pH 6.0. The sample was shaken at 1000
rpm for 10 min, pelleted, washed with cold water and
then redispersed in 200 pL of MES buffer 15 mM pH
6.0. Subsequently, 2 pL of Alexa Fluor 647 cadaverine
disodium salt (2 mg/mL; Invitrogen, UK) was added.
The sample was shaken for 24 h, pelleted in a magnet,
washed 3 times with 1 mL of PBS + 0.1 % Tween-20
and redispersed in 400 pL of PBS. Qifikit calibration
beads (Dako, UK), used as a reference, were prepared
according to the manufacturer’s protocol, but substi-
tuting the provided fluorescently-conjugated anti-
body with Alexa Fluor 647 goat an-

ti-mouse IgG (H+L) (Invitrogen, UK). Flow cytome-
try experiments were performed on a
BD FACScalibur flow cytometer using channel FL4.

RGD-MPIO binding in vitro

In order to assess a.Ps-integrin expression, hu-
man umbilical vein endothelial cells (HUVEC)-C were
seeded onto glass coverslips in 12-well plates to a final
density of 4 x 10° per well, in Media 199 supple-
mented with 10 % fetal calf serum, penicillin and
streptomycin (100 pg/mL). HUVEC-C cells were
treated with PBS control or 100 upM
S-nitroso-n-acetylpenicillamine (SNAP) (Alexis Corp.,
San Diego, CA, USA) for 20 h at 37 °C to induce en-
dothelial aPs-integrin expression [39]. Cells were
then fixed with 4 % PFA, washed, and stored in PBS.
Coverslips were blocked with 3 % bovine serum al-
bumin (BSA) in PBS with 0.01 % Tween-20 for 60 min
at room temperature. Following blocking, coverslips
were incubated with antibodies against one of: either
a.Ps-integrin (Clone 21 / CD51, BD Bioscience Ox-
ford, UK); VCAM (Clone 1G11B1, Abcam, Cambridge
UK) or PECAM-1 (Clone 9g11, R&D Systems). Fol-
lowing overnight incubation, cells were washed and
then incubated with goat anti-mouse AlexaFluor 488
(for VCAM-1 and PECAM-1) or AlexaFluor 594 (for
ayPs-integrin) in the dark for 30 min at 37 °C. Finally,
coverslips were washed and counterstained with
4’,6-diamidino-2-phenylindole (DAPI) and mounted
onto glass slides and stored in the dark at 4 °C. In
order to quantify immunofluorescence, automated
colour based segmentation was applied to coverslips
stained for ayPs-integrin, using ImagePro Plus (Media
Cybernetics, Rockville, Maryland, USA).

To simulate MPIO binding to endothelial cells
under physiological conditions, flow chamber ex-
periments were undertaken. HUVEC-C cells were
seeded onto 35 mm cell culture dishes (5 x 10° cell per
well) and incubated overnight, or until confluent,
prior to addition of SNAP or PBS. Further, to assess
c¢(RGDyK)-MPIO specificity, two separate groups of
cells were treated with a soluble cyclic RGD-peptide
(Cambridge Bioscience, Cambridge, UK) or a control
RAD-peptide (Cambridge Bioscience). All flow
chamber experiments were conducted on a parallel
plate flow chamber (GlycoTech, Gaithersburg, USA)
fitted with gasket B (0.25 x 0.025 cm) and connected to
a syringe infusion pump (Pump 22; Harvard Appa-
ratus, Cambridge, USA). MPIO stock was diluted in
50 mL PBS (5 x 108 MPIO) and run at estimated shear
rates of 0.25, 1.0, and 5.0 dyne cm2 for 5 min. Subse-
quent infusion of the flow chamber with PBS removed
unbound MPIO. Bound MPIO were counted over 10
fields of view (FOV) by an observer blind to sample
identity using a 40X phase contrast objective fitted to
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an Olympus IX-71 inverted microscope in order to
quantify MPIO retention.

Animal tumour models

Female, C57Bl/6 mice (n = 26, Charles River,
UK) were housed in ventilated cages with a 12-hour
light/dark cycle and controlled temperature (20-22
°C), fed normal chow and given water ad libitum. 7-10
week old mice were anesthetised with 2-3 % isoflu-
rane (IsoFlo) in O and injected subcutaneously in the
right upper flank with either 5 x 10* B16F10 mouse
melanoma cells (n = 10), or 5 x 10* MC-38 mouse colon
carcinoma cells (n = 16) in 100 pL sterile PBS. Tu-
mours were allowed to grow for either 21 days to
achieve tumour volumes < 400 mm3 (n = 20), or 28
days for tumour volumes > 400 mm? (n = 6). All ex-
periments were approved by the UK Home Office.

In vivo experimental protocol

For imaging, mice were anaesthetised with 2-3 %
isoflurane in room air and a tail vein cannulated for
contrast agent administration. Anaesthesia was
maintained with 1-2 % isoflurane in room air thereaf-
ter. Core temperature was monitored and maintained
at 36 °C with a homeothermic system (Harvard In-
struments, Edenbridge, Kent, UK). Respiratory gating
was achieved using a pressure balloon, placed in
contact with the chest, that was interfaced to a signal
processing unit (MP150 unit, Biopac Inc, California,
USA) and trigger control unit (DTU200, Biopac Inc).

For each animal, a T>*-weighted 3D dataset was
acquired prior to contrast agent administration and
again 30 min after injection. After the initial acquisi-
tion, the coil was removed from the magnetic field
and contrast agent administered intravenously while
the mice remained within the coil to enable
co-registration of pre- and post-contrast images. Mice
were injected with 100 pL of either ¢(RGDyK)-MPIO
or the control ¢(RADyK)-MPIO at a concentration of 4
mg Fe/kg body weight. Dynamic contrast enhanced
(DCE) MRI was performed at the end of each imaging
protocol with 30 uL gadolinium-DTPA (Omniscan; 0.5
mmol/mL) injected intravenously during the scan.

In vivo Magnetic Resonance Imaging

All MRI data were acquired using a 4.7 T hori-
zontal bore magnet (Agilent Technologies, Santa
Clara, CA, USA) using a 25 mm quadrature birdcage
coil (Rapid Biomedical, Wurzburgy, Germany). For
detection of MPIO, a respiratory-gated,
fat-suppressed, 3D multi-gradient echo, T>*-weighted
acquisition was performed with TE =3.33, 7.82, 12.31
and 16.8 ms; TR =40 ms; nominal flip angle =16°
field of view (FOV) = 54 x 27 x 27 mm giving an iso-
tropic resolution of 150 pm. For DCE MRI,

a respiratory-gated 3D gradient echo, Ti-weighted
acquisition was performed with TE =0.55 ms, TR =1.1
ms, nominal flip angle = 5°, FOV = 54 x 27 x 27 mm
giving an isotropic spatial resolution of ca. 412 pmin a
scan time of ca. 10 s/frame. 100 frames were acquired
with contrast agent infused (Omniscan, 30 pL) over
the duration of frame 11/100. Respiratory gating to
eliminate residual motion artefacts, whilst maintain-
ing constant Ti-weighting throughout the scans, was
achieved by only acquiring data during the respira-
tory plateau period [40]. B; inhomogeneity was cor-
rected for using a respiratory-gated implementation
of the Actual Flip angle Imaging technique [41], per-
formed with TE = 0.59, TR = 20, 100 ms, nominal flip
angle = 60°, covering the same FOV as the DCE scan,
but at half the resolution in each of the phase encode
directions, to give a spatial resolution of ca. 400 x 800 x
800 pm in a scan time of approximately 4 min. T; was
estimated using the same scan parameters as for the
DCE acquisition, but with an array of flip angles (1-6°)
in a scan time of approximately 1 min. Both By correc-
tion and T; mapping were performed prior to the DCE
scan to avoid confounding arising from gadolinium
washout.

MRI data analysis

All Ty*-weighted datasets were processed with
ITK-Snap v2.4.0 (http://www.itksnap.org) [42], tu-
mour volumes were segmented manually and further
analysis of datasets was performed using MATLAB
v7.11.0.584 (2010b) (Mathworks, Cambridge, UK). T>*
relaxation times, for each independent voxel within
the tumour volume, were calculated by fitting a T>*
curve across the 4 echo times. Values were subse-
quently averaged across the entire tumour volume to
yield a single mean T»* relaxation rate per tumour.

To calculate the volumes of MPIO-induced hy-
pointensities an automated computational method
was used to determine hypointensities based on local
contrast levels (Hamilton A., DPhil Thesis 2013, Ox-
ford University). To this end, the signal intensity of
each individual voxel was statistically compared with
the intensity distribution of all surrounding voxels
within a 5 x 5 x 5 (voxel) volume, to determine
whether it was significantly lower than the average
local signal intensity. To segment true MPIO-induced
hypointensities in this way, a threshold value was set
at a fraction of the local mean (FLM) signal intensity.
The optimal FLM was found to be dependent on tu-
mour type, owing to differences in the global signal
intensity distributions; where there are more natural
hypointense regions within the tumour (e.g. mela-
noma) these will be delineated incorrectly with a
higher FLM. By assessing a range of FLM values it
was possible to determine optimal FLM values that
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did not return regions of natural hypointenisty (i.e.
observed in the pre-injection datasets). On this basis,
FLM values of 0.45 for the melanoma model and 0.65
for the colorectal model were found to be optimal.
Below these thresholds voxels were designated as
MPIO-induced hypointensities. A margin parameter
(2 voxel radius excluded in all directions) was applied
at the edge of the segmented tumour volumes in order
to minimise false counts due to minor segmentation
errors. Any independent hypointensity volumes
larger than 20 voxels were excluded from the analysis
as these reflected pre-existing tumour local inhomo-
geneities (i.e. present in pre-contrast images), alt-
hough optimization of the FLM minimised inclusion
of such regions in the segmented datasets. 3D recon-
structions of MPIO induced hypointensities were
created  using 3D  Slicer  4.3.1 (2013)
(http:/ /www slicer.org). Pairwise statistical compar-
isons were made between pre- and post-contrast da-
tasets using paired t tests. Unpaired t tests were used
to compare between groups.

The DCE datasets were manually segmented for
tumour volumes and adequate muscle volume. Areas
under the curve of intensity signal over time were
estimated from 100 Ti;-weighted images. Tumour tis-
sue and a sample region of muscle were segmented
manually using ITK-Snap [42]. Pharmacokinetic
analysis was performed using the reference region
model [43-45] implemented in MATLAB v7.11.0.584.

Histological analysis

Immediately after imaging, mice were killed by
exsanguination and perfused with 20 mL of sterile
heparinised PBS via the right cardiac ventricle within
30 min. Tumours, kidneys and livers were dissected,
embedded in optimum cutting temperature com-
pound (OCT-Tissue Tek, VWR International
Ltd, Lutterworth, UK) and frozen with isopentane
and dry ice. The tissues were stored at -80 °C until
cryosectioning. Tissues were sectioned at 10 pm
thickness for further histological assessment.

Excluding the outermost 300 pm of each tumour,
series of 30 x 10 um sections were taken from 3 equi-
distant representative regions of the tumour. Sections
were stained for CD-31 (platelet endothelial cell ad-
hesion molecule-1, anti-PECAM-1, ab28364, Abcam,
Cambridge, UK). Frozen sections were thawed for 20
min at room temperature and, subsequently, fixed for
10 min with pre-chilled 100 % ethanol at 4 °C. Slides
were quenched with 1 % v/v of 30 % w/v hydrogen
peroxide in methanol (Sigma Aldrich, Gillingham,
UK) and blocked with 1 % normal goat serum in PBS
(Vector Laboratories) for 1 h. Sections were incubated
with primary antibody (ab28364, Abcam) at 4 °C
overnight, then washed with PBS containing 0.01 %

Tween-20 (Sigma Aldrich) and incubated with a bio-
tinylated goat polyclonal to chicken IgG secondary
antibody (1:1000; ab50579, Abcam) for 1 h. Slides were
washed and then incubated in Vectorstain Elite ABC
kit (1:1:100; Vector Laboratories) for 45 min. The pe-
roxidase was visualised using 3,3'-diaminobenzidine
(DAB; Sigma Aldrich). Sections were counterstained
with cresyl violet (Sigma Aldrich).

Slides were further scanned with Leica Biosys-
tem ScanScope CS2 (Aperio, ePathology Solutions,
Milton Keynes, UK) from which high magnification
images were acquired and further analysed with Im-
age Scope (ePathology Solutions). For each tumour
section, all vessels were manually segmented and
MPIO, which are visible at high magnification, were
manually counted. The vessel densities of the tu-
mours, the MPIO density within each tumour and the
adherence of MPIO per unit vessel circumference
were calculated. Group-wise differences in these pa-
rameters were assessed statistically using unpaired t
tests.

Expression of ayfs integrin on the tumour vas-
culature was evaluated by immunofluorescence, and
co-localisation of ay and 3 subunits was determined.
Frozen sections were thawed for 10 min at room
temperature and, subsequently, fixed for 10 min with
pre-chilled 100 % ethanol at 4 °C. Sections were
quenched with 1 % v/v of 30 % w/v hydrogen per-
oxide in PBS, streptavidin- and biotin-blocked
(SP-2002, Vector Laboratories) and then incubated
with Tris-NaCl blocking buffer (TNB, PerkinElmer,
MA, USA). Sections were incubated overnight at 4 °C
with the following primary antibodies: Rabbit an-
ti-Integrin beta3A [CDé61] Antibody (EPR2417Y,
Milipore, MA, USA) and Rat anti-Mouse Monoclonal
anti-ITGAV/Integrin Alpha V/CD51 Antibody
(LS-C57970, LifeSpan Biosciences, WA, USA). Sections
were washed with PBS and, subsequently, incubated
with the appropriate secondary antibody, biotonyl-
ated anti-rat (BA-4001, Vector Laboratories) in TNB
for 30 min at room temperature. Sections were
washed with PBS, incubated with streptavidin-HRP
(PerkinElmer, 1:200) in TNB for 30 min, washed and
incubated for 8 min in the dark with TSA-biotin
(PerkinElmer; 1:100) in amplification buffer (Perki-
nElmer). Subsequently, slides were washed and in-
cubated with a streptavidin-Alexa Fluor 488 (Invitro-
gen, Paisley, UK; 1:100) for 30 min. To detect the other
fluorophore, a Texas Red-conjugated secondary anti-
body was added at the same time as streptavi-
din-Alexa Fluor 488. Slides were cover-slipped using
Vectashield mounting medium (Vector Laboratories).

Biological blood clearance protocol

For the iron oxide biological clearance experi-
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ments, 7-9 week old female CD1 mice (Charles River,
UK) were injected intravenously via a tail vein with
2.8 pm MPIO (n = 10) or ~20 nm nanoparticles (NPIO;
n = 15); 4 mg of iron per kg of body mass weight in all
cases. Dextran-coated NPIO (20.5 + 8.9 nm diameter)
were synthesised in house, as described in Supple-
mentary Methods (in Supplementary Material). Blood
samples from naive mice were used to assess relaxiv-
ity of normal blood (n = 8). For the MPIO experi-
ments, mice were anesthetised with 2-3 % isoflurane
in O; and at different time points after administration
of MPIO underwent a thoracotomy, followed by cut-
ting of the inferior vena cava and aorta below the
lungs to allow the blood to pool inside the thoracic
cavity. Blood was collected with a syringe containing
5 pL of heparin sodium (25,000 L.U./mL, Wockhardt,
UK). For early time points, surgery was performed
prior to injection of particles, leaving the diaphragm
intact. Time points studied were: 10, 20, 30, 40, 50, 60,
90, 120, 180 and 240 s after MPIO injection (n = 1 per

time point). For the NPIO experiments, blood was
collected by cardiac puncture under terminal anes-
thesia at different time points after administration of
NPIO. A maximum amount of 5 pL heparin sodium
was used per sample. Time points studied were: 60,
120, 240, 600 and 1440 min after MPIO injection (n =3
per time point).

Determination of blood relaxivity

Blood samples were oxygenated by incubation
with O gas in a sealed tube on a rolling platform for 5
min. Samples were set into agar by mixing blood and
1 % agarose solution in PBS, both at 40.5 °C, at a 1:1
ratio, to a final volume of 300 pL, in a 500 pL micro-
centrifuge tube. Set samples were stored at 4 °C. T
relaxivity measurements were made at 4.7 T, within
24 h, using an array of 100 ps hard 90° and 180° puls-
es, TR = 1000 ms, 2000 complex points and 8 averages.
Blood half-life was determined from the fitted one
phase decay curves, constrained to plateau at the av-
erage naive blood sample values (baseline).

Results

Both  ¢(RGDyK)-MPIO
and c(RADyK)-MPIO were
successfully synthesised, and
peptide loading calculated to
be ca. 2,000 ligands per pm?
c¢(RGDyK)-MPIO 202,632 and
c¢(RADyK)-MPIO 211,407 lig-
ands per MPIO, respectively.

In vitro binding studies

SNAP induced
a.Ps-integrin - expression on
cultured endothelial cells, with
avPs-integrin largely absent
from untreated cells. Expres-
sion of avfs-integrin was in-
creased 39-fold in SNAP stim-
e ulated HUVEC-C cells (5.80 +
0.60 mm?) compared to cells
incubated with PBS (0.15 *
0.08 mm?, P < 0.001). Both
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Figure 1. (A-E). In vitro binding experiments for ¢(RGDyK)-MPIO. ¢(RGDyK)-MPIO binding to HUVEC-C fol-
lowing incubation with either SNAP (A) or PBS (C). Binding of RGD-MPIO was sparse to PBS-stimulated cells (B)
and unconjugated MPIO binding to SNAP stimulated HUVEC-C (D) was significantly lower than that of
c¢(RGDyK)-MPIO (white arrows). (E) Graph to show binding of ¢(RGDyK)-MPIO or unconjugated MPIO to
HUVEC-C under static conditions , with or without blocking peptide (n = 2, 10 fields of view per coverslip, 40X
maghnification, P < 0.001). (F) ¢(RGDyK)-MPIO binding experiments under shear stress conditions. Graph to show
comparison of ¢(RGDyK)-MPIO retention at different shear rates (n = 3 per condition, 10 fields of view, 400X

magnification).

SNAP- and PBS-stimulated
cells had similar staining for
PECAM-1 (5.10 + 0.46 mm? vs.
4.93 = 0.44 mm?). Under static
conditions, in SNAP stimu-
lated cells, c(RGDyK)-MPIO
binding was increased 14-fold
compared with cells incubated
with PBS (P < 0.001; Figure
1A-B). Unconjugated MPIO

showed sparse binding to both
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SNAP-stimulated and PBS-stimulated HUVEC-C
(Figure 1C-D).

¢(RGDyK)-MPIO retention under flow condi-
tions (1 dyne cm?) in SNAP stimulated cells was in-
creased 44-fold compared with PBS-treated cells (P <
0.001), 3.8-fold compared with unconjugated MPIO in
SNAP-stimulated cells (P < 0.001) and 4-fold com-
pared with ¢(RGDyK)-MPIO retention in cells treated
with soluble (blocking) RGD-peptide following SNAP
stimulation and prior to MPIO administration (P <
0.001; Figure 1E). ¢(RGDyK)-MPIO incubation in cells
treated with the irrelevant RAD-peptide following
SNAP stimulation MPIO was increased 3.3-fold in
comparison with cells undergoing similar conditions
but treated with soluble RGD-peptide prior to MPIO

RGD

administration (P < 0.001; Figure 1E).
¢(RGDyK)-MPIO retention at shear rate of 0.25 dyne
cm? was increased 1.6-fold vs. ¢(RGDyK)-MPIO re-
tention at a 1.0 dyne cm? (P < 0.001) and 12.3-fold
compared with ¢(RGDyK)-MPIO binding at 5.0 dyne
cm?2in SNAP stimulated cells (P < 0.001; Figure 1F).

In vivo ¢((RGDyK)-MPIO MRI

T>*-weighted images acquired post-injection of
¢(RGDyK)-MPIO showed marked focal hypointensi-
ties throughout the tumour in both the B16F10 (mel-
anoma-derived) and MC-38 (colorectal-derived)
models, which were not present in the pre-contrast
images (Figures 2A,C and 3A,C, respectively). Few
such hypointensities were observed on images ac-
quired post-injection of c(RADyK)-MPIO in either
model (Figures 2B,D and 3B,D, re-
spectively). Intravenous administra-
tion of c(RGDyK)-MPIO to mice
bearing either melanoma or colo-
rectal subcutaneous tumours re-
sulted in new signal hypointensities
within the tumours on T>*-weighted
images compared to pre-contrast
images. The ratio of the hypointen-
sity volume to the total tumour
volume, showed a significant in-
crease following c(RGDyK)-MPIO
injection in both the melanoma (P <
0.05; Figure 2E) and colorectal mod-
els (P < 0.001; Figure 3E). No signif-
icant increase in hypointense vol-
ume was seen following administra-
tion of the control c(RADyK)-MPIO
to the group of mice with melanoma
derived tumours (Figure 2F). In
contrast, the group with colorec-
tal-derived tumours had a signifi-
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Figure 2. (A-D) Selected images from a 3D gradient echo dataset from the BI16F10 (melanoma) sub-
cutaneous tumour model, averaged over the 4 echoes. Images acquired pre- (A) and (B) and post- (C) and
(D) injection of ¢(RGDyK)-MPIO or ¢(RADyK)-MPIO, respectively. (E-F) Graphs showing paired analysis
of hypointensity volumes from ¢(RGDyK)-MPIO (E) and c¢(RADyK)-MPIO (F) treated animals. Data are
expressed as a ratio of the volume of MPIO-induced hypoinintensity vs. the total tumour volume. (G-H)

post cant increase in the volume of
MPIO-induced hypointensity (as a
fraction of total tumour volume)
following administration of the con-

/ trol c¢(RADyK)-MPIO (P < 0.005;

o oL Figure 3F), but to a lesser extent than

> q}: "y with ¢(RGDyK)-MPIO. Comparison

T, .'“"?»,"" | between the colorectal model in-
g el S jected with c(RGDyK)-MPIO and
, ¢(RADyK)-MPIO confirmed the sig-

nificant difference between groups;
ratio of hypointensity volume to
total tumour volume (post - pre) =
0.017 + 0.008 vs. 0.006 + 0.006 (P <
0.005; data not shown).

3D reconstructions of hypointesities induced by c(RGDyK)-MPIO (G) or c(RADyK)-MPIO (H). *P < 0.05.
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As an additional means of assessing the degree
of c(RGDyK)-MPIO binding, mean T>* relaxation rates
across the whole tumour were calculated for both the
melanoma and colorectal groups (Figure 4). In accord
with the analysis of segmented hypointensities
(above), administration of ¢(RGDyK)-MPIO to mice
bearing subcutaneous melanoma significantly re-
duced the mean tumour T>* relaxation time (P < 0.001;
Figure 4B). No significant reduction in T>* relaxation
times was seen following administration of the con-
trol ¢(RADyK)-MPIO to the group of mice with mel-
anoma derived tumours (Figure 4C). Again, the re-
duction in T>* relaxation time in the c(RGDyK)-MPIO
group was significantly greater than in the
¢(RADyK)-MPIO group (P < 0.001; Figure 4F). Simi-
larly, in the colorectal tumours mean tumour T>* re-
laxation time was significantly reduced (P < 0.0001;
Figure 4D). The reduction in T>* relaxation times in
the ¢(RGDyK)-MPIO group was significantly greater
than in the c(RADyK)-MPIO group (P < 0.0001; Figure

RGD

4G). However, the c(RADyK)-MPIO injected tumours
showed a significant, but lesser reduction in T>* re-
laxation time from pre- to post-contrast datasets (P <
0.005; Figure 4E).

Figures 2G,H and 3G,H show projections of the
3D reconstructions of hypointensities induced by
c¢(RGDyK)-MPIO (G) or c¢(RADyK)-MPIO (H), in
melanoma or colorectal tumour-bearing mice, respec-
tively. From Figure 2G, it is evident that the
MPIO-induced hypointensities are present across the
majority of the tumour volume in the melano-
ma-derived tumours, with the exception of the rim of
the tumour, which shows little MPIO retention. These
findings are supported by immunohistochemical as-
sessment of the vessel distribution and MPIO reten-
tion (Supplementary Material: Figure S1A). Similarly,
from Figure 3G, it appears that the MPIO-induced
hypointensities arise throughout much of the tumour
volume excluding a small rim at the outer edges.
Again these observations were confirmed immuno-
histochemically (Figure S1B), and
in this case there appeared to be
slightly greater heterogeneity in
vessel distribution across the tu-
mour, with some edge areas
showing high local vascularity.

Figure 3. (A-D) Selected images from a 3D
gradient echo dataset from the MC38 (colorectal)
subcutaneous tumour model, averaged over the 4
echoes. Images acquired pre- (A) and (B) and post-
(C) and (D) injection of ¢(RGDyK)-MPIO or
c¢(RADyK)-MPIO, respectively. (E-F) Graphs
showing paired analysis of hypointensity volumes
from c¢(RGDyK)-MPIO (E) and c¢(RADyK)-MPIO
(F) treated animals. Data are expressed as a ratio
of the volume of MPIO-induced hypoinintensity vs.
the total tumour volume. (G-H) 3D reconstruc-
tions of hypointesities induced by
¢(RGDyK)-MPIO (G) or ¢(RADyK)-MPIO (H). **P
< 0.005, **P < 0.0005.
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Figure 4. (A) Selected slice from a 3D gradient echo dataset from MC38 (colorectal) subcutaneous tumour model showing all 4 echoes (echo times shown for each
image) acquired post-c(RGDyK)-MPIO administration. (B) Graph showing paired analysis of tumour T>* relaxation times between pre- and post-c(RGDyK)-MPIO
treatment in the BI6F10 model. (C) Graph showing paired analysis of tumour T>* relaxation times between pre- and post-c(RADyK)-MPIO treatment in the B16F10
model. (D) Graph showing paired analysis of tumour T,* relaxation times between pre- and post-c(RGDyK)-MPIO treatment in the MC-38 model. (E) Graph showing
paired analysis of tumour T>* relaxation times between pre- and post-c(RADyK)-MPIO treatment in the MC-38 model. (F,G) Graphs showing percentage reduction
in To* relaxation times following administration of either targeted (c(RGDyK)-MPIO) or control (c(RADyK)-MPIO) contrast agent for BI6F10 (F) or MC-38 (G)
models. Data are presented as Mean + S.E.M. in bar charts. *P < 0.01, **P < 0.005, ***P < 0.0001.

Comparison of c((RGDyK)-MPIO and DCE MRI

Supplementary Material: Figure S2 shows rep-
resentative slices across the DCE dataset from the
largest (Figure S2A) and the smallest (Figure S2B)
colorectal tumours. Gadolinium enhancement over
time is evident in both, but is noticeably faster in the
smaller tumour (Figure S2B). Correspondingly, linear
regression analysis of the ratios of tumour-to-muscle
area under the curve (AUC) against tumour volume
revealed a significant negative correlation (R? =
0.6716; P < 0.05; Figure S2C) indicating an inverse
relationship between contrast agent uptake and tu-
mour size. A negative correlation was also observed
between Kgans and tumour volume (R2= 0.8097; P <
0.05; Figure S2D). In contrast, the volumes of hy-
pointensity measured in the cohort of colorectal tu-
mour animals injected with c(RGDyK)-MPIO (see
above) showed a strong positive correlation with in-
creasing tumour size (Figure S2E), indicating in-

creased c¢(RGDyK)-MPIO retention with increasing
tumour volume. Interestingly, no significant correla-
tion was found between the percent reduction in T>*
relaxation time (from pre- to post-contrast images)
and tumour volume in the same cohort of animals
(Figure S2F), indicating that the contrast effect in-
duced by ¢(RGDyK)-MPIO binding is independent of
tumour size when measured globally in this way.

Immunohistochemistry and immunofluores-
cence

Co-localisation of ay and 33, and specific binding
of ¢c(RGDyK)-MPIO to avps expressing endothelium,
was assessed by immunofluorescence microscopy. As
shown in Figure 5 for melanoma and colorectal tu-
mours, respectively, expression of av and fs
co-localised on blood vessels. At the same time, the
MPIO were detectable in the red channel owing to
autofluorescence at this wavelength and could be seen
also to co-localise with regions of avand s expression
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(Figures 5C and G; arrows). The MPIO were also
clearly visualised in the equivalent phase contrast
images (Figures 5D and H; arrows). Under bright field
microscopy the MPIO appeared brown (Figures 5I
and J; arrows). Quantitative analysis of MPIO binding
indicated significant differences in MPIO density per
pm? tumour area between c(RGDyK)-MPIO and
¢(RADyK)-MPIO injected animals, for both melanoma
tissue (P < 0.05; Figure 5K) and colorectal tissue (P <
0.001; Figure 5L). Assessment of vessel diameter in the
two tumour models revealed a significant difference
in mean vessel cross-sectional area (P < 0.0001; Figure
5M). This greater vessel diameter in the melanoma
derived tumours was also reflected in the 10-fold
higher c¢(RGDyK)-MPIO retention, despite a lower
vessel density (per unit tumour area) than in the col-
orectal tumours (P < 0.0001; Supplementary Material:

Figure S3A). Vessel density analysis within groups
showed little variation, and no significant change
with tumour volume (Figure S3B and C).

Clearance

Clearance of iron oxide micro- and nanoparticles
from the blood circulation was determined for 2.8 pm
and 20 nm iron oxide particles. The initial relaxivity
(10 s sample) for blood containing the 2.8 pm MPIO
was approximately 2.5 times higher than for the 20
nm NPIO (60 min samples; n=3), 1/T> = 74.6 vs. 30.3
s, respectively (Figure 6A,B). The half-life of the 2.8
pm MPIO was 34.9 s (Figure 6A), which is signifi-
cantly shorter than the half-life of the 20 nm NPIO (2.6
h; Figure 6B). The MPIO are porous polymers con-
taining evenly distributed iron oxide cores of 6-12 nm,
and have been characterised previously [46].
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Figure 5. Epifluorescence photomicrographs of (A-C) BI6F10 or (E-G) MC-38 tumour tissue stained for av (green), B3 (red) and nuclei counterstain with DAPI
(blue). (A,E) Showing av expression with nuclei, (B,F) B3 expression with nuclei, and (C,G) merged 3 colour channels for visual co-localisation of avf33 expression
(yellow). (D,H) Equivalent bright field micrographs in which ¢c(RGDyK)-MPIO are clearly visible (arrowheads). (B,C,F,G,) ¢(RGDyK)-MPIO may also appear as red
under this protocol (arrowheads). (I,J) Immunohistochemical micrographs from B16F10 (I) and MC38 (J) tumours showing vessels (CD31) stained brown; again bound
¢(RGDyK)-MPIO are clearly visible (arrowheads). (K,L) Quantitation of MPIO density per um2 tumour area for both ¢(RGDyK)-MPIO and ¢(RADyK)-MPIO treated
groups in the BI6F10 (K) and MC38 (L) models. (M) Graph showing quantitation of total vessel area per tumour. Data are presented as Mean + S.E.M. in bar charts.

Scale bars = 20 pym. *P < 0.05; **P < 0.005; ***P < 0.0001.
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Figure 6. (A-C) Graph demonstrating biological clearance of injected micro- and nanoparticles from circulation, at constant dose of 4 mg of iron per kg of body
weight. (A) Graph shows T relaxivity values of blood samples at different time points after administration of 2.80 um MPIO. The clearance half-life was calculated to
be 34.91 s (K=0.019 s-!, Yo = 92.18 s-1). (B) Scatter plot showing T> relaxation rates of various concentrations of 2.8 um MPIO in blood samples. T> relaxation rate
increases linearly with increasing MPIO concentration (R2=0.9907). (C) Graph showing T relaxivity values of blood samples at different time points after admin-
istration of 20 nm NPIO. The clearance half-life for 20 nm NPIO was calculated to be 153.70 min (K = 0.0045 min-!, Yo = 34.69 s-!). Curves are fitted as one phase
exponential decay constrained to plateau at the average naive blood sample values (baseline; dashed lines).

Discussion

Here, we show that a high affinity cyclic RGD
moiety conjugated to microparticles of iron oxide
binds to endothelial cells expressing the integrin a.fs
and demonstrate potent and quantifiable contrast
effects in wvivo owing to specific retention of
¢(RGDyK)-MPIO in two different mouse tumour
models. Thus, these methods might be useful in de-
tection of a,Psintegrin in tumour vascular beds and,
as such, could provide opportunities both for early
tumor detection and for determining the applicability
of specific treatments

Targeting the integrin a3 with in vivo imaging
agents has been attempted extensively previously.
The novelty of the approach described here lies in the
delivery of particles that are orders of magnitude
larger than the nanoparticles that have usually been
used for this application. In an imaging context, the
substantially enhanced payload of iron oxide delivers
conspicuous, quantifiable contrast effects, which are
aided by the rapid clearance of unbound blood phase
MPIO, leading to excellent target to background con-
trast. Clearly, the ability to deliver large cargo loads
also opens possibilities for therapeutic purposes.

Micron size range particles of iron oxide have
proven successful in imaging molecules differentially

expressed on vascular endothelial cells in disease
states across a variety of pathologies [27-36]. In earlier
work, to enhance target affinity, leukocyte mimetic
strategies have been developed, in which dual tar-
geting of antibodies, e.g. recognizing VCAM-1 and
P-selectin, markedly improved target-MPIO binding
[33, 36]. These molecules are regulated at sites of
vascular inflammation, where they mediate the
binding of mononuclear leukocytes prior to their mi-
gration across the vessel wall. Systematic evaluation
of a variety of ligands under variable flow conditions
demonstrated that dual antibody targeting provided
superior binding compared with either individually
[47]. The integrin ayf3 comprises two subunits, raising
the possibility of a similar dual targeting approach to
increase MPIO-target affinity. Although antibodies
can be generated against each subunit, the spatial
relationship of MPIO surface mounted antibodies and
cell membrane-associated ayBs would not be predict-
able. In order to enhance binding, we therefore
adopted an alternative approach of using the cognate
ligand RGD mounted on the surface of MPIO in a
polyvalent configuration. The binding affinity of
c¢(RGDyK) to a,ps has previously been described in
comparison to c(RGDyK)-functionalised quantum
dots (QD) [48]. Owing to the polyvalent presentation
of the ¢(RGDyK) on the MPIO, we believe that the ICs
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of the functionalised particle will be in the low na-
nomolar range. Variable shear rate flow chamber ex-
periments demonstrated that c(RGDyK)-MPIO bound
at low shears equivalent to what might be expected in
small vessels and veins. In vivo administration ena-
bled molecular imaging of integrin a,s on tumour
neovasculature. Retention was specific, confirmed by
enhanced binding of ¢(RGDyK)-MPIO compared with
c¢(RADyK)-MPIO.

The contrast effects of MPIO extend for a volume
that far exceeds their physical size. However, the
contrast effect is ‘negative’ (i.e. low signal), which can
present challenges to distinguish MPIO from features
of tissue heterogeneity. In the current study both tu-
mour models showed intrinsic T>* weighted inho-
mogeneities, although to varying degrees, reflecting
differences in tumour growth and cell density. For
this reason, it was necessary to obtain pre- and
post-contrast MR acquisitions to enable distinction
between pre-existing and MPIO-specific hypointensi-
ties. In addition to volumetric analysis of
MPIO-induced hypointensitites, as described previ-
ously, we also calculated pan-tumour T>* relaxivity
rates. The aim was to determine whether this analysis
approach  (which requires considerably less
post-processing) yielded comparable and/or com-
plementary information to the more complex volu-
metric image segmentation approach. Although this
approach included the effects of intrinsic tumour in-
homogeneities on the global T>* relaxivity, a compar-
ison of pre- and post-contrast values allowed assess-
ment of the reduction in T>* induced by MPIO reten-
tion. As described, this approach also revealed the
specific retention of ¢(RGDyK)-MPIO compared to
¢(RADyK)-MPIO, as demonstrated by a greater
shortening of global tumour T>* relaxivity in both
models. Interestingly, however, a significant reduc-
tion in tumour T>* relaxivity was also found in the
¢(RADyK)-MPIO injected animals in the colorectal
model, but to a lesser extent than in the
¢(RGDyK)-MPIO injected animals. These data suggest
that the relaxivity analysis method may be more sen-
sitive to non-specific retention of MPIO that are too
dispersed to detect with the thresholded volumetric
analysis. Importantly, both MRI analysis methods
correlated well with histological quantification of the
¢(RGDyK)-MPIO binding, for both tumour models.
The two subcutaneous tumour models showed
slightly different patterns of ¢(RGDyK)-MPIO reten-
tion, in accord with the spatial distribution of their
vasculature. The melanoma-derived tumours, with
double the mean vessel area of the colorectal-derived
tumours, showed largely constant c(RGDyK)-MPIO
induced hypointensities across the tumour volume,
with the exception of a small poorly-vascularised rim

region that did not show ¢(RGDyK)-MPIO retention.
In contrast, the colorectal-derived tumours tended to
show greater heterogeneity in c(RGDyK)-MPIO in-
duced hypointensities across the tumour volume.
These findings are in accord with other reports in the
literature of the binding distribution of angiogene-
sis-targeted 1°F- and Gd-based nanoparticles in ex-
perimental tumour models, in which patterns of par-
ticle and vessel distribution vary according to tumour
type and site [49-52].

Alternative, widely used MRI contrast agents are
based on paramagnetic gadolinium, in which the
Gd(IIl) ion is chelated to low molecular weight lig-
ands, such as diethylenetriaminepentacetic acid
(DTPA). However, binding of only a few gadolinium
complexes to molecular targets cannot provide a suf-
ficiently high contrast-to-noise ratio for robust detec-
tion. In order to enhance the detection sensitivity,
Gd(Ill) complexes are very often loaded onto
nanocarriers [11, 53]. For instance, cross-linked lipo-
somes with a high payload of gadolinium (containing
30 % GAd[III] chelate-labelled lipid) and a mean size of
250-350 nm have been conjugated with an anti-a,[3
antibody or specific peptomimetic [11, 53]. After 2
hours of intravenous administration into rabbits with
squamous cell carcinoma, regions of tumour angio-
genesis were detectable by MRIL Work in
mice-bearing subcutaneous tumours using similar
paramagnetic nanocarriers conjugated to anti-integrin
avPs peptidomimetic was able to characterise the an-
giogenic phenotype in early melanoma [18], whilst
asPi(avPs)-targeted nanocarriers have enabled 3D
maps of angiogenesis in xenographs to be constructed
[54]. Again, to enable sufficient contrast accumulation,
MRI  assessments were performed 2 h
post-administration of the contrast agent, owing to
the limited binding efficiency at earlier time points.
Other endeavours for improving MRI sensitivity for
tumour angiogenesis imaging include developing
Gd(II)-containing micelles, liposomes, or
high-density lipoprotein-like nanoparticles. Work in
mice bearing subcutaneous tumours  with
RGD-liposomes have been able to reduce the time of
MRI assessment post-administration to 35 minutes,
with sufficient T1-W contrast to characterise angio-
genesis [5, 20]. In that work, there was evidence that
unbound nanoparticles had extravasated from the
vasculature [5, 20], but this was considered insignifi-
cant for T1-W imaging of the nanoparticles, owing to
the relatively small contrast effect of the Gd. Howev-
er, extravasation of an equivalent number of USPIO
would cause significant non-specific contrast on T>-W
imaging. For example, specific targeting of tumour
angiogenesis has been demonstrated using
RGD-USPIO conjugates (< 100 nm) [23], in squamous
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cell carcinoma-bearing subcutaneous xenographs.
One limitation that was identified, was the tendency
for passive extravasation and accumulation, thereby
diminishing molecular specificity, as also found in
tumour xenograft models implanted with non-small
cell lung cancer cells [55]. In contrast, we have previ-
ously shown that MPIO are not internalised by either
endothelial cells or peripheral immune cells (e.g.
macrophages) during the period between injection
and imaging [33].

A further limitation of nano-scale particles is
their relatively long blood half-life, which increases
background contrast effects and greatly reduces the
binding-specific contrast at short time frames after
administration. As demonstrated here, the half-life of
micron-sized particles in the blood is considerably
shorter (< 1min). We have previously demonstrated
that this clearance occurs primarily through the liver
and spleen, with minimal retention in non-target or-
gans (e.g. kidney, lungs, brain), but cannot exclude a
role of complement in this process. In com-
mon with previously described molecular imaging
approaches [27-36], we show empirically that specific
MPIO binding to target is sufficient to attain effective
contrast. In imaging vascular inflammation using a
particle targeting vascular cell adhesion molecule-1
(VCAM-1) we have previously shown that specif-
ic binding has occurred within 20 minutes of admin-
istration and that this was maintained at a constant
level for at least 60 minutes [28]. If reproduced in
humans, these characteristics would be ideal for clin-
ical application.

These features are important advantages of
MPIO over NPIO and Gd-based nanocarriers for po-
tential clinical application. Towards clinical applica-
tion we have developed a new class of biodegradable
iron oxide microparticle in which 60 nm nanoparticles
are linked together to form larger (approx. 600 nm)
particles using peptide linkers that are selectively
susceptible to cleavage by macrophage enzymes [56].

Finally, it is important to note that the molecular
MRI approaches described here, are compatible
within the same imaging session with other
MRI-based measurement of tumour vascularity and
permeability. Interestingly, whilst DCE measures of
vascular perfusion and permeability showed a nega-
tive relationship with increasing tumour volume,
¢(RGDyK)-MPIO binding (as determined by hy-
pointense volumes) showed a positive correlation
with tumour volume. The former likely reflects slow
blood flow through the poorly perfused central tu-
mour regions (as can be seen in the DCE images)
which, nevertheless, does not appear to alter the abil-
ity of the ¢(RGDyK)-MPIO to bind effectively within
these vessels. No correlation was found between the

percent reduction in global tumour T>* relaxation time
and increasing tumour volume, indicating that this
measure was independent of tumour size. This find-
ing suggests that the average vascularity per unit
tumour volume did not change markedly with in-
creasing tumour size (across the range studied), as
confirmed histologically. Taken together, the molec-
ular MRI data (volume and T>* relaxation) demon-
strate that vascularity increases linearly with tumour
growth over the size range studied. It is possible that
this relationship will change once substantial necrosis
develops within the core of the tumour, leading to
either vessel destruction and reduced MPIO access
and binding, and/or pooling of contrast agent owing
to greater compromise of vascular perfusion through
intact vessels. Nevertheless, over the tumour size
range studied, our data indicate that despite some
reduction in tumour perfusion with tumour growth,
the c(RGDyK)-MPIO are able to reach their targets
and provide a reliable biomarker of intact tumour
vessels. Thus, the molecular approach described here
may provide a more accurate measure of vessel
number, whilst the complementary DCE data provide
information on vascular perfusion and permeability.
Together, these methods may enable more effective
patient stratification for specific therapies and provide
useful biomarkers of efficacy in therapeutic trials.

In conclusion, we present a high affinity
¢(RGDyK)-MPIO that binds specifically to the integrin
a.Ps in tumour neo-vessels. Unbound MPIO are
cleared rapidly from circulation. The result is a
marked and quantifiable contrast effect that is evident
both on T>* weighted images as intensely low signal
volumes and through automated quantitative
pan-tumour T>* relaxivity analysis. Recently devel-
oped biodegradable MPIO make clinical translation a
realistic possibility, thereby enabling integrated mo-
lecular, anatomical and perfusion sensitive tumour
imaging with MRL

Supplementary Material

Figures S1 - S3, Supplementary Methods.
http:/ /www.thno.org/v05p0515s1.pdf

Abbreviations

AUC: area under the curve; ¢(RGDyK): argi-
nine-glycine-aspartic acid-D  configuration tyro-
sine-lysine; c(RADyK): arginine-alanine-aspartic ac-
id-D configuration tyrosine-lysine DCE: dynamic
contrast enhanced; DTPA: diethylenetriaminepenta-
cetic; FLM: fraction of local mean; FOV: field of view;
Gd: gadolinium; HUVEC: human umbilliant vascular
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