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Abstract

Purpose—To evaluate the ability of nm-scaled iron oxide particles conjugated with Azure A, a
classic histological dye, to accumulate in areas of angiogenesis in a recently developed murine
angiogenesis model.

Materials and Methods—We characterized the Azure A particles with regard to their
hydrodynamic size, zeta potential, and blood circulation half-life. The particles were then
investigated by Magnetic Resonance Imaging (MRI) in a recently developed murine angiogenesis
model along with reference particles (Ferumoxtran-10) and saline injections.
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Results—The Azure A particles had a mean hydrodynamic diameter of 51.8 + 43.2 nm, a zeta
potential of -17.2 + 2.8 mV, and a blood circulation half-life of 127.8 + 74.7 minutes. Comparison
of MR images taken pre- and 24-hours post- injection revealed a significant increase in R,”
relaxation rates for both Azure A and Ferumoxtran-10 particles. No significant difference was
found for the saline injections. The relative increase was calculated for the three groups, and
showed a significant difference between the saline group and the Azure A group, and between the
saline group and the Ferumoxtran-10 group. However, no significant difference was found
between the two particle groups.

Conclusion—Ultrahigh-field MRI revealed localization of both types of iron oxide particles to
areas of neovasculature. However, the Azure A particles did not show any enhanced accumulation
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relative to Ferumoxtran-10, suggesting the accumulation in both cases to be passive.
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INTRODUCTION

Angiogenesis has been established as a common feature of many pathological conditions
including diseases such as atherosclerosis and cancer [1, 2]. During the angiogenetic process
and in the initial phase of neovascular maturation, the vessels tend to be fragile and leaky
because of a discontinuous or missing basal membrane [3, 4]. These leaky vessels introduce
a potential route of transport from the blood into the extravascular extracellular space (EES)
and extracellular matrix (ECM) [5, 6, 7]. The ECM contains an abundance of heavily
glycosylated proteins, in particular sulphated glucosaminoglycans [8], which under
physiological conditions are negatively charged.

These combined features can be exploited for drug delivery or imaging [5, 6, 7, 9], and has
made angiogenesis a desired target for new nanotechological approaches. The field of
nanotechnology has expanded markedly within the past decades and has now developed to
such an extent that it has become possible to manufacture tailor-made nm-scaled particles to
target specific biomarkers of biological processes [10, 11, 12, 13, 14, 15].

Azure A, a small positively charged metachromatic dye used for decades in histology [16],
has been known to stain DNA, azurophilic granules of leukocytes, and other negatively
charged molecules [17, 18, 19, 20]. By conjugating this small dye to a nano-sized particle it
could enable binding of the particle to the negatively charged proteoglycans in the ECM.

Here, we describe the physicochemical characterization and accumulation properties of such
an Azure A-conjugated iron oxide nano-sized particle. Hydrodynamic size, zeta potential,
and blood circulation half-life were estimated using standard methods, and its ability to
localize to areas of angiogenesis was assessed by ultrahigh-field MRI in a recently described
murine angiogenesis model [21].

MATERIALS AND METHODS

Materials

Diethyl ether, 3-Amino-7-(dimethylamino)-phenothiazin-5-ium (Azure A) and (3-
Aminopropyl)-triethoxysilane (Si-NH,) were purchased from Sigma-Aldrich, St Louis, MO,
USA. NHS-PEG-Maleimide (PEG molecular weight of 2000 Da) was purchased from IRIS
biotech GmbH, Marktredwitz, Germany. Methoxy PEG succinimidyl active ester
(NHSPEG; PEG molecular weight of 2000 Da) was purchased from Rapp-polymere GmbH.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2015 January 10.
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Synthesis of Azure A conjugated nano-sized particles

The synthesis of oleic acid-coated iron oxide particles is described by Larsen et al. [7]. Iron
oxide particles (50 mg) coated with oleic acid were dissolved in 5 mL toluene. Under
constant stirring, 10 pL Si-NH, (55.8 pmol), 38 mg NHS-PEG (50.7 umol), 0.8 mL
triethylamine (TEA) and 80 pL H,O were added. After overnight reaction particles were
heated to 105°C for 1 hour and washed in toluene/pentane three times. To conjugate Azure
A, 15 mg particles were first conjugated to 90 mg NHS-PEG-Maleimide (45 pmol) and
reacted together with 90 pL DIC (714 umol) and 200 pl TEA in toluene for 24 hours.
Particles were washed in toluene/pentane three times. Then 9 mg Azure A was added to the
particle formulations in 1 mL DMSO with 60 pL TEA for 24 hours. Finally, the particles
were precipitated with diethyl ether. Particles were purified by dialysis (6-8 kDa cut-off)
against PBS for 5 days, changing the solute twice a day. Following dialysis the particles
were centrifuged to remove aggregates.

Characterization of functionalized particles

The hydrodynamic size and zeta potential of the Azure A particles were assessed by
dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK). Measurements were made in phosphate buffered solution at pH 7.0 and 25 °C. Three
consecutive measurements were performed and the mean tstandard deviation was
calculated.

To determine blood circulation half-life, particles were diluted in saline and injected
intravenously (i.v.) into male CDF1 mice. Three mice were injected with the Azure A
particle formulation and six mice were injected with the Ferumoxtran-10 formulation. A
volume of 10 pL/g of mouse body weight was administered at a dose of 5 mg Fe/kg. A
control group with three mice received i.v. saline injections also in a volume of 10 pL/g.
Blood samples were drawn from the suborbital sinus of animals prior to injection and 5, 60,
360 and 1440 minutes after injection. Blood was collected in EDTA tubes, and blood
samples were centrifuged to obtain EDTA-plasma. Samples were digested using a solution
of 5.5 mL Nitric acid (HNOs3) and 0.5 mL Hydrochloric acid (HCI, 12M), which was heated
to speed up the process. Iron concentrations in the samples were analysed by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) using a Plasma 2000 (Perkin-
Elmer, USA) as described elsewhere [22]. Blood circulation half-life was calculated based
on linear regression of the exponential washout of the injected particles.

Angiogenesis model

Fifteen male CDF1/Tac mice (12—20 weeks old) were included in the experiment.
Polycapro-lactone (PCL) discs were made in-house and prepared according to Andersen et
al. [23]. The procedure for implantation of porous PCL discs has been previously described
[21]. In brief, a small incision (1.5 cm) was made in the skin on the back, through which the
PCL discs (measuring 8mm in diameter and 2-3mm in height) were subcutaneously
implanted. After surgery the mice were caged individually for 3—4 weeks, which was the
optimal time point after implantation for a maximum amount of neovessels [21]. Mice were
distributed equally into three groups: a saline group, a reference group (Ferumoxtran-10),
and an Azure A-conjugated group (Azure A).

MRI of injected particles

A 16.4 T spectroscopy/imaging system (wide-bore Bruker 700 Avance-11, Bruker Biospin,
Rheinstetten, Germany) equipped with a GREAT 60 gradient system with a maximum
gradient strength of 1.5T/m and a Micro 2.5 probe (coil inner diameter 25mm) was used for
the in vivo MRI. Mice were anaesthetized by intraperitoneal (i.p.) injection (10 puL/g of a
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mixture of 10mg/mL ketamine and 1mg/mL xylazin) and supplemented with top-up doses (5
pL/g) when needed. An i.p. line was connected to a syringe primed with anaesthesia to
administer top-up doses. A respiration-monitoring pad was attached to the abdomen of the
mice using tape and connected to a monitoring system. Mice were placed with the tissue of
interest aligned to the middle of the coil. Mice were restrained using tape and the entire
setup was inserted into the vertical MR scanner. Here mice were kept warm by a circulating
water system around the gradients (30 °C). A pre-scan was performed and after that particles
were diluted in saline and administered i.v. at a dose of 2.5 mg Fe/kg (resembling a
concentration of 0.25 pg/uL injected at 10 pL/g). In the saline group, saline was
administered in equal amounts (10 pL/g), and 24 hours post-injection all mice were scanned
again (24 hours post-scan).

R, and Ry" measurements were performed before and 24 hours after administration of the
particles using gradient echo and spin echo sequences. The measurements were performed
on 10 transverse slices of 0.5 mm thickness and 0.5 mm spacing. For both gradient echo and
spin echo experiments additional scanning parameters were: Tr = 4000 ms, field of view =
25%25 mm, acquisition matrix 256x192 reconstructed to 256x256, acquisition matrix
256x128 reconstructed to 256x256, or acquisition matrix 128x96 reconstructed to 128x128,
and number of averages = 1. In the gradient echo sequence, the flip angle was 90°, and 12
Tg within the interval 3.4 to 58.4 ms were used, and in the spin echo sequence, 12 Tg values
within the interval 8.1 to 117.3 ms were used. Data analysis was performed using MATLAB
7.11 (The MathWorks, Inc., Natick, MA, USA). Ry and R," maps were produced by
nonlinear least squares fitting of the image signal S for different echo times (Tgs) to the
equation Tg) = SO)exp(-Te*Rx("). Regions of interest (ROIs) were drawn manually on a
raw image to contain the entire implanted scaffolds. From the characterization of the
angiogenesis model [21] we learned that the vasculature covered most, but not all, of the
implant after 3-4 weeks. To avoid nonvascularized areas in our analysis we did the
following: for the pre-scan ROIs, voxels with Ry < 25 s71 and R,”™ < 95 s~ were removed
for R, and R,™ analysis, respectively. These values were based on the bimodal shape of the
pooled ROI histograms for all the animals (Figure 1). Because the mice were repositioned
before the 24 hours post-scan, and new ROIs were drawn, we assumed that the same ROI
percentage was vascularised at this time point. From the post-scan ROIs we then excluded
the lowest R, or R,” values leaving the same ROI voxel percentage as in the pre-scan for
analysis.

Some of the obtained images suffered from water-fat shift, susceptibility or motion artefacts,
resulting in poor image quality and overestimated relaxation rates. In some spin-echo images
the water-fat-shift was problematic. These artefacts/anomalies discredited the obtained
values from the maps. Hence, images were sorted in the following way: 1) Images including
no or only extreme peripheral regions of the implants were excluded. 2) Images containing
unnatural values for some regions in muscle tissue or bladder content were excluded; we
would expect these tissues to have the same value throughout the entire structure, as their
composition is uniform. The images that were left had ROIs drawn around the implants and
were used in the quantitative analysis.

Statistical analysis

Data are presented as mean (xstandard deviation) of individual ROl means. Comparison of
relaxation rates before and after injection of the particles was evaluated using Student’s T-
test (R, and R,"). Comparison of the relative increase between the different groups was
made by one-way analysis of variance (ANOVA) followed by Student’s Newman-Keuls
multiple comparison test using SigmaPlot version 11.0. A value of P<0.05 was considered
significant.
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All procedures involving animal experiments were approved by the National Animal
Experiments Inspectorate.

RESULTS

Characterization of the Azure A particle revealed a hydrodynamic size of 51.8 nm * 43.2
nm, a zeta potential of —17.2 mV + 2.8 mV, and a blood circulation half-life of 127.8 min. £
74.7 min. As comparison, Ferumoxtran-10, which has been described by Casula et al. [24],
had a hydrodynamic size of 34 nm, and a zeta potential of -12.6 mV + 1.8 mV. Blood
circulation half-life was not investigated by Casula et al., but we found this to be 131.2 min.
= 7.1 min.

Both particles were evaluated for angiogenesis localization in the murine model by an ultra-
high-field 16.4T spectroscopy/imaging system, and compared to saline injections. Pre- and
24 hours post-injection R, and R,™ maps were generated from the recorded MR-images, and
regions of interest (ROIs) were drawn around the implanted scaffolds and overlaid on the
raw images. A minimum threshold value was set on the pre-injection R, and R,™ maps to
exclude non-vascularized areas within the implants, and the same percentage amount of
voxels were excluded from their post-injection R, and R,™ map counterparts (Figure 2).
Remaining areas were then used to calculate mean relaxation rates of R, and R,” before and
after injection of the particles (Figure 3). R,” relaxation rates showed significant increase for
both the Azure A particle and the Ferumoxtran-10 particle compared to pre injection. The
mean R» relaxation rates showed a higher but nonsignificant increase for both particles. The
relative increase was calculated for both R, and R,™ relaxation rates (Figure 4) where R,”
relaxation rates revealed a significant increase of both the Azure A and Ferumoxtran-10
group compared to saline. When analysing the R, relaxation rates both particle groups had a
higher but non-significant increase compared to saline.

DISCUSSION

Characterizing novel particles require assessment of both physicochemical and biological
properties. Size, surface charge and blood circulation half-life are parameters that need to be
addressed in order to give a proper evaluation of a novel particle. Particles with
hydrodynamic diameters below 20-30 nm are prone to quicker excretion through the
kidneys, whereas particles with a hydrodynamic diameter above 150 nm are prone to faster
clearance by the reticuloendothelial system through the phagocytic uptake in liver and
spleen [25, 26, 27]. Insufficient coating of particles with polyethylene glycol (PEG) can
result in a high-numerical zeta potential leading to faster clearance by the reticuloendothelial
system, but with a sufficiently thick coating layer the zeta potential becomes more neutral
leading to less uptake of particles [28]. A long blood circulation half-life should permit
sufficient time for particles to extravasate and accumulate in the areas of interest provided
that the blood flow to the tissues are not compromised [10].

We attached a PEG coating to an iron oxide core in order to shield the particle from being
cleared by the reticuloendothelial system. Azure A was conjugated to this particle to create a
potential ECM-targeting moiety. Assessment of size, surface charge and blood circulation
half-life for the Azure A particle and comparison with the well described Ferumoxtran-10,
showed several similarities and indicated that the Azure A particle was not readily removed
from the blood stream (blood circulation half-life of 127.8 min. £ 74.7 min.).

Choosing the right model for evaluating targeting potential of novel particles is very
important. Tumour-associated angiogenesis models have predominantly been used to
evaluate angiogenesis-targeted nanoprobes [13, 29, 30, 31, 32, 33, 34]. This is probably due

Biochem Biophys Res Commun. Author manuscript; available in PMC 2015 January 10.
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to the extreme amount of neovessels in tumours or because cancer-treatment/diagnosis is the
endpoint for the nanoprobes in question. However, the universal disease-treatment potential
of these probes remain unclear as tumour-associated angiogenesis is influenced to a great
extent by tumour-cells expressing extreme amounts of pro-angiogenic factors. In other
words, functionalized nanoparticles identifying or targeting tumour angiogenesis will not
necessarily identify or target angiogenesis associated with other diseases such as,
atherosclerosis, macular degeneration, and rheumatoid arthritis. Recently, our research
group developed and characterized a novel murine angiogenesis model, which was not
dependent on tumour angiogenesis [21]. This model had readily identifiable and accessible
areas of angiogenesis, and showed great potential for non-invasive assessment of particle
efficiency.

Several points are worth noticing regarding the MRI analysis. First, the images obtained
before and after particle injection have been closely co-localized so that we are looking at
almost the exact same spot of the implant. This ensures that the increase seen in the implants
is due to particle accumulation and not tissue-differences between before and after images.
Secondly, the colour coding of the implants can be closely correlated to the amount of cell
infiltration and vascularisation within each implant [21]. This means that voxels with R, and
R,” values close to zero do not contain cells but only water or other fluids, whereas areas
with voxel-values above threshold (R, < 25 s~ and R,™ < 95 s71. See Figure 1) contain both
cells and vasculature.

In our analysis of the MRI data we found statistically significant differences in the Ry”
relaxation rates, but no significant differences in the R, relaxation rates. Although changes
in the parameters R1R,and R," are induced by the iron oxide particles, we would expect the
effects to be more distinct in the R," images. This is due to the sensitivity of R,” towards
larger-scale field inhomogeneities created by the iron oxide core of the particles. The
increase of mean R, and R,” values was converted to percent increase, and a statistically
significant difference between the saline group and the two particle groups was observed
when looking at the R,”™ values. Most studies show increased accumulation of targeted
versus non-targeted particles [35], which we would have expected to see when comparing
the targeted Azure A with the non-targeted Ferumoxtran-10 particle. However, as targeted
particles primarily affects the uptake and internalization in cells as well as the speed of
accumulation [36, 37, 38], we might have waited too long before imaging the implants after
injection of the particles. If we had scanned the mice 2 hours after particle injection, we
might have seen a difference between the two groups. From the obtained results we have
showed that iron oxide particles do accumulate in the angiogenesis model 24 hours after
injection, which is probably attributed to the enhanced permeability and retention effect
(EPR-effect) [5, 6, 39].

In conclusion, we assessed hydrodynamic size, zeta potential, and blood circulation half-life
of a novel Azure A-conjugated iron oxide particle, and found its biological and
physicochemical properties to resemble that of the well described Ferumoxtran-10. Both of
these particles were evaluated alongside saline injections in our novel angiogenesis murine
model, and both showed localization to areas of angiogenesis. However, in this particular
setup we found no distinction between the two particles indicating that the observed
accumulation relies primarily on the EPR-effect. Whether another setup would allow the
angiogenesis model to distinguish particles from each other remains to be settled, as does the
targeting ability of the Azure A particle.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2015 January 10.
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Figure 1. Bimodal histograms of pooled voxd values

Voxel values from Regions of Interest from all mice in all groups were pooled into R, and
R," histograms enabling the determination of threshold values for tissue-specific areas
within the implants.
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Figure 2. Image processing from Ro map to region of interest containing only the cellularized/
vascularised implant

Regions of interest encircling the implanted scaffolds were excised from R, maps and
overlaid on top of a raw image of the same mouse. R,-values below a set threshold value
were excluded leaving the cellularized/vascularised area of the implant for further analysis.
Procedure was the same for R,™ maps.
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Figure3. Mean Ry and Ry" relaxation rates obtained before and after injection of iron oxide
particlesor saline

Error bars indicate standard deviation. Asterisks (*) indicate a statistically significant
difference (P<0.05) between the pre-treatment and 24-hour values.
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Figure 4. Relative increase of Ry and Rz* for the three groups
Relative increase in R, and R, relaxation rates were calculated. Error bars indicate standard
deviation. Asterisks (*) indicate a statistically significant difference (P<0.05) between
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