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n the past decade, nanotechnology ap-

plications in medicine have seen a tre-

mendous growth. This field, generally
referred to as nanomedicine,’ involves en-
gineering of materials with nanoscale di-
mensions and multifunctional properties,
such as nanoparticle probes that can be
used for target-specific imaging.? An inter-
esting feature of nanoprobes is their ability
to be (simultaneously) detected using a
variety of imaging methodologies, includ-
ing magnetic resonance imaging (MRI),>*
near-infrared fluorescence (NIRF) imaging,5
and nuclear imaging,® for both in vitro and
in vivo studies.”

Even more advanced nanoprobes are the
so-called “theranostic” multifunctional nano-
particles.>® These nanoparticle platforms
aim to diagnose disease and visualize
nanoparticle accumulation and specifically
and simultaneously deliver a drug, thereby
facilitating the evaluation of treatment ef-
fects.? The aforementioned combination of
targeted drug delivery and imaging of ther-
anostic nanoparticles makes them especial-
ly attractive and promising for longitudinal
evaluation of their therapeutic efficacy.

Trivially, but importantly, nanoparticle
formulations offer a unique possibility to
improve the pharmacokinetic profile of a
drug.'®"'? Systemically administrated com-
pounds are normally rapidly cleared from
the circulation and accumulate in the target
tissues at low concentrations.”® In oncolo-
gical practice, antitumor activity is generally
obtained by applying high and frequent
dosing of chemotherapeutic agents, which
causes an array of adverse effects.'*'® More-
over, water-insoluble compounds are diffi-
cult to administer and frequently require
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ABSTRACT Nanoparticle applications in medicine have seen a tremendous growth in the past
decade. In addition to their drug targeting application and their ability to improve bioavailability of
drugs, nanoparticles can be designed to allow their detection with a variety of imaging
methodologies. In the current study, we developed a multimodal nanoparticle platform to enable
imaging guided therapy, which was evaluated in a colon cancer mouse model. This “theranostic”
platform is based on oil-in-water nanoemulsions and carries iron oxide nanocrystals for MRI, the
fluorescent dye Cy7 for NIRF imaging, and the hydrophobic glucocorticoid prednisolone acetate
valerate (PAV) for therapeutic purposes. Angiogenesis-targeted nanoemulsions functionalized with
owv33-specific RGD peptides were evaluated, as well. When subcutaneous tumors were palpable, the
nanoemulsions were administered at a dose of 30 mg of Fe0/kg and 10 mg of PAV/kg. MRI and NIRF
imaging showed significant nanoparticle accumulation in the tumors, while tumor growth profiles
revealed a potent inhibitory effect in all of the PAV nanoemulsion-treated animals as compared to
the ones treated with control nanoemulsions, the free drug, or saline. This study demonstrated that
our nanoemulsions, when loaded with PAV, iron oxide nanocrystals, and Cy7, represent a flexible
and unique theranostic nanoparticle platform that can be applied for imaging guided therapy of

cancer.
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nonionic solubilizers to enable their intra-
venous administration.'®

Interestingly, the mechanism of action of
a drug may be very different when local
accumulation is achieved at a diseased site
using nanoparticulate formulations. For ex-
ample, Banciu and colleagues demonstra-
ted strong antitumor effects of long circu-
lating liposomes that encapsulated gluco-
corticoids.'”'® Commonly used as anti-in-
flammatory and immunosuppressive drugs,
glucocorticoids can inhibit solid tumor
growth in animals'®?° at very high dose,
but the pharmacological efficacy is asso-
ciated with severe adverse effects. When
water-soluble glucocorticoids are included
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Figure 1. Concept and nanoparticle characteristics. (A) Schematic of the nanoemulsion platform. (B) Overview of the com-
position of the different nanoemulsion formulations synthesized. (C) Negative staining transmission electron microscopy
(TEM) of a typical nanoemulsion preparation without iron oxide nanocrystals (left) and with iron oxide nanocrystals (right). (D)
Dynamic light scattering (DLS) size and polydispersity measurements.

in PEGylated liposomes, the adverse effects are
strongly reduced and the local delivery to tumors is
highly improved, which spectacularly enhances their
efficacy.”’

In the current study, a theranostic nanoparticle plat-
form for multimodal imaging and the delivery of water-
insoluble therapeutics was developed and evaluated in
a colon cancer mouse model. It is based on a platform
we developed recently?® where an oil-in-water emul-
sion was formed from soybean oil, oleic acid coated
iron oxide nanocrystals, and PEGylated lipids. The latter
component is an amphiphilic molecule with a large
hydrophilic fraction that facilitates the formation of
relatively small nanoparticles. Oil-in-water microemul-
sions, composed of essentially similar (FDA) approved
components, albeit with a much larger diameter, are
routinely used as parenteral nutrition in patients.?®> The
platform, schematically depicted in Figure 1A carries
iron oxide nanocrystals for MR, the fluorescent dye Cy7
for NIRF imaging, and the hydrophobic glucocorticoid
prednisolone acetate valerate (PAV) for therapeutic
purposes. In addition, angiogenesis-targeted nano-
emulsions that were functionalized with avf3;-specific
RGD peptides were evaluated, as well.

RESULTS AND DISCUSSION

We set out to develop a multimodal nanoparticle
platform, based on oil-in-water nanoemulsions carry-
ing iron oxide nanocrystals for MR, as well as Cy5.5 or
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Cy7 fluorescent dye for NIRF imaging and the hydro-
phobic glucocorticoid prednisolone acetate valerate
(PAV) for therapeutic purposes (Figure 1A). To synthe-
size the nanoemulsions, all of the components, such as
soybean oil and lipids, were dissolved in chloroform.
When appropriate, oleic acid coated iron oxide nano-
crystals, rhodamine lipid, Cy5.5-DSPE or Cy7-PEG-DSPE
lipid, and/or PAV were included, as well. The mixture
was added dropwise to a 70 °C HEPES buffer under
vigorous stirring to accomplish the immediate eva-
poration of chloroform and the formation of a crude
oil-in-water emulsion. Subsequently, the formulations
were homogenized and sized by sonication, washed
with fresh HEPES buffer and concentrated using Vivas-
pin filter tubes.

In Figure 1B, the different nanoparticle formulations
and their composition are shown. The morphology of
the nanoparticles, with and without iron oxide nano-
crystals, was investigated with TEM (Figure 1C). The
hydrodynamic diameter of the different nanoemul-
sions was measured with dynamic light scattering
(DLS). As shown in Figure 1D, the inclusion of addi-
tional functionalities and/or materials did not resultina
change of diameter for the different nanoparticles
(around 50 nm) or polydispersity. This relatively small
size facilitates the extravasation of the nanoemulsions
from the circulation over the tumor endothelium into
the interstitial space, but also accommodates nano-
particle uptake by cells.
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The drug inclusion in the final formulations was
determined via spectrophotometric measurements.
We determined the PAV inclusion efficiency, estab-
lished for 11 different nanoemulsion formulations, to
be 67.99 £ 9.18% of the initial input value.

The therapeutic effect of the different nanoemulsion
formulations was investigated in vitro using a biolumi-
nescent viability assay at a dose of 100 ug PAV/mLand a
range of 270—380 ug Fe/mL. To study the acute and
long-term effect on cell viability, two incubation schemes
were applied: a 6 h incubation followed by washing and
18 h of cell growth, and a 24 h incubation. Macrophages,
endothelial, and tumor cells were chosen because they
represent important cellular components of a tumor.

The effects were expressed in % of viable cells
compared to untreated control cells. After 6 h of expo-
sure, LS174T tumor cells were the least affected (Figure
2A). A more pronounced effect at the same time point
was observed for J774A1 macrophage cells (Figure 2C)
that were incubated with PAV nanoemulsions, RGD-
PAV nanoemulsions and PAV+FeO nanoemulsions
and for HUVEC (Figure 2E) that were incubated with
PAV nanoemulsions, RGD-PAV nanoemulsions, PAV-+
FeO nanoemulsions and FeO nanoemulsions. At 24 h,
LS174T cells showed a significantly reduced viability after
incubation with FeO and PAV+FeO nanoemulsions only
(Figure 2B). Both J774A1 and HUVEC were very respon-
sive to the treatment and displayed a very low viability
after 24 h of incubations with FeO and PAV+FeO nano-
emulsions. A loss of viability was also observed in J774A1
and HUVEC that were incubated with PAV nano-
emulsions and RGD-PAV nanoemulsions (Figure 2D,F).

To visualize nanoemulsion uptake by the different
cell types in vitro, MRI of cell pellets (Figure 2G,H) and
fluorescence imaging of well plates were performed
(Figure S1in Supporting Information). We observed the
different cell types avidly engulf the different nano-
emulsion formulation, albeit at different levels depend-
ing on the cell type and nanoemulsion formulation
used. Quenching effects, in both the MRI and the fluo-
rescence imaging measurements, complicate the in-
terpretation of the data and therefore cannot serve as a
quantitative outcome.>* To enable a fully quantitative
evaluation of nanoemulsion uptake of the different
formulations by the different cell types T; values (ms)
were measured by Minispec benchtop NMR on HCI
digested cell pellets. The relaxation rate Ry (1/T;, s~ ')
directly correlates with the iron concentration. As
expected, the highest R; values were found for
J774A1 macrophages incubated with FeO and RGD-
FeO nanoemulsions: 0.823 and 0.811 s, respectively.
The R, of HUVEC incubated with RGD-FeO nanoemul-
sions was 0.784 and 0.577 s~ ' when incubated with
FeO nanoemulsions, revealing the elevated uptake of
RGD-functionalized nanoemulsions by endothelial
cells, known to overexpress the aw; integrin.”>?° For
the LS174T tumor cells, also known to express avfis
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integrin,?” we also observed different R; values, 0.618
and 0.695 s ', when incubated with FeO and RGD-FeO
nanoemulsions, respectively. These data confirm that
our nanoparticle platform functionalized with RGD
peptides specifically interacts with ovf; integrin ex-
pressing cell types.

In addition to the investigation of therapeutic re-
sponse, which we will discuss in detail in the forth-
coming sections, we performed MRI on the four mice
selected (median sized tumors) from groups that were
injected with CTRL nanoemulsions, PAV nanoemul-
sions, PAV+-FeO nanoemulsions, and FeO nanoemul-
sions, using a 3T clinical scanner. Representative T,*-
weighted images of the aforementioned groups are
presented in Figure 3. Tumors of animals injected with
PAV nanoemulsions (Figure 3A) and CTRL nanoemul-
sions (Figure 3B) appeared bright compared to sur-
rounding muscle tissue. On the other hand, the tumors
of FeO+PAV and FeO nanoemulsion injected mice,
shown in Figure 3C,D, respectively, appeared hypoin-
tense as compared to the tumors of mice injected with
nanoemulsions that did not contain FeO, indicative of
FeO accumulation in these tumors. We quantitatively
evaluated the mean T,* values of the tumors of the
different groups. To that end, we generated T,*
maps from the T,*-weighted images with different
echo times (Figure S2 in Supporting Information).
Figure 3E displays the T,* map values and shows
these in tumors of animals injected with nanoemul-
sions containing FeO to be 50% reduced compared
to mice injected with nanoemulsions that did not
contain FeO.

The inclusion of Cy7 NIR dye coupled lipid in the
nanoemulsion corona enabled us to perform in vivo NIRF
imaging to further corroborate the delivery and localiza-
tion of the nanoparticles at the level of the entire animal.
From preliminary ex vivo NIRF imaging data, we found
the nanoparticles to accumulate in the liver, kidney, and
tumors (Figure S3 in Supporting Information), with no
significant differences between untargeted and RGD-
targeted nanoemulsion injected mice.

In the full study, four mice injected with PAV nano-
emulsions labeled with Cy7-PEG-DSPE in the lipid corona
(Cy7-labeled nanoemulsion) were imaged 48 h after
the injection and prior to sacrifice. Four mice injected
with PAV nanoemulsions that did not contain the
Cy7-PEG-DSPE lipid served as controls. Preferential
nanoemulsion accumulation in tumors was appreciated
(Figure 4A). The mean photon count tumor/skin ratios
obtained for Cy7-labeled nanoemulsion injected mice
was 11.29 + 4.96, compared to 0.83 + 0.013 for mice
injected with unlabeled nanoemulsions (Figure 4B).

Confocal laser scanning microscopy was performed on
tumor sections to visualize nanoemulsion localization in
the tumor tissue as well as to investigate differences in
distribution between the untargeted and the awvfs-spe-
cific RGD-functionalized nanoemulsions. We observed
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Figure 2. In vitro studies. (A,B) Viability of LS174T cancer cells after 6 and 24 h of incubation with the nanoemulsions (* vs CTRL
cells P < 0.001, § vs CTRL-nano P < 0.001). (C) Viability of J774A1 macrophage cells after 6 h of incubation with the
nanoemulsions (¥ vs CTRL cells P < 0.05) and (D) after 24 h of incubation with the nanoemulsions (* vs CTRL cells P < 0.05, § vs
CTRL-nano P < 0.001). (E,F) Viability of endothelial cells (HUVEC) after 6 and 24 h of incubation with the nanoemulsions (* vs
CTRL cells P < 0.001, § vs CTRL-nano P < 0.001). (G) T,* map of cell pellets generated with a 3T scanner after 6 h of treatment
with nanoemulsions. (1) HUVEC incubated with RGD-conjugated FeO nanoemulsions, (2) HUVEC incubated with FeO
nanoemulsions, (3) LS174T incubated with RGD-conjugated FeO nanoemulsions, (4) LS174T incubated with FeO nano-
emulsions, (5) J774A1 incubated with RGD-conjugated FeO nanoemulsions, (6) J774A1 incubated with FeO nanoemulsions,
(7) HUVEC incubated with CTRL nanoemulsions, (8) LS174T incubated with CTRL nanoemulsions, (9) J774A1 incubated with
CTRL nanoemulsions, (10) water as reference. (H) T,* map values for the different cell pellets.
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Figure 3. In vivo MRI at end of study. (A,B) Selected MR images of PAV nanoemulsion and CTRL nanoemulsion injected mice.
(C,D) MR images of PAV-+FeO nanoemulsion and FeO nanoemulsion injected mice. Red circles indicate the tumors. In (A) and
(B), tumors appeared bright compared to surrounding muscle tissue. In (C) and (D), tumor areas appeared hypointense,
indicative of FeO accumulation. (E) T,* map mean values (ms) of the different groups (* vs PAV-nano P < 0.05, § vs CTRL-nano P
< 0.05).
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Figure 4. In vivo and ex vivo fluorescence imaging. (A) In vivo NIRF images of a mouse injected with unlabeled nanoemulsion
(left) and mice (two different sized tumors) injected with Cy7 nanoemulsion (middle and right) at the end of the study. (B)
Tumor/skin photon count ratio (N = 4) at the same time point. (C) Confocal images of blood vessels (isolectin, Alexa Fluor 488)
and nanoparticles (Rhodamine B, red) of tumor tissue of mice injected with RGD-PAV nanoemulsions and (D) of mice injected
with untargeted nanoemulsions.
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Figure 5. Therapeutic effect of nanoemulsions. (A) Photographs of typical tumors of mice injected with PAV nanoemulsion,
RGD-PAV nanoemulsion, PAV+FeO nanoemulsion, and CTRL nanoemulsion. (B) Starting at day 6, tumor growth profiles

showed statistically significant tumor growth inhibition (P < 0.001) in all of the PAV nanoemulsion treated groups compared
to saline, CTRL nanoemulsions, FeO nanoemulsions, and free PAV injected groups. (C) Tumor volume measured by a caliper

and (D) tumor weight at the end of the study.

the latter targeted nanoemulsions to be primarily colo-
calized with the vasculature (Figure 4C), while the un-
targeted nanoemulsions were found extravasated from
the blood vessels in the tumor space (Figure 4D).

For the treatment studies, 56 mice (7 groups of 8
mice) were included. One group served as saline-
treated control, one group was injected with free
PAV, while the other 5 groups were treated with diffe-
rent nanoemulsion formulations. Treatment was in-
itiated when tumors were palpable, and the tumor
volumes were measured daily using a digital caliper
throughout the treatment period. In Figure 5A, typical
tumors at day 8 are displayed of mice treated with PAV
nanoemulsions, RGD-PAV nanoemulsions, PAV+FeO
nanoemulsions, and CTRL nanoemulsions. The tumor
growth in mice injected with PAV nanoemulsions,
RGD-PAV nanoemulsions, and PAV+FeO nanoemul-
sions was significantly inhibited compared to the mice
injected with saline, CTRL nanoemulsions, FeO nano-
emulsions, and free PAV at a dose of 10 mg PAV/kg
(Figure 5B). At day 8, the mean tumor volume was
243.2 £ 73.5 mm?® for PAV nanoemulsion treatment,
2136 + 492 mm?® for RGD-PAV nanoemulsion
treatment, and 232.1 &+ 46.5 mm?> for PAV+FeO

GIANELLA ET AL.

nanoemulsion treatment (Figure 5C). At day 8, saline,
free PAV, CTRL nanoemulsion, and FeO nanoemulsion
treated animals displayed significantly larger tumor
volumes of 471.7 £+ 79.18, 459 + 77.7, 513 £+ 111.45,
and 398.8 + 59.13 mm?, respectively (Figure 5C). To
corroborate the tumor volumes measured by the
digital caliper, we determined the tumor weight after
the sacrifice (Figure 5D) and found a similar pattern.
The correlation coefficient was established to be 0.779
(Figure S4 in Supporting Information). The data pre-
sented demonstrate that our nanoemulsions can be
used as an effective drug delivery system for tumor
therapy. As shown by the tumor growth profiles and
tumor weight measurements, all of the PAV-loaded
nanoemulsions induced a significant inhibition of the
tumor growth compared to control groups. After three
injections over a period of 8 days, the PAV-loaded
nanoemulsion groups displayed tumor volumes that
were at least 50% smaller than all control and free PAV
groups at a dose of 10 mg/kg.

Prior to the above study, we conducted a pilot
experiment where animals were also treated at a dose
of 20 mg PAV/kg. This resulted in a 77% tumor growth
inhibition (Figure S5 in Supporting Information) but
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Kidney

Liver

Figure 6. Histological analysis of kidney and liver tissues. (A—D) Kidney parenchyma, (E—H) liver parenchyma. (A,E) Tissue
sections from saline injected mice, (B,F) tissue sections from free PAV injected mice, (C,G) tissue sections from PAV
nanoemulsion injected mice, and (D,H) tissue section of PAV+FeO nanoemulsion injected mice. No relevant morphological
changes were detected in these organs after any of the treatments.

was associated with severe weight loss, which moti-
vated us to lower the dosing. At a dose of 10 mg/kg, we
did not find any evidence of serious adverse effects,
which is described in more detail below.

The effect of treatment on body weight was estab-
lished by daily measurements. No relevant weight loss
was observed for all groups, with a maximum, but
nonsignificant, reduction of 11.55% in mice injected
with PAV nanoemulsions at day 8 of treatment (Figure
S6). After sacrifice, kidney and liver weights were
recorded and normalized to body weights. When we
compared the normalized data of the treated groups
versus that of the saline groups, marginal variations
were noticed in the kidney weights for all of the
different groups and a marginal but not significant
reduction of the liver weight/body weight ratio was
observed in mice injected with CTRL nanoemulsions,
PAV nanoemulsions, and RGD-PAV nanoemulsions
(data not shown). In all of the groups treated with
nanoemulsions and free PAV, kidney and liver histolo-
gic sections showed similar parenchyma morphology
to the saline group, demonstrating that PAV and
nanoemulsion administrations induced no toxic effects
in these organs (Figure 6).

To clarify the therapeutic effect, both angiogenesis
and inflammatory infiltration phenomena were stu-
died. Despite the effects of some nanoemulsions on
endothelial cell growth in vitro, staining and subse-
quent quantification of blood vessels in the tumors did
not reveal significant changes between the different
treatment modalities (Figure 7A,B). This was confirmed
by analysis of mRNA expression of important growth
factors and cell adhesion molecules involved in angio-
genesis, which were not significantly altered following
treatment (Figure S7A,B). To evaluate the infiltration of
inflammatory cells into the tumors, immunostaining
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for CD68, a macrophage marker, was performed on
tumor sections (Figure 7C). The area was measured and
normalized to the total surface area of tumor sections
analyzed. As shown in the graph in Figure 7D, the
animals injected with saline, control nanoparticles, and
FeO nanoparticles induced a lower macrophage infil-
tration compared to the mice injected with nanopar-
ticle formulations containing PAV, although not all of
the differences were statistically significant.

Most cancer chemotherapies are characterized by
limited efficacy and strong side effects caused by the
high and frequent dosing. Therefore, there is a strong
motivation to develop treatment that enables efficient
and safer drug delivery to tumors and, consequently,
reduce dosages and collateral effects. Nanomedical
treatments represent an attractive alternative and
were pioneered over three decades ago with the
introduction of liposomal drug formulations.?® Cur-
rently, some of these formulations are applied in
clinical practice,”® but the success of liposomes is
hampered by a variety of limitations, including the
inability to include water-insoluble compounds, size
them well below 100 nm, and relatively low encapsula-
tion efficiencies. The past decade has seen unprece-
dented growth in the field of nanochemistry, which has
resulted in the availability of numerous new nano-
materials to be potentially used for therapeutic
and/or diagnostic purposes.

In a previous study, we developed and extensively
characterized a new nanoparticle platform that was
based on a small oil-in-water nanoemulsion,> which
allows the delivery of hydrophobic agents and nano-
materials. In the present study, we modified this plat-
form to obtain “theranostic” nanoemulsions to enable
imaging guided treatment of experimental cancer.
For diagnostic purposes, iron oxide nanocrystals were
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% area CD68*

Figure 7. Angiogenesis and macrophage tumor infiltration evaluation. (A) Example of mosaic image (left) of tumor section
stained for CD31, as well as threshold image of the same section used for CD31 quantification. Nonspecific signal of the skin
was excluded. (B) CD31+ area of the entire tumor sections. (C) Macrophage infiltration in tumor section of mice injected with
CTRL nanoemulsion and PAV nanoemulsion (magnification 20 x). Inset shows the CD68 cells at higher magnification (40x).

(D) CD68+ mean area (* vs CTRL-nano P < 0.05).

included in the core and Cy7-conjugated lipid in the
corona to enable in vivo MR and NIRF imaging, respec-
tively. At day of sacrifice (day 8), dark areas were visible
in tumors on T,*-weighted MR images acquired in mice
injected with FeO and PAV+FeO nanoemulsions. NIRF
images acquired from mice injected with nanoemul-
sions containing Cy7-conjugated lipids revealed mas-
sive nanoemulsion accumulation in the tumors. We
attribute the tumor accumulation of untargeted na-
noemulsions to the enhanced permeability and reten-
tion effect, a phenomenon that occurs in tissues with a
leaky vasculature, such as tumors and inflamed tissue. 3"
On the other hand, RGD peptide-functionalized na-
noemulsions accumulated in the tumor tissue by active
targeting of tumor blood vessels as revealed by con-
focal microscopy. Moreover, for therapeutic purpose,
we included a hydrophobic glucocorticoid (PAV) in the
nanoemulsion formulation and tested the pharmaco-
logical effect in the same animals. We tested a number
of glucocorticoids, but PAV was selected based on
previous studies,’® its hydrophobicity, and its high
inclusion efficiency.

To study active targeting, the cyclic RGD pentapep-
tide was conjugated to malemide-functionalized PEG
lipids that were included in the lipidic corona. This
peptide is known to have a high affinity for avfs
integrin,®**3 which is overexpressed by angiogenically
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activated endothelium.3* Vascular targeting is attrac-
tive because angiogenesis is required for tumor
growth,* and the vasculature is readily accessible for
targeting and does not require the nanoparticle to
extravasate into the tumor interstitium. In a number of
reports by us*®~>% and others,>%*° this targeting strat-
egy has been shown to be very valuable for target-
specificimaging with a variety of nanoparticles, includ-
ing liposomes, quantum dots, and microemulsions. In
the present study, we observed that in mice treated
with RGD-PAV nanoemulsions the tumor growth was
inhibited. Ex vivo confocal imaging performed on
tumor slices showed the nanoparticles colocalized
with tumor blood vessels.

Expression of growth factors and receptors involved
in angiogenesis measured at the mRNA level, as well as
the CD31 positive area, did not show any significant
difference between the groups. On the basis of our
data, it seems that process of angiogenesis is not
involved in the therapeutic effect. Another aspect that
has been studied in relation to the antitumor mechan-
ism is the macrophage tumor infiltration. Measuring
the percentage of the tumor area with CD68-positive
cells showed an interesting difference between mice
injected with nanoemulsion containing PAV and the
control groups. All of the groups treated with PAV-
loaded nanoemulsions showed the same trend: a
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higher infiltration of cell expressing CD68 compared to
saline and control groups. It has been established
before that tumor associated macrophages (TAMs)
can have a double function. These TAMs can exert
angiogenic effects by secreting cytokines such as IL-1,
IL-8, and TNF-a*' 3 but can also release angiostatic
factors such as IL-12, MMP-12, and IL-18.*474% There-
fore, their presence is often associated with tumor
progression, metastasis, and poor prognosis, but in
some tumor types, including prostate?” and stomach
cancer,*® the presence of TAMs appears to be asso-
ciated with improved prognosis. Some studies*®>°
have shown that tumor endothelial cells have a sup-
pressed expression of adhesion molecules reducing
the leukocyte—vessel wall interactions. The present
study suggests that the different nanoemulsions do
not induce differences in macrophage infiltration by
regulating the endothelial adhesion molecule makeup.
While we did not see any differences in angiogenesis,
our data suggest that in this particular tumor model

METHODS

Synthesis of the Nanoemulsions. For the nanoemulsion's synth-
esis, all of the lipophilic components were dissolved in chloro-
form. Stock solutions were prepared at the following con-
centrations: soybean oil at 100 mg/mL, DSPC and PEG-DSPE at
20 mg/mL, Mal-PEG-DSPE and PAV at 10 mg/mL, Cy5.5 DSPE
and Cy7-PEG-DSPE 1 mg/mL, iron oxide nanocrystals at 25 mg/
mL. The different components were mixed to yield chloroform
solutions that contained 80 mg of soybean oil, 36.36 mg of PEG-
DSPE, and 10.92 mg of DSPC (PEG-DSPE/DSPC molar ratio
0.94:1). To allow functionalization with RGD peptides, 4.24 mg
of Mal-PEG-DSPE was added (PEG-DSPE/DSPC/Mal-PEG-DSPE
molar ratio 0.83:1:0.1) at the expense of PEG-DSPE. Where
appropriate, 3.75 mg of PAV, 7.5 mg of FeO, 80 ug of Rho-DSPE,
66.6 ug of Cy7, or 238 ug of Cy5.5 was included. In Figure 1B, an
overview of the different formulations is depicted.

Nanoemulsions were synthesized as described previously.?
In short, the above-mentioned chloroform mixtures were slowly
dripped in 20 mL of HEPES buffer (2.38 g/L HEPES, 8 g/L NaCl) at
70 °C. Thereafter, the samples were homogenized by sonication
for 15 min (level 20%, pulse 70%, devise: Biologics Inc., ultra-
sonic homogenizer model 150 V/T). Finally, the nanoemulsions
were washed with HEPES buffer and concentrated using Vivas-
pin concentrators with a 100.000 MW cut off size. To obtain
nanoemulsions functionalized with the RGD peptide, 160 uL of
RGD stock solution (2.5 mg/mL) was activated with a deacetyla-
tion solution of pH 7 for 1 h. Subsequently, the activated peptide
was added to the concentrated nanoemulsions and incubated
overnight at 4 °C.

Dynamic Light Scattering and Transmission Electron Microscopy. The
hydrodynamic size of the nanoemulsions was measured using a
dynamic light scattering (DLS) device (Brookhaven Instrument
Corporation). After the synthesis, 20 uL of each formulations
was diluted in 2 mL of Millipore water. At least 4 nanoemulsions
per group have been measured with 5 runs for measurement.

A Hitachi H7650 linked to SIA (Scientific Instrument and
Applications) digital camera run by Maxim CCD software was
used. Transmission electron microscopy (TEM) was performed
on nanoemulsions diluted by a 1:10 or 1:20 ammonium acetate
buffer and using 2% sodium phosphotungstate (pH = 7)
negative staining as described by Forte and Nordhausen.>'

Quantification of Drug Inclusion Efficiency. Spectrophotometry in
the 200—600 nm range was applied to solutions of PAV and
lipid components dissolved in chloroform and established the
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the treatment induced an influx of TAMs that resulted
in hampered tumor growth. Further studies are
needed to unravel the exact mode of action.

CONCLUSION

We have developed and evaluated a 50 nm nano-
emulsion platform that can carry hydrophobic materials
and can be applied as a theranostic tool for simulta-
neous imaging guided drug delivery in cancer. The
nanoemulsion components are biodegradable, and in
the current study, we demonstrate efficient tumor
growth inhibition with the inclusion of the hydropho-
bic glucocorticoid PAV. Interestingly, we observed that
the inhibition was not related to angiogenesis but
possibly involved enhanced macrophage infiltration.
Future studies combining other water-insoluble anti-
inflammatory, angiostatic, or cytostatic agents with
different nanoemulsion formulations will further assess
the applicability of theranostic nanoparticles for cancer
treatment.

wavelength with the maximum difference between PAV and
lipid absorbance to be 258 nm. Standard curves of PAV were
acquired at this wavelength. Before and after concentrating the
samples, precise volumes of each formulation were dried over-
night. Subsequently, the samples were diluted in methanol/
chloroform (1:9), and absorbances were measured at 258 nm.
The final absorbance was calculated after correcting for the
absorbance of nanoemulsions with same size and same amount
of phospholipids that contained soybean oil, PEGylated lipids,
and ordinary phospholipids only. The final drug concentration
was calculated from the PAV standard curve and normalized
volume.

Tumor Model and /n Vivo Protocol. Six week old male Swiss nude
mice (Taconic, Albany, NY) were given a standard rodent chow
diet and water available ad libitum. All of the handling product
materials were approved by the Mount Sinai School of Medicine
Institutional Animal Care and Use Committee. To establish
subcutaneous tumors, 2 x 10° LS174T cells were injected in
the right flank. The tumor was induced in 56 mice that were
randomized in 7 groups: mice treated with saline, free PAV, CTRL
nanoemulsions, PAV nanoemulsions, RGD-PAV nanoemulsions,
FeO nanoemulsions, and PAV+FeO nanoemulsions. When tu-
mors were palpable (day 1), the treatment was started. Each
mouse received at day 1, 3, and 6 a dose of nanoemulsions
equivalent to 30 mg of FeO/kg and 10 mg of PAV/kg via tail vein
injections. A dose corresponding to the same amount of lipids
was injected in the group of mice treated with CTRL nanoemul-
sions. As a control, PAV solubilized in ethanol was injected at a
dose 10 mg/kg as free drug. At day 8, selected mice were
imaged by magnetic resonance imaging (MRI) and near-infra-
red fluorescence (NIRF) imaging prior to sacrifice. During the
entire treatment period, the body weight and tumor volumes
(mm?) were measured daily with a digital caliper according to
the formula V = 0.52 x a® x b, where ais the smallest and b the
largest superficial diameter.

Prior to the full-blown study, we evaluated the therapeutic
efficacy in a pilot study that included five animals per group.
Two different doses of PAV (10 and 20 mg/kg) were evaluated.

In Vivo MR Imaging. Forty-eight hours after the last tail vein
injection, four mice per group with median tumor sizes from the
groups administered with CTRL nanoemulsions, FeO nanoemul-
sions, PAV nanoemulsions, and PAV+FeO nanoemulsions were
imaged at a 3T whole body MR scanner (Philips Achieva,
X Series, Eindhoven, The Netherlands) using a custom built 30
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mm mouse coil (Philips Medical Solutions, Hamburg, Germany).
Scout images were acquired to locate the tumor, which was
used to position a 3D multiecho GRE scan to generate T,* maps.
The field of view (FOV) was 30 x 30 x 18 mm?, resulting in an in-
plane resolution of 200 um x 200 #m and 36 slices of 500 um in
thickness. The repetition time (Tg) was set at 150 ms; eight
echoes were acquired with a minimum echo time (Tg;) of 2.7 ms
and an echo spacing (ATg) of 4.2 ms. A 15° flip angle and 1 signal
average were chosen.

The T,* maps were generated using in-house software
routines written in Matlab. The T,* map values were computed
by fitting a monoexponential decay model to the signal in-
tensities over all the Ti values at each pixel location. Linear least-
squares fitting algorithms were used to fit the signal intensities
to the model curve. The linear fitting model used a log—log
transform to compute the fit, plotting the log of the signal
intensities versus the Tg values. Subsequently, T,* map values
were computed as the inverse of the slope of this curve.

After the imaging experiments, mice were sacrificed under
isofluorane anesthesia, perfused with PBS containing 20 U
Heparin/mL, and the tumors excised and collected.

In Vivo Near-Infrared Fluorescence Imaging. NIRF imaging experi-
ments were performed using the IVIS-200 imaging system
(Calipex, Xenogen, Alameda, CA). To allow the detection of
the Cy7 dye, a 710—760 nm excitation filterand an 810—875 nm
emission filter were used. Four mice injected with PAV nano-
emulsion that did not contain Cy7-PEG-DSPE (unlabeled nano-
emulsion) and four mice injected with PAV nanoemulsion that
contained Cy7-PEG-DSPE in the lipid corona (Cy7 nano-
emulsion) were imaged 48 h after the injection. Each mouse
received 20 ug of Cy7 dye. A field of view of 12.2.cm x 12.2.cm
and an excitation time of 4 s were chosen. The photon count
was measured in the tumor and skin, and the ratio was
calculated. After the imaging experiments, mice were sacrificed
under isofluorane anesthesia, perfused with PBS/heparin, and
the tumors were collected.

Confocal Laser Scanning Microscopy and Immunohistochemistry. At
day 8, CTRL nanoemulsion injected mice (N = 4), PAV nano-
emulsion injected mice (N = 4), and RGD-PAV nanoemulsion
injected mice (N = 4) were iv injected with isolectin GS-IB4 Alexa
Fluor 488 conjugated (Invitrogen Molecular Probes, Eugene,
Oregon) 10 min before the sacrifice to label the vasculature.
Subsequently, the mice were perfused with PBS and tumors
collected in OCT for ex vivo fluorescence microscopy. Fresh cut
tumor slices were stained with DAPI mounting media (Vector
Laboratories, Burlingame CA) and immediately imaged with a
Leica SP5-DM confocal microscope (Bannockburn, IL) to visua-
lize the localization of the rhodamine signal (nanoemulsion
particles) and the isolectin signal (endothelial cells).

For the histological analysis of macrophage infiltration and
microvessel density, 5 um sections were cut and fixed in
acetone for 5 min at —20 °C. After the unspecific site blocking
(4% rabbit serum in PBS for 10 min), sections were incubated
with a rat anti-mouse CD68 primary antibody (AbD Serotec,
Raleigh NC) and rat anti-mouse CD31 primary antibody (BD
Pharmingen), respectively, diluted 1:250 and 1:100 in the pre-
sence of 4% rabbit serum. For the detection, a rabbit anti-rat
secondary antibody and alkaline phosphatase method were
used (Vector ABC kit, Vector Laboratories, Burlingame CA). Three
to four tumors per group were stained for both of the markers.
Digital pictures of entire tumor sections were acquired in bright
field using Axioplan 2IE microscope (20x magnification), and
digital mosaic was obtained using Axiovision 4.6.3 SP1 software.
Adobe Photoshop CS and ImageJ) programs were used to
quantify the percentage of the area positive for CD68 and CD31.

Gene Expression Profiling. For RNA isolation, 10 x 10 um thick
cryosections were cut from the frozen tumor tissues. The
sections were directly lysed in RLT buffer from the RNeasy kit
(Qiagen, Venlo, The Netherlands), and total RNA was isolated
following the suppliers instructions. On column DNase diges-
tion was performed to remove any genomic DNA contamina-
tions. Subsequently, RNA was eluted, and concentration and
purity were assessed on a NanoDrop ND-1000 (NanoDrop
Technologies, Wilmington, DE). cDNA synthesis was performed
with the iScript cDNA synthesis kit (Bio-Rad, Veenendaal, The
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Netherlands) on 1 ug of total RNA according to the suppliers
protocol. Following cDNA synthesis, nuclease-free water was
added up to a final volume of 50 uL. Next, real-time PCR was
performed on the CFX96 (BioRad) using the iQ SYBR Green PCR
master mix (BioRad). Each PCR reaction was performed in a 25
uL volume containing 30 ng of cDNA, 12.5 uL of 2x iQ SYBR
Green PCR master mix, and 1 uL of primer mix (10 uM forward
primer, 10 «M reverse primer). The PCR profile was as follows: 10
min at 95 °C, followed by 40 cycles of 15 s at 95 °Cand 30 s at 60
°C. Subsequently, a melting curve analysis was performed
which consisted of 70 cycles of 10 s with a temperature in-
crement of 0.5 °C/cycle starting at 60 °C. The obtained
C; value of each gene of interest was normalized to the G
of the reference genes as follows: Cinorm = Cigoi — Cirer With
Corer = (Copact X Cecycion X Cepama'> with norm = normalized,
goi = gene of interest, and ref = reference gene.

Statistical Analysis. For statistial analysis of the in vitro cell
viability experiments and T,* map values, one-way ANOVA test
was used. Two-way ANOVA was used to analyze the tumor
growth profiles, and t test was applied to analyze immunohis-
tochemistry data. The Mann—Whitney rank sum test was used
to analyze gene expression data.
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