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ABSTRACT

Purpose Platinum-based chemotherapy is the treatment of
choice for malignant epithelial ovarian cancers, but generalized
toxicity and platinum resistance limits its use. Theranostic
nanoemulsion with a novel platinum prodrug, myrisplatin, and
the pro-apoptotic agent, Cg-ceramide, were designed to over-
come these limitations.

Methods The nanoemulsions, including ones with an EGFR bind-
ing peptide and gadolinium, were made using generally regarded as
safe grade excipients and a high shear microfluidization process.
Efficacy was evaluated in ovarian cancer cells, SKOV3, A2780 and
A2780cp

Results The nanoemulsion with particle size <150 nm were
stable in plasma and parenteral fluids for 24 h. Ovarian cancer
cells in vitro efficiently took up the non-targeted and EGFR-
targeted nanoemulsions; improved cytotoxicity was observed
for the these nanoemulsions with the latter showing a 50-fold
drop in the ICsq in SKOV3 cells as compared to cisplatin alone.
The addition of gadolinium did not affect cell viability in vitro, but
showed relaxation times comparable to Magnevist™.
Conclusion The myrisplatin/C4-ceramide nanoemulsion syner-
gistically enhanced in vitro cytotoxicity. An EGFR binding peptide
addition further increased in vitro cytotoxicity in EGFR positive
cancer cells. The diagnostic version showed MR imaging similar to
the clinically relevant Magnevist® and may be suitable as a
theranostic for ovarian cancer.

KEY WORDS C,-ceramide - EGFR - gadolinium - MRI -
nanoemulsion - ovarian cancer - platinum

INTRODUCTION

Platinum (Pt)-based chemotherapeutics are frontline therapy
for a broad range of cancers. For ovarian cancer, Pt-based
drugs—carboplatin and cisplatin—increase overall survival
and tumor free survival better than any other chemothera-
peutic drug (1). Pt containing compounds are alkylating agents
that exert anticancer activity by disrupting DNA structure in
cell nuclei through the formation of intrastrand and inter-
strand cross-links (2—4). This mechanism of action not only
accounts for the Pt based drug killing of proliferating cancer
cells but also accounts for the severe damage to normal cells
and thus generalized toxicity.

Opvarian cancer, as well as other cancer types, also develop
resistance to Pt-based therapies through multiple mechanisms
including increasing membrane pumps to reduce the intracel-
lular drug concentration, inducing enzymes to inactivate the
drug, or enable DNA repair pathways to overcome Pt alkyl-
ation. For recurrent ovarian cancer, treatment decisions are
based on a cancer being “Pt-sensitive” or “Pt-resistant”
underscoring the central role that Pt chemotherapy has in
the treatment of this disease.
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Nanomedicines can be engineered with attributes for mit-
1gating the Pt-based chemotherapy limitations of toxicity and
resistance through many strategies. For example, lipoplatin, a
liposomal cisplatin, reduces tumor burden comparable to
cisplatin but has an improved toxicity profile because of the
slower release and lower exposure of Pt to normal tissues (5).
However, the ability to encapsulate and control release of Pt-
based derivatives in nanomedicines is challenging because of
the physicochemical properties of Pt. One physicochemical
parameter used for the design of Pt-based drugs, lipophilicity,
1s critical for encapsulation in nanoparticulate delivery systems
and improved transport through biological membranes (6,7).
Recently, a safer and more effective platinum (IV) prodrug
was synthesized with enough hydrophobicity to allow for
encapsulation in PLGA-b-PEG nanoparticles (7). Such mod-
ifications allow manipulation of Pt chemistry to incorporate Pt
into nanoemulsion formulations as drug payload.

We previously showed the utility and flexibility of
nanoemulsion formulations to improve chemotherapeutic de-
livery and efficacy for ovarian cancer (8—10). Nanoemulsions
are colloidal carriers formed by dispersion of oils in water and
stabilized with an amphiphilic phospholipid monolayer
(9-15). Generally these systems can incorporate significant
amounts of hydrophobic drug in the high volume fraction of
the oil core (9-13,15). Additionally, they are composed en-
tirely of generally regarded as safe grade (GRAS) materials,
which have highly favorable safety profiles. With a size less
than 200 nm, nanoemulsions can preferentially enter cancer-
ous tissue via the enhanced permeability and retention (EPR)
effect. With a modifiable lipid surface, targeting ligands can
be added to assist transport of the nanoemulsion into cancer
cells via endocytosis. Once in the cell the GRAS-grade
biopolymers used to construct the nanoemulsion are degraded
and the encapsulated payload is released. Thus,
nanoemulsion drug delivery has several useful features that
could provide protection and targeted delivery of Pt-based
chemotherapy.

We describe herein the development of a nanoemulsion
(NE) with an improved lipophilic Pt-conjugate, the addition of
a chemopotentiator, an ovarian cancer targeting molecule
and an imaging agent as the initial step in improving Pt-
based chemotherapy for ovarian cancer patients.

MATERIALS AND METHODS
Materials

Cisplatin (¢cis-diammineplatinum (II) dichloride), 2,7-bis(o-
arsenophenylazo)-1,8-dihydroxynaphthalene-3,6-disulfonic ac-
id (arsenazo III), diethylenetriaminepentaacetic dianhydride
(DTPA), 3-[4,5-dimethyl thiazolyl]-2,5-diphenyl tetrazolium
bromide (MTT reagent), gadolintum (III) chloride (GdCls)

hexahydrate and sodium myristic acid were from Sigma
Chemicals (St. Louis, MO). N-hexanoyl-D-erythro-sphingosine
(CGg-ceramide), L-a-phosphatidylethanolamine
transphosphatidylated (PE) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)
(Rh-PE) were from Avanti Polar Lipids (Alabaster, AL). Egg
phosphotidylcholine (Lipoid® E80) was from Lipoid GmbH
(Ludwigshaffen, Germany). Slowfade® Gold Antifade reagent
supplemented with nuclear stain DAPI was from Life
Technologies. The pegylating agent, methoxy-poly(ethylene
glycol)-2000 distearoyl-sn-glycero-3-phosphoethanolamine, so-
dium salt (PEG9p00DSPE) was from Lysan Bio, Inc. (Arab, AL).
Poly unsaturated fatty acid (PUFA) rich flax seed oil was from
Puritan’s Pride, Inc. (Oakdale, NY). Dialysis bags with the
molecular weight cut-off of 3500 Da and 6-8000 Da were
obtained from Spectrum Laboratories, Inc. (Rancho
Dominguer, CA). All other chemicals and solvents used were
of the highest available grade.

Synthesis of Components
Synthesis of the Hydrophobic Platinum Derivative

Hydrophobic platinum monomyristate (myrisplatin) used in
this study was prepared by a revised synthetic route (16).
Cisplatin was used as the starting material. Cisplatin
(240 mg) was suspended in 30 ml of distilled water and heated
to 70°C to form a solution. Silver nitrate (135.9 mg) in 10 ml
of water was added drop-wise to the cisplatin solution at room
temperature and was stirred for 3 h under light shielding
conditions. The resulting white precipitate was separated by
filtration. The filtrate was reacted with sodium myristic acid
(200 mg) dissolved in 10 ml of water, and stirred at room
temperature for 3 weeks to complete the reaction. The trans-
lucent white precipitate was filtered, washed with water and
ether, and dried in a vacuum chamber. The crude product
was then suspended in chloroform, and the soluble fraction
was collected and vacuum dried to obtain the myrisplatin.
The myrisplatin structure was confirmed by NMR and
RAMAN analysis; while the platinum (Pt) content in the
sample was determined by Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS).

Synthesis of the Lipidated EGFR Binding Peptide

Synthetic endothelial growth factor receptor binding peptide
(EGFR;,,), YHWYGYTPQNVIGGGGC with the linker se-
quence shown in bold, was obtained from Tufts University
Core Facility (Boston, MA). To make the EGFRy,, peptide
suitable for incorporation into a nanoemulsion, the peptide
was added to MAL-PEGyoDSPE dissolved in HEPES buff-
er (pH 7.4) at 1:1 molar ratio while mixing under nitrogen at
4°C for 24 h. The resulting EGFRy,,-PEG000DSPE
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conjugate was purified by dialysis (3500 Da) against deionized
distilled water, lyophilized and characterized by NMR.
Unconjugated EGFRy,, in the dialysate was measured using
an RP-HPLC method to determine the concentration of
EGFRy,;, in the EGFRy,,-PEG9000DSPE conjugate. Briefly, a
Hypersil gold C-18 column (4.0X50 mm, 5 pm, Thermo
Scientific) was used with a mobile phase consisting of 0.1%
trifluoroacetic acid in 10% acetonitrile-water (eluent A) and
0.085% triflouoroacetic acid in 70% acetonitrile-water (eluent
B). The eluent gradient was set from 100% to 20% A in
10 min and 20% to 60% A in 5 min, and subsequently back
to 100% A over 5 min. The flow rate was 1 ml/min and eluent
was monitored at 214 nm for detection of EGFRy,,.

Synthesis of the Lipidated Gd Chelate

Lipidated gadolinium (Gd) chelate (Gd-DTPA-PE) was incor-
porated into nanoemulsion formulations in order to obtain an
imaging functionality useful for MRI. Gd-DTPA-PE was syn-
thesized with modifications (17,18). Phosphatidylethanolamine
(100 mg) in chloroform (4 ml) with triethylamine (30 pl) was
added drop-wise to DTPA (400 mg) dissolved in DMSO
(20 ml). The mixture was stirred for 3 h under a nitrogen
atmosphere at room temperature. Chloroform was removed
by Rota evaporator, and the resulting D'TPA-PE conjugate was
purified by dialysis (6-8000 Da, Spectrapore, Spectrum
Laboratories, CA) against 5% DMSO-water at room temper-
ature for 24 h followed by another 24 h of dialysis in water. The
purified sample was then freeze-dried for 48 h. The purity of the
DTPA-PE complex was determined by thin layer chromatog-
raphy (TLC) using a mobile phase of chloroform, methanol and
water at 65:25:4 (v/v) ratio, and ninhydrin as the visualizing
reagent. In the next step Gd was anchored to the DTPA chelate
by adding 18.5 mg of GdCl; to the DTPA-PE complex in 20 ml
of DMSO and the reaction mixture was stirred for 1 h. The
resulting Gd-DTPA-PE conjugate was purified by dialysis
against water at room temperature for 24 h. The purified
sample was freeze dried and stored at —20°C until use.

Formulation of Theranostic Nanoemulsions

Nanoemulsion formulations encapsulating myrisplatin and Cg-
ceramide 1in its lipid core with PEG, Gd*" and EGFRy,, on the
surface were prepared by a high shear homogenization method
using a lab scale LV Microfluidizer (Microfluidcis
Corporation, Newton, MA). The aqueous component of the
nanoemulsion formulation was prepared by dissolving egg lec-
ithin (2.4% w/v) and PEGoy00DSPE (0.3% w/v) in 4 ml of
glycerol (2.21% w/v)-water. Gd-DTPA-PE (2% w/v) and
lipidated EGFRy,, (0.1% w/v) were then added and stirred for
1 h to achieve complete dissolution of all components. The oil
component was prepared by mixing of flax seed oil with the
desired amounts of myrisplatin and ceramide dissolved in
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chloroform, and evaporating the solvent using nitrogen gas.
The aqueous and oil components were heated (60°C, 2 min),
mixed and then homogenized at 25,000 psi for 10 cycles to
obtain the nanoemulsion formulations. Single agent
nanoemulsions consisting of either myrisplatin or Cg-ceramide,
and corresponding blank nanoemulsions without drug were
prepared using a similar process.

Characterization of the Nanoemulsion Formulation
Particle Size and Zeta Potential Analysis

Particle size distribution of the nanoemulsions was determined
with the dynamic light scattering (DLS) method using
Zetasizer 7S (Malvern, UK). Samples were diluted 1,000
times in deionized distilled water, and the nanoemulsion size
(%o intensity) was determined at a 90° angle and at 25°C using
a refractive index of 1.45. The polydispersity index (PDI) was
used for calculating the particle size distribution. The zeta
potential value of the nanoemulsion was also determined
using a Zetasizer ZS. Nanoemulsion samples diluted in dis-
tilled water were placed in an electrophoretic cell and the zeta
potential measured based on the electrophoretic mobility of
the nanoemulsion droplets.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) analysis was used to
determine the morphology of the nanoemulsions lipid core.
The samples were placed on Firmware-coated copper grids
(Electron Microscopy Science, Hatfield, PA) and were allowed
to air-dry after draining off the excess nanoemulsion using
Whatman filter paper. Negative staining was performed using
1% uranyl acetate for 10 min at room temperature and the
excess reagent was drained off using Whatman filter paper.
The resulting thin film of sample on the copper grid was
observed with a JEOL 100-X transmission electron micro-
scope (Peabody, MA).

Platinum Analysis

The platinum (Pt) concentration in samples was determined
using Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS). For Pt analysis, | mg of myrisplatin was dissolved in
0.1 ml of tetrahydrofuran in microwave tubes and 1 ml of acid
mixture (0.8 ml HNOj; and 0.2 ml HCI) was added, weighed
and microwaved. For Pt incorporated into a nanoemulsion,
0.1 ml of sample was transferred to microwave tubes and
0.8 ml of acid mixture (0.5 ml HNOj3 and 0.3 ml HCI) was
added. The weights of digest were recorded and diluted to
50 ml in water. All samples were further diluted prior to
analysis in 1.5% HNOj and 4% HCL. The analysis was
performed using Inductively Coupled Plasma-Mass



Targeted Platinum Therapy for Ovarian Cancer

2493

Spectrometry (ICP-MS) (Agilent 7500cx series ICP-MS). Pt
concentration in each sample was calculated using a Pt cali-
bration (1-50 ng/g) curve prepared from a NIST SRM 3140
standard.

Gadolinium Assay

A colorimetric assay using arsenazo III was employed to
determine free Gd** during the Gd-DTPA-PE synthesis and
also to quantify the free Gd content in the final product and
formulations as described previously (19,20). Samples assayed
for free Gd were prepared by mixing of a 50 pl sample with
100 pl of 0.2 mM arsenazo III solution and diluted to 1 ml
with water. Then 200 pl aliquots of these samples were added
to a 96 well plate and read at 652 nm on a Synergy HT plate
reader (BioTex). A standard curve of Gd with a linearity range
of 2-50 pg/ml was prepared using GdCl; and used to calcu-
late free Gd present in the samples.

T, Relaxivities

Magnetic resonance imaging (MRI) was used to determine T
relaxation times of the Gd containing formulations. Briefly,
0.2 ml of each nanoemulsion sample in tubes was run through
a phantom Brucker 500 MHz MRI machine (Bruker Biospec
20770, Bruker Biospin MRI, Inc, Billerica, MA) in a 4.7 T
magnetic field, creating MRI scans showing nanoemulsion
generated contrast as well as T time measurements. For
comparison Magnevist®, a clinically used Gd-DTPA chelate,
was also analyzed for T relaxation time at the same Gd
concentration as the Gd-nanoemulsions.

Monitoring of Free Pt, Gd and EGFR Levels in the Formulations

All the nanoemulsion formulations were tested for free Pt, Gd
and EGFRy,;, in the aqueous phase of formulations using an
ultra-filtration method (13). Nanoemulsions were placed in
Amicon Ultra centrifugal filter units (3,000 Da, Millipore) and
centrifuged at 3,500 rpm for 15 min. The nanoemulsion
along with the myrisplatin in the oil phase as well as the
surface anchored Gd and EGFRy,, conjugates remained in
the outer chamber and the aqueous phase moved through the
filter into the sample recovery chamber. The concentration of
Pt present in the aqueous phase was estimated by a colorimet-
ric assay using o-phenylenediamine, and Pt encapsulation
cfficiency was calculated. Free Gd and EGFRy,, present in
the aqueous phase were determined by arsenazo III and
HPLC assays, respectively, as described above.

Stability of Formulations in Plasma and Intravenous Infusions

Nanoemulsion formulations were diluted in plasma and in-
travenous infusion solutions, and were monitored for particle

size over 24 h at 37°C. The change in particle size as assessed
by DLS was used as an indicator of stability upon dilution. For
this assay, nanoemulsions were diluted 90% with fresh dog
plasma, sodium chloride (0.9%), dextrose (5%) or phosphate
buffered saline (PBS pH 7.4) and incubated at 37°C. Aliquots
of 10 ul were taken for analysis at 1,2, 4, 6, 8 and 24 h, diluted
1000-fold with distilled water and analyzed for particle size
using a Zetasizer ZS as described above.

In Vitro Cellular Uptake and Cytotoxicity Studies
Cell Culture Conditions

SKOV3 human ovarian adenocarcinoma cells (ATCC,
Manassas, VA) were grown in RPMI medium. A2780 and
A2780¢p (cisplatin resistant) human ovarian cancer paired
cells, generously provided by Dr. Zhenfeng Duan,
Massachusetts General Hospital (Boston, MA) were grown
in DMEM medium. Both RPMI and DMEM were supple-
mented with 10% fetal bovine serum and 1% penicillin/
streptomycin. All cell cultures were maintained in a humidi-
fied 95% O9/5% COy atm at 37°C.

Cellular Uptake of Nanoemulsions

The cellular uptake of non-targeted and EGFR targeted
fluorescent nanoemulsions in SKOV3 cells was investigated
by fluorescence microscopy. Rhodamine-labeled
nanoemulsions were prepared by loading Rh-PE (0.01%w/v)
in a manner similar to the method described in “Zn vitro cellular
uptake and cytotoxicity studies”. SKOV3 cells were seeded in
6-well plates over cover slips at a density of 100,000 cells/well.
After 24 h, cells were incubated for 5, 15, 30 or 60 min with 2 pl
of Rh-labeled nanoemulsions diluted with 2 ml of media per
well. Cells were then washed with PBS and fixed in
10% formalin for 30 min. The coverslips were inverted
onto a glass slide with a drop of Slowfade® Gold
Antifade mounting media supplemented with DAPI and in-
cubated for 30 min in the dark. Images were captured to
visualize fluorescence using a Zeiss confocal microscope

(LSM-700) at 60X magnification.
Cytotoxicity in Drug-Sensitive and Drug-Resistance Tumor Cells

SKOV3, A2780 and A2780¢p cells were seeded at 3000 cells/
well in 96-well plates and allowed to adhere overnight. Cells
were then treated with cisplatin in PBS, and myrisplatin or
ceramide in nanoemulsions at concentrations ranging from
0.01 uM to 100 pM for 72 h. Controls were blank
nanoemulsions and vehicles without drug. RPMI or DMEM
growth media was used as a negative control and treatment
with 0.25 mg/ml poly(ethyleneimine) (10,000 Da), a cationic
cytotoxic polymer, was used as the positive control. After 72 h

@ Springer



2494

Ganta et al.

of treatment, cells were washed with complete media and
incubated with 50 ug MT'T reagent per well for 3 h. Viable
cells reduce the tetrazolium compound into an insoluble
formazan dye. Then 150 pL. DMSO was added to dissolve
the formazan crystals and the plates were read at 570 nm
using a Bio-Tek Synergy HT plate reader (Winooski, V'T) and
the percent cell viability values were determined relative to the
negative control after subtracting background values. The
treatment producing 50% inhibition of cell viability (IC5()
was calculated using GraphPad® Prism 5.

Ceramide’s proapoptotic effect on Pt potency was evaluat-
ed by treating cells with the myrisplatin and Cg-ceramide
combination. Cells were treated with myrisplatin concentra-
tion ranging from 0.001 to 50 uM plus concentrations of
ceramide ranging from 0.001 to 50 pM for 72 h. The Pt
treatment producing a drop in the IC5( in presence of cer-
amide was calculated and the best treatment ratio between Pt
and ceramide was determined. Additionally, the combination
index (CI) was calculated for combination agents using the
classic isobologram equation of Chou and Talalay (21,22),
CI=a/A+b/B, where, ‘@’ is the myrisplatin IC5y in combi-
nation with CER at concentration ‘b’, A is the
myrisplatin IC5, without CER, and B is the CER IC5 in
the absence of myrisplatin. According to this equation, when
the CI < 1, the interaction is synergistic; when the CI = 1, the
interaction is additive; and when the CI > 1, the two agents
are antagonistic.

Data Analysis

Data are reported as the average and standard devia-
tion. Comparisons between the groups were made using
student’s ftest and with more than two groups, the ANOVA
test was used. Values of $<0.05 were considered statistically
significant.

RESULTS

Synthesis and Characterization of Lipophilic
Pt and Lipidated Conjugates

A Pt prodrug with the lipophilic characteristics needed for
encapsulation in a stable nanoemulsion formulation was de-
signed. Using a two-step aqueous reaction we synthesized
myrisplatin as the lipophilic Pt prodrug to be incorporated
into the oil core of the long circulating targeted nanoemulsion
formulations (Fig. 1). NMR and RAMAN analysis confirmed
the structure of the lipophilic platinum complex (Fig. 1).

An EGFR specific peptide was chosen as the targeting
modality for ovarian cancer cells because the EGF receptor
is overexpressed in most aggressive ovarian epithelial cancers.
We (8,23-26) and others (27,28) have shown that EGFR
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containing molecules target EGFR-expressing tumors. The
EGFR targeting capability was established through the
use of a non-mitogenic lipidated-version of the 12 ami-
no acid peptide, designated EGFRy,, which shares no
homology with human EGF and was isolated from a
phage display library (28). The EGIR;,-PEG00DSPE
conjugate was synthesized by reacting the sulthydryl (—SH)
group of the terminal cysteine of the peptide with the
maleimide functional group of the MAL-PEGg,00DSPE
construct. The EGFR-PEGyy00DSPE conjugate was pu-
rified and characterized before being incorporated into the
nanoemulsions.

The paramagnetic agent, Gd, was chelated to the DTPA-
PE conjugate for incorporation into the nanoemulsion as a
contrast enhancement functionality suitable for visualization
by MRI. The DTPA-PE complex was synthesized and the
complex formation and purity were confirmed by an Ry value
of 0.4 using a TLC method (29). In the subsequent step, an
arsenazo I1I assay was employed to monitor the Gd chelation
and amount of free Gd binding. The amount of Gd in the
conjugate was about 9.8%w/w. The relaxation time (T')) of
aqueous solution of Gd-DTPA-PE was measured by MRI.
Compared to the T of 3,200 msec for plain water, the T} of
183 msec for the Gd-DTPA-PE conjugate with 10 mM of Gd
confirmed that the Gd retained its magnetic properties in the
DTPA-PE complex.

Formulation and Processing Conditions

A multi-functional theranostic nanoemulsion encapsulating
myrisplatin and ceramide was produced using a high shear
microfluidization process (Fig. 2). The processing conditions
(25,000 psi for 10 cycles) were optimized to obtain
nanoemulsions with particle size below 150 nm. Higher pro-
cessing pressure and more cycles did not improve this result as
noted previously (12). The lipidic core of the nanoemulsion
formulation was flax seed oil, which is rich in omega-3 and
omega-6 polyunsaturated fatty acids and solubilizes a signifi-
cant amount of hydrophobic compound. The amount of
myrisplatin and Cg-ceramide in the flax seed oil was approx-
imately 25 mg/g and 50 mg/g, respectively. The main con-
stituents of flax-seed oil that promote solubility of poorly
aqueous soluble compounds are linolenic acid (57%), an
omega-3 fatty acid, and linoleic acid (17% by weight), an
omega-6 fatty acid. In a series of initial experiments, the
optimal composition of the nanoemulsion formulations was
evaluated with respect to the lipid core, the emulsifier concen-
tration and the particle size (data not shown). Amphiphilic
surfactant, egg lecithin, was used as the emulsifier in the
nanoemulsion formulation that stabilizes the oil dispersion in
water by forming a phospholipid monolayer at the oil-water
interface. PEG-modification was employed in the formula-
tion to enhance the circulation time of the formulation in
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blood. Specifically, PEGy5y0DSPE was incorporated in the
nanoemulsion formulation with its phospholipid component
distributed into the phospholipid monolayer and the PEG
chains oriented outside the oil core and into the aqueous
environment. For high affinity targeting to ovarian cancer
cells, lipidated EGFRy,, conjugated to PEG-DSPE was stabi-
lized in the oil core with DSPE. Additionally, Gd chelated to

DTPA-PE was incorporated into the formulation in order to
visualize drug distribution and to monitor disease progression
in the clinic. As with the targeting ligand, Gd 1ons also reside
on the outer surface of the oil core and extend into the
aqueous environment. This orientation provides a suitable
environment for Gd longitudinal relaxivity and generating
contrast for MRI.
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binding peptide for MRI functionality and targeting, respectively.
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Characterization of Nanoemulsion Formulations
Size Distribution, Zeta Potential and TEM Analysis

Particle size distribution and zeta potential values of formula-
tions are summarized in Table I. The average particle size of
the blank nanoemulsion was 140 nm. The incorporation of
myrisplatin and ceramide into the formulation did not signif-
icantly change the hydrodynamic size of the nanoemulsion.
The DLS method verified these results (Fig. 3). Additionally,
the PDI for all the formulations was below 0.1 indicating a
narrow size distribution of the nanoemulsions. TEM images
of negatively stained nanoemulsions showed that the lipid
cores were spherical and uniform in size (Fig. 3). The Zeta
potential measurements of the nanoemulsions showed a
charge in the range of —49 to —59 mV. Nanoemulsion
formulations prepared using myrisplatin and Cg-ceramide
alone or Rh-PE exhibited similar size distribution.

Pt, Gd and EGFR,, Analysis

Presence of Pt in the formulations was quantitated by ICP-MS
at the Nanotechnology Characterization Laboratory and
showed that the nanoemulsions contained the expected
amount of Pt, ~1 mg/ml. There was no free Pt in the aqueous
phase. This high drug encapsulation efficiency of the
nanoemulsions was attributed to the relative lipophilicity of
the myrisplatin, which was retained in the oil core of the
nanoemulsion. In addition, formulations were tested for free
Gd and EGFRy,, in the aqueous phase of the formulations.
There was no free Gd or EGFRy,, in the aqueous phase
indicating that the Gd-DTPA-PE and EGFRy-
PEG0oDSPE conjugates remained intact during the
manufacturing of the nanoemulsion formulation.

T, Relaxation Time

The clinical application of MRI requires organ specific differ-
ential contrast for the visualization of disease. Chelates of Gd
such as the Gd-DTPA complex generate contrast by increasing
the relaxation time of nearby water protons and are used in
approximately half of all diagnostic MRI procedures (30). Gd

Table | Characterization of Nanoemulsion Formulations

chelated to DTPA-PE was incorporated into the nanoemulsion
and 1its longitudinal relaxivity of water was measured using
MRI. The contrast efficiency was comparable to the clinically
approved gadopentetate dimeglumine (Magnevist®) contrast
agent at a 10 mM Gd concentration (Table II).

Stability of Formulations in IV Infusions and Plasma

The physical stability of the theranostic nanoemulsions in
plasma and parenteral infusions was evaluated by measuring
the particle size distribution over 24 h (Fig. 4). The particle
size did not change significantly (P>0.05) indicating that both
non-targeted and EGFRy,,-targeted formulations were intact
and that there was no particle aggregation or disruption in
presence of either a high electrolyte concentration or plasma
proteins. These data suggest that the theranostic
nanoemulsion formulations would be stable i vivo in the blood
circulation, show longer residence time, and increase tumor
accumulation through the EPR effect.

Cellular Uptake of Fluorescent Labeled Nanoemulsions

Studies with fluorescently labeled nanoemulsions showed that
both the non-targeted and EGFR targeted formulations were
efficiently taken up by SKOV3 cells. Specifically, EGFR
targeted nanoemulsions demonstrated more rapid uptake at 5
and 15 min than the non-targeted nanoemulsions (Fig. 5). At
30 min, uptake for both nanoemulsions seemed equivalent.
However, EGFR targeted nanoemulsion accumulation ap-
peared to be significantly higher at 60 min than the uptake of
the non-targeted nanoemulsion. The observed more rapid up-
take and higher accumulation of the EGFR targeted
nanoemulsion could be the result of receptor-mediated
uptake by SKOV3 cells. These results also indicate the
potential advantage of using EGFR as an active targeting
moiety for ovarian tumor specific delivery as well as for rapid
uptake into tumors.

Cytotoxicity Screening

The in vitro cytotoxicity of cisplatin and the nanoemulsion
formulations was compared in SKOV3, A2780 and

Formulations Hydrodynamic diameter of nanoemulsion droplets ~ Zeta Potential (mV) Pt encapsulation efficiency
Size (nm) PDI

Blank nanoemulsion 140+ 1.6 0.04 —49=10 -

Myrisplatin/ceramide nanoemulsion (non-targeted) 141 =3.0 0.10 —54=+9 100%

Myrisplatin/ceramide nanoemulsion (EGFR targeted) 146 +=4.0 0.10 —-59=10 100%

The values are shown as Avg = SD, n=3
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Fig. 3 Transmission electron microscopy images (a) non-targeted and (b) EGFR Targeted) and size distribution plots () of theranostic nanoemulsions produced

by high shear microfluidization process using LV | Microfluidizer.

A2780¢p ovarian cancer cell lines (Table IIT). SKOVS3 cells,
which express EGFR, showed an intrinsic resistance to the
parent drug cisplatin with an IC5 of 18 M. Encapsulation of
the novel platinum prodrug, myrisplatin, in a non-targeted
nanoemulsion or an EGFRy,-targeted nanoemulsion resulted
in significant increases in cytotoxicity as compared to cisplatin
(3.3-fold and 7.6-fold, respectively). Thus, encapsulation of
myrisplatin significantly improved the effectiveness of Pt-
based cytotoxicity. The addition of the EGFRy,, targeting
ligand increased cytotoxicity about 2-fold compared to the
non-targeted nanoemulsion in this cell line. A dramatic shift in
cytotoxicity occurred with the dual payload of ceramide and
myristatin at a 1:5 molar ratio. Indeed, the combination

Table Il Estimate of Relaxation Times (T |) of Gadolinium in Nanoemulsions
Using Magnetic Resonance Imaging

Formulations T1 relaxivities (msec)
Magnevist® (Gd-DTPA) 22+03
Non-targeted Nanoemulsion 35+ 14

EGFR targeted Nanoemulsion 47 x1

proved to be synergistic (Table IV) and was 39.6-fold more
potent than the myrisplatin only nanoemulsion formulation.
Moreover, the EGFRy,-targeted nanoemulsion (myrisplatin/
ceramide NE (T)) was 50.5-fold more potent than cisplatin in
SKOV3 cells (Table III). Blank nanoemulsions did not pro-
duce any cytotoxicity.

A2780 (cisplatin sensitive) and A2780¢p (cisplatin resistant)
cell lines, which do not express EGFR, were also used in
cytotoxicity assays (Table III). A2780¢p cells showed signifi-
cant resistant to both cisplatin and ceramide; while A2780
cells were much more sensitive. Myrisplatin in the
nanoemulsion formulation demonstrated significantly higher
cytotoxicity in both A2780 and A2780¢p cell lines than cis-
platin. Additional data indicated that the nanoemulsion
loaded with myrisplatin is much more potent than cis-
platin. Overall, the nanoemulsion formulation signifi-
cantly improved cell kill by myrisplatin/ceramide in
cisplatin resistant and sensitive ovarian cancer cell lines.
The myrisplatin in nanoemulsion is more potent than
cisplatin and the combined myrisplatin/ceramide miti-
gated platinum resistance in both EGFR-positive SKOV3
or EGFR-negative A2780¢p cells.
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Fig. 5 Fluorescent microscopy images showing uptake of Rh-PE (Red)
labeled non-targeted and EGFR targeted nanoemulsions in SKOV3 cells.
DAPI (Blue) was used to stain nucleus of SKOV-3 cells. Images were captured
using Zeiss confocal microscope (LSM-700) at 60X magnification.
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DISCUSSION

Cisplatin is used to treat ovarian cancer patients, but there is
significant dose related nephrotoxicity. Carboplatin, which
has virtually replaced cisplatin for patient treatment, forms
reactive species more slowly than cisplatin and has a much
better, but still significant, toxicity profile including renal
damage, electrolyte loss, nausea and vomiting. Recently plat-
inum compounds containing a monocarboxylate and O -> Pt
complexation resulted in a faster release of DNA reactive
adducts comparable to cisplatin (31), and formed the basis
for designing some lipophilic Pt derivatives suitable for
nanoemulsion encapsulation. In this paper, we report the
development of a novel lipophilic platinum containing
theranostic nanoemulsion with multiple drug loading, tumor
targeting and diagnostic capabilities. The overall design of the
nanoemulsion should mitigate nephrotoxicity and be an effi-
cacious platinum therapy for women with advanced and Pt-
resistant ovarian cancer.

To maintain the potency of cisplatin, but limit side effects,
particularly nephrotoxicity we investigated novel hydrophobic
platinum-derivatives that could be sequestered in the lipid
core of a stable nanoemulsion. Nanomedicines with a diame-
ter >5 nm avoid clearance by the kidney. Therefore our
nanoemulsions, which are about 100-200 nm in diameter,
should provide a suitable system to minimize kidney platinum
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Table Il The 50% Inhibitory Concentration of Platinum and C4-Ceramide Alone and in Combination on Ovarian Cancer Cell Lines

Treatment type SKOV3 Pt-potency fold A2780 Pt-potency fold A2780cp Pt-potency fold
enhancement enhancement enhancement

Cisplatin in PBS 182=0.1 uM — 3.6=0.1 uM — 96.5=0.1 uM —

Ceramide in DMSO 10=0.1 uM — 9.6=0.1 uM — 302 uM —

Ceramide NE (NT) 9.1 0.1 uM — [.5=0.01 uM — [.3+0.02 uM —

Ceramide NE (T) 83=0.1 uM — ND ND ND —

Myrisplatin NE (NT) 55=0.1 uM 33 024+001 uM I5 0.8=0.01 uM 120.6

Myrisplatin NE (T) 24=0.1 uM 7.6 042+0.01 uM 8.6 ND ND

Myrisplatin/ceramide NE (NT) 0.46=0.01 uM 39.6 0.16=0.01 uM 22.5 04=0.02 uM 2413

Myrisplatin/ceramide NE (T) 0.36=0.01 uM 50.5 ND ND [.1=0.01 uM 87.7

A2780 & A2780cp cells do not express EGFR, thus ICso not determined (ND) for targeted systems
In case of combination treatment, platinum to ceramide molar ratio was 1:5 in the formulation

exposure. With the understanding that we wanted to maintain
a hydration rate similar to cisplatin by creating an O—>Pt
complexation we developed the methodology to attach a
single chain of myristic acid to cisplatin and successfully
changed cisplatin’s physicochemical properties by making it
more lipophilic. The resulting hydrophobic platinum-
derivative, myrisplatin, is thus suitable for encapsulation in
the lipid core of a nanoemulsion. The high solubility of
myrisplatin into the lipid core enabled good encapsulation
efficiency.

A second reason for encapsulation of platinum in a
nanoemulsion is to design additional features into the delivery
system that could assist in mitigating Pt-resistant mechanisms.
Mechanisms of Pt-resistance include: reduced platinum influx,
increased platinum efflux, escape from apoptosis, sequestra-
tion by chemical conjugation, or increased DNA repair (32).
The present nanoemulsion is designed to enhance platinum
influx by receptor-mediated endocytosis, potentially reduce
platinum efflux and diminish escape from apoptosis.

To enhance influx the surface of the nanoemulsion was
functionalized with an EGFRy,,, which preferentially binds
with high affinity to the EGF receptor and undergoes
receptor-mediated endocytosis of the targeted nanoemulsion.
Encapsulation of the prodrug, myrisplatin, in the lipid core of
the nanoemulsion protects the platinum from the elemental

Table IV Platinum and Ceramide Combination Index (Cl) Against SKOV3
Ovarian Cancer Cells

Combination type SKOV3

cl Interaction type
Cisplatin/Cg-ceramide 0.46 Synergetic
Myrisplatin/Cg-ceramide NE (NT) 0.86 Synergetic
Myrisplatin/Cg-ceramide NE (T) 0.80 Synergetic
Cl < I, synergetic; Cl = |, additive; Cl > |, antagonistic

platinum-efflux mechanisms. Additionally, co-delivery of the
pro-apoptotic molecule Cg-ceramide mitigates apoptosis es-
cape mechanisms.

Normally clinical diagnosis of efficacy takes a long time to
determine, but for patients suffering with advanced ovarian
cancer time is critical. A Pt-delivery vehicle that can inform
the physician of drug up take by a tumor in a short time and in
a non-invasive manner was designed by functionalizing the
surface of the nanoemulsion with Gd-DTPA-PE chelate. This
design with the chelate-Gd residing on the outer surface of the
nanoemulsion provides a suitable environment for Gd longi-
tudinal relaxivity and generates contrast for MRI, thus
allowing rapid visualization of drug uptake and potentially
quicker monitoring of disease progression in ovarian cancer
patients.

Disease specific targeting is important to deliver higher
concentrations of chemotherapy to the tumor and should have
the added benefit of limiting side effects by minimizing sys-
temic distribution. EGFR is a member of the HER/erb family
of receptor tyrosine kinases, and its overexpression is associat-
ed negatively with progression-free and overall survival in
ovarian cancer (33). In light of the correlation with poor
clinical outcome we investigated whether targeting EGFR
could enhance  vitro potency. EGFR targeting was achieved
through the use of a lipidated-version of a 12 amino acid
peptide that has demonstrated efficient binding and preferen-
tial internalization into EGFR over expressing tumor cells
in vitro, and tumor xenografts i vwo (8,25,27,28). The current
study found that EGFR targeting enhanced the potency of
myrisplatin as compared to the non-targeted approach.

Non-targeted nanoemulsion formulation created for this
study has a size below 150 nm (Table I), and shows effective
uptake by ovarian cancer cells. Although uptake mechanisms
of these nanoemulsion formulations have yet to be studied in
detail, in general nanoemulsions fuse with cellular membrane
and most likely undergo non-specific transport via phagocy-
tosis. This passive mechanism improved the potency of
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myrisplatin when compared to cisplatin @ vitro. However
greater potency was observed when the nanoemulsion was
functionalized with EGFRy,, to facilitate specific uptake via
EGFR mediated endocytosis. Both these mechanisms, i.e.
passive lipid membrane fusion or receptor-mediated endocy-
tosis, mitigated Pt-resistance associated with poor Pt-influx
mnto the cell.

The potency of myrisplatin is significantly improved by
combining myrisplatin with ceramide in the nanoemulsion
formulation. Myrisplatin and ceramide show synergy in cyto-
toxicity assays cither with the EGFR-targeted or non-targeted
nanoemulsion formulation. The remarkable increase in po-
tency with this combination should be a benefit to therapy and
also limit toxic side effects. For example, less Pt can be loaded
with ceramide, which would still achieve the same eflicacy as
cisplatin alone. Our combination nanoemulsion showed a 50-
fold increase in cytotoxicity as compared to cisplatin, a finding
that suggests the myrisplatin/ceramide could be reduced 50-
fold and still be as effective as cisplatin alone. In such a case,
the overall body burden of the toxic drug would be greatly
reduced thereby reducing unwanted side effects.
Alternatively, the drug loaded nanoemulsion could be given
less frequently while still achieving good efficacy and reducing
the long term chemotherapeutic burden to the body.

Ceramide was chosen as the apoptosis enhancer for several
reasons. First, exogenous administration of ceramide aug-
ments proapoptotic activity of a number of anticancer agents
(8,34,35). Second, one mechanism of tumor apoptosis resis-
tance is depletion of intracellular ceramide. The regulation of
ceramide levels involves many enzymes, including ceramide
synthase, and glucosylceramide synthase (GCS), which pro-
vides a major route for ceramide clearance. Over-expression
of GCS 1s associated with decreased rates of apoptosis in many
cancer types (36,37). Replacement of ceramide induces apo-
ptosis via the inhibition of Akt pro-survival pathways, mito-
chondrial dysfunction and stimulation of caspase activity,
ultimately leading to DNA fragmentation (38). While the
therapeutic benefits of ceramide seem ideal to enhance the
efficacy of chemotherapeutics, there are obstacles in the de-
livery of ceramide: hydrophobicity, cellular permeability, and
metabolic inactivation (39,40). Our nanoemulsion provides a
drug delivery system that protects ceramide from systemic
enzymatic degradation.

Another key challenge in ovarian cancer diagnosis and
therapy is the ability to follow drug pharmacodynamics within
the tumor region in real time. The nanoemulsion created for
this study was designed as a theranostic capable of simulta-
neously imaging and targeting drug delivery to EFGR-
positive ovarian tumors. The nanoemulsion surface is func-
tionalized with the paramagnetic ion, Gd for MRI contrast
enhancement. The nanoemulsion formulations had reduced
magnetic relaxation times  vitro comparable to clinically
relevant Mangevist®. Such a theranostic nanoemulsion allows
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visualization of the myrisplatin/ceramide pharmacodynamics
with the potential to monitor tumor progress. If there is little
MRI contrast enhancement in the tumor, clinicians will have
the opportunity to adjust the dosing regimens or change
therapies if the theranostic nanoemulsion is not effective.

Opverall, this study demonstrates that the theranostic prop-
erties of a targeted Pt nanomedicine should be advantageous
for the treatment of highly aggressive EGFR-positive ovarian
cancer. As most ovarian cancers will eventually become Pt-
resistant we show that co-delivery of myrisplatin and ceramide
has a synergetic potency capable of overcoming Pt-resistance.
The diagnostic potential of the nanoemulsion is designed for
direct monitoring of nanomedicine uptake and has potential
for monitoring disease progression. While further preclinical
efficacy, imaging and toxicology investigations are required to
confirm these results the medical utility of this novel
nanomedicine configuration based on the initial results is
promising.

CONCLUSIONS

We developed a novel theranostic nanomedicine that co-
delivers myrisplatin and ceramide, and shows enhanced cyto-
toxicity capable of overcoming Pt resistance  vitro. The
diagnostic capability of the nanomedicine shows magnetic
relaxation times similar to the clinically relevant MRI contrast
agent Magnevist®. Initial tests indicate that this novel
theranostic nanomedicine demonstrates great potential to
treat difficult cancers like ovarian cancer. Myrisplatin, a novel
platinum product, was designed for encapsulation in the lipid
core of the nanoemulsion composed of GRAS grade excipi-
ents suitable for parenteral administration. This encapsulation
of myrisplatin in a nanoemulsion was more potent than cis-
platin in 2 vitro ovarian cancer cytotoxicity assays. Co-delivery
of myrisplatin with Cg-ceramide, a pro-apoptotic agent, ad-
ditionally enhanced the potency of the nanoemulsion formu-
lation and the combination was capable of reversing Pt-
resistance in A2780¢p ovarian cancer cells. The addition of
the targeting ligand EGFRy,, further increased potency in an
EGFR positive SKOV3 ovarian cancer cell line. The
multifunctionality of this novel Pt nanoemulsion formulation
demonstrates that clinically relevant capabilities can be de-
signed into nanomedicines and that each design has perfor-
mance characteristics equal to or better than its current day
clinical counterpart. An especially attractive feature of the
nanomedicine design is the ability to overcome multiple Pt-
resistance mechanisms (e.g. reduced influx, enhanced efflux,
and escape from apoptosis). Such a therapeutic should
have significant application in the treatment of ovarian
cancer as well as other cancers where platinum therapy is the
standard of care and patients are at risk of developing
Pt-resistant tumors.
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