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ABSTRACT

Purpose Cancer multi-drug resistance is a major issue associated
with current anti-tumoral therapeutics. In this work, Crizotinib an
anti-tumoral drug approved for the treatment of non-small lung
cancer in humans, and Sildenafil (Viagra®), were loaded into
micellar carriers to evaluate the establishment of a possible syn-
ergistic anti-tumoral effect in breast cancer cells.

Methods Micellar carriers comprised by PEG-PLA block co-
polymers were formulated by the solvent displacement method in
which the simultaneous encapsulation of Crizotinib and Sildenafil was
promoted. Encapsulation efficiency was analyzed by a new UPLC
method validated for this combination of compounds. Micelle physi-
cochemical characterization and cellular uptake were characterized by
light scattering and confocal microscopy. The bio- and
hemocompatibility of the carriers was also evaluated. MCF-7 breast
cancer cells were used to investigate the synergistic anti-tumoral effect.
Results Our results demonstrate that this particular combination
induces massive apoptosis of breast cancer cells. The co-delivery of
Crizotinib and Sildenafil was only possible due to the high encapsu-
lation efficiency of the micellar systems (>70%). The micelles with
size ranging between 93 and 127 nm were intemalized by breast
cancer cells and subsequently released their payload in the intracel-
lular compartment. The results obtained demonstrated that the
delivery of both drugs by micellar carriers led to a 2.7 fold increase
in the anti-tumoral effect, when using only half of the concentration
that is required when free drugs are administered.

Conclusions Altogether, co-delivery promoted a synergistic
effect and demonstrated for the first time the potential of
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PEG-PLA-Crizotinib-Sildenafil combination for application in
cancer therapy.
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INTRODUCTION

Breast cancer is currently one of the most diagnosed solid
tumors in women (1). In 2010, nearly 1.5 million of women
were affected worldwide by this disease (2,3). The currently
available chemotherapies are still largely restricted due to
their deleterious side effects and poor efficacy for late stages
of disease (4). Such limitations are associated with the lack of
specificity towards cancer cells, leading to drug partitioning in
other tissues and organs, particularly in the liver, lungs, kidney
and heart (5). This bottleneck significantly reduces the bio-
availability of chemotherapeutics at the target tumor site and
is also responsible for extending the period during which anti-
tumoral drugs are administered to patients (6). Moreover, the
rapid systemic clearance of drugs and the difficulty of pene-
trating into deep tumor regions further contributes for the
neffectiveness of the existing treatments (7). Delivery of cur-
rent available chemotherapy agents through nanocarriers has
demonstrated to increase their therapeutic effectiveness and
prolong patient survival rates (8). In fact, the loading of che-
motherapeutics in drug delivery systems, utterly modulates
their pharmacokinetic/pharmacodynamic profiles, especially
their serum half-life and bioavailability at the target site (8).
Several different types of nanoparticles have been produced
for this purpose with organic, inorganic or combinations of
these materials (9,10). However, the toxicity, limited drug
loading and retention are some of the drawbacks associated
with the majority of these systems (9,10). Conversely, amphi-
philic polymeric nanoparticles present excellent biocompati-
bility, possibility of chemical modification, increased drug
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loading capacity and facile manufacturing, through self-
assembly (11). Micelles produced with amphiphilic co-
polymers are more stable in biological environments and
more biocompatible in comparison to those formulated by
surfactants, such as cetyltrimethylammonium bromide
(C'TAB) and sodium dodecyl sulphate (SDS) (12,13). In this
unique core-shell architecture the drug is protected from
biological degradation and its cytotoxic side effects are signif-
icantly reduced (14). Poly (ethylene glycol)-poly (lactic acid)
(PEG-PLA), a Food and Drug Administration (FDA) ap-
proved delivery system, is one of the most used amphiphilic
polymers due to its stealth capacity, granted by the PEG
moiety, and high drug loading capacity, conferred by the
hydrophobic interactions that occur between hydrophobic
drugs and PLA chains (15). Chemotherapy agents such as,
Doxorubicin, Daunorubicin and Mitoxantrone are common-
ly used for the treatment of breast cancer, but their continuous
administration is responsible for the development of multi
drug resistant cancer cells, restraining the effectiveness of these
treatments (16,17). Such phenomenon is owed to the overex-
pression of efflux pumps, membranar proteins that shuttle
chemotherapeutics to the extracellular medium (17). In this
context, the strategy of co-administration of two or more
drugs for cancer therapy has tremendous advantages since
synergistic therapeutic effects can be obtained for cancer
therapy, as previously described in literature (18,19). Howev-
er, the limited drug bioavailability and pharmacokinetics
when administered intravenously in its free form, still hampers
this approach. The use of nanotechnology in co-delivery has
demonstrated successful results, specially using micellar car-
riers (20). Lee et al. 2009, reported a synergistic effect between
Paclitaxel and Herceptin when delivered to breast cancer cells
through cationic micellar nanoparticles (21). Zhang et al. 2007,
have achieved similar synergistic effect when co-delivering
Doxorubicin and Docetaxel to prostate epithelial cells by
using polymeric micellar vehicles (20).

However, some of these drugs still have side effects a fact
that compromises their usage and forces the finding of new
strategies and synergies. In this context, Crizotinib (PF-
2341066), an anti-tumoral drug that has been recenty ap-
proved by the FDA for non-small lung cancer arises as an
interesting bioactive molecule to be used also in breast cancer
therapy (22). Crizotinib, acts as a potent inhibitor of c-MET a
gene that encodes for the hepatocyte growth factor receptor
(HGFR), and also of anaplastic lymphoma kinase (ALK)
phosphorylation, and has also the ability to induce apoptosis
via Gaspase-3, as well an anti-angiogenic potential (23). Fur-
thermore, it is also described that this drug specifically inhibits
the MDRI1 efflux transporter, coded by ABCBI1 gene, both
in vitro and in vivo (24). Therefore, it is highly valuable to
explore its simultaneous co-delivery with other drugs that
have a broad spectrum of inhibition of ATP-binding cassette
(ABC) transporters, in order to promote an improved effect

(25). Sildenafil, a potent phosphodiesterase inhibitor, also
possess an antagonist effect on ABC efflux pumps, since it
inhibits the action of MDRI, breast cancer resisting protein
(BCRP) and multidrug resistance-associated protein 1
(MRP1), which are present in breast cancer cells (26). In this
work, a synergistic anti-tumoral effect was achieved when
Crizotinib and Sildenafil were simultaneously delivered
through PEG-PLA micellar vehicles to breast cancer cells.

MATERIALS AND METHODS
Materials

Metoxy Poly (ethylene glycol) (mPEG) 2000 was obtained from
Nanocs (New York, USA). Dulbecco’s Modified Eagle’s Medium
(DMEM), Resazurin and Rhodamine B Isothiocyanate (RITC)
were acquired from VWR Internacional (Carnaxide, Portugal).
MCF-7 (ATCC® HTB-22) mammary gland adenocarcinoma
cell line was obtained from ATCC (Middlesex, United Kingdom)
and primary normal human dermal fibroblasts (hFIB) from
Promocell (Heidelberg, Germany). Stannous Octoate (Sn(Oct)o)
was purchased from (Cymit Quimica, Barcelona, Spain). PT-
02341066 (Crizotinib) and PI-4540124 (Sildenafil) were pur-
chased from Tocris Bioscience (Nortpoint, United Kingdom).
CellEvent™ Caspase-3/7" and Hoechst 33342® were obtained
from Invitrogen (Carlsbad, USA). L-Lactide monomer and
Pyrene were acquired from TCI (Tokyo Chemical Industry,
Co., LTD., Japan). 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
(MTS) was obtained from Promega (Madison, WI, USA).
Phalloidin CruzFluor® 647 was obtained from Santa Cruz Bio-
technology (Santa Cruz Biotechnology, Santa Cruz, Canada).

Methods
Synthesis of mPEG-PLA

The polymerization process of PEG-PLA co-polymers was
performed as described previously in the literature (27). Ini-
tially, a 1:305 molar ratio of mPEG:L-LA were weighted into
a reaction flask. Afterwards, dry toluene was injected in the
reaction flask followed by the addition of Sn(Oct)y (0.1%).
Ring Open Polymerization (ROP) was carried out at 120°C
for 8 h. The resulting product was dissolved and recovered by
precipitation, in methanol (MetOH). The block co-polymer
was afterwards dialyzed during 5 days and freeze-dried
(Scanvac CoolSafe™, ScanLaf A/S, Denmark).

Nuclear Magnetic Resonance

"H Nuclear Magnetic Resonance (NMR) spectra was ac-
quired in a Briiker Advance III 400 MHz spectrometer
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(Briikker Scientific Inc, USA) using Deuterated Chloroform
(CDCls) as solvent. The recorded spectra were processed with
the TOPSPIN 3.1 software (Briiker Scientific Inc). All the
assignments in '"H NMR spectra were performed in accor-
dance to the chemical shifts previously reported in the litera-
ture (28). The number average molecular weight (Mn) of the
PLA chain and the degree of polymerization of PLA were
determined as previously described by Li and co-workers (28).
A total of five replicates were performed.

Micelle Self-Assembly - Film Hydration Method

PEG-PLA micelles were formulated via the film-hydration
method (also known as solvent displacement method), as
described in the literature (29). For micelle self-assembly,
10 mg of PEG-PLA block co-polymers dissolved in 1 mL of
a 1:1 (v/v) mixture of Dicloromethane (DCM)/MetOH and
transferred to a round-bottom flask. 2.22x 107 mol of
Crizotinib/mg of polymer (100 pg of Crizotinib dissolved in
MetOH) were added to the mixture, which was evaporated
(Rotavap”™ R-215, Biichi, Switzerland), subsequently hydrat-
ed with 1 mL of ultrapure water, sonicated for 30 min
(Branson Ultrasonic Corp., CT, USA) and further recovered
by centrifugation (30,000 X g, 40 min). The self-assembly of
dual drug loaded micelles was also prepared with this meth-
odology by adding also 100 pg of Sildenafil (MetOH) in the
first step, simultaneously with Crizotinib. Following the ter-
minology used above to name micelles, drug loaded micelles
are termed as PL C (Crizotinib loaded PEG-PLA micelles)
and PL CS (Crizotinib and Sildenafil loaded PEG-PLA
micelles).

Determination of the Critical Micellar Concentration

The critical micellar concentration (CMC) of the different
PEG-PLA co-polymers was determined by using pyrene
(0.6 pM) as previously described elsewhere (30). To calculate
the CMC different polymer concentrations ranging from
0.001 to 2,000 pg/ml were used. Fluorescence was
monitored on a Spectramax Gemini XS spectrofluorom-
eter (Molecular Devices LLC, USA) as reported by
Layek and co-workers (30).

Haemolysis Assay

Red Blood Cells (RBC) extracted from Wistar rats were
incubated with a range of concentrations (50 and 500 pg/
mL) of PEG-PLA micelles for 1 h, at 37°C. Phosphate Buffer
Saline (PBS) and Triton-X100 incubated RBC’s were used as
negative and positive controls, respectively. The determina-
tion of free haemoglobin was performed by ultraviolet-visible
(UV-vis) analysis at A=540 nm (Shimadzu Inc., Japan). Addi-
tionally, the integrity of the RBC’s was also characterized by
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Scanning Electron Microscopy (SEM). For this analysis RBC’s
were prepared as previously described by Akgiil et al. 2010
(31). The dehydrated RBCs were dispersed in a cover glass for
posterior SEM analysis as described below.

Encapsulation Efficiency and Release Profile Samples Analysis

Encapsulation efficiency was quantified through chromato-
graphic analysis by using an Agilent 1200 Ultra Performance
Liquid Chromatography (UPLC) system, equipped with an
Agilent 1290 Infinity Detector (G4212A DAD). All the chro-
matographic runs were performed in an Agilent Zorbax
Eclipse Cg column (5 pm, 4.6 X 150 mm) (Agilent Technolo-
gies, CA, USA), at 30°C. For UPLC analysis the remaining
supernatants, after particle recovery, were injected in the
column. Traces of drugs that could remain in the balloon
used for micelle assembly were also analyzed. The encapsula-
tion efficiency of both Crizotinib and Sildenafil was then
calculated as follows:

) . ([Dmg]imu‘ul’ ([Dmg]supvrm\ldm + [Drug]ﬂu.\k)
Encapsulation Efficiency (%) = x 100
[Drug]

initial

The method for dual drug quantification was optimized
from a method previously described for Sildenafil (32). The
mobile phase used for the chromatographic runs was com-
posed of Nao,HPO, (0.015 M pH 7.4) and 0.01%
Triethylamine (TEA) (v/v). Sample analysis was performed
using the isocratic mode at a constant flow rate of 1 mL/min,
at 30°C.

Morphological Characterization of PEG-PLA Micelles

Self-assembled micelles morphological properties were
visualized by SEM. For this purpose, dried micelle
preparations were mounted on aluminium stubs and
sputter coated with gold with an Emitech K550 sputter
coater (Emitech Ltd, UK). The nano sized carriers
where then observed on a Hitachi S-2700 (Hitachi,
Tokyo, Japan) electron microscope at 20 kV of acceler-
ating voltage, using different magnifications.

Characterization of PEG-PLA Micelle Size and Zeta Potential

Following the self-assembly of the drug loaded micelles
their size and zeta potential was determined by dynamic
light scattering (DLS). Micelles samples analysis was
performed at 25°C, by using a disposable folded capil-
lary cell. All sample measurements were performed in a
Zetasizer Nano ZS instrument (Malvern Instruments,
Worcestershire, UK).
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Evaluation of Drug Release Profile

Drug release was assessed using multiple samples of PEG-PLA
micelles resuspended in PBS 1%, at pH 7.4 and 6.5, with a
concentration of 0.1 mg/ml.. Various samples were incubated
at 37°C, under stirring, to collect data at different time points.
After completing the time of incubation, each sample was
centrifuged at 30,000 X g for 30 min for posterior UPLC
analysis.

Cell Susceptibility to Blank Micelles

To evaluate micelle cytotoxicity, MCF-7 cells were initially
seeded at a density of 8% 10° cells/well in a 96-well flat bottom
culture plates, containing DMEM-F12 supplemented with
10% FBS, as previously used by our group (33). Different
concentrations of PEG-PLA blank micelles were tested, rang-
ing between 5 and 2,000 pg/mL. Cell cytotoxicity was mon-
itored by using the Resazurin assay as previously described
(34). Fluorescence measurements were then performed in a
plate reader spectrofluorometer (Spectramax Gemini XS,
Molecular Devices LLC, USA).

Micelles Cellular Uptake Analysis

Characterization of micelle uptake was performed by flow
cytometry. For uptake experiments, 6 well culture plates were
seeded with 2% 10° cells. To evaluate micelle cellular uptake,
PEG-PLA micelles were prepared by self-assembly in order to
encapsulate RITC (10 uM) that was used as model hydro-
phobic fluorescent probe. Labeled micelles were administered
to MCF-7 cells for 2 and 4 h and removed afterwards by
extensive rinsing with PBS. The cells were then recovered by
trypsinization, pelleted and resuspended in 500 pL of PBS for
flow cytometry analysis. All the experiments were performed
on a BD FACSCalibur flow cytometer. Flow cytometry data
was analyzed in FlowJo software (Treestar, Inc., CA, USA)
and is presented as mean fluorescence intensity (MFT).

Micelle Intracellular Distribution in Breast Cancer Cells

Prior to confocal laser scanning microscopy (CLSM) experi-
ments, RITC was encapsulated in the micellar carriers. 20 %
10° MCF-7 cells were seeded in p-Slide 8 well imaging plates
(Ibidi GmbH, Germany) and on the following day, cells were
incubated with PEG-PLA/RITC micelles. After incubation,
cells were fixed with 4% paraformaldehyde (PFA) for 15 min.
MCF-7 cells were then permeabilized and incubated with a
blocking solution. Afterwards, cells were incubated with the
anti-F-actin Phalloidin CruzFluor™ 647 conjugate antibody
for 1 h, at room temperature (RT), followed by nuclear
labelling with Hoechst 33342 (2 uM) nuclear probe. Imaging

was performed in a Zeiss LSM 710 confocal microscope (Carl
Zeiss SMT Inc., USA).

Anti-tumoral Activity of Drug-Loaded Micelles

MCF-7 cells were seeded as mentioned above and incubated
with PL. C and PL CS micelles, at a final drug concentration of
55.25 pM of Crizotinib and 40.33 uM of Sildenafil. Cell
viability was determined at various time periods by incubating
MCF-7 cells with the MTS, as previously described by our
group (33).

Apoptosis Assay

MCF-7 cells were seeded as before mentioned in p-Slide 8
well imaging plates (Ibidi GmbH, Germany). After 24 h in
culture, the cells were incubated with PL. CS micelles during
12 h. After micelle incubation, the cells were incubated with
7.5 uM of CellEvent'™ Caspase-3/7 detection reagent dur-
ing 30 min and visualized in a Zeiss LSM 710 microscope.

Statistical Analysis

One-way analysis of variance (ANOVA) with the post-hoc
Newman-Keuls test was used to compare the results obtained
for the different groups. A p value below 0.05 ($<0.05) was
considered statistically significant. The analysis of all data was
performed in the GraphPad Prism v.5.0 software (Trial ver-
sion, GraphPad Software, CA, USA).

RESULTS AND DISCUSSION
NMR Analysis of PEG-PLA Block Co-polymers

The ROP-based synthesis of PEG-PLA block co-polymers
with different PLA chain lengths was analyzed through
NMR spectroscopy. The "H NMR spectra obtained for the
PEG-PLA block co-polymers is shown in Fig. 1. In this figure,
the proton peaks appearing at §=5.2 ppm and 8=1.5 ppm
were assigned to the methyne (R;-CH=Ry) and methyl (-
CH3) protons of the PLA monomers, respectively (28). The
mPEG monomers possess a characteristic peak at approxi-
mately 8=3.7 ppm, that is assigned to methylene (=CHy)
protons (28). Moreover, the peak present at 8=3.4 ppm is
correlated with the methyl (-CHjs) protons at the end of the
mPEG polymer chain (28). The CDCl; characteristic peak
(6=7.3 ppm) was also obtained in all spectra.

The determination of the degree of polymerization and the
Mn of the synthesized PLA polymer chain was also performed
by "H NMR spectroscopy.

In addition, the synthesized co-polymers were also charac-
terized by Fourier Transform Infrared Spectroscopy, X-ray
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Fig. I 'H NMR of the synthesized PEG-PLA block co-polymer.

Powder Diffraction, Differential Scanning Calorimetry and Gel
Permeation Chromatography (See Supplementary Material,
Methods section and Figures S1 to S4). As shown in Table I,
the 8 h polymerization led to the formation of a PLA chain with
Mn=932 Da and a degree of polymerization of 160.46. The
results obtained from the ROP polymerization indicate that the
hydrophobic domain has a lower Mn than that of the hydrophilic
segment of the co-polymer (Table I).

Generally, larger hydrophobic segments yield more stable
micelles (35) however these carriers present higher crystallinity
in the core, a factor that may affect biocompatibility and
biodegradability (36). Therefore, in order to achieve a com-
promise between micelle stability and biological performance,
this particular combination was chosen for the subsequent
studies.

CMC Determination

The ability of PEG-PLA block co-polymers to form stable
micelles with core-shell structures was evaluated by calculating
their CMC. It is important to highlight that as potential drug
delivery systems (DDS), PEG-PLA micelles must be stable at a
low concentration, since otherwise after administration and
contact with complex physiological media the carriers may
disassemble (11). The obtained CGMC results presented in
Fig. 2, demonstrate that PEG-PLA micelles exhibit a very
low CMC despite their relatively short hydrophobic segment.
The values obtained for synthesized PEG-PLA micelles are
similar to those generally reported in the literature (37).

These important findings indicate that the PEG-PLA co-
polymers synthesized have the ability to form very stable
micellar carriers at low polymer concentrations, thus having
suitable characteristics for loading Crizotinib and Sildenafil
(38).

Table I Degree of Polymerization, Mn of PLA and mPEG-PLA. Data is
Presented as Mean = s.d., n=5

Polymerization Degree of PLA (Mn) PEG-PLA Mn
time (h) polymerization (PEG Mn=2,000)
8 160.46 932+4.06 2,932 +4.06
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Hemocompatibility Assay

The blood hemocompatibility of the carriers was evalu-
ated by incubating RBC’s with the block co-polymer
micelles to ascertain if there is any interference in the
envisioned intravenous injection of PEG-PLA micelles.
As shown in Fig. 3, the micellar carriers present super-
natants similar to those of negative control (PBS). In
contrast, the supernatant of the positive control is clear-
ly red colored, indicating the release of hemoglobin by
lysed RBC’s. Moreover, as SEM micrographs demon-
strate, the integrity of the RBC’s morphology is main-
tained when incubated with the amphiphilic polymers
(Fig. 3b).

The quantitative analysis indicates that PEG-PLA micelles
do not promote RBC lysis, up to polymer concentrations of
500 pg/mL (Fig. 4). These results indicate that the different
synthesized micelles are DDS with suitable properties for
being used in therapeutic applications.

All values obtained for the percentage of hemolysis of
RBC’s in the presence of micelles have no significant
difference to the negative control (PBS) as can be seen
in Fig. 4. These results are within the percentage of
hemolysis recommended by ISO/TR 7406 and ASTM
F756 (39).

A 1.3-

1.2 CMC =1.3 x 10°2 mg/mL .
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o

1.0

0.9 —— .

T T T
8 7 6 5 4 -3 2 1 0 1
Log (mg/mL)

Fig. 2 CMC determination for: (@) PEG-PLA co-polymer micelles.
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Fig. 3 Supernatants resulting from the hemolysis assay (a). Representative
SEM image of RBC’s previously incubated with PEG-PLA micelles (b). PBS
and Triton-X100 (T-X) were used as negative and positive controls,
respectively.

Quantification of Single and Multiple Drug
Encapsulation

The encapsulation of Crizotinib alone, or conjugated
with Sildenafil inside micelles was evaluated by UPLC.
All drug-loaded micelles were formulated with the film
hydration-sonication method due to its enhanced load-
ing capacity in comparison with other methods such as
solvent evaporation or dialysis (29,40). For simplification
PEG-PLA micelles were named as PL. C and PL CS
according to single or dual drug loading (Crizotinib and
Crizotinib + Sildenafil). As the results in Fig. 5 show, the
encapsulation efficiency of Crizotinib is above 95% for
both PL. C and PL CS, a value that is similar to that
previously reported in the literature (41).

However it should be emphasized that the encapsu-
lation efficiency of Crizotinib is remarkably high as
shown in Fig. 5a. Moreover, Sildenafil is also loaded
with an efficiency of 73%. These important findings

8

30
20

% of Haemolysis

10 ns

0
K+ K- 50 100200500

Mg/mL

Fig. 4 Quantification of free heme groups (indicator of hemolysis) after
incubation with synthesized PEG-PLA micelles. K+ (positive control) repre-
sents Triton X-100 treated RBC's, K— represents RBC's incubated with PBS.
n=3; ns non-significant.

support the concept that PEG-PLA drug loaded micelles
are versatile systems for co-delivery of pharmaceutics.
Encapsulating both Sildenafil and Crizotinib in micellar
carriers improves their stability due to the establishment
of drug-core hydrophobic interactions (35), and also
increases their bioavailability inside cancer cells. Assur-
ing this increased concentration in the cytoplasm is of
critical importance since both drugs have intracellular
target pathways. Promoting delivery into the local of
action will thus influence the overall therapeutic out-
come of the co-delivery approach.

Moreover, the ratio of Crizotinib/Sildenafil inside the
micellar carriers is also fundamental for obtaining a synergistic
effect, since 1f a low amount of Crizotinib is encapsulated no
anti-tumoral effect would be obtained. On the other hand,
even if Crizotinib encapsulation is sufficient, the amount of
Sildenafil in the micellar formulation must be enough to
inhibit the activity of ABC transporters, and avoid drug syn-
ergistic effect to become compromised (42). Achieving this
balance during simultaneous drug encapsulation in the micel-
lar carrier is challenging, but, as demonstrated by UPLC data,
micelle self-assembly by the film hydration method, described
in this study, promotes dual drug encapsulation with high
efficiency and in a therapeutically relevant concentration, as
demonstrated by i vitro data (Fig. 10). It 1s also important to
emphasize that Crizotinib encapsulation efficiency is similar in
PL and PL CS micelles, suggesting that the encapsulation of
Sildenafil does not influence the amount of loaded Crizotinib
under these conditions (Fig. 10).
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Fig. 5 (a) Determination of the encapsulation efficiency of Crizotinib and Crizotinib/Sildenafil combination in PEG-PLA micelles. n=3; *** <0.001; ns non-
significant; mean = s.d. (b) Representative chromatogram of UPLC quantification. Protriptyline was used as an internal standard.

Morphological and Physicochemical Characterization
of PEG-PLA Micelles

The DLS characterization results shows that the size PEG-
PLA formulations ranges from 126 to 132 nm (Fig. 6). The
drug-loaded micelles formulated with single or dual drugs
present slightly lower size than those reported in the literature
for these delivery systems (43). Moreover, the simultancous
inclusion of two drugs in the same micelles, did not increased
its size substantially, as can be observed in Fig. 6. It is de-
scribed that nanoparticles with less than 200 nm have a longer
blood circulation time and nanoparticles larger than 250 nm
are described to be extensively accumulated in organs such as
the spleen, liver and lungs (44). Polydispersity index (PDI), of
the produced micelles is under 0.25, indicating that these
formulations present suitable size homogeneity for biomedical

a
15

Intensity (%)

Size (d.nm)

o

15

Intensity (%)

Size (d.nm)

Size average (d.nm): 126.93 *
» 23.79
PDI: 0.207 £ 0.025
5 {(=-1437+225
" ,
Size average (d.nm): 132.83 £
10 19.73
PDI: 0.187 £ 0.038
5 = -15.50+6.56
]

application, since a low dispersion is required for reproducible
biological responses (45). Regarding the surface charge of the
micelles, PEG-PLA micelles present a negative zeta potential.
This finding is observed in both single and dual drug-loaded
micelles (Fig. 6). These results are in accordance with those
reported in the literature for PEG-PLA micelles, that com-
monly present zeta potential values in the range of +10 to
—10 mV (43,46). The negative zeta potential values obtained
for PEG-PLA provide an important advantage in respect to
non-specific interactions with RBC’s which impairs their func-
tion (47,48).

Micrographs analysis revealed the spherical-like mor-
phology of all formulations analyzed. These results are
corroborated by different studies in the literature that
describe the formulation of PEG-PLA micelles as having
spherical shape (49,50). Nanoparticle morphology is

Fig. 6 Size, PDI and zeta potential of PL micelles loaded with drugs. PEG-PLA loaded with: Crizotinib (@) and with Crizotinib + Sildenafil (b). SEM micrographs
of PEG-PLA micelles with encapsulated Crizotinib (c) and Crizotinib + Sildenafil (d). White arrows indicate micellar carriers. n=3. Data is presented as mean =+

s.d.
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crucial to maximize cellular uptake. In this context, it
has been described by Albanese et al. 2012, that spher-
ical shape maximizes cellular uptake (48). Besides that,
spherical form contributes for a better hydrodynamic
behavior in the blood stream, an important fact if
intravenous administration is envisioned (48).

Evaluation of Drug Release Profile

PEG-PLA micelles were able to sustain 80% of Crizotinib,
resulting in a release of approximately 20% after 24 h (Fig. 7).
The release line was kept for 8 days (data not shown), a result
that is similar to that previously described in literature (51).
On the other hand, Sildenafil appears to have a slightly faster
release profile (Fig. 7). A first release of Sildenafil can be
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Fig. 7 Release profile of PEG-PLA formulations at physiologic pH (pH =7.4)
(@) and at the characteristic acidic tumor pH (pH=6.5) (b). PL C/CS
represents Crizotinib and Crizotinib + Sildenafil loaded PEG-PLA micelles.

crucial to promote an immediate inhibition of ABC trans-
porters, and in turn increase the anti-tumoral effect of slower
released Crizotinib. The initial release of Sildenafil could
however have some impact after intravenous administration
(ILV.) of the micellar carriers since a slightly lower bioavail-
ability could be obtained after administration via this partic-
ular route. However, several reports evidence that Sildenafil
promotes an adjuvant anti-tumoral effect even when delivered
in free drug formulation by I.V. (52). Moreover, other admin-
istration routes could be used for micelle delivery to breast
cancer such as intratumoral in order to achieve maximum
synergistic effect.

It 1s also important to emphasize that at an acidic pH,
similar to that found in the tumor microenvironment, the
release profile of both drugs is comparable to that obtained
atpH 7.4.

Characterization of Micelle Cellular Uptake
Flow Cytometry Analysis

Characterization of micelle cellular uptake in MCF-7 breast
cancer was evaluated after 2 and 4 h of micelle administration.
No relevant difference in the percentage of cells containing
micelles was obtained, for the two incubation times, 99.82%
(2 h) and 98.02% (4 h). These results (Fig. 8c) suggest that after
2 h of incubation, almost all the MCF-7 cells had internalized
some of the administered PEG-PLA micelles, indicating the
suitability of these delivery systems to be applied in cancer
therapy. On the other hand, flow cytometry data reveals that
the MFI was increased from 92.2, at 2 h of incubation to
128.9, at 4 h of incubation, indicating that a longer incubation
time, led to an increased accumulation of DDS inside breast
cancer cells. The extensive uptake of drug loaded micelles is
crucial to increase the synergistic effect of both drugs, since
their main therapeutic targets are on the cell cytoplasm,
namely, Sildenafil inhibits ABC transporters and Crizotinib
inhibits -MET/ALK phosphorylation (23,26).

To visualize cell internalization and intracellular distribu-
tion of PEG-PLA micelles, RI'TC-labelled micelles were ad-
ministered to MCF-7 cells and then analysed by CLSM. In
Fig. 8a and b the white arrows show the RITC-micelles
internalized in MCF-7 cells, indicating that these are exten-
sively localized in the cell cytoplasm. This is a very relevant
finding since as before mentioned when the micelles start to
release the drugs they will be available in their site of action,
further improving the therapeutic effect.

Cytotoxicity Effect
PEG-PLA is described as a highly biocompatible block co-

polymer (53). Nevertheless, to further evaluate the biological
properties of the synthesized materials, their cytotoxic profile
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99.82% cells
MF| =922

98.02% cells
MF| = 127.9

Fig. 8 CLSM images of MCF-7 cell with internalized PEG-PLA micelles encapsulating RITC. White arrows indicate micellar carriers. (@) 3D reconstruction of
micelle cellular uptake; (b) High resolution 3D surface rendering of micelle uptake. White arrows indicate some of the labeled micelles internalized in MCF-7 Cells.
(c) Overlaid cytometry histograms of MCF-7 cells incubated during 2 and 4 h with RITC-micelles. Black colour represents auto fluorescence of MCF-7 cells, red
represents fluorescence of MCF-7 incubated during 2 h with RITC-micelles and blue shows incubation with the same RITC-micelles during 4 h. Green channel: F
actin-Phalloidin alexa 647 antibody; Blue channel: Hoechst 33342%; Red channel: RITC-loaded micelles. Yellow color is the resutt of co-localization of RITC (red)

and phalloidin-F-actin (green).

was characterized by using breast carcinoma cells (MCF-7)
and normal human fibroblasts (Fib-H) (54).

The results presented in Fig. 9 show that the two tested cell
lines present viability values above 95%, which are similar to
that of K—. Both cell types maintained their viability in the
presence of blank micelles up to concentrations of 2,000 pg/
mL. The viability results obtained for Fib-H are particularly
relevant since these indicate that the micellar carriers will not
elicit deleterious effects in normal cells, thus reducing the
overall cytotoxicity of this DDS after administration.
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Fig. 9 Characterization of PEG-PLA micelles cytotoxicity for MCF-7 cells (a)
and Fib-H (b). n=5; ns non-significant. Data is presented as mean = s.d.
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Evaluation of the Synergistic Anti-tumoral Effect

The simultanecous administration of free Crizotinib and free
Sildenafil was investigated, since it was initially postulated that
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Fig. 10 (a) Evaluation of anti-tumoral activity of Crizotinib (alone) and
Sildenafil (alone) and when Sildenafil was combined with Crizotinib after
48 h incubation. (b) Evaluation of the anti-tumoral activity of Crizotinib,
Sildenafil and synergic effect between both, when delivery through PEG-
PLA micelles. K+ is the positive control for cytotoxicity (dead cells). K— is
the negative control (untreated cells). n=15; ***p <0.001; ns non-significant.
Data is presented as mean =+ s.d.
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this novel combinatorial approach could further improve any
anti-tumoral effect of Crizotinib in breast cancer cells. Initially
the half maximal inhibitory concentration (IC50) was deter-
mined in order to evaluate the dose-response relationship after
drug administration (Supplementary Material Figure S5).

As demonstrated by Fig. 10a, after 48 h, Sildenafil admin-
istration does not elicit any anti-tumoral effect. Actually, the
MCF-7 cells incubated with Sildenafil alone, present a higher
proliferation than non-incubated cells. On the other hand, the
anti-tumoral effect of Crizotinib was markedly pronounced
with only 22% of MCF-7 remaining viable after its adminis-
tration. The simultaneous incubation of cells with Crizotinib
and Sildenafil resulted in an abrupt decrease in cellular via-
bility (only 10% of cells remained viable), when compared
with the incubation of Crizotinib alone. Based on these results
it 1s possible to conclude that their simultaneous administra-
tion will significantly improve the anti-tumoral outcome. This
synergistic effect is likely correlated with the inhibitory effect of
Sildenafil on several different drug transporters. This is a very
important finding since in comparison with other ABC inhi-
bition approaches, such as those dependent on siRNA, that
only affect the expression of a single efflux transporter, Silden-
afil has a wide inhibitory effect on several ABCs transporters
simultaneously (42,55,56). This combinatorial approach may

Fig. Il CLSMimages of apoptotic
MCF-7 cells that were incubated
24 h with PL CS micelles. (a) 3D
reconstruction of MCF-7 cell
nucleus; (b) High resolution
reconstruction of apoptotic cell
nucleus; (c) Merged 3D image of
MCF-7 cells. Yellow channel
represents caspase-3 activated
MCF-7 cells, derived from
CellEvent ™ Caspase-3/7
detection probe.

therefore open a new possibility to evaluate the inhibitory
effect with other drug cocktails that target multiple intracellu-
lar pathways and ultimately reverse cell multi-drug resistance
and promote their apoptosts. It 1s also important to emphasize
that after free Sildenafil administration no cell death was
observed in comparison with non-treated cells (Fig. 10a).
After establishing that there is an extensive synergistic effect
associated with the use Crizotinib and Sildenafil, PEG-PLA
micellar formulations containing both drugs were then incu-
bated with MCF-7 breast cancer cells. When the drugs were
delivered by micellar carriers to MCF-7 cells, a significant
decrease in cell proliferation was observed for both single and
dual drug formulations (Fig. 11b). Particularly, after only 24 h
the PL. C micelles decreased breast cancer cells viability up to
37% (Fig. 10b). More importantly, the administration of dual-
loaded micelles reduced cell viability to 25%, after 24 h incu-
bation, revealing that this combinational therapy adminis-

tered through PEG-PLA micelles promotes an improved
anti-tumoral effect. After 48 h, differences in cell viability in
the single and dual micelle formulations were still observed
(Fig. 10b). At this time, single-loaded PL C micelles promoted
a decrease in MCF-7 cell viability levels up to 14%. Nonethe-
less, in the dual-loaded PL CS micelles cell viability levels
decreased to about 4%, a significant difference that
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undeniably illustrates the therapeutic potential of this co-
delivery approach. These experiments were performed using
only half of the dose of Crizotinib that was previously used in
the free drug administration assays. This is a crucial finding if
it is taken into account that in phase I clinical trials a range of
50 to 300 mg of Crrizotinib must be administered to achieve a
therapeutic effect in lung cancer cells (57). Our results show
that encapsulating Crizotinib in PEG-PLA micelles signifi-
cantly improves its intracellular bioavailability and that a
smaller concentration of micelle-administered drug exhibits
and improved therapeutic effect. This fact can thus impact the
clinical trials underway for Crizotinib activity in cancer cells,
but also evidence that this particular drug can be used in
breast cancer therapy as well. Moreover, since it has been
shown that Sildenafil further enhances the therapeutic effect
by inhibiting ABC transporters an increased overall effect can
be obtained. These results are in agreement with the thera-
peutic effect that Chen and co-workers reported in 2012 (55),
when they manipulated the activity of P-gp (ABC1) and
ABCC10/MRP7 proteins of MCF-7 cells, as an approach
that led to an enhanced anti-tumoral effect of chemotherapy
drugs (55). However, this approach is rather limited since only
two ABC transporters were targeted. Furthermore, as can be
observed in Fig. 10b, when both drugs are delivered through
PEG-PLA micellar carriers the therapeutic outcome is en-
hanced, since a 2.7 fold reduction in MCF-7 cell viability
was obtained, when Crizotinib and Sildenafil were simulta-
neous delivered by these DDS and with only half of the dose
administered in free drug formulations.

Breast Cancer Cell Apoptosis

As an attempt to shed light on the biological events triggered
by the use of Crizotinib in combination with Sildenafil in
MCF-7 cancer cells, a fluorescence-based apoptosis assay
was performed. As shown in Fig. 11, the incubation of dual-
loaded PL CS micelles for 24 h induced caspase-3 and
caspase-7 activation, since a bright yellow fluorescence was
visualized. This signal is provided by a substrate that once
cleaved by active caspase-3/7 emits fluorescence. This evi-
dences the role of Crizotinib in promoting cell death trough
apoptosis, that was also reported by Zhou ¢t al. 2007 (23),
emphasizing that this is a valuable approach to promote
breast cancer cell death.

CONCLUSIONS

The straight forward research described in this work eluci-
dates the synergistic effect between Crizotinib and Sildenafil
against breast cancer cells, being even more pronounced when
delivered through micellar carriers. The delivery of this drug
combination either in nanomicelles or as free drugs has never
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been tested to the best of our knowledge. The results obtained
showed the biocompatibility and hemocompatibility, of the
synthesized block-copolymer micelles, providing important
insights for their potential use in biomedical applications. In
fact, it should be underlined that this delivery system is ap-
proved by FDA and European Medicines Agency. Both drugs
used in this study were encapsulated with high efficiency on
the synthesized micelles The synergistic effect obtained with
Sildenafil and Crizotinib was observed when free drugs where
incubated with MCF-7 cells. Remarkably, the anti-tumoral
effect of this novel combination was significantly higher when
the drugs were delivered to the intracellular compartment.
These results emphasize that despite possessing a lower hy-
drophobic segment the PEG-PLA micelles achieved a com-
promise between stability, loading, biocompatibility and bio-
logical performance, thus indicating their potential for thera-
peutic applications.

This DDS can be further adapted to treat various types of
cancers such as lung, cervix and liver cancer. In vivo studies can
also be performed on suitable mice models of breast cancer, in
order to further demonstrate the applicability of these carriers
loaded with both drugs. Further improvements regarding the
controlled or stimuli responsive release of both Sildenafil
and Crizotinib only in target breast cancer cells should
also be investigated in the future in order to further
improve the overall therapeutic effect of this novel drug
combination. Moreover, this co-delivery approach can be
extended to other combinatorial experiments that use more
than two drugs.
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