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Abstract

Epidemiological studies have compellingly documented the ability of the Mediterranean diet rich
in extra-virgin olive oil to reduce the incidence of certain malignancies, and cardiovascular
diseases, and slow the Alzheimer’s disease progression. S-(—)-Oleocanthal (OC) was identified as
the most bioactive olive oil phenolics with documented anti-inflammatory, anticancer, and anti-
Alzheimer’s activities. OC consumption causes irritating sensation at the oropharynx via activation
of TRPAL. Accordingly, a taste-masked formulation of OC is needed for its future use as a
nutraceutical while maintaining its bioactivity and unique chemistry. Therefore, the goal of this
study was to prepare a taste-masked OC solid formulation with improved dissolution and
pharmacodynamic profiles, by using (+)-xylitol as an inert carrier. Xylitol was hypothesized to
serve as an ideal vehicle for the preparation of OC solid dispersions due to its low melting point
and sweetness. The optimized OC-(+)-xylitol solid dispersion was physically and chemically
characterized and showed effective taste masking and enhanced dissolution properties.
Furthermore, OC-(+)-xylitol solid dispersion maintained potent /n7 vivo anti-breast cancer activity.
It effectively suppressed the human triple negative breast cancer development, growth, and
recurrence after primary tumor surgical excision in nude mice orthotopic xenograft models.
Collectively, these results suggest the OC-(+)-xylitol solid dispersion formulation as a potential
nutraceutical for effective control and prevention of human triple negative breast cancer.
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INTRODUCTION

The extra-virgin olive oil (EVOO) phenolic secoiridoid (-)-oleocanthal (OC) is one of the
most bioactive phenolics with documented anti-inflammatory and anti-bacterial activities
(Pei et al., 2016; Segura and Curiel, 2018). It also possesses proven neuroprotective
activities by enhancing the clearance of the Alzheimer’s disease hallmark Ap amyloid, and
by protecting against HoO»-induced oxidative stress (Qusa et al., 2015; Batarseh et al., 2017;
Giusti et al., 2018). In addition, OC was reported to control a wide range of cancer pathways
including proliferation, migration, invasion, and angiogenesis among multiple cancer types
(Akl et al., 2014; Cusimano et al., 2017). For instance, in breast cancer (BC), OC showed
inhibitory activities of multiple molecular targets, such as the receptor tyrosine kinase (RTK)
c-MET, mTOR, and STAT3 (AKl et al., 2014; Cusimano et al., 2017; Pei et al., 2016). OC
also targeted the proteostasis key regulator chaperone machinery HSP90 and the estrogen
receptor-a (ERa) (Akl et al., 2014; Ayoub et al., 2017).

Unfortunately, OC causes back of the throat (oropharynx) pungency and irritative sensation
due to the activation of transient receptor potential cation channel subtype Al (TRPAL)
(Cicerale et al., 2009; Peyrot et al., 2011). Distinct nociceptors for OC are located in the oral
cavity and the oropharyngeal region. However, OC irritation was not correlated with acid-
induced irritation and hence OC was not exerting generalized acid-sensing irritation
(Cicerale et al., 2009; Peyrot et al., 2011). OC irritating taste, high viscosity, solubility,
reactive C-1 and C-3 aldehydes, and chemical instability significantly challenged the
development of an acceptable oral formulation for human use. Therefore, the development
of a novel taste-masked OC formulation that maintain its bioactivity, unique pharmacophoric
features, stability, and enhance its water solubility would be a step-forward for its future
clinical and functional food applications.

This study reports the characterization and biological testing of a novel (liquid)solid
dispersion (SD) of OC. (Liquid)solid systems refer to formulations formed by the conversion
of liquid active pharmaceutical ingredients (API) into dry powder using one of the SD
methods (Vasconcelos et al., 2007). SD has been used to enhance the dissolution rate,
solubility, oral absorption of poor water-soluble APIs and to mask their unacceptable taste
(Vasconcelos et al., 2007; Sareen et al., 2012). SD formulations are prepared by blending a
hydrophilic matrix and API; whereby the matrix can be either crystalline or amorphous solid
while the drug is molecularly dispersed inside the inert carrier, creating a homogeneous
glass solution (amorphous carrier) or solid solution (crystalline carrier) (Leuner and
Dressman, 2000). Melting (fusion) and solvent evaporation methods are the two most
frequently used SD preparation strategies (Tran et al., 2011). The melting method is
appropriate for chemically stable and thermostable APIs (Medarevic et al., 2016). It includes
melting an inert matrix (carrier) and/or API, followed by cooling, and mixing. This method
is associated with high probability to change the formulated API and/or carrier properties
(Baghel et al., 2016). One of the critical elements for successful SD formulation is the
selection of appropriate carrier that should be compatible with the API.
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Accumulating evidences show the ability of sweet and bitter taste compounds to share the
same sensing sites at the human tongues. The capability of sweetening agents to trigger
TRPAL1 receptor suggests that sugar can play a critical role to mask the acrimony of OC (Lee
and Owyang, 2017). The polyol sugar alcohols, represented by xylitol, sorbitol, and
mannitol, are widely used excipients in pharmaceutical formulation that have been utilized
as crystalline carriers in SDs. Polyols are commonly used in food industry due to their
acceptable sweet taste, high solubility in water and non-carcinogenic effects (Asare-Addo et
al., 2013; Lenhart and Chey, 2017; Shen et al., 2017). Xylitol is a polyhydric alcohol that has
been classified as Generally Recognized as Safe (GRAS) additive by the US Food and Drug
Administration (FDA) (Farah et al., 2011). It is used as sweeteners substitute in food due to
its low glycemic index, high metabolic rate, and low toxicity margin (Chang et al., 2018;
Jeon et al., 2012). Moreover, the unique refreshing and chilling sensations at the mouth
distinguishes xylitol over other polyols for more effective taste masking (Sadler, 2014).
Therefore, xylitol is viewed as an ideal excipient for use to enhance the dissolution and taste
of APIs (Arafa et al., 2018). In this study, it was hypothesized that xylitol could be used as
an appropriate carrier to prepare bioavailable (liquid) solid dispersion of OC with acceptable
taste and dissolution profile for prospective future application as a nutraceutical (functional
food). The optimized OC-xylitol SD thermodynamic complexation formulation (OC-X) was
characterized physically by studying its crystal properties and chemically by spectroscopic
methods. Finally, we verified the enhanced breast cancer preventive, growth, and recurrence
inhibitory activity of OC-X formulation using orthotopic nude mouse xenograft model and
identical experimental settings previously reported for plain non-formulated OC (Akl et al.,
2014; Siddique et al., 2019°a’). Interestingly, plain non-formulated OC showed good activity
in tumor growth suppression model but failed to prevent TNBC locoregional recurrence after
primary tumor surgical excision unlike OC-X, which effectively prevented 60% of this
aggressive tumor phenotype recurrence in identical model (Akl et al., 2014; Siddique et al.,
2019°a).

EXPERIMENTAL SECTION

Chemicals and Reagents

All chemicals were purchased from VWR International (Suwanee, GA, USA), unless
otherwise stated. S-(—)-Oleocanthal (OC) was extracted from EVOO (The Governor, Corfu,
Greece) and its purity of >99% was established based on g*H NMR analysis. (+)-Xylitol
(99% purity, No. X00810) was purchased from Pflatz and Bauer (Waterbury, CT, USA). p-
MET antibody was purchased from Cell Signaling Technology (Beverly, MA, USA). Water
used throughout the study was double distilled. All other products and reagents were of
analytical grade.

Preparation of solid dispersion (SDs)

SD formulations containing OC and (+)-xylitol were prepared using the hot melt fusion
method (Kaialy et al., 2014; Maniruzzaman et al., 2013). (+)-Xylitol, mp 93-100 °C, a
hydrophilic carrier, was melted by using IKA RCT basic hotplate at 100 °C, and OC (5 mg
per batch) was then added. The molten mixture was quickly cooled by pouring into a non-
sticky pan and subjected to N, flow for 5 min. Increasing ratios of OC-xylitol were
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attempted started with 1:1 to 1:7, w/w, to reach acceptable solid batches as determined by
full powder characterization. After solidification, samples were grinded, stabilized, and
stored at room temperature in dark place for at least 24 h before analysis. A physical mixture
(PM) of the OC and xylitol was made, by adding OC (5 mg per batch) directly to (+)-xylitol
crystals with slow mixing of increasing ratios of xylitol starting with 1:1 to 1:7, w/w.
Mixtures were then stored at room temperature in dark place for at least 24 h before
analysis. Crystallized (+)-xylitol was prepared by melting the xylitol and then cooling under
No flow.

2.3. Scanning electron microscopy (SEM)

A Hitachi S-4800 Field-emission Scanning Electron Microscope (FE-SEM, Hitachi, Japan)
equipped with liquid nitrogen-cooled sample preparation and Cryo-transfer units Gatan
ALTO-2500 as cryo-preparation system. Scanning electron microscopy (SEM) was
employed to examine the morphology of prepared SD and powder particles. To reduce
specimen charging and thermal damage, samples were deposited on aluminum mounting
pins at the specimen holder after adding carbon sticker then all specimens were gold coated
(~5 nm thickness) using a Cressington Sputter Coater 208HR before imaging at 15.0KV
accelerating voltage to make the final conduction on top of surface. Images of (+)-xylitol,
crystallized (+)-xylitol, PM (1:7), and OC-X (1:7) SD were observed at an accelerating
voltage of 3.0 kV at low detector, magnified at 30,000-50,000x and used 7.5-7.8 mm as a
working distance. Macro-pictures were taken under microscope for each formulation. The
same samples were also imaged under light microscope using 10x zoom.

2.4. Thermal analysis

2.5.

Differential scanning calorimetry (DSC) measurements were performed on a TA 2920
modulated differential scanning calorimeter (MDSC, TA Instruments-Waters LLC., New
Castle, DE). Accurately weighed samples of powdered (+)-xylitol, crystallized (+)-xylitol,
OC-X SD and PM (1:7) were hermetically sealed in aluminum pans and empty pans were
used as references. The specimens were equilibrated at 0 °C and then heated to 150 °C at a
rate of 5 °C/min. Nitrogen gas was then purged through the DSC cell with a flow rate of 20
mL/min. Melting endotherms (Tm), endotherm full width at half maximum (FWHM), and
enthalpy energy (A4H) were generated using Universal Analysis 2000 version 4.2 software
(TA Instruments Waters LLC, New Castle, DE). Thermogravimetric analysis (TGA) was
performed for pure OC (5 mg) on a TA Q500 thermal analyzer at increasing heating rate of
5 °C min~! from 5 to 800 °C under flowing N.

Powder X-ray diffraction (PXRD) analysis

Powder X-ray diffraction patterns were measured for (+)-xylitol, crystallized (+)-xylitol,
OC-X SD, and PM (1:7) using a D8 DISCOVER X-ray diffractometer (Bruker Billerica,
MA). PXRD measurement analysis was performed using Cu radiation, a voltage of 40 kV,
and a current of 30 mA. The range (2¢) of scans was from 20° to 50°, which identifies all
xylitol peak characteristics at a speed of 0.02° every second.
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2.6. Molecular modeling study

2.7.

Molecular modeling experiments were performed using Schrodinger molecular modeling
software package installed on an iMac 27-inch ZOPG workstation with a 3.5 GHz Quad-core
Intel Core i7, Turbo Boost up to 3.9 GHz, processor and 16 GB RAM (Apple, Cupertino,
CA, USA). The monomeric structures of (+)-xylitol were constructed using the Glide
module (v5.8, 2012, Schrddinger, New York, USA). Hydrogen bonding patterns were
identified after energy minimizations at the molecular dynamic/solvent-free mode for (+)-
xylitol and OC. OC-X SD H-bonding complexation was detected with up to 2 A distance
and optimal angle between 90-180° (Maniruzzaman et al., 2013).

Infrared (IR) analysis

FT-IR spectroscopic analysis was used to determine possible OC-xylitol complexation via
SD and/or physical mixing. FT-IR spectra of OC, (+)-xylitol, SD OC-X and PM (1:7) were
analyzed using a diffuse reflectance cell, without any prior sample preparation other than
directly compressed on an ATR crystal under appropriate compression tip, acquired on a
Perkin-Elmer Spectrum One FT-IR Spectrometer. All analyses recorded at 800-4000 cm™1,
with an average of 16 scans at 4 cm™? resolutions.

2.8. Mass spectrometric (MS) analysis

2.9.

Q1-MS and full product ion (PI) scanning experiments were conducted using an Applied
Biosystems—MDS SCIEX APl 3200TM triple quadrupole LC/MS/MS system (Applied
Biosystems, Foster City, CA) equipped in a Turbo VTM lon Spray TM source using MS
with an electrospray ionization (ESI) interface operated in positive ion mode using Analyst
version 1.4.1 software (MDS Sciex, Toronto). For MS, about 1 mg of dry physical mixture
and SD OC-X were dissolved in 3 mL water and injected freshly within 1 min after
dissolution. The MS system was optimized for Q1 at probe y-axis position 2 mm, probe X-
axis position 5 mm, GS1 parameter controls the nebulizer gas 25 psi, curtain gas (CUR) 10
psi, declustering potential (DP) 35, entrance potential (EP) 10, desolvation temperature
550 °C. For PI, the MS was adjusted at low collision energy of 10V, which is less than the
energy needed by OC to show its parent ions (18V) (Sanchez et al., 2017).

Dissolution studies

To assess the OC-X release changes, /in vitro dissolution studies were performed for plain,
non-formulated OC and its SD formulations using a USP type 1l dissolution apparatus (VK
7000, Varian Inc., Cary, NC) at a paddle speed of 100 rpm as previously reported (Hagbani
and Nazzal, 2017; Cui et al., 2009). OC-xylitol concentrations of 1:7 and 1:70 were selected
for dissolution study. The selection of 1:70 ratio was intended to: 1) compare the effect of
higher xylitol concentration on OC dissolution, 2) mimic the potential for the use of larger
amounts of xylitol in humans, and 3) consider the expected extensive xylitol gut microbiota
metabolism (Uebanso et al., 2017; Tamura et al., 2013). Thus, plain OC (5 mg) and each of
SD OC-X formulations 1:7 and 1:70 were placed in hydroxypropyl methylcellulose (HPMC)
capsules size-1 and used for dissolution experiments. Each sample capsule was dropped into
a dissolution vessel containing 50 mL of SS 5 simulated saliva, pH 6.8, dissolution media
and maintained at 37+0.5 °C (Marques et al., 2011). Capsules were held at the bottom of the
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vessels using sinkers. Samples (2 mL) were withdrawn at predetermined time intervals,
filtered, and analyzed spectrophotometrically at 340 nm. Each sample withdrawn was
replaced with another 2 mL fresh dissolution medium.

2.10. Taste-masking assays (E-Tongue test)

The taste-masking assays were conducted on Alpha MOS ASTREE E-Tongue system
equipped with an Alpha MOS pharmaceutical analysis sensor set #2 composed of seven
liquid cross-selective sensors (ZZ, AB, GA, BB, CA, DA, and JE) (Wei et al., 2015;
Podrazka et al., 2018). A 48-positions auto sampler and 25 mL-beakers were used for
sampling and the acquisition times were fixed at 120 sec. Data generated by ASTREE
system processed using multidimensional statistics-Alpha Soft v15.0 software (Wei et al.,
2015; Podrazka et al., 2018). Taste analysis was conducted in artificial saliva (SS 5), pH 6.8
without enzymes (Marques et al., 2011); X1, used as a vehicle control, non-formulated OC;
X2, SD OC-X formulations 1:7 and 1:70 w/w; X3 and X4, respectively, and placebo (+)-
xylitol; X5. To avoid cross sample contaminations, three successive deionized water
cleaning runs were conducted between each sample. The Euclidian distances between
formulations were calculated by the Alpha MOS ASTREE E-Tongue to assess the taste
proximity between samples. The lower the distance, the closer the taste. Discrimination
index (DI in %) was determined for each formulation and placebo pair. The closer the DI to
100%, the greater the distance between the centers of gravity, and the smaller the dispersion
within groups.

2.11. Animal studies

The effects of SD OC-X 1:7 formulation administration against the development, growth
and recurrence of the human triple negative breast cancer (TNBC) MDA-MB-231 cells
orthotopically xenografted in nude mice were assessed. Foxn1"/Foxn1*, 4-5 weeks old,
female athymic nude mice were purchased from Envigo (Indianapolis, IN, USA). All animal
experiments were approved by the Institutional Animal Care and Use Committee (IACUC),
University of Louisiana at Monroe, protocol number 18 MAY-KES-03, with good animal
practice defined by the NIH guidelines (National Research Council, 2011). Mice were
acclimated to University of Louisiana-Monroe College of Pharmacy animal housing facility
and maintained under clean room conditions in sterile filter top cages using ALPHA-Dri
bedding and high efficiency particulate air-filtered ventilated racks at 25 °C, 55-65%
relative humidity, and 12 h light/dark cycle for a week before experiments. Mice had free
access to drinking purified water and pelleted rodent chow (no. 7012, Envigo/Teklad,
Madison, WI).

2.11.1 Culture of MDA-MB-231 cells—MDA-MB-231 cells were purchased from
ATCC (Manassas, VA). Cells were cultured in RPMI-1640 supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin G, 100 pg/mL streptomycin,2 mmol/L glutamines
and 100 pg/mL sodium pyruvate 100 mM. Cells were incubated at 37 °C in a humidified 5%
COy, incubator until reach for 90 % confluence.

2.11.2. Tumor xenograft studies—Xenograft procedures were performed as
previously described (Akl et al., 2014; Ayoub et al., 2017; Siddique et al., 2019"a—").
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Briefly, mice were subcutaneously inoculated MDA-MB-231/GFP human breast cancer cells
(1 x 108 cells/30 pL) in both recurrence and development modes and 2 x 108 cells/30 pL in
growth mode. OC-X SD formulation 1:7 was used in all experiments at a daily dose of 10
mg/Kkg, the standard oral OC dose that showed excellent pharmacodynamic effects in
different BC mouse models (Ayoub et al., 2017; Siddique et al., 2019°a—c"). During initial
experiments, mice treated with oral xylitol encountered notable hypoglycemia due to
elevating fatty acid oxidation-related genes in animal livers (Amo et al., 2011;
Kovalkovicova et al., 2009). To avoid this limitation, especially with extended OC-X dosing,
equivalent sucrose amount was added to each OC-X oral dose. This effect is observed only
in mice, rats, and dogs but not in humans (Amo et al., 2011; Kovalkovicova et al., 2009).
OC-X doses were freshly reconstituted in purified water just before dosing. Progressing
animal tumors were monitored every other day. Tumor volume (V) was deduced by: V = L/2
x W2, where L is length and W is tumor width. Mice body weight and general health signs
including food and water consumption, defecation, urination, and physical activity were
carefully monitored daily.

Prevention mode.: Mice were randomized into two groups: (1) placebo-treated control
group with xylitol and sucrose (n = 5); and (2) OC-X 1:7 SD formulation-treated group (n =
5). Treatment started 45 days before tumor cells inoculation and continued for additional 25
days. All mice were sacrificed on the 70t experiment day, and individual tumors were
excised and weighed.

Growth mode.: Five days post-inoculation, animals developed tumors and were randomized
into two groups: (1) placebo-treated control group with xylitol and sucrose (n = 4); and (2)
OC-X 1:7 SD formulation and sucrose-treated group (n = 4). Oral daily treatments started on
the 5t day post-inoculation of tumor cells for 15 days. All mice were sacrificed on the 20t
day post-inoculation, and individual tumors were excised and weighed.

Recurrence mode.: Tumor cells inoculated on day-1 and on the 15™ day post-inoculation,
tumors then became palpable and reached average volume of 400 mm3. Mice were then
anesthetized using xylazine and ketamine (AKl et al., 2014; Ayoub et al., 2017), the primary
tumors were surgically excised, and the wound was stitched under sterile conditions. One
day after the surgery, mice were randomized into two groups: (1) placebo-treated group +
sucrose (n = 5); and (2) OC-X + sucrose-treated group (n = 5) and oral treatments started
and continued daily for 30 days. All mice were then sacrificed, and individual tumors were
excised, collected, and weighed.

2.12. Statistics

Data analysis was performed using GraphPad Prism software version 8.1.0. (La Jolla, CA,
USA). The results are presented as mean + standard error of the mean (S.E.M.) for
continuous variables. Differences among various treatment and control groups in animal
study were determined by the paired #test, Statistical comparison of means within different
groups in the other experiments were investigated with two-way analysis of variance
(ANOVA). p Values of <0.05 were considered to be statistically significant.
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3. RESULTS

3.1. SEM imaging

The micro and macrostructural surface morphological features of (+)-xylitol, crystallized
(+)-xylitol, PM (1:7), and OC-X (1:7) SD formulations were characterized by SEM (Fig. 1).
The micro structure of the (+)-xylitol showed as subangular subrounded particles with
smooth surfaces containing fine particulates and smoothly curved sides (Fig. 1A). The hot
melt fusion process significantly affected the shape and surface morphology of xylitol
particles in crystallized (+)-xylitol, showing more fine particles (Fig. 1B). OC-xylitol PM
showed the entry of oily OC globules within the xylitol particles at the surface and
agglomerates with xylitol to build clumps with smooth surface (Fig. 1C). OC-X SD
formulation demonstrated a rough (wrinkled) surface texture in which OC competed with
xylitol during the layer-by-layer formation process, resulting in heterogeneous OC and
xylitol distribution within the crystallization matrix (Figs. 1D and S1).

3.2. Thermal analysis

Representative endotherm properties of unmodified (+)-xylitol, crystallized (+)-xylitol, OC-
X SD and PM were acquired and compared (Fig. 2A). Melting point (Tm), endotherm full
width at half-maximum (FWHM) and enthalpy energy (4+) were determined based on
modulated temperature DSC (MTDSC) curves (Table 1). DSC results exhibited a
characteristic melting peak at 95.65 °C and 95.46 °C for the (+)-xylitol and PM,
respectively, which was consistent with literature (Fig. 2A) (Kuno et al., 2005). Moreover,
DSC analysis showed that physically loading OC on xylitol caused reduction in the enthalpy
energy (4H) of (+)-xylitol from 196.5 J g~ to 187.3 J g~1. Meanwhile, crystalized (+)-
xylitol enhanced the AH by about 29.3 J over the non-crystallized (+)-xylitol (225.8 J g1
versus 196.5 J g1 for crystallized and (+)-xylitol, respectively) with the same melting peak
at 95.25 °C and full width at half-maximum (FWHM) of 6.6 °C. Likewise, dispersion of
xylitol with OC induced a thermodynamic complexation reaction, which resulted in the
reduction of the melting peak and enthalpy energy to 94.11 °C and 211.7 J g1, respectively.
However, FWHM remained the same; 6.95 °C, compared to crystalized (+)-xylitol. Further
zoom at the (+)-xylitol melting point showed the presence of sharp diffraction angles with
no halo background or peak widening, confirming the crystalline nature of all samples. The
absence of the monoclinic hygroscopic metastable form of xylitol samples was indicated by
lacking the endothermic transitions around 61 °C (Kaialy et al., 2014). The
thermogravimetric (TG) analysis of pure non-formulated oily OC showed a minor mass
reduction of 3% starting at 20 °C till 100 °C, which could be due to thermal evalporation of
the adsorbed water in OC sample (Fig. 2B). Furthermore, OC thermogram also showed
maximum decomposition in a two-step process, the major one started at 250 °C to 400 °C
(mass loss of 63.45%) and the OC complete degradation was observed at 600 °C (Fig. 2B).

3.3. Powder X-ray diffraction (PXRD)

PXRD was used to determine phase purity and phase transformation. The diffraction
patterns of the crystalized (+)-xylitol identified new characteristic peaks with higher
intensity than the xylitol peaks, considering the formation of hard-out layer on the xylitol
particles after applying melting SD method which confirms that melting process changed the
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morphology of the xylitol crystal (Fig. 3). PM showed different peak position and intensity,
suggesting that OC oily layer accumulated at the surface of the crystal could cause X-ray
scattering at a different angle, compared to (+)-xylitol and crystallized (+)-xylitol. Similarly,
PXRD pattern of OC-X SD formulation presented identical peak positions but with lower
intensities, compared to PM.

3.4. Molecular modeling

To understand possible intermolecular interactions between OC and (+)-xylitol in the SD
formulation, an /n-sifico interaction study in solvent free condition was performed. Both
xylitol and OC structures sketched on the Maestro 9.3 panel interface (Maestro, version 9.3,
2012, Schrodinger, USA). Lig Prep 2.3 module (Lig Prep, version 2.3, 2012, Schrédinger,
USA) was used to generate the 3D structures and to search different conformers. The OPLS
(OPLS_2005, Schrédinger, USA) force field was applied to geometrically optimize each
structure and to compute partial atomic charges. Thirty-two poses per structure were
generated with different steric features for subsequent docking study using the Glide 5.8
module (Glide, version 5.8, 2012, Schrédinger, USA) in extra-precision (XP) mode. Initially,
the intermolecular interaction between two xylitol molecules A and B was studied (Fig. 4A).
Two hydrogen bonding patterns were identified and in the (+)-xylitol crystal (Fig. 4A).
Xylitol molecule A showed hydrogen bond donating interaction between its C-1 OH group
oxygen with the C-4 OH of xylitol molecule B (Fig. 4A). Meanwhile the C-4 OH of xylitol
molecule A accepted hydrogen bond interaction with the C-1 of xylitol molecule B. This
was encouraged by the proximity of these functional groups through space, 1.89 A and 1.91
A, respectively, along with their hydrogen bonding interaction angles, 173.9° and 167.6°,
respectively. When xylitol and OC docked together, OC was able to mimic the 3D-
orientation of xylitol and also contributed hydrogen bonding interactions with the xylitol C-1
OH oxygen accepting hydrogen bond interaction with the OC C-6’ phenolic hydroxyl group
while the xylitol C-4 OH donated a hydrogen bond interaction with OC C-3 aldehyde
oxygen (Fig. 4B). The thru-space proximity and interaction angles of xylitol-OC hydrogen
bond interacting functionalities were very close to those of xylitol-xylitol interactions (1.86
A, 168.8° and 1.86 A, 150.8°, respectively, Fig. 4B). This clearly highlighted the potential of
xylitol-OC electrostatic interactions through proximity 3D-alignments of their interactive
functional groups.

3.5. IR analysis

The FT-IR spectra of placebo (+)-xylitol, non-formulated OC, OC-X 1:7 SD, and PM were
compared (Fig. 5). The most characteristic peaks for OC are those at 1680 and 1723 cm™1
(C-1and C-3 CHO aldehydes stretching, respectively) and the aliphatic CH stretching
vibration sharp peak at 2726 cm™L. These unique OC peaks were clearly displayed in both
OC-X and PM (Fig. 5). An intense broad band at 3409 cm™1 corresponding to the OC free
phenolic OH stretching vibration was evident in non-formulated OC but was overlapping
xylitol OH stretching peaks (3361 cm™1) in PM and OC-X. OC-X SD formulation showed a
slightly shifted OH broad band (3390 cm™1), which may be justified by possible
intermolecular hydrogen bonding between OC and xylitol. Comparison of the fingerprint
region provides diagnostic information for the identity and characteristic functional groups
(Alkhamis et al., 2002; Fujimoto et al., 2016; Madgulkar et al., 2016). A strong OC-derived
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band at 920 cm~1 was missing in the OC-X SD formulation but was evident in the non-
formulated OC and PM (Fig. 5). Another xylitol-derived band at 1135 cm™~ was also
missing in the OC-X formulation but was evident in the IR spectra of the placebo (+)-xylitol
and the PM (Fig. 5). This further suggest potential involvement of OC and (+)-xylitol of the
OC-X SD formulation in chemical complexation that masked some of the characteristic IR
fingerprint bands.

3.6. Mass Spectrometric (MS) Analysis

3.7.

MS analysis of non-formulated OC, (+)-xylitol, PM, and OC-X was performed in positive
ion quadrupole mass analyzer (Q1) mode. MS data of PM (Fig. 6A) and OC-X (Fig. 6B)
identified the precursor ion peaks of xylitol at m/z175.1 [M+Na]*, 153.7 [M+H]*, along
with its fragment at /7/z 135.4 [M-OH]* (Figs. 6A and 6B). MS data of OC-X and PM also
identified the precursor ion peaks of OC at 327.6 [M+Na]*, 304.9 [M+H]*, along with its
monohydrate at /77/z 345.6 [M+Na]* and the OC diagnostic fragment at /m/z121.4 (4-
ethylphenol), which was consistent with literature (Figs. 6A and 6B) (Sanchez et al., 2017).
MS spectrum of OC-X (Fig. 6B) also showed a new significant peak at /m/z=479.8,
representing the OC-xylitol thermodynamic complexation peak [OC+xylitol+Na]*. This
peak disappeared after approximately 5 minutes of dissolution in water at room temperature.
When OC-X has been subjected to high fragmentation energy (10v) at product ion mode
(Fig. 6C), the intensity of the OC main peak at /7/z327.1 [M+Na]* and xylitol peak m/z
175.1 [M+Na]* significantly increased with notable diminishment of the characteristic peak
at m/z479.8 [OC+xylitol+Na]*, suggesting possible reversible thermodynamic
complexation between OC and (+)-xylitol under SD condition.

Dissolution

Plain non-formulated OC dissolution rate was compared with OC-X 1.7 and OC-X 1:70 SD
formulations (Fig. 7). The cumulative dissolved OC concentration, based on analytical
HPLC, was 60% for OC-X 1:7 after 10 minutes. Plain OC and OC-X 1:70 dissolved OC
amount at the same point was 38% and 35%, respectively. Interestingly, after 15 minutes
there was a dramatic upsurge in OC dissolution in OC-X 70X SD that reached 75% but OC-
X 1:7 was still better in OC dissolution showing 80% OC dissolution at the same time point.
Plain OC showed 57% OC dissolution at the 15 minutes point. Dissolution results after 40
minutes indicate that 100% of OC dissolved in both OC-X SD formulations while the plain
OC needed more than 60 minutes for complete dissolution (Fig. 7).

3.8. Taste masking

The comparative percentage between two principal component analyses (PCA1-PCA2) were
used to describe the total variation of the data by converting the data acquired by the E-
tongue from seven different taste sensors to two-dimensional data (Wei et al., 2015;
Podrazka et al., 2018; Dyminski et al., 2006; Ciosek and Wroblewski, 2007; Kobayashi et
al., 2010; Legin et al., 2003; Zhang et al., 2015; Woertz et al., 2011). The system was able to
clearly discriminate the taste map analysis between the vehicle control artificial saliva (X1)
and the plain non-formulated OC (X2) (Fig. 8A). Moreover, the distances between the OC-X
1:7 (X3) and 1:70 (X4) SD formulas was much closer to the placebo xylitol (X5) and far
from the plain OC (X2), which considered as the bitterest sample. The Euclidian distances
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and percentage DI between samples were calculated to assess taste proximity; the lower the
distance, the closer the taste. Fig. 8B shows an expected large distance between the vehicle
control (X1) and the plain OC (X2, distance 143, DI 84%). Interestingly, the placebo xylitol
(X5) was close to respective active formulas OC-X 1.7 (X3) and OC-X 1:70 (X4) by xylitol
concentration-dependent distances; 60 and 29, respectively (Fig. 8B). The DI between X3
and X5 was 42 while the DI between X4 and X5 was 15, suggesting very close taste
similarity to the plain non-medicated xylitol and confirming efficient OC taste masking.

In vivo anti-breast cancer activities

The /n vivo activity of OC against BC has been previously demonstrated through targeting c-
MET RTK and its downstream pathways (Akl et al., 2014; Ayoub et al., 2017; Siddique et
al., 2019°a—c"). This study evaluated the /n vivo anti-TNBC activity of OC-X 1:7 SD
formulation in athymic nude mouse model orthotopically xenograft MDA-MB-231 cells.
Testing used three different modes: preventive, growth, and recurrence (Fig. 9). In the
preventive mode, administration of OC-X for 45 days before xenografting delayed the
latency of tumor for two days, with overall tumor growth inhibitory rates of 49%, compared
to placebo-treated control group (Fig. 10A).

In the growth mode, 15-day OC-X oral use suppressed TNBC growth by 48% compared to
the placebo control group (Fig. 10B). In the recurrence mode, OC-X treatment extended the
recurrence-free survival by two days compared to placebo control treated group.
Furthermore, in placebo control-treated group, all 5 mice developed recurred tumors (100%
recurrence rate) unlike the OC-X-treated group in which only 2 out of 5 mice recurred
tumors (40% recurrence rate) (Figs. 10C and S2). OC-X treatment also significantly reduced
the recurrence tumor volume compared to the placebo treatment (Fig. 10D, Siddique et al.,
2019a’). Due to the significant growth of the recurrent tumors in one placebo control and
one OC-treated mice, both mice were sacrificed on the 24t day after surgery. This was
reflected in both Figs. 10C and 10D. Over all /n vivo experiment courses, no adverse effects,
clinical changes, nor body weight reduction observed in treated mice (Fig. S3, Siddique et
al., 20197a"). Western blotting examination of the growth mode tumors collected after
animals sacrificed showed a marked reduction (76%) in the intratumoral level of phospho-c-
MET (Y1234/1235) compared to the placebo-treated control group tumors (Fig. 10E).

4. DISCUSSION

(-)-Oleocanthal is a unique bioactive natural product lead exclusively occurring in EVOO
with well-documented beneficial activities against cancer, inflammatory and Alzheimer’s
diseases. OC consumption causes irritative sensation at the oropharynx cavity due to the
activation of transient receptor potential cation channel subfamily A, member 1 (TRPA1)
receptors. Accordingly, a taste-masked formulation of OC is needed for its future therapeutic
use as a nutraceutical. This formulation should also consider the unique pharmacophoric
features of OC, including the two highly reactive aldehyde groups, ester, and phenolic
functionalities. Specifically, the OC reactive C-3 aldehyde tends to form hydrate (gem-diol)
in water imparting amphiphilic characters (Sanchez et al., 2017; Siddique et al., 2019°c").
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The hot melt (fusion) solid dispersion method was selected in this study to formulate OC, an
oil compound, as a (liquid) solid system. This was particularly important because methanol,
ethanol, and water will chemically acetalize OC C-1 and C-3 aldehydes causing instability
and undesired pharmacophoric changes. The GRAS ranked FDA-approved food additive
(+)-xylitol was precisely selected based on cooling sensation inside the mouth, low melting
point (below 100 °C), water solubility, thermal stability, low glycemic index, high metabolic
rate, low toxicity, and initial effective OC release from its xylitol SD formulation (Chang et
al., 2018; Jeon et al., 2012; Arafa et al., 2018; Kaialy et al., 2014; Milgrom et al., 2009°a";
Milgrom et al., 2009°b". Mixing OC with melting xylitol and then cooling until the xylitol
becomes fully crystallized afforded OC-X, a unique SD formulation that was physically and
chemically different from simple physical mixing. This was confirmed and characterized by
using different microscopic and spectroscopic methods. OC-X 1:7 was an optimal ratio
affording good flowability, hardness, and surface roughness while at the same PM ratio has
paste, semisolid-like appearance. Further physical characterization of OC-X 1:7 by DSC and
PXRD confirmed different physical properties compared to PM. OC PM loading decreased
the enthalpy energy of xylitol, which indicated that OC can enhance the thermal energy
transfer between xylitol particles. Yet, xylitol melting peak was shifted in the OC-X SD due
to thermodynamic complexation of OC and xylitol via hydrogen bonding interactions.
Recrystallization of xylitol to more stable form with harder out layer compared to the
original crystalline xylitol enhanced its enthalpy energy. The similarity of FWHM for all
samples implied disordered OC distribution inside the xylitol matrix.

TGA and DSC suggest that the change in OC-X as it compared to individual formulation
ingredients and PM is beyond the physical morphology change. The lack of significant OC
weight loss at the xylitol melting point in TGA confirmed the appropriate OC thermal
stability to use the SD method with xylitol carrier. Furthermore, PXRD results showed the
heterogeneous nucleation of xylitol in OC-X SD formulation in which OC settled inside the
xylitol matrix and not on surface, which provided appropriate environment for
thermodynamic complexation. Interestingly, molecular modeling study in a solvent-free
condition suggested the potential of OC to adapt a 3D confirmation that will encourage two
hydrogen bond interactions with xylitol, which was parallel to those of interactions of two
xylitol molecules with each other. Spectroscopic characterization of OC-X using FTIR and
ESI-MS confirmed the novel thermodynamic complexation of OC with xylitol. OC-X
showed new fingerprint region peaks in the FTIR and a new molecular ion peak /m/zat
479.8, representing the sodium adduct of OC-xylitol thermodynamic complexation peak
[OC+xylitol+Na]*. This later peak was MS-MS fragmented at low fragmentation energy to
OC m/z327.1, [M+Na]* and xylitol m/z175.1, [M+Na]*, confirming their complexation.
This peak disappeared within 5 minutes after dissolution in water due to possible rapid OC-
xylitol thermodynamic complex dissociation. The IR and ESI-MS findings for OC-X were
not observed for PM.

The dissolution rate is proportional to the surface area (Zhang et al., 2018). Reducing OC
particle size is expected to enhance its dispersibility inside the (+)-xylitol matrix and
subsequent water solubility unlike the plain non-formulated OC, which tends to aggregate
and builds a single oil cluster layer. Dissolution studies indicated that OC-xylitol 1:7 was
better than 1:70 in enhancing dissolution, especially at the first 15 min. The OC-X 1:7
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formulation needed 40 min for complete dissolution in water, unlike the plain OC, which
needed more than 60 min using a USP type Il dissolution system. This confirmed the
superior dispersion of OC-X versus plain OC.

OC taste masking will facilitate its use as future nutraceutical and food additive. No previous
attempt in literature dedicated to mask the OC taste for oral delivery. The E-Tongue
experiment showed the effective ability of (+)-xylitol to mask the irritative OC taste. The
higher the xylitol amount, the more effective the taste masking. The potential OC-xylitol
complexation in addition to the unique cooling sensation taste induced by xylitol may have
contributed to the effective taste masking.

The /n vivo anti-BC activity of OC is well documented and mostly through targeting the c-
MET RTK and its downstream pathways including mTOR, Akt, STAT3, ERKY,, MAPK,
and HSP90 (Pei et al., 2016; Akl et al., 2014; Ayoub et al., 2017; Siddique et al., 2019 a—c").
Dysregulation of c-MET correlates with aggressive proliferation, invasive, and pathological
motility profiles in breast and several other cancers (Akl et al., 2014; Ho et al., 2015). c-
MET amplification also correlates with the escape of cancer cells from anticancer effects of
several targeted therapies (AKl et al., 2014; Siddique et al., 2019°b"; Ho et al., 2015). The
essential role of c-MET pathway in human BC, specifically TNBC, development and
recurrence is well documented (Ho et al., 2014; Samiee et al., 2012; Pienta et al., 2013;
Comen et al., 2011). Residual surviving cancer cells can also repopulate tumors after
excision surgery, radiation therapy, or during chemotherapy cycle gap periods (Ho et al.,
2014; Samiee et al., 2012; Pienta et al., 2013; Comen et al., 2011). c-MET dysregulation can
trigger activation mechanisms of dormant tumor cells, triggering repopulation and
subsequent relapse and recurrence (Ho et al., 2015; Ho et al., 2014; Samiee et al., 2012;
Pienta et al., 2013; Comen et al., 2011). The c-MET modulator micronutrient OC can
prevent or delay BC development, suppress and abrogate its progression and recurrence. The
high daily dietary EVOO consumption is common in the Mediterranean populations, with
documented epidemiological studies showing less incidence of breast and colon cancers
versus western populations (Toledo et al., 2015; Escricha et al., 2011).

OC-X showed potent oral anti-TNBC activities in orthotopic nude mice xenografts. In early
treatment-preventive mode, OC-X extended the tumor-free survival by two days and
potently suppressed the developed tumor growth. OC-X also showed potent tumor growth
suppression when used after tumor cells xenografting. Interestingly, OC-X prevented 60% of
TNBC recurrence after primary tumor surgical excision in nude mouse xenograft model.
Only 2 out of 5 mice had locoregional recurrent TNBC compared to 5 out of 5 mice in
placebo-treated group. Recently, in an identical model, plain non-formulated OC was not
able to prevent TNBC recurrence and therefore 5 out of 5 nude mice treated with plain OC
developed locoregional recurrence tumors (Siddique et al., 2019°a"). Plain OC was only able
to delay and suppress the locoregional recurred TNBC MDA-MB-231 cells tumor volume
(Siddique et al., 2019°a"). This clearly shows the improved pharmacodynamics conveyed by
the use of OC-X SD formulation as compared to the non-formulated OC. Analysis of tumor
lysates treated with OC-X showed effective suppression of c-MET activation suggesting
successful maintenance of OC previously reported anti-BC effects at the molecular level
(Akl et al., 2014; Siddique et al., 2019°a-c").
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Oleocanthal is an exceptional natural product exclusively occurring in EVOO and has
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documented activities against cancer, inflammatory conditions, and Alzheimer’s disease.
The present study developed a novel xylitol-based liquisolid SD formulation with enhanced

dissolution and anti-BC activities. The taste masking of OC in OC-X is attributed to a

unique thermodynamic complexation between OC and xylitol. c-MET, the main molecular
target of OC, is a key player in BC development, progression, recurrence, and metastasis.

OC is expected to have long-term safety profile at low, food-level doses based on the

historical human consumption of olive oil. Other advantages of OC as nutraceutical is its
cost-effectiveness based on the sustained plant supply source, relative ease and economic

viability of commercial production, and potential for marketing as dietary supplement

without the need for full pre-marketing regulatory approval. The use of OC nutraceutical

products can be extended not only to prospective BC patients and survivors but also to

women with disease risk factors.
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ABBREVIATIONS:
BC

EVOO
ocC
TNBC
SD
0OC-X
PM
SEM
DSC

FWHM

breast cancer

extra-virgin olive oil

oleocanthal

triple negative breast cancer

solid dispersion

Oleocanthal-(+)-xylitol solid dispersion formulation
physical mixture

scanning electron microscope

differential scanning calorimetry

full width at half maximum
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TGA thermogravimetric analysis
PXRD Powder X-ray diffraction
FTIR Fourier-transform infrared spectroscopy
MS mass spectrometry
Pl product ion
HPMC hydroxypropyl methylcellulose
rpm rotation per minute
E-Tongue electronic-tongue
DI discrimination Index
p-c-MET Phospho-mesenchymal-epithelial transition receptor tyrosine kinase
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Figure 1.
Upper row: Microscope photographs, magnification 10x. Lower row: Scanning electron

microscopy (SEM) of: (A) (+)-Xylitol, (B) Crystallized (+)-xylitol, (C) Physical mixture
(PM), (D) OC-X 1:7 SD formulation. The SEM scale bar represents 1 mm. The
magnification of A-D is: 40x, 45x, 30x, and 50x *1000, respectively.
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(A) MTDSC thermograms of (+)-xylitol, crystallized (+)-xylitol, PM, OC-X SD showing

OC decomposition started at ~250 °C, with enlargement of (+)-xylitol melting peak at 5X,

distinguishing the differences in melting peaks and enthalpy energy of all samples. All runs
obtained at a 5 °C min~1 heating rate. (B) Thermogravimetric analysis (TGA) of plain, non-

formulated OC.
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Figure 3.
Powder X-ray diffraction (PXRD) patterns demonstrating crystallite structural evolution of

xylitol. From bottom to top: (+)-xylitol, PM, OC-X 1:7 SD, crystalized (+)-xylitol.
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Figure 4.
Molecular modeling of xylitol-xylitol hydrogen bonding interactions (A) and xylitol-OC

hydrogen bonding interactions (B) in molecular dynamic, solvent-free mode. Hydrogen
bond interactions observed represent those between two xylitol molecules in their crystal
structure and the hypothetical interactions between one xylitol molecule and OC in the OC-
X SD formulation. Purple line for the thru-space molecular distance in A between hydrogen
bond interacting functional groups. Green line shows the hydrogen bond interactions angle
in degrees “°”.
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Figure 5.
Fourier-transform infrared (FTIR) spectra of (+)-xylitol (red), plain, non-formulated OC

(orange), OC-X 1:7 SD (black), PM (blue), and the zooming expansion of the four samples
fingerprint region (825-1147 cm™1).
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Figure 6.

Full scan Q1 mass spectra of: (A) PM showing ion peaks for individual OC and xylitol, (B)
OC-X 1:7 SD showing the molecular ion peak of the OC-xylitol complex Na adduct at 7/ z
479.8, (C) ESI-MS-MS Q2 fragmentation product ions of the OC-xylitol complex Na adduct
at m/z480.6 to individual OC and xylitol Na adducts at collision energy 10V.
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Figure 7.

Comparison of the dissolution profiles of plain non-formulated OC, OC-X 1:7, and OC-X
1:70 SD formulations in artificial saliva, pH 6.8, at 37 °C.
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Figure 8.
Electronic-tongue taste comparison assessments. (A) Taste map based on principal

component analysis (PCA) of samples; artificial saliva (pH 6.8, X1), plain, non-formulated
OC (X2), OC-X 1:7 SD (X3), OC-X 1:70 SD (X4), and (+)-xylitol (X5). (B) The Euclidian
distances and Discrimination Index (DI in %) between X1-X5.
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Figure 9.

Overview of OC-X 1:7 SD in vivo anti-BC activities. Activities include BC development,

growth, and recurrence inhibition.
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Anti-TNBC activities of oral 10 mg/kg OC-X 1:7 SD (of OC) in orthotopic athymic nude
mice xenograft models. (A) OC-X was used in preventive mode 45 days before tumor cells
inoculation and continued for additional 25 days after xenografting. OC-X inhibited 49% of
tumor development and growth compared to placebo control, n=5, at the study end. (B) OC-
X was used in growth suppression mode, orally used 5 days after tumor cells xenografting
and treatment continued for 15 days. OC-X inhibited 48% of tumor growth compared to
placebo control, n=4, at the study end. (C) The TNBC MDA-MB-231 cells xenografted into
each nude mouse second mammary fat pad. Fifteen days after xenografting, each mouse
primary tumor, volume averaged ~400 mm?3, was surgically excised. The next day after the
surgery, mice randomized to two groups, n=5, placebo control and OC-X 1.7 SD treated
group. Treatment started and continued for additional 30 days. All 5 placebo control mice
developed locoregional recurrence tumors while only 2 out of 5 mice treated with OC-X 1:7
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SD developed locoregional recurrence tumors (60% recurrence prevention). (D) Comparison
of the effects of OC-X and its placebo treatments on recurrence tumor volume over the
experiment course. Results expressed as the mean S.E.M. The percentage of tumor volume
inhibition values (Inh.) was measured on the final day of the study for the drug-treated mice
compared with the control mice. * p <0.05, ** p <0.01, and *** p <0.001 versus placebo
control group, using Student’s t test. (E) OC-X 1:7 SD significantly reduced the activated c-
MET (Y1234/1235) level in collected growth inhibition mode experiment tumors compared
to the placebo control group. Right panel is densitometric semi-quantitative analysis for p-c-
MET (Y1234/1235)/p tubulin.
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Table 1.
Melting peak, onset and end set point, FWHM, AH of the samples used in MTDSC.

Samples Melting peak (°C)  Melting on-set (°C)  Meltingend set (°C) FWHM AH g™
(+)-Xylitol 95.65 92.16 105.24 6.5 196.5
Crystalized (+)-xylitol 95.25 91.91 105.11 6.6 2258
OC-X Sb 94.11 89.53 103.43 6.9 211.7
PM 95.46 91.9 105.13 6.6 187.3
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