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Abstract

Isofuranodiene is an oxygenated sesquiterpene containing a furan ring isolated from the essential oil
of Smyrnium olusatrum L. (Apiaceae) owning notable anticancer activity. Despite its biological
potential, the high lipophilicity along with a relatively low stability due to Cope rearrangement giving
rise to a less active compound, make the perspective of its therapeutical use unlikely. On this basis,
in the present work we evaluated bulk and dispersed non lamellar liquid crystalline phases as effective
delivery vectors for isofuranodiene, and capable of preserving its structure and enhancing the
biological activity. Small-angle X-ray scattering, dynamic light scattering, and UV resonance Raman
spectroscopy were used to characterize the nanosystems in an integrated experimental approach.

Encapsulation of isofuranodiene in the lipid matrix resulted in a transition from a cubic Im3m to a
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reversed hexagonal phase because of the highly lipophilic character of the drug, as obtained in SAXS
measurements, and in significant shifts in the components of the Raman spectrum of isofuranodiene.
The anticancer activity of isofuranodiene-loaded lipidic nanoparticles was assessed on MDA-MB 231

cell line by MTT assay and was found to be higher than that of pristine isofuranodiene.
Keywords
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1. Introduction

Bioactive compounds obtained from natural sources have been extensively used through the centuries
from different traditional medicines.! Their choice is dictated by many reasons ranging from the fact
that their assumption is better psychologically accepted to the opinion they are considered less toxic
than the artificial analogues.> Many extracts, essential oils and compounds isolated from plants are
very active and currently used for several therapeutics purposes.’ Thereby, the extraction of active
compounds from plants and the research on their pharmacological benefits and on their possible
pharmaceutical formulations represent a very rich field of research and stimulus for new and
sustainable economies.*> Isofuranodiene (IFD, syn. furanodiene) is a lipophilic sesquiterpene
isolated from plant species of the genera Commiphora,’ Curcuma,® Eugenia® and Smyrnium;'®!' some
of these have a long history and their earlier uses are dated back to the eastern alternative medicine,
in the traditional Chinese medicine and in Ayurveda. IFD has several potential therapeutic effects
ranging from multiple anticancer activities,%!1%!31415 to antitripanosomal,'® anti-inflammatory'” and
hepatoprotective effects.!®1%?° It follows that there is a continuous interest in the therapeutic effects

19.21.22.233 a5 such and as a co-drug,* and in its

and in the mechanism of actions of this molecule,
possible use in clinical trials. IFD, once isolated in the solid state, may undergo a thermal conversion
(Cope rearrangement) to curzerene, a less active compound.?®> Pharmaceutical formulations for IFD
delivery?® are hence considered with the aim to preserve its integrity and to enhance its solubility and
bioavailability. In fact, the sesquiterpene IFD is a non-polar molecule with a very low water solubility
and a net positive value for logP of 3.52,%” and its dispersion in a lipid matrix represents a plausible
route for its stabilization and delivery.”®* About this issue, a pioneer study was published by Zhang

et al. in 2017,%” where IFD was loaded in folate-mediated PEGylated nanostructured lipid carriers



FA-PEG2000-DSPE-NCLs to increase its solubility and bioavailability, prolong the circulation time in
blood and improve the targeting ability. Other systems were tested to encapsulate IFD or its rich
essential oils such as PLGA Biodegradable PolyLactide-co-Glycolide nanoparticles,*® or as water-
dispersible SNEDDS (self-nano-emulsifying drug delivery system) formulation and
microemulsions.*!*? Lipid dispersions may also be obtained from amphiphiles having a hydrophilic
headgroup and a hydrophobic chain region which self-assemble upon addition of water to form a
series of liquid crystalline structures ordered in one, two and three dimensions. Upon addition of
water amphiphiles may self-assemble into lyotropic liquid crystalline systems (LLC) with the
hydrophobic moieties clustering together to minimize the exposure to water and the hydrophilic
moieties oriented to the water environment. Lamellar (L«), hexagonal (H) and bicontinuous cubic (Q)
phases, according to their symmetry, are the most commonly studied.*® In particular, the hexagonal
and the cubic mesophases can be classified in “normal” (type I) with hydrocarbon domains embedded
in a continuous water medium (oil-in-water systems), and “inverted” (type II) with the polar
headgroups, hydrated by water, organized in a continuous non polar matrix (water-in-oil systems).>
In the inverted hexagonal phase (Hp), the structural cylindrical elements are filled with water and
dispersed in a continuous medium formed by the hydrocarbon chains, whereas the polar headgroups
are at the water/hydrocarbon interface.*® Inverted bicontinuous cubic phases consist of a complex 3-
D lipid bilayer wrapped around two intertwined and unconnected water networks. *® They can exist
in three different space groups: double gyroid /a3d, double diamond Pn3m and primitive Im3m. LLC
phases are not very easy to handle because of their viscosity,*’ but this may be reduced by adding a
steric stabilizer and dispersing these materials into nanoparticles whose internal structures closely
resemble that of the parent bulk liquid crystal phase. Once dispersed, the H;;and Oy phases are termed
hexosomes and cubosomes, respectively and in recent years they are attracting considerable interest

3839 vitamins,* as well as for

as potential nano-carriers for both hydrophilic and hydrophobic drugs,
proteins and nucleic acids.*'*? Different amphiphiles are currently used but most of the LLC research
concerns glyceryl monooleate GMO*** or phytantriol PHYT,* which, in the presence of a water
excess, self-assemble in a bicontinuous cubic phase. Both compounds are promising for cosmetic*®
and medical*’ applications as they are included in the FDA inactive ingredients guide. Recently,
phytantriol was employed, alone or in combination with a cationic surfactant,***° to encapsulate the
anticancer agent 5-fluorouracil and the systems were characterized by different complementary
techniques-. The same integrated experimental approach (characterization by small-angle X-ray
scattering, UV resonance Raman spectroscopy and dynamic light scattering) was used in the present

work to analyse GMO lipid matrices which were loaded, for the first time, with isofuranodiene in

order to preserve its structure and to enhance its biological activity. At this regard, GMO/IFD



colloidal dispersions were tested for their in vitro anticancer potential using human MDA-MB-231

cancerous cells as model.

2. Materials and methods

2.1 Materials

Glyceryl monooleate (GMO) (Monomuls® 90-O18) was a gift from BASF, Germany. It has a similar
composition to other commercial GMO-based products with phases behaviour like that of the pure
component.** Isofuranodiene (IFD) was isolated from the essential oil obtained from the
inflorescences of Smyrnium olusatrum L. by crystallization following a previously reported
procedure.>*?¢ Its chemical structure was confirmed by NMR analysis by comparison with literature
and reference standard available in authors’ laboratory.?>>! Pluronic® F127 (PEQos-PPOg7-PEOos)
was a Sigma-Aldrich products. Milli-Q water was used for the hydration of the lipids and for all the
dilutions. Chloroform and methanol were obtained from Sigma-Aldrich; they were of analytical grade

and used as received.

2.2 Preparation of Bulk Lipid Phases

GMO (50 mg) and Pluronic® F127 (8 % w/w of lipid) were dissolved in chloroform and, after solvent
evaporation, dried under vacuum. The residue was hydrated with water (200 pL) and equilibrated at
room temperature for 24 hours to obtain the cubic phase gel.

The same procedure was used for IFD loaded cubic gels but adding 4 mg of IFD to GMO/F127

chloroform mixture before evaporation of the solvent.

2.3 Preparation of Dispersed Lipid Phases
Lipid dispersions were obtained upon addition of water to the gels (final lipid concentration 20

mg/mL) and 10 min probe sonication (pulse mode, 1s on and 1 s off, 50 % maximum power).

2.4 Small Angle X-Ray Scattering (SAXS)

Synchrotron SAXS measurements were performed at the SAXS beamline, Elettra Sincrotrone Trieste
(Trieste, Italy). 2-Dimensions diffraction images were recorded on a Dectris Pilatus 1M detector at
1.54 A wavelength (8keV incident beam energy). The sample to detector distance was 1279 mm
which covers a ¢ range of 0.15-5 nm™! (q = 4msin6/ A where A is the wavelength and 26 is the
scattering angle). A vacuum chamber was arranged between the sample and the detector to remove
the air scattering. Exposure time for each sample was set to 1 s. 1D intensity versus ¢ patterns were

obtained from the integration of the recorded 2D scattering images. From the linear fit of the plot g«



vs VRZ + k2 + 12 and gw vs V h* + k* + hk the lattice parameters a for the cubic and hexagonal phase

were obtained, respectively.

2.5 UV Resonant Raman (UVRR)

UVRR experiments were carried out at the BL10.2-IUVS beamline of Elettra Sincrotrone Trieste
(Italy).>® The 228 nm exciting wavelength was selected by suitably regulating the undulator gap and
using a Czerny-Turner monochromator (Acton SP2750, Princeton Instruments). A triple stage
spectrometer (Trivista, Princeton Instruments), having a spectral resolution of ca. 15 cm’, was
employed for collecting the spectra in a back-scattered geometry. Cyclohexane was used for the
calibration of the spectrometer. The radiation power on the sample was ~10 uW. Any possible photo-
damage effect following a prolonged UV-rays exposure of the sample was avoided by continuously
spinning the sample cell during the measurements. In order to evidence the single spectral
components in the experimental Raman profiles, a fitting procedure of the UVRR spectra was
implemented by using a sum of a minimum number of Pseudo-Voigt functions. All the parameters
were initialized with reasonable values and then they were gradually released up to the convergence
of the fit.

Calculations were performed by adopting the Gaussian 09 software> and the pure exchange-
correlation PBE>* DFT based functional, including the D3-bj empirical dispersive term.”> H atoms
were described by a 6-31+G(d,p) standard Pople Gaussian basis set, C and O atoms by a 6-
31+G(2d,p) one. Then the optimized isofuranodiene molecule was used for Raman spectrum

calculation.

2.6 Particle Size and Zeta Potential

Dynamic light scattering measurements were performed to have the average particle size distribution
(PSD) of the prepared aqueous dispersions, whereas electrophoretic light scattering to measure the
Zeta Potential Zp of the nanoparticles. In both cases, a Malvern Zetasizer Nano ZS was employed.
The PSD was characterized by polydispersity index (PDI) and Z-average values (Za.) for particle
diameter. They were measured immediately after preparation (t = 0 days) as well as in the following
45 days to monitor the physical stability of the dispersions over time.

The obtained values are the means of measurements performed in triplicate on three different samples,
properly diluted with water, at 25 °C assuming the viscosity of water. For data analysis, the Zetasizer

software DTS V 7.10 was used.

2.7 IFD Content in Nanostructured GMO Dispersions



The IFD entrapment efficiency of the prepared hexosomes was determined as described previously*®
after separation of drug loaded hexosomes from excess IFD by centrifuging the IFD loaded
nanoparticles at 10,000 rpm for 15 min by using centrifugal filter tubes with a 10 kDa cut-off (Amicon
Ultra-4, Millipore). The collected filtrate was read at Ane =220 nm to eventually quantify the non-
encapsulated IFD. Total IFD (free and encapsulated, /FFD(T)) was determined at Anee =220 nm after
addition of methanol to disrupt the lipid nanostructures.

Encapsulation efficiency EE (%) was obtained from the equation:

IFD(T) — IFD(F

where IFD(T) and IFD(F) are the total and the free IFD used in the preparation of hexosomes and
collected in the filtrate, respectively.

Measurements were conducted in triplicate on three independent samples.

2.8 Cell culture.

Human breast adenocarcinoma cells (MDA-MB 231) were obtained from American Type Culture
Collection (Rockville, MD) and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with
2 mM L-glutamine, 100 IU/mL penicillin, 100 pg/mL streptomycin (Corning, Manassas, VA, USA),
and supplemented with 10% heat-inactivated fetal bovine serum (HI-FBS) (Corning, Manassas, VA,
USA). Cells were grown in a humidified atmosphere with 5% CO- at 37°C. Cells were maintained in
culture by detachment with Tripsin/EDTA and diluted in fresh medium before reaching the cell

confluence state (approximately 80% confluence).

2.9 Antiproliferative activity

The cytotoxic potential of GMO and GMO/IFD nanoparticles on MDA-MB 231 cell viability was
investigated. The reduction of tetrazolium salt, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO) to formazan by mitochondrial succinate
dehydrogenase was used to evaluate the viability of the cancer cells as previously described.*® Briefly,
exponentially growing cells were seeded in quadruplicate at the density of 2 x 10* cells/mL into 96-
well microtiter tissue culture plates (Corning Incorporated, NY, USA) in complete medium (100 pL)
and incubated at 37 °C in a 5% CO; atmosphere. After 24 h from the seeding the cells in culture
plates, GMO and GMO/IFD nanoparticles in appropriate concentrations were added. GMO and
GMO/IFD nanoparticles were tested in the 6.3-400 pg lipid/mL concentration range, whereas bare
IFD was tested in the 0.8-200 pg/mL range. Pluronic® F127 was also tested at the maximum
concentration of 32 pg/mL corresponding to F127 concentration in the 400 pg/mL dispersion. After
24 and 48 h of incubation, cell viability was determined by adding 10 pL of MTT solution (5 mg/mL
in phosphate-buffered saline, PBS) to each well. After 4 h additional incubation at 37 °C, the culture



medium was removed, and formazan crystals were dissolved in 100 uL of dimethyl sulfoxide
(DMSO; Sigma-Aldrich). The plates were stirred for about 15 min in order to solubilize the crystals
and the absorbance was read at A = 540 nm Optical Density using an OMEGA plate reader from
BMG Labtech (Durham, NC, USA). Experiments were conducted in triplicate. Cytotoxicity was
expressed as the concentration of compound inhibiting cell growth by 50% (ICso) relative to control

cells.

2.10 Statistical analysis

Quantitative data were presented as means + SD from three independent experiments. The
significance of differences was evaluated with one-way ANOVA followed by Bonferroni multiple
Comparison Test. The ICso values and statistical analysis were executed with GraphPad Prism 5
Software (S. Diego, CA, USA) using p < 0.05 as the critical level of significance. The computer
software, CompuSyn, was used to determine the effects (synergistic, additive or antagonistic) of
GMO/IFD interactions at all doses and effect levels,”’ as indicated by the combination index (CI)
obtained from the CI equation algorithms. A CI value less than 1 means that there is a synergic effect,

a value of 1 indicates an additive effect and a value greater than 1 indicates an antagonistic effect.

3. Results

3.1 Characterization of Bulk Phases

The first step in the investigation was the assessment of the influence of IFD on GMO phase structure
in excess of water. Since in the present work both the bulk and dispersed systems were used, samples
were all prepared with the same composition by including the block copolymer F127. As reported in
Table 1, an Im3m cubic phase with a lattice constant a = 13.40 nm was observed for the empty bulk
cubic phase as confirmed by the X-ray diffraction pattern with the typical Bragg peaks (110), (200),
(211),(310), (222) shown in Figure 1(a). No signals from other bicontinuos cubic phases were evident
in the diffraction pattern, differently from what reported by other authors.’®*° The incorporation of
IFD into the GMO matrix led to a transition from an /m3m cubic to an Hy; phase with unit dimension
cell a = 6.30 nm (Figure 1(b)). This phase behaviour can be justified by considering the critical
packing parameter (CCP, a shape factor)®® defined as CPP = J/4[ and can be estimated considering
the amphiphile dimensions: V" and / are the volume and the length of the hydrophobic part of the
amphiphile, respectively whereas A is the cross-sectional area of the hydrophilic headgroup. For

reverse structures CPP is typically larger than 1 and, in the present case, the addition of the lipophilic

drug IFD in the lipid matrix should expand the volume of the hydrophobic moiety thus increasing the



CPP value and favouring the transition toward a more negatively curved mesophase such as the

hexagonal one.
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Figure 1. SAXS diffraction profiles of GMO bulk phase: unloaded, /m3m cubic phase (a) and IFD
loaded, Hr hexagonal phase (b)

In Figure 2(a)-(b) the experimental Raman spectrum of pristine IFD molecule and the calculated
Raman intensities in the 1300-1800 cm™' region are compared. The experimental profile of Figure
2(a) shows the presence of three intense features that can be recognized at <1555, 1625 and 1670 cm’
!, By comparison between experimental and calculated Raman spectra, these spectral components
can reasonably be associated to the corresponding calculated Raman frequencies at <1551, 1673 and
1686 cm’!, respectively, that appear in the spectrum of Figure 2(b). As visualized by the sketches
reported in the same panel of Figure 2(b), the experimental component at 1555 cm™ (calculated at
1551 cm™) can be attributed to a stretching vibration of the IFD furan ring. Conversely, the Raman

contributions found at =1625 and 1670 cm™ in the experimental spectrum (calculated at 1673 and



1686 cm™) can be attributed to stretching movements mainly involving the double bonds located on

the IFD condensed rings.

calculated
J
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Figure 2. Experimental (a) and calculated Raman (b) spectrum of pristine IFD in the wavenumber
region 1300-1800 cm™!. The sketches reported in panel (a) visualizes the vibrational modes associated
to the corresponding calculated frequencies and the coloured areas highlight the molecular moieties

mainly involved in the vibration.

Figure 3(a)-(b) shows the UVRR spectra of IFD pristine and loaded in GMO matrix. The use of 228
nm exciting radiation for collecting Raman spectra allowed us to enhance the intensity of IFD Raman
peaks between 1500 and 1800 cm™! involving the aromatic moieties in the drug structure. Moreover,
the use of exciting wavelength below 250 nm had the great advantage of strongly reducing the
interfering fluorescence background that often affects the spontaneous Raman spectra of these
organic compounds. The Raman profile of GMO matrix loaded with IFD is dominated by the signals
arising from the drug while the less intense contribution of GMO has been easily subtracted from the
total experimental profile reported in Figure 3(b). The comparison between the spectra of Figure 3(a)
and (b) evidences some spectral changes undergone by IFD when it is loaded in GMO matrix,
suggesting the existence of an interaction between the drug and GMO molecular group in the
complex. Particularly, a significant red-shift of ~10 cm™ is observed for the IFD Raman component
that in pristine form is found at about 1625 cm™. Small shifts are observed also for the other two
contributions centred at ~1555 and 1670 cm™ in the pure drug, which slightly move at ~1557 and
1666 cm™ upon encapsulation in GMO. Additionally, the loading of IFD into GMO matrix clearly
induces a change in the relative intensities of the three Raman components that are visible in the
region 1500-1800 cm™'. By considering these shifts and analysing the structures of both IFD and of
GMO, we can argue two possible sites of interactions for these molecules: the oxygen atom of the
furane ring and the polar head of the lipid matrix for an eventual dipole dipole attraction on the one

side, and the long alkyl chain of the GMO and the dienyl ring of IFD, according to local polarizations,



on the other side. This last option fits with the observed C=C double bonds Raman shifts as
polarization is supposedly more effective on the C=C double bonds. This is consistent with the
resonance occurring for these functional groups at the excitation wavelength of 228 nm that leads to
a major sensitivity of the UVRR technique also for slight spectral modifications involving C=C
double bonds. All these experimental findings are consistent with the encapsulation inside GMO of

IFD whose molecular groups are influenced by a more hydrophobic environment than the free drug.

Raman intensity (arb. units)
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Figure 3. UVRR spectrum of IFD pristine (a) and loaded in GMO (b) in the wavenumber region
1300-1800 cm™. The total fit-curve and the single components assigned to Raman spectral

components are represented with full lines.

3.2 Characterization of Dispersions

GMO and GMO/IFD nanoparticles were prepared by dispersion of the bulk cubic/hexagonal phases,
already added of F127. The effectiveness of the steric stabilizer was confirmed by the homogeneous
appearance of the dispersions. In fact, uniform milky mixtures with no signs of aggregation were
obtained for both the empty and loaded samples, with the GMO dispersion a little less opaque than
the GMO/IFD one.). The more or less opaque appearance of the dispersions depends by the scattering



of the visible component of the incident light, and is higher (more opaque sample) in case of the IFD
loaded dispersion because of the higher nanoparticles average size and PDI (see Table 1)

The inner organization of the dispersed lipid NPs was determined, and both the phase structure and
the lattice parameters were the same as the parent bulk phase. Empty dispersions were in a cubic
Im3m mesophase (¢ = 13.40 nm), whereas the IFD loaded sample assumed an inverted hexagonal
(Hp) type structure (a = 6.25 nm).

Dynamic light scattering (DLS) measurements indicated that both formulations have a monomodal
size distribution (Table 1) with a mean particle size of 176 nm for GMO/IFD hexosomes larger than
the Zave determined for the empty cubosomes (132 nm). The low PDI values indicate homogeneity of

the formulations and stability of the cubic and hexagonal NPs against aggregation.

Table 1. Average particle size (Zave) and Polydispersity Index (PDI) of GMO nanoparticles, empty
and loaded with IFD, measured for 45 days

GMO GMO/IFD
days Zve (nm) PDI Z.aye (nm) PDI
0 132.10 + 1.38 0.08 £ 0.01 175.90 +£2.26 0.16 £0.03
7 135.61 £1.37 0.10+0.03 198.20 £2.82 0.18 £0.03
14 136.94 £ 1.61 0.10+0.01 200.10 £ 3.80 0.19 +£0.05
21 137.27 £ 1.65 0.09 +0.02 203.70 £ 3.60 0.19+£0.04
28 137.73 £ 1.51 0.09 £0.01 200.80 = 4.50 0.21 £0.04
45 138.47 £2.02 0.10£0.02 198.30 £ 3.30 0.22 +£0.02

The prepared dispersions have a good colloidal stability as indicated by the size and size distribution
values monitored for a period of 45 days. Just a small increase in the particle size was observed in the

first 7 days for the loaded nanoparticles and the PDI value varied little with time.

A Zeta Potential Zp value of -20.27 £ 0.95 mV was measured for GMO cubosomes, in agreement
with the previous literature.®! IFD encapsulation in the nanoparticles had no significant effect on the
Zp, which slightly decreased to -24.24 + 0.85 mV. Negative values were obtained for the formulations
even if all the components, GMO, Pluronic® F127 and IFD, are uncharged. This behaviour may be
connected to possible contamination of commercial GMO by free oleic acid which may be partially

62,63

ionized or to the adsorption of hydroxyl ions, coming from the aqueous environment, favoured

from the coverage of the nanoparticle surface by the PEO groups of Pluronic® F127; in fact these

PEO groups of F127 stretches out of the nanosystem acting as a corona.®!-*



A good IFD entrapment efficiency in the nanoparticles (93.2 + 4.7 %) was obtained and it can be
attributed to the compatibility between the drug and the matrix: the lipid bilayers of these
nanoparticles provide a suitable environment for this highly hydrophobic molecule (logP = 3.52).?’

The in vitro anticancer activity of IFD-loaded GMO nanoparticles, and for comparison that of the
bare IFD, were determined in human breast adenocarcinoma MDA-MB 231 cells and evaluated by
MTT assay. In fact, IFD was found to be an antiproliferative agent towards human colon carcinoma,'?
prostate and breast cancer cells in vitro and to be less toxic in normal cells.®>® IFD was shown to
inhibit MCF7 and MDA-MB 231 cells proliferation and to induce depolarization, chromatin
condensation and DNA fragmentation. Moreover, it was found to increase the Bad and Bax
expression, the proteolytic cleavage of caspase-9, caspase-7 and poly-ADP-ribose polymerase
(PARP) and to inhibit the protein expression of cyclins, Rb, Bel-xLand Akt in these cell lines.®® The
in vitro cytotoxicity of GMO nanoparticles was investigated on different cell lines,®”*3%-70 but few
and not very clear data are available on the effects of GMO on MDA-MB 231 cells.”"* In a previous
work,*® MDA-MB 231 cells were used to test the cytotoxicity of cubosomes, empty and loaded with
S-fluorouracil, but they were made of phytantriol. It was found that PHYT nanoparticles were not
toxic for concentration up to 75 pg/mL after 24 h of incubation and that the toxicity drastically
increased after 72 h. Here, the toxicity of GMO cubosomes on MDA-MB 231 cells was tested and it
was found that they were found less toxic than PHYT cubosomes, in agreement with literature data
collected on different cellular lines,®” where GMO was found to have a lower ability to disrupt the
cellular membrane. The ICso values determined in this work were 116.9 and 127.4 pg/mL after 24
and 48 h of cells incubation in the presence of GMO, as reported in Table 2. Pluronic® F127, used

as stabilizer, resulted non-toxic even at the highest used concentration (data not shown).

Table 2. Cytotoxic activity of [IFD, GMO and GMO/IFD on MDA-MB 231cell line.

MDA-MB 231 (ICso pg/mL)
24 h 48 h
IFD 27.73 24.56
95% C.I.* | 23.11-33.26 21.50 - 28.05
GMO 116.9 127.4
95% C.I. 100.8 - 135.6 120.1 - 135.1
GMO/IFD 79.9 92.7
95% C.I. 72.17 - 88.45 86.45 - 99 41




ICso = The concentration of compound that reduces by 50% the cell growth (after 24 and 48 h of incubation).
2 Confidence interval.

A low IFD concentration did not show any inhibition of MDA-MB 231 cell viability; instead, higher
concentrations determine a dose-dependent decrease of viability (Fig. 4). As reported in Table 2, ICso
values for IFD were 27.73 and 24.56 ng/mL at 24 h and 48 h, respectively. To enhance solubility and
bioavailability, IFD was encapsulated in GMO cubosomes with the incorporation ratio of 1.625 mg
IFD/20 mg GMO and the nanoparticles obtained were used to test the antiproliferative activity of
GMO/IFD complex on MDA-MB 231 cells. As reported in Table 2, IFD encapsulation in GMO
nanoparticles resulted in a significantly enhanced anticancer activity of the loaded nanoparticles
compared to the empty ones, being the ICso values at 24 h 116.9 pg/mL and 79.9 pg/mL for the GMO
and GMO/IFD, respectively The antiproliferative activity of the two systems at the different
concentrations tested is shown in Figure 4 (a and b) for the 24 and 48 h treatment. For both the samples
the concentrations refer to the lipid content, whereas the corresponding concentration of IFD in
GMO/IFD is indicated in the upper axis of the diagram. Upon treatment with 100 pg/mL GMO or
GMO/IFD, a reduction in cell viability from 68.9 % (GMO) to 35.7 % (GMO/IFD) at 24 h treatment
was observed as shown in Figure 4 (a). In 100 pg/mL GMO/IFD 8.1 pg/mL IFD were encapsulated
but, at this concentration, pristine [FD had almost no toxicity (Figure 4, panel ¢) and hence IFD loaded
in the nanoparticles was more effective than the free drug. The complex had almost the same cytotoxic
effect prolonging the incubation time to 48 h.

Noteworthy, cells incubated with GMO or GMO/IFD were treated with two different kinds of
nanoparticles, cubosomes and hexosomes, respectively and this could result in a different
cytotoxicity. Even if both the systems have the same concentration of monoolein and F127, the
different internal structures and surface curvature of the two kind of nanoparticles may influence their
interaction with the lipid membranes of cells, "> making hexosomes less toxic than cubosomes. Other
factors could account for the minor cytotoxicity of hexosomes, such as their higher elasticity and

softness,’* or their minor interfacial area which determines a minor amount of associated F127.7°



24h 48h

a IFD [pg/mi] C IFD [ug/mi]
0 051 1.0 20 41 61 8.1 122 16.2 325 0 051 1.0 20 41 61 81122 16.2 325
1 1 i 1 1 1 i Il 1 1
= 100 L = 100 L
3 mm GMO < . GMO
z 1 GMOIFD kS 3 GMO/FD
Q <]
& 2
kS ©
e 2
= 50 ~ 50
2 =
g 3
8 )
> >
L o L
0.0 63 125 250 50.0 75.0 100.0150.0 200.0 400.0 0.0 6.3 125 250 50.0 75.0 100.0 150.0 200.0 400.0
GMO [ug/ml] GMO [ug/ml]
‘_c-; 100 €L I I = 100 I - T
T =]
£ L1 £ g1
o S T
o (5]
L)
o G
o =
§:‘ 50 3‘:' 50
£ Z
'-E —
K r:
> 5 ﬁ
o =)

0.0 08 16 34 63 125 25.0 50.0 100.0200.0 00 08 16 3.1 63 125 250 50.0 100.0200.0
IFD [ug/mI] IFD [pg/mi]

Figure 4. Antiproliferative activity, determined by MTT assay, of IFD, GMO, and GMO/IFD on
MDA-MB 231 cells culture. Cells were treated with various concentration of GMO/IFD and GMO,
for 24 (a) and 48 h (c). IFD concentrations for each formulation are reported above each panel.
Antiproliferative activity of IFD was tested (b, d). Values are mean + SD, n = 3. The significance of
differences between the effect of free and encapsulated FD is indicated by dots above the compared
columns (*p < 0.05; **p <0.01; ***p <0.001).

Combination Index (CI) analysis was performed using CompuSyn software to valuate if the
combination of GMO and IFD has additive or synergistic effect, as given by the CI value: a
combination index < 1 indicates synergism, a value of 1 indicates additivity and a value > 1 indicates
antagonism.

The dose-response effects of IFD, GMO and GMO/IFD at 24 and 48 h were determined by using
concentrations of 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50, 100 and 200 pg/mL and 6.3, 12.5, 25, 50, 75,
100, 150, 200 and 400 for IFD and GMO, respectively and are shown in Figure 5(a). A constant ratio
(1.625:20) was used to establish the doses used in combinatory treatment groups and to determine the
CI values. IFD and GMO exhibited a synergistic effect in the studied cellular line (Figure 5(b)) as

indicated by the CI values <1. The synergism was reduced after 48 h of incubation.
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Figure 5. CompuSyn analysis of cytotoxicity data was used to determine synergism, additivity and
antagonism between [FD and GMO in MDA-MB 231 cells incubated for 24 h. (a) Dose-effect plots
of IFD, GMO and GMO/IFD. (b) CI plots: CI values <1 indicate synergism between IFD and GMO.

CI, combination index; Fa, fraction affected.

4. Conclusions

In this work, we exploit the possibility to encapsulate the lipophilic molecule IFD in liquid crystalline
nanostructures with the purpose of enhancing its stability and biological activity. The IFD-loaded
bulk phases were characterized by SAXS and UVRR and it was found that IFD encapsulation induced
a transition from the /m3m cubic to the inversed hexagonal phase and significant shifts in the
components of [IFD Raman spectrum, both confirming its presence in the hydrophobic compartment
of the matrix. IFD-loaded nanoparticles had a small size and narrow size distribution with a high
entrapment efficiency thanks to their unique property of incorporation of hydrophobic drugs in their
internal domains. In vitro, these nanoparticles were found to better inhibit breast cancer MDA-MB
231 cells proliferation when compared to free IFD and this improvement could be due to the
synergism between IFD and GMO hexosomes, likely because of differences in the internalization

process. Further studies are already in progress to clarify this point. The results obtained in this work



confirm that hexosomes are promising and useful vehicles for the delivery of hydrophobic anticancer

agents.
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