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ARTICLE INFO ABSTRACT

Keywords: Lyotropic Liquid Crystalline (LLC) nanoparticles represent an emerging class of smart, biocompatible, and
Cubosomes biodegradable systems for the delivery of drugs. Among these, structures with complex 3D architectures such as
Sugar esters cubosomes are of particular interest. These are non- lamellar assemblies having hydrophobic and hydrophilic
Dexamethasone

portions able to carry drugs of different nature. They can further be modulated including suitable additives to
control the release of the active payload, and to promote an active targeting. Starting from monoolein (GMO)
cubic phase, different concentrations of mannose-based esters were added, and the eventual structural modifi-
cations were monitored to ascertain the effects of the presence of glycolipids. Moreover, the structural properties
of these nanosystems loaded with Dexamethasone (DEX), a very well-known anti-inflammatory steroid, were also
studied. Experiments were carried out by synchrotron Small Angle X-ray Scattering (SAXS), Raman Micro-
spectroscopy (RMS) and Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) measurements.
The drug delivery potential (i.e. entrapment efficiency and release properties) of the obtained nanoparticles was
evaluated. Finally, in vitro cytocompatibility and anti-inflammatory activity studies of the prepared formulations
were carried out. Inclusion of mannose-based surfactants up to 10 mol% influenced the structural parameters of
Im3m cubic phase and swollen cubic phases were obtained with the different glycolipids with lattice parameters
significantly higher than GMO. A complete cytocompatibility and an increased DEX activity were observed, thus
suggesting the possibility to use GMO/glycolipids nanoparticles to formulate innovative drug delivery systems.

Drug delivery systems
Cubic phase
Liposomes

1. Introduction consists of a single, continuous bilayer draped over an infinite periodic

minimal surface (IPMS) that divide the space into two interpenetrating

Innovative drug delivery systems (DDS) have fascinated formulation
scientists during the last decades. Among them, lipid-based vesicles such
as liposomes have been the most studied in drug delivery presenting
bilayer leaflets surrounding an aqueous core with the potentiality to
carry both hydrophilic and hydrophobic payloads [1,2]. Recently, lyo-
tropic liquid crystalline (LLC) mesophases (e.g., hexagonal and cubic)
received great attention for their possible use in the delivery of active
ingredients such as peptides, proteins, genetic materials, and small
molecules [3-7]. Compared to the lamellar phase typical of liposomes,
the cubic structure represents a more exotic membrane phase that
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but unconnected networks. Among the potential reverse cubic phases
that can be formed, it is possible to identify the Schwarz diamond (D,
Pn3m), primitive (P, Im3m), and Schoen gyroid (G, Ia3d) minimal sur-
faces [8]. Glyceryl monooleate (monoolein, GMO) is one of the most
employed lipids in the manufacture of bicontinuous cubic phases [9]. It
is a biodegradable and biocompatible material included in the FDA
inactive ingredients [10]. GMO, in water excess conditions and in the
presence of a steric stabilizer, forms dispersed mesophases commonly
known as cubosomes which typically have dimensions comprised be-
tween 100 and 200 nm and hence suitable for drug delivery purposes;
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moreover, they are characterized by a large lipid-water interfacial area
(ca. 400 ng_l) [11] which allows the encapsulation and the protection
of higher amounts of both hydrophilic and hydrophobic drugs [12] and
also their more sustained release compared to liposomes. Another
attractive feature of these systems is represented by the fact that their
composition and structure can be modified according to their applica-
tion by including in the formulation other excipients that may affect the
mesophase and the dimensions of the water channels [5,13,14]. Among
these, sugar-based esters or glycolipids can be considered with a
particular interest since different biological pathways that include cell
interactions (e.g., signaling, recognition and adhesion) involve glycans
or glycolipids present on cell surface [15,16]. Glycolipids are renewable,
and functional non-ionic surfactants, able themselves to self-assemble in
lyotropic phases [17-20]. An increased attention in the pharmaceutical
field is currently devoted to these systems since they can act as perme-
ation enhancers, wound healing promoters and active targeting excip-
ient by exploiting the presence of sugar moieties on the surface of
nano-sized DDS such as liposomes and niosomes [21-29]. In fact, by
the interaction between sugar-based nanoparticles and specific sugar
receptors present on specific cell membranes it is possible to release the
drug payload specifically where needed.

In this work, we studied the phase behavior of GMO when co-
formulated, at different concentrations (i.e., 10 and 30 mol%), with a
particular family of mannose-based esters. The obtained nanoparticles,
decorated on their surface with sugars molecules, could represent a drug
delivery system able to load hydrophilic and hydrophobic molecules, to
guarantee a controlled drug delivery and, above all, to enhance the drug
therapeutic index by improving the delivery efficacy and increasing the
cell compatibility [30]. In our previous study [21], this type of excipi-
ents has been used to formulate sugar decorated liposomes loaded with
berberine hydrochloride with increased uptake from breast cancer cells,
good biocompatibility, controlled release of the payload over time, and
great stability. This time, as model drug we chose dexamethasone (DEX),
a very well-known anti-inflammatory steroid used for the treatment of
different inflammatory diseases, including autoimmune diseases, al-
lergies, and cancer. Nevertheless, DEX usage is often restricted due to its
poor water solubility; in addition, the prolonged systemic administra-
tion of DEX may cause severe side effects, such as hypertension, hy-
perglycemia, and intestinal bleeding [31]. Therefore, the controlled
delivery of DEX is desirable.

After the sustainable enzyme-based synthesis and chemical charac-
terization of the mannose-based surfactants (i.e., chain length C10, C14,
C18w), they were used at different concentrations (i.e., 10 and 30 mol%)
to formulate GMO-based DDSs both as bulk gel phase and as colloidal
dispersions: the former were characterized by Small Angle X-Ray Scat-
tering (SAXS) together with Raman Microspectroscopy (RMS) and
Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR)
measurements, and the latter were studied in terms of size, poly-
dispersity index (PDI), and zeta potential. Moreover, drug loading and
release studies were conducted to evaluate the drug delivery potential of
obtained nanoparticles. Finally, in vitro cytocompatibility and anti-
inflammatory activity studies were carried out to explore the potential
application of the mannose functionalized nanoparticles as therapeutics.

2. Materials and methods
2.1. Materials

Capric and oleic acids were bought from Fluorochem (Hadfield, UK);
myristic acid and D-mannose from TCI (Zwijndrecht, Belgium); dexa-
methasone (DEX) and Pluronic® F127 (PEOgg-PPOg7-PEQgg), Novo-
zyme 435 (lipase acrylic resin from Candida antarctica) (Novozyme), all
organic solvents and molecular sieves MS 0.4 A (powder and beads)
from Sigma-Aldrich (Milan, Italy). Monomuls® 90-018 (GMO), a glyc-
eryl monooleate-based product similar to other commercial GMO for-
mulations [8], was kindly provided by BASF (Germany).

Colloids and Surfaces B: Biointerfaces 232 (2023) 113596

Acetone was dehydrated with MS 4 A beads. Compounds’ structures
were identified by combined ESI-MS, 'H NMR, and °C NMR. A Waters
Micromass ZQ spectrometer was employed to acquire ESI-MS spectra in
a negative or positive mode using nebulizing nitrogen gas at 400 L/min
and a temperature of 250 °C, cone flow 40 mL/min, capillary 3.5 kV, and
cone voltage 60 V; only molecular ions [M-H] ", [M+NH41" or [M+Na]™
are given. 'H NMR and '°C NMR spectra, obtained from two Bruker AC
400 and 101 spectrometers, respectively, were analysed with the
TopSpin 1.3 software package. Chemical shifts were measured by using
the central peak of the solvent. Column chromatography purifications
were performed under “flash” conditions using Merck 230-400 mesh
silica gel. TLC was performed on Merck silica gel 60 F254 plates, which
were visualized by exposure to ultraviolet light and to an aqueous so-
lution of ceric ammonium molybdate.

2.2. Methods

2.2.1. General procedure for the synthesis of 6-O-acylmannose esters
(3a—c — Scheme 1)

Novozyme 435 (0.200 g) and MS 4 A (0.400 g) were added to a so-
lution of the appropriate fatty acid (1a-c) (2.1 mmol) and D-mannose
(2) (0.126 g, 0.7 mmol) in dry acetone (4.2 mL) [32]. The mixture was
stirred at room temperature for 96 h, filtered, and the filtrate was
concentrated. Purification of the residue by column chromatography
(EtOAc/cyclohexane 4:1) gave 3a—c as white spongy solids with an o/f
anomeric ratio = 1:0.5. .

6-0-Decanoyl-D-mannopyranose (mannose caprate, URB1390)
(3a, MC10) [33]. Yields, 1 NMR and '3C NMR data were previously
reported [34]. ESI-MS: 333 [M-H]", 352 [M+NH4]", 357 [M+Na]™*.

6-O-Tetradecanoyl-D-mannopyranose (mannose myristate,
URB1391) (3b, MC14) [33]. Yields, 'H NMR and '>C NMR data were
previously reported [34]. ESI-MS: 425 [M-H]~, 444 [M+NH4] T, 449
[M+Na]*.

6-0-Octadec-9Z-enoyl-D-mannopyranose (mannose oleate,
URB1425) (3c, MC18w) [35]. Yield: 65%. ESI-MS: 443 [M-H], 462
[M+NH4]*, 467 [M+Nal®™. 'H NMR (DMSO-ds): &=0.86 (¢,
3H+ 1.5H,J = 7.0 Hz, CH3), 1.21-1.34 (m, 20 H + 10 H), 1.47-1.55
(m, 2 H + 1 H, OCCH2CH3), 1.96-2.03 (m, 4 H + 1 H, CH,CH=CHCH>),
2.25-2.30 (m, 2 H + 1 H, OCCH,CH>), 3.22-3.33 (m, 0.5x3H, H*", H*,
H*®), 3.35-3.40 (m, 1 H, H*), 3.52-3.56 (m, 2 H + 0.5 H, H*®, H>*,
H?P), 3.70 (ddd, 1 H, Jusa-tebe = 1.5 Hz, Juse-tsae = 7-0 Hz, Jusetaa =
9.0 Hz, H), 3.94-4.01 (m, 1 H + 0.5 H, H®, H%¥), 4.27-4.32 (m,
1H+ 0.5 H, H®® H®), 4.56-4.60 (m, 1 H+ 1 H, OH%, H'?, OH%),
4.63 (d, 1 H, Jonzensa = 4.0 Hz, OH®®), 4.68 (d, 0.5 H, Jomsp 13p =
5.5 Hz, OH®?), 4.85 (dd, 1 H, Ju1a.n2¢ = 1.0 Hz, Jiieon1q = 4.5 Hz, HY)
4.90 (d, 1 H, Jopao -4« = 6.0 Hz, OH*), 4.95 (d, 0.5 H, Jopapriap =
5.0 Hz, OH*), 5.27-5.28 (m, 2 H + 1 H, CH=CH), 6.27 (d, 0.5 H, Jom1;
m1p = 8.5 Hz, OH'), 6.38 (d, 1 H, Jouia-nia = 4.5 Hz, OH') ppm. 13C
NMR (DMSO-dg): 6 = 14.4 (1.5 C), 22.4 (0.5 C), 22.5 (1 C), 24.9 (1 Q),
25.7 (0.5 C), 27.0 (1.5 C), 27.1 (1.5 C), 28.9 (1 C), 29.0 (1 C), 29.06
(1C),29.09(1 C),29.14 (1.5 C), 29.18 (0.5 C), 29.21 (0.5 C)29.3 (1 C),
29.4 (0.5 C), 29.48 (0.5 C), 29.51 (0.5 C), 29.6 (2 C), 31.4 (0.5 C), 31.7
(1 C), 33.86 (0.5 C), 33.91 (1 C), 64.66 (C6, 0.5 C), 64.71 (C6, 1.0 C),
67.3 (C5, 0.5 C), 67.6 (C5, 1 C), 70.8 (C4, C32C), 71.8 (C2,1C), 71.9
(C2, 0.5 C), 74.0 (C4, 0.5 C), 74.5 (C3, 0.5 C), 94.5 (C1, 1 C), 94.6 (C1,
0.5 C), 128.2 (CH=CH, 0.5 C), 130.1 (CH=CH, 2 C), 130.2 (CH=CH,
0.5 C), 173.4 (CO, 1.5 C) ppm.

2.2.2. Preparation of blank and drug-loaded non-dispersed lipid phases
Unloaded LLC structures were obtained, in bulk phase, by dissolving
25 mg of monoolein (GMO) or 25 mg of a mixture GMO + 10 mol%
(1oMC10, 10MC14 and 10MC18w) or GMO + 30 mol% (30MC10,
30MC14 and 30MC18w) mannose-based esters in chloroform and adding
Pluronic® F127 (10% w/w of lipid) to the same solvent. The solvent was
removed by evaporation, first under nitrogen flow and subsequently
under vacuum. 250 pL of water were added, and the mixture was left
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OH )O]\
O_OH ;, R0
R-COOH + —_—
1 HO™ OH ,
a capric acid (C10) OH HO"
b myristic acid (C14) OH
¢ oleic acid (C18:1w) 2 3a-c
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Scheme 1. Reagents and conditions: (i) Novozyme 435, MS 4 A, dry acetone, rt, 96 h.

equilibrating at room temperature for 24 h thus obtaining a homoge-
neous gel phase. In the following, the acronyms GMO and 10MCX or
30MCX, where X is 10, 14 or 18w, will be used to indicate the unloaded
samples. DEX loaded bulk LLC phases were prepared as described for the
empty ones but including 2 mg of DEX as model drug in the chloroform
lipid/F127 mixtures. To indicate the loaded samples the prefix
DEX@ will be added to the codes described above.

2.2.3. Preparation of nanostructured GMO dispersions

LLC dispersions (10 mg/mL lipid concentration) were obtained by
adding the proper volume of water to the previously prepared gels and
by probe sonicating (Sonic Vibracell) for 10 min in pulse mode (1 s pulse
interrupted by 1 s break, 50% maximum power) All samples were stored
at room temperature.

2.2.4. SAXS measurements

SAXS experiments were carried out at the SAXS beamline of Elettra
Sincrotrone Trieste (Italy) to investigate the prepared LLC mesophases.
A wavelength A = 1.54 A (8 keV incident beam energy) and a q range of
0.1-5 nm ! were used. A Dectris Pilatus 1 M detector was employed to
record 2-D X-ray diffraction patterns which were integrated into 1-
dimensional plots of the scattering intensity (I) versus the scattering
vector (q), with the latter defined as q = 4zsind/1 (with 26 being the
scattering angle) and calibrated against a silver behenate standard (d =
5.83 nm). The lattice parameter (a) of cubic phases was obtained
through a linear fit of quq vs Vvh?2+k2+PB, with gqu =
22/h2 + k2 + I indicating the g value of the hkI reflection for a cubic
lattice. In a similar fashion, the d spacing of L, lamellar phases was
obtained by fitting g, = 2h, the g value of the h-th order reflection,
against h.

2.2.5. ATR-FTIR measurements

The infrared analysis was performed at the Advanced Research
Instrumentation Laboratory - Polytechnic University of Marche
(Ancona, Italy) and at the SISSI beamline, Elettra Sincrotrone Trieste
(Italy). ATR-FTIR spectra were acquired by a Platinum ATR accessory
mounting a diamond crystal and coupled with a Bruker INVENIO-R
interferometer and a Deuterated TriGlycine Sulfate (DTGS) detector
(Bruker Optics, Ettlingen, Germany). 10 pL of each sample were
deposited onto the clean diamond crystal and ATR-FTIR spectra were
collected at room temperature, every 10 s; sample dehydration was
checked by the disappearance of the combination band at ~2100 cm %,
assigned to the vibrational modes of water. The following setup was
used for all the samples and also for background: 4000-800 cm™!
spectral range, 128 scans, and 4 cm ™! spectral resolution. The experi-
ment was performed in triplicate.

Raw spectra were submitted to Atmospheric Compensation and
Vector Normalization routines and then interpolated in the
1830-800 cm’lspectral range (OPUS 7.5, Bruker Optics, Ettlingen,
Germany).

2.2.6. RMS measurements

Raman spectra were collected by an XploRA Nano Raman Micro-
spectrometer (Horiba Scientific) at the Advanced Research Instrumen-
tation Laboratory - Polytechnic University of Marche (Ancona, Italy).

10 pL of each sample were deposited onto a glass support and then, the
Raman spectra were acquired according to the following setup:
200-1800 cm ™~ spectral range, 532 nm or 785 nm laser diode, 600 lines
per mm grating. Spectra were dispersed onto a 16-bit dynamic range
Peltier-cooled CCD detector; the spectrometer was calibrated to the
520.7 cm ™! line of silicon prior to spectral acquisition. Raw Raman
spectra were submitted to polynomial baseline correction and vector
normalisation, to reduce noise and enhance spectrum quality (Labspec 6
software, Horiba Scientific).

2.2.7. Particle size and zeta potential measurements

A Malvern Zetasizer Nano ZS (Malvern Instruments GmbH) with
Dispersion Technology Software V 5.03 was used to physically charac-
terize the nanoparticle dispersions, through a measurement of the
average particle diameter, the polydispersity index (PDI) and the zeta
potential (Zp). Samples were properly diluted, measurements were
repeated on three independent samples, and all data were averaged.

2.2.8. Encapsulation efficiency studies

To determine the encapsulation efficiency, a preliminary dialysis was
carried out using (Spectra/Por® Float-A-Lyzer® G2 MWCO 10 kDa
(Spectrum Lab, USA) dialysis tubes against 3 L of double distilled water
for 30 mins to remove the non-encapsulated drug. The formulations
were then moved into centrifugal filters (MWCO 10 kDa, VWR, USA)
and centrifuged at 2500 G for 30 min. The filtered solutions were
collected, and the non-encapsulated DEX analysed with HPLC.

The amount of encapsulated drug (EE%) was calculate using the
following equation:

drug,, — drug,,

EE% = * 100

drug,,

where drug,,: is the total amount of DEX, encapsulated and non-
encapsulated, and drugy, is the non-encapsulated DEX.

2.2.9. Invitro drug release studies

To evaluate the drug release from the prepared formulations, 1 mL of
each formulation was put in a dialysis tube (Spectra/Por® Float-A-
Lyzer® G2 MWCO 10 kDa, Spectrum Lab, USA) and placed in 50 mL of
50% EtOH kept at 37 °C under stirring. At determined timepoints (0.5,
1, 2, 4, 6, 24 h) 1 mL of the release medium was withdrawn and ana-
lysed with HPLC (1260 Infinity II, Agilent, USA) using a mixture of 0.5%
formic acid in water and acetonitrile (ratio 60:40) as mobile phase, with
a flow rate of 1 mL/min in an Agilent Poroshell 120 C18,100 x 4.6 mm,
2.7 ym column (Agilent, USA). The injection volume was 20 pL and the
detection signals were recorded at 242 nm at room temperature.

2.2.10. Invitro cytocompatibility on RAW 264.7

The cytotoxicity of the prepared formulations was investigated in
RAW 264.7 cells (murine macrophages) cultured in DMEM medium
supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin
100 U/mL, 1% L-glutamine, and 1% sodium pyruvate (Sigma-Aldrich,
Milan, Italy). Cells were seeded in 96-well plates (1 x 10* cells/well) and
incubated for 24 h with the different drug loaded formulations at con-
centrations ranging from 50 to 200 pg/mL (DEX content from 4 to
16 pg/mL). The same concentrations of non-encapsulated DEX (from 4
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to 16 pg/mL) were also tested. After treatment, the drug loaded for-
mulations and free DEX were removed, and a fresh medium containing
the WST-8 reagent (Sigma-Aldrich, Milan, Italy) was added to each well,
as previously reported [36]. Cells were further incubated at 37 °C up to
2 h, and color development was monitored at 450 nm in a multiwell
plate reader (Multiskan FC, Thermo Scientific). Data were expressed as
cell viability (%) vs untreated control cells.

2.2.11. Invitro anti-inflammatory activity on RAW 264.7 stimulated by
lipopolysaccharide

The anti-inflammatory properties of the drug-loaded formulations
were evaluated in RAW 264.7 cells stimulated by lipopolysaccharide
(LPS) (Sigma-Aldrich, Milan, Italy). Cells were seeded in 96-well plates
3 ><104/we11) and treated for 24 h with LPS (1 ug/mL) in the presence
of the different drug-loaded formulations at the concentration of 50 pg/
mL (DEX content equal to 4 ung/mL). Non-encapsulated dexamethasone
(4 ng/mL) was also tested as a reference. After incubation, nitric oxide
(NO) release was determined in the culture medium by the Griess re-
agent (Sigma-Aldrich, Milan, Italy), as recently reported [37]. Briefly,
50 pL culture medium was added to 50 pL Griess (40 mg/mL) in a
96-well plate; after incubation for 10 min at room temperature in the
dark, color development was measured at 540 nm in a multiwell plate
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reader (Multiskan FC, Thermo Scientific). Data were expressed as NO
release (%) vs the positive control (LPS-treated cells). In the same set of
experiments, RAW 264.7 cell viability in LPS-stimulated cells was
monitored by the WST-8 assay as described above.

2.2.12. Statistical analysis

Comparisons between multiple means were performed via ANOVA
followed by Tukey’s post hoc test. Significance was set at p < 0.05.
GraphPad Prism 6.0 (GraphPad Software, Inc., San Diego, CA, USA) was
used for statistical analysis.

3. Results and discussion
3.1. Mannose esters synthesis

6-O-acylmannose esters (3a—c) were synthesized following a one-
step enzymatic reaction procedure previously described [32]. Briefly,
to have a regioselective esterification of the primary hydroxyl group of
the D-mannose (2) with the opportune fatty acid (1a—c) suitable catalyst
such as Novozyme was selected. Together with this, a water-free reac-
tion environment created with anhydrous acetone and the presence of
sieves was used. The reaction was monitored by TLC and HPLC-ESI-MS

ther
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Fig. 1. SAXS diffraction profiles for (A) GMO and DEX@GMO bulk Im3m cubic phases; (B) 10MC10 and DEX@ 10MC10 Im3m cubic phase and (C) 30MC10 and
DEX@ 30MC10 L, lamellar phases. A schematic representation of the phase behaviour observed for the different mesophases with DEX incorporated (yellow dots) is

reported above each system.
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and no traces of other monoesters or diesters were detected. The same
results were confirmed also by NMR analysis. NMR and ESI-MS char-
acterization are reported in the supplementary material.

3.2. Characterization of bulk lipid phases

3.2.1. SAXS analysis

A systematic study on the phase behaviour of GMO/glycolipids
mixtures as a function of the fatty acid chain length of the glycolipids
(MC10, MC14, MC18w) and of their concentrations was carried out by
means of SAXS. All systems were studied in excess aqueous solution and
in presence of F127, since the same samples were also used as dispersed
phases (see below).

Fig. 1A shows the SAXS profiles for bulk phases of GMO and
DEX@GMO evidencing in both cases an Im3m cubic lattice symmetry
with Bragg peaks in the ratios V2:v4:6:/8:/10 [38]. DEX
encapsulation did not induce changes in the phase symmetry, but a
slight increase in the unit cell from a = 14.8 nm to a = 15.1 nm was
observed, likely due to the presence of DEX in the polar/apolar interface
of GMO and hence to the decrease of the interfacial curvature.

Addition of 10 mol% of glycolipid MC10 to GMO matrix determined
the formation of a swollen Im3m cubic phase with the lattice parameter a
which increased from 14.8 nm to 20.0 nm, without changes in the cubic
symmetry (Fig. 1B). The presence of MC10, characterized by a larger
hydrophilic headgroup than GMO, resulted in a significant increase of
the polar region and, consequently, in the change of the molecular
wedge shape toward a more cylindrical one, but still characterized by a
Critical Packing Parameter (CPP) > 1 [39]. This rearrangement leads to
the formation of a cubic structure with a reduced negative interfacial
curvature which resulted in a very large water channel radius (data
shown in Table 1). Also in this case, upon encapsulation of the drug an
increase in the unit cell was observed.

By increasing MC10 concentration in the GMO matrix to 30 mol%, a
phase transition from Im3m to L,, with lattice parameter d = 4.8 nm,
occurred because of a further decrease in the interfacial curvature and of

Table 1

Phase structure, lattice parameter (cubic phase: a; lamellar phase: d) and water
channel radius (ry) or water thickness (dy,) of GMO and GMO/glycolipids, for
cubic phase and lamellar phase, respectively, empty and loaded with DEX.

Phase aord Iy or dy
(nm) (nm)
GMO Im3m 14.8 2.80
DEX@GMO 15.1 2.90
10MC10 Im3m 20.0 4.40
DEX@ 10MC10 27.3 6.62
30MC10 L, 4.80 1.37
DEX@ 30MC10 ‘ 4.80 1.37
10MC14 Im3m 17.5 3.63
DEX@ 10MC14 21.4 4.82
30MC14 L, 4.94 1.51
DEX@ 30MC14 ‘ 4.94 1.51
10MC18w Im3m 17.1 3.51
DEX@ 10MC18w 17.9 3.75
30MC18w L, 4.98 1.55
DEX@ 30MC18w

‘ 4.98 1.55
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a more cylindrical molecular shape (CPP = 1). In this system, the
presence of DEX had no effect on either the phase symmetry or lattice
parameter (Fig. 1C).

When glycolipids MC14 and MC18w were included in the GMO
matrix at 10 mol% concentration, Im3m cubic structures with unit cell a
=17.5nm and 17.1 nm, respectively, were detected. Noteworthily,
these lattice parameters are larger than GMO, because of the increased
polar headgroup, but significantly smaller than that of GMO/MC10
matrix. In fact, the presence of these gliycolipids (MC14 with a C14
atoms saturated hydrocarbon chain and MC18w with a C18 atoms un-
saturated hydrocarbon chain) could led to an increase of the effective
volume of the amphiphile acyl chain, and hence also of the negative
interfacial curvature, in this way partially balancing the increase of the
hydrophilic region determined by the presence of the polar mannose
groups. DEX loading determined, as in the previous systems, an increase
of the unit cell parameters to a = 21.4 nm for DEX@ 10MC10 and to a
= 17.9 nm for DEX@ 10MC18w. A phase transition from the cubic Im3m
to the lamellar L, was observed when the two glycolipids were included
in the formulation at 30 mol% concentration. In these cases, the unit
cells were d = 4.94 nm for 30MC10 and d = 4.98 nm for 30MC18w and
remained unaffected upon DEX addition, since the drug molecule, as
already hypothesized for the cubic structures, is likely included in the
polar/apolar region without changes in the d-spacing.

The structural parameters for the studied systems are all reported in
Table 1. The radii of water channels were estimated by using the
relation:

ry = [( _ 0_/271')()(1/2)0] _

where [ is the lipid length (ca. 1.7 nm) [40] and ¢ and y are topological
constants, characteristic of a given cubic phase (Im3m structures
c=2345and y =-4).

3.2.2. ATR-FTIR and RMS analyses

The ATR-FTIR spectra of DEX@GMO, DEX@ 10MC10,
DEX@ 10MC14, and DEX@ 10MC18w systems are shown in Fig. 2 (red
line), together with those of the corresponding empty matrices (green
line) and bare DEX (black line). The most representative bands in DEX
spectrum are the following: 1703 em ™! (stretching vibration of the C=0
moiety); 1660 cm ™! (stretching vibration of the C=0 moiety conjugated
with C=C bonds); 1620 cm ! and 1602 cm™! (stretching vibration of
conjugated C=C bonds); 1269 cm™! (stretching vibration of the C-F
bond); 1055 cm’l(stretching vibration of the C-O moiety), and
892 cm™! (bending vibration of the C-F bond) [41,42]. Interestingly, the
bands at 1660 cm’l, 1620 cm ™!, 1602 ecm ™, and 892 cm™! of DEX are
also evident in the spectra of the loaded systems, clearly confirming the
encapsulation of the drug.

Moreover, a possible interaction between DEX and the lipid matrices
may be suggested by a small shift displayed by the peaks at 1660 cm ™%,
1620 cm ™!, 1602 cm™}, associated with the carbonyl group and the
double bonds conjugated to it. Conversely, no shift was found for the
vibrational mode at 892 cm ™! due to the axial deformation of the C-F
bond. In Fig. 3, the Raman spectra of DEX@GMO, DEX@ 10MC10,
DEX@ 10MC14, and DEX@ 10MC18w systems (red line) are shown,
together with those of the corresponding empty matrices (green line)
and bare DEX (black line).

The full Raman characterization of DEX was performed, and the most
significant bands are the following: 680 cm™! (in-plane bending vibra-
tion of C-C bonds) [43]; 765 cm ! (vibration of C-F moiety) [44];
926 cm’l, 1150 cm ™! and 1185 cm ™! (bending vibrations of CHz and
CH; groups) [45]; 1443 em™! (bending vibration of CHy groups) [46];
1605 cm ™! (stretching vibration of conjugated C—=C bonds) [46];
1652 cm ™! (stretching vibration of the C=0 moiety conjugated with
C=C bonds) [46,47]; 1700 cm ! (stretching vibration of the C=0O
moiety) [46]. Also in this case, some of DEX bands are present in the
loaded samples, sometimes shifted at higher wavenumbers, as for the
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Fig. 2. ATR-FTIR spectra of: (A) GMO and DEX@GMO; (B) 10MC10 and DEX@ 10MC10; (C) 10MC14 and DEX@ 10MC14, and (D) 10MC18w and DEX@ 10MC18w.
In all figures, the spectrum of bare DEX (black line) is included for comparison. Spectra are shown in the 1830-800 cm ™! range in absorbance mode and are shifted

along y-axis for a better comprehension.

1652 cm™! DEX band, confirming a possible interaction between DEX
and the lipid matrix.

3.3. Characterization of dispersed lipid phases

3.3.1. Size and zeta potential

All the formulated DDS (empty and DEX-loaded) have a monomodal
size distribution and low PDI values as reported in Table 2. The mean
particle sizes for the empty systems are in the range 110-140 nm with
cubosomes (GMO and 10MC) and slightly smaller with liposomes
(30MOQ).

Upon DEX encapsulation, a small increase in the nanoparticles di-
mensions is generally observed probably due to the effective incorpo-
ration of the drug into the nanosystem as already reported in other
studies [48].

The zeta potential values of the prepared nanoparticles are slightly
negative in all cases even if both GMO and glycolipids are neutral [38].

3.3.2. Entrapment efficiency
Very high value (95-98%) were obtained for the entrapment effi-
ciency of DEX in all the studied systems as shown in Table 2. No

significant differences were observed between the various systems ac-
cording to the nature of the glycolipid and to its concentrations. DEX is a
moderate lipophilic molecule, as suggested by its LogP value of 1.83
[49], and for this reason it is efficiently encapsulated in the lipid
matrices where it finds a suitable environment.

3.3.3. Invitro drug release studies

In vitro drug release behaviour of DEX from the different prepared
formulations was studied and the release profiles are shown in Fig. 4. As
release medium, a 50% v/v ethanolic solution was selected to increase
the DEX solubility and maintain sink conditions. The release profiles
from cubic structures formed with glycolipids at 10 mol% (Fig. 4A)
showed a 71.4 + 0.4% (DEX@GMO), 78.3 + 2.7% (DEX@10MC10),
80.8 + 0.7% (DEX@10MC14), and 90.0 + 3.8% (DEX@10MC18w)
release of DEX during the first 6 h with a plateau to 24 h. The highest
release was observed for the DEX@ 10MC18w system which may be seen
as the most fluid one with the hydrocarbon chains composed only by
unsaturated C18 acyl residues and this likely favours the drug release.
Moreover, compared to DEX@GMO, which should have the same
fluidity, DEX@ 10MC18w cubic structure has a larger water channel
radius and this could favour the release as well. A similar behaviour was
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Table 2
Average particle size (Z,ye), Polydispersity index (PDI), Zeta potential (Zp) and
Entrapment efficiency of the formulated DDs.

Sample Zave (nm) PDI Zp EE%
GMO 132.4+ 2.8 0.15 + 0.03 -22.5+ 2.4 —_—
DEX@GMO 136.7 + 2.8 0.16 £+ 0.01 -249 £1.2 97.2+1.1
10MC10 102.0 £1.7 0.13 £ 0.01 -24.2 £ 3.2 e
DEX@ 10MC10 137.4+ 2.4 0.09 + 0.02 -24.9 + 0.9 95.4 + 0.8
30MC10 80.3 +1.8 0.24 + 0.02 -17.4 + 2.0 —_—
DEX@ 30MC10 85.8 +£2.4 0.16 + 0.03 -18.4+1.6 96.3 + 1.9
10MC14 120.6 £ 2.2 0.10 £ 0.03 -24.9 £ 0.9 e —
DEX@ 10MC14 135.6 + 3.2 0.09 + 0.02 -25.0 + 1.0 96.7 + 2.1
30MC14 105.8 +1.8 0.07 + 0.02 -13.9+ 0.7 —_—
DEX@ 30MC14 122.0 £ 3.4 0.12 £ 0.02 -13.4 £ 2.0 98.3+1.3
10MC18w 106.2 + 3.5 0.13 + 0.02 -22.0 + 2.1 —_—
DEX@ 10MC18w 117.8 + 2.0 0.20 + 0.01 -21.3+0.4 98.1 +1.5
30MC18w 109.4 + 1.8 0.21 + 0.08 -20.4 + 0.7 —_—
DEX@ 30MC18w 114.0 £ 6.2 0.33 £ 0.09 -22.6 £ 1.6 98.2+1.2

observed also with the liposomes obtained when glycolipids were added
at 30 mol% (Fig. 4B); in fact, most of the drug was released in 6 h but
with some differences: 71.3 4+ 3.1% (DEX@30MC10), 79.7 + 1.6%
(DEX@30MC14), and 96.3 + 2.8% (DEX@30MC18w). Even in this case,
it is possible to suppose that the presence of an unsaturation in the acyl
chain of the MC18w forms a more fluid membrane that allow a faster
and higher drug release. Moreover, slight differences in the release

profiles between cubosomes and liposomes can be observed, with
release from liposomes being a little bit faster than from cubosomes. This
behaviour could be justified by their different internal structures with
cubosomes having a more intricated water channels network.

3.3.4. Invitro cytocompatibility and anti-inflammatory effect on RAW
264.7

The cytocompatibility of the DEX loaded formulations was evaluated
on RAW 264.7 cells. The DDSs showed an increasing cytotoxicity at the
concentrations of 100 and 200 ug/mL (corresponding to a DEX content
of 8 and 16 ug/mL). The drug alone at the tested concentrations resulted
cytocompatible suggesting a cytotoxicity deriving from the excipients.
No significant decrements of cell viability were observed with the 50 png/
mL DEX loaded samples (Fig. 5 A). For this reason, the 50 pg/mL con-
centration was chosen to test the anti-inflammatory activity using RAW
264.7 stimulated with LPS as inflammatory model.

The anti-inflammatory tests were performed to evaluate the effective
activity of the DEX encapsulated in the cubic and liposomal delivery
systems. The stimulation of RAW 264.7 cells by LPS (CTR+) led to a
strong extracellular release of NO as an inflammatory response mediator
in comparison to unstimulated cells (CTR-) (Fig. 5B). When cells were
stimulated with LPS in the presence of 50 pg/mL of the DEX loaded
formulations or free DEX, a significant decrease of NO production was
observed. Noteworthily, the reduction of NO release by the DDSs was
significantly different as compared to non-encapsulated DEX. This
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control (unstimulated cells).

behaviour could be attributed to the sustained release properties of the
formulated DDSs. Differences in NO release between the seven different
tested formulations were not significant indicating that the cubic phases
had an activity comparable with the well-established liposomal phase.
Even the length of the acyl chain of the sugar esters, considered in this
work, did not affect the anti-inflammatory activity suggesting that, the
modification of the hydrophobic tail of this type of surfactants can be
considered to control the drug release as confirmed by the drug release
studies presented above. Finally, NO production was not observed in
non-stimulated RAW 264.7 cells after DEX@DDS administration,

indicating that the formulations did not lead to an immune system
activation (data not shown).

4. Conclusions

A continuous research effort to produce efficient nanocarriers for
drug delivery is in progress to answer to the growing demand of inno-
vative applications in medicine. In this work, we studied an exotic type
of delivery systems characterized by a cubic structure, the so called
cubosomes, which were for the first time formulated by combining GMO
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with mannose esters. The cubic phase was maintained in the presence of
the sugar-based surfactants at a concentration up to 10 mol% whereas a
transition to a lamellar phase was observed at higher concentrations,
regardless of the length and saturation of the acyl chain of the sugar
esters. Instead, these latter parameters affected the fluidity of the sys-
tems, and the radius of the water channels present in the cubosomes thus
modulating their release behaviour. Furthermore, the addition of sugar
moieties to the prepared DDS formulations offers a viable strategy for
active targeting to specific receptors. Showing a good cytocompatibility,
the possibility to carry active molecules, and an increased activity of the
loaded molecule, GMO/glycolipids nanoparticles represent an effective
option to formulate and deliver drugs.
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