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GRAPHICAL ABSTRACT

Unleashing the potential of lipid mesophase-based beads as a long-acting platform to deliver hydrophilic and lipophilic drugs: our study investigates their physico-
chemical properties using four model drugs, revealing the ability to customize bead topology and their properties by adjusting the lipid mixture composition. This
may be a promising landscape for an innovative drug delivery approach.
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ARTICLE INFO ABSTRACT

Keywords: In this study, we explored the use of lipid mesophases (LMPs) as a biocompatible and biodegradable material for

Beads ) sustained drug delivery. Our hypothesis centered on leveraging the high surface-to-volume ratio of LMP-based

f/[rug d];ehvery beads to enhance strength, stability, and surface interaction compared to the LMP bulk gel. To modulate drug
esophases

release, we introduced antioxidant vitamin E into the beads, influencing mesophase topologies and controlling
drug diffusion coefficients. Four drugs with distinct chemical properties and intended for three different pa-
thologies and administration routes were successfully loaded into the beads with a drug entrapment efficiency
exceeding 80 %. Notably, our findings revealed sustained drug release, irrespective of the drugs’ chemical
properties, culminating in the development of an injectable formulation. This formulation allows direct
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administration into the target site, minimizing systemic exposure, and thereby mitigating adverse effects. Our
approach demonstrates the potential of LMP-based beads for tailored drug delivery systems with broad appli-
cations in diverse therapeutic scenarios.

1. Introduction

Non-lamellar lipid phases are acknowledged to play a plethora of
different biological functions[1-3] and, thanks to their unique material
properties and functionality, complementary to lamellar lipid systems,
are gaining momentum as versatile drug carriers.[4-7] Lipid meso-
phases (LMPs) are thermodynamically stable structures and, thanks to
their high degree of order, they are less prone to fusion, leakage or ag-
gregation compared to other lipid-based drug delivery systems.[8]
Compared to lamellar vesicles such as liposomes, for instance, the or-
dered arrangement of lipids in the mesophase allows for a more efficient
packing of drugs, increasing either their loading capacity and/or their
retention into the gel.[9] Conveniently, LMPs are prepared following a
straightforward process, mixing monoacyl glycerol lipids such as mon-
oolein (MO, recognized as safe for human and animal use by US Food
and Drug Administration) and water.

Increasing the water content, the flat lipid bilayers of a lamellar
phase (L) transform into a curved bicontinuous cubic phase (Q; with
Ia3d, Pn3m or Im3m geometry), while the presence of additives, such as
the antioxidant vitamin E (VitE) [10-15], promotes the formation of
highly viscous inverted hexagonal (Hy) and micellar phases (I) at room
temperature [16], which consist of hexagonally packed water channels
surrounded by lipids [17] and inverse micellar phase consists of 3D
packings of discrete inverse micellar aggregates, respectively.[1819].

In contrast to other gel-based drug carriers, LMPs could avoid the
initial burst release due to the swelling process [20] as the less viscous
and injectable L phase (formed at low water percentages) has also a
lower diffusion coefficient with respect to more hydrated topologies
[2116].

Traditionally, LMP-based drug delivery systems have been either
bulk gels or polymer-stabilized nano dispersions known as cubosomes.
[22,23] To gain strength, stability, and structural integrity thanks to a
higher surface/volume ratio than LMP gels and to streamline the
manufacturing process than cubosomes, we propose here LMPs-based
beads to be injected locally. A plethora of different drugs can be
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encapsulated beneath the surface of microbeads and, differently from
what observed in bulk LMP gels, drug release from beads is not only
driven by diffusion, but also by controlling the beads’ porosity and
erosion.

Spanning from tofacitinib citrate (TOFA, a hydrophilic Janus kinase
inhibitor),[24,25] to rapamycin (RAPA, a hydrophobic immunosup-
pressant),[26-29] via gefitinib (GEFI, a hydrophobic anti-tumor drug
proposed for the treatment of metastatic colorectal cancer)[30-33] and
bupivacaine (BUPI, a potent amphiphilic local anesthetic)[32,34-36],
our injectable LMP beads are based on a blend of MO, water, and the
antioxidant VitE, as depicted in Scheme 1.

This patient-centric drug delivery platform, manufactured to maxi-
mize the drug concentration at the site of injection and to minimize
adverse reactions, was developed with the aid of an in-depth physico-
chemical characterization of the beads via small and wide-angle X-ray
scattering (SAXS and WAXS, respectively).

The X-rays scattered by the gel give a set of maxima that correspond
to sharp Bragg reflections, characteristic of the long-range positional
order, peculiar for each geometry (a list of Bragg reflections identifying
the symmetry of the mesophase are reported in Scheme 1). Moreover,
rheology, differential scanning calorimetry (DSC), optical and electron
microscopy were used to elucidate the macroscopical and thermal fea-
tures of the ensuing beads. The high percentages of the loaded drugs (up
to 80 %) did not induce any change in the symmetry with respect to the
bulk gel.[15,37] The self-assembly features of the formulations were
correlated to the drug release profiles of the four drugs and, indepen-
dently of the nature (size and polarity) of the active principles, the
sustained release could be ascribed to the internal 3D matrix of the
beads. The injectability of the beads, possible despite their macroscopic
dimensions, proves the versatility of this drug delivery platform for
parenteral use. The achieved sustained release profiles, obtained both in
physiological conditions and simulated fluids, persist even upon lipase-
triggered dissolution of the beads, as MO can reorganize into vesicles,
effectively encapsulating hydrophobic molecules.

Bragg reflections identifies the
internal topology of the beads

Lamellar (L) 1: 2: 3

Cubic (Im3m) V4: \6: V8

Cubic (Pn3m) V2: V3: V4: V6: \8: V9 !
Hexagonal (H,) V1: V3: V4

Scheme 1. Encapsulated drugs, monoolein (MO), and vitamin E (VitE) structures, and beads topology. Lipids in a molten state, with or without the inclusion of
drugs, were introduced into a Hamilton syringe. Upon release of this mixture into a cold aqueous solution, beads were spontaneously generated. The peculiar Bragg
reflections for each geometry are also reported together with a cartoon depicting the mesophase.
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2. Experimental

Dimodan 90D (a commercial grade of lipid that contains more than
90 wt% of MO) was provided by Danisco, Denmark, as a gift and it was
used as received as source of MO. TOFA and GEFI were purchased by LC
laboratories (Woburn, MA), RAPA was obtained from R&S Pharmchem
(Shanghai, China), BUPI hydrochloride monohydrate was obtained from
Fagron (Glinde, Germany). Caffeine (Ph. Eur. Quality) and glucose
monohydrate were purchased from Hanseler Swiss Pharma (Herisau,
Switzerland). Trifluoroacetic acid, HEPES salt, and calcium chloride
were obtained from Carl Roth (Karlsruhe, Germany). PBS tablets (140
mM NacCl, 10 mM phosphate buffer, 3 mM KCl, pH 7.4), agarose, sodium
chloride, ketoconazole, lidocaine hydrochloride, vitamin E, Lipase from
Candida Rugosa (4320 units/mg solid, 91,700 units/mg protein), ab-
solute ethanol, DMSO and HPLC-grade methanol and acetonitrile were
purchased by Sigma-Aldrich (USA). All the reagents were used without
any further purification.

Ultrapure water of resistivity 18.2 MQ.cm was produced by Barn-
stead Smart2pure (Thermo Scientific).

2.1. Preparation of MO-B

MO was transferred in sealed glass vials and molten at 50 °C. Sub-
sequently, the molten lipid was loaded in a 1 mL Hamilton syringe. The
lipid was then dispensed into 10 mL of cold ultrapure water at approx-
imately 2 °C maintaining magnetic stirring at 200 rpm as described in
Figure S1. For beads enriched with VitE, the molten MO was blended
with either 20 % (w/w) or 45 % (w/w) of VitE, and the beads were
prepared as previously described. In the case of drug-loaded beads, the
molten MO was combined with TOFA, BUPI, RAPA, or GEFI at three
different percentages: 0.1 % w/w (equivalent to 1 mg per 1 g), 1 % w/w
(equivalent to 10 mg per 1 g), and 5 % w/w (equivalent to 50 mg per 1
g). This mixture was stirred for 30 min at 200 rpm and then sonicated (in
a sonication bath; Bandelin Sonorex RK 100H) for 10 min. The resulting
molten dispersion was used to create the drug-loaded beads following
the previously explained procedure (Figure S1). After preparation, the
beads maintain their shape, and their diameter was assessed using a
Vernier caliper (1/50 mm).

2.2. Scanning transmission electron microscopy (STEM) analysis

Morphology and surface of the beads were examined using a Zeiss
GeminiSEM 500 microscope, which was equipped with a Peltier cooling-
device MK3 Cool stage from Carl Zeiss SUPRA with a working distance of
about 8 mm and a high voltage of 10 kV. Analyses were conducted on
hydrated systems at approximately 2 °C, employing variable pressure
mode and a BSE detector (Signal A BSD4). Morphology of the de-
esterified MO aggregates was analyzed using the same Zeiss Gem-
iniSEM 500 microscope equipped with an aSTEM detector. A drop of the
dispersion found in the donor compartment of the Franz cell was
deposited on a copper grid (200 mesh) with an amorphous carbon film.

2.3. Small-Angle X-ray scattering (SAXS) and Wide-Angle X-ray
scattering (WAXS)

SAXS measurements were used to evaluate the phase identity of
either the empty or drug-loaded beds and to assess their swelling ki-
netics. To study the phase changing and its kinetics during the swelling
process, beads were kept in excess of water and withdrawn at different
time points (10, 20, and 30 min, 1, 2, 4, 6, 8, and 24 h) and were
analyzed using SAXS, for determining the topology, the symmetry and
the structural parameters (lattice and the water channel dimension) of
the mesophase.[12] Moreover, since the presence of the drug may affect
the phase identity, beads containing different percentages of drugs were
analyzed using both SAXS and WAXS. WAXS measurements were per-
formed to study the crystallization of the drugs once embedded in the 3D
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gel structure. Measurements were performed on a Bruker AXS Micro,
with a microfocused X-ray source, operating at voltage and filament
current of 50 kV and 1000 pA, respectively. The Cu Ka radiation (ACu
Ka = 1.5418 A) was collimated by a 2D Kratky collimator, and the data
were collected by a 2D Pilatus 100 K detector (or 1D VANTEC-1 detector
in case of WAXS). The scattering vector Q = (4n/\)sin6, with 26 being
the scattering angle, was calibrated using silver behenate. Data were
collected and azimuthally averaged using the Saxsgui software to yield
1D intensity vs. scattering vector Q, with a Q range from 0.001 to 0.5
Al (and from 13 to 20 nm ! for WAXS). For all measurements, a bead
was placed inside a stainless-steel cell between two thin replaceable
mica sheets and sealed by an O-ring. Samples were equilibrated for 30
min before measurement, whereas scattered intensity was collected over
30 min. Measurements were performed at 25 and 37 °C. To determine
the structural parameters such as the size of the water channels (d,),
SAXS data about the lattice (a) were combined with the composition of
the samples. [12].

2.4. Rheology experiments

A stress-controlled rheometer (Modular Compact Rheometer MCR 72
from Anton Paar, Graz, Austria) was used in cone-plate geometry,
1.001° angle, and 24.967 mm diameter. The temperature control was set
at 25 °C. A strain sweep was performed at 10 s~1 between 0.001 and 100
% shear strain to determine the linear viscoelastic regime, and the yield
(ty) and flow (t¢) points. 1y is exceeded at the point where the shear
stress starts to deviate from linearity, while t¢ is represented by the shear
stress value at the crossover point where G’ equals G’’. Both values are
extrapolated from amplitude sweep graphs.

Thixotropy properties of the beads were determined by using hys-
terics experiments which consisted of a three-step operation: upward
curve (1 % shear strain, frequency of 1 Hz), plateau curve (shear rate of
1000 s’l) and downward curve (1 % shear strain, frequency of 1 Hz).
The percentage of regeneration of MO-B and MO/VitE-B soon after their
preparation was determined using the following equation:

G at rest

—— 100
G after stress

% of regeneration =

where the values of G’ at rest and G’ after stress were extrapolated from
the thixotropy graphs.

Experiments were conducted on beads immediately after their
preparation and following 24 h of hydration. The beads were separated
from water through paper filtration; for each experiment, 15 beads were
placed on the rheometer plate using a spatula.

2.5. Differential scanning calorimetry (DSC) experiments

DSC measurements were conducted on a Mettler Toledo DSC 3
calorimeter (Mettler-Toledo International Inc., Columbus, OH, USA) to
analyze the thermal behaviour and interaction of the four drugs with the
MO. 40 pL aluminium pans were used. The experimental procedure
designed by Efrat et al. was slightly modified:[38] samples were rapidly
cooled from room temperature to —10 °C, maintaining this temperature
for 10 min, and followed by gradual heating to 40 °C (rate of 2 °C/min).
An empty pan was used as reference. Temperatures were determined
with an accuracy of + 0.5 °C and AH values with an accuracy of +0.5
kJ/mol.

2.6. Quantification of the amount of drug inside each bead

Drug-loaded beads were analyzed using a Vernier caliper (1/50 mm)
in order to evaluate their diameter, and, assuming they have a spherical
shape, their volume. TOFA-, BUPI- and RAPA-loaded beads were dis-
solved in methanol (containing the proper internal standard), and
centrifuged at 4 °C, 13000 rpm (18900 RCF), for 10 min. The
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supernatant was analyzed using an Ultimate 3000 HPLC (Thermo Fisher
Scientific, Reinach, Switzerland) and, depending on the drug, different
methods were employed: TOFA,[8] BUPL[32] and RAPA.[28]

In all cases, the concentration of the drug in the supernatant ([drug])
was evaluated using a calibration curve. Then, the amount of drug in
each bead was evaluated using the following equation:

VF
mg drug = [drug] 7{

where V¢ is the volume of MeOH we added to disrupt the beads, and V; is
the volume of the spherical bead (calculated as 47r3). GEFI-loaded beads
were dissolved in DMSO, and the dispersion was analyzed using a plate
reader (A = 333 nm). The concentration of GEFI in the mixture was
evaluated using a calibration curve of GEFI in DMSO, while the amount
of drug in each bead was calculated as described above.

2.7. Release experiments

0.1 % drug-loaded beads (3 beads) were put in an Eppendorf tube
containing PBS buffer (150 mM, pH 7.4) in sink conditions (1.5 mL for
the hydrophilic drugs, 2 mL for the hydrophobic drugs). Regarding
RAPA, we noticed that the presence of inorganic salts in the buffer
resulted in drug degradation, leading us to opt for ultrapure water
instead of PBS.

Due to the solubility limit of the hydrophobic drugs, the release
media was enriched with 10 % v/v of EtOH and 20 % v/v DMSO in case
of RAPA- and GEFI-loaded beads, respectively. For RAPA and GEFI, we
repeated some points of the experiment with 6 mL of buffer or H,O
instead of 2 mL, obtaining the same results.

GEFI release was also evaluated in a simulated intraperitoneal fluid
[39,40] composed of 50 mM HEPES buffer, 110 mM NaCl, 5 mM glucose
and 1.68 mM CaCl, in H,O/DMSO 8/2. The pH of the solution was
adjusted to 7.1 units. Experiments were conducted in a shaking incu-
bator at 100 rpm and 37 °C. At designated time points, beads were
withdrawn from the solution. GEFI-loaded beads were dissolved in
DMSO, and the dispersion was analyzed using a plate reader, while
TOFA-, BUPI- and RAPA-loaded beads were dissolved in methanol
(containing the proper internal standard), centrifuged at 4 °C, 13000
rpm (18900 RCF), for 10 min and the supernatant was analyzed using
the HPLC as illustrated before, while the percentage of drug release was
calculated using the following equation:

)*100

where [drug]; is the concentration of the drug in the beads, evaluated
using a calibration curve, at desiderated time points, while [druglyo is
the concentration of the drug, evaluated using a calibration curve, soon
after the beads preparation.

[druglt
[drug]to

% drug release = (1 —

2.8. RAPA release experiments in simulated fluid

The release profile of RAPA was also assessed in a solution of H,O/
EtOH 9/1 containing 5000 units/mL of lipase from Candida Rugosa. For
this purpose, we employed a vertical diffusion cell, with the donor
compartment containing 10 beads and 7 mL of the simulated fluid, and
the acceptor compartment filled with 13 mL of water enriched with 10 %
of EtOH. A 500 nm filter separated the donor and acceptor compart-
ments. At specific time points, 5 mL of the solution from the acceptor
compartment were collected, replaced with fresh media, and subjected
to overnight lyophilization. Subsequently, 200 uL of MeOH containing
ketoconazole (200 pg/mL) were introduced, and the solution was
analyzed using HPLC as previously described.
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2.9. Free RAPA release experiments in simulated fluid

The release profile of free RAPA was assessed in a solution of HyO/
EtOH 9/1 containing 5000 units/mL of lipase from Candida Rugosa. The
donor compartment of the vertical diffusion cells contained 200 pg/mL
of RAPA in SF, and the acceptor compartment was filled with 13 mL of
water enriched with 10 % of EtOH. A 500 nm filter separated the donor
and acceptor compartments. After 24 h, the content of the acceptor
compartment was analyzed using a DU 800 UV-Vis single beam spec-
trophotometer (Beckman Coulter). The percentage of free RAPA release
after 24 h was calculated using the following equation:

)*100

where (Abs RAPA); represents the absorbance of RAPA found in the
acceptor compartment after 24 h, whereas (Abs RAPA)g is the absor-
bance of the initial RAPA solution introduced into the donor compart-
ment at the onset of the experiment.

(AbsRAPA)1

Yod! lease = | | ——————
bdrug release < (AbSRAPA)L,

2.10. Particle tracking analysis

Particle size measurements were conducted utilizing a Nanosight
NS300 instrument with a blue laser (A = 488 nm). Samples, collected
from the donor compartment of the vertical diffusion cells and diluted
10 times with ultrapure water, were introduced into the instrument cell
using a syringe pump with a flow rate of 50 pL/s. Five acquisitions, each
lasting 60 s and capturing 25 frames/s, were performed.

2.11. RAPA stability over time

A solution of RAPA in Hy,O/EtOH 9/1 containing or not 5000 units/
mL of lipase from Candida Rugosa was analyzed during time using a DU
800 UV-Vis single beam spectrophotometer (Beckman Coulter), both at
room temperature and 37 °C.

2.12. Erosion test

The evaluation of the bead erosion in buffers containing 10% EtOH
or 20% DMSO was conducted using a precision analytical balance. The
beads were left in ultrapure water for a day, reaching a Pn3m phase that
could not swell anymore. Subsequently, they were filtered and indi-
vidually placed in Eppendorf tubes for weighing. To evaluate the
erosion, 2 mL of a buffer enriched with the respective organic solvent
was added to each bead. After a predetermined set time, the solvent was
removed, and each bead was filtered and weighed once again. The
percentage of erosion was evaluated using the following equation:

)*100

where (mg); is the weight of the bead after a set time of contact with the
enriched buffer, while (mg)yg is the initial weight of the bead.

(mg)t
(mg)ty

%erosion = (1 —

2.13. Release experiments in agarose gel

Agarose gel was used to mimic living tissues;[41] it was produced by
dissolving 0.5 % w/v agarose in water (100 mg/20 mL), the mixture was
then subjected to a microwave (700 W) for 20 s. Once the agarose so-
lution reached approximately 55 °C, 0.5 mL of it was transferred into a 5
mL Eppendorf tube, which was kept at 4 °C for 5 min to allow gel for-
mation. 9 BUPI-loaded beads were introduced into the agarose gel and
subsequently covered with an additional 0.5 mL of agarose solution.
After 5 min at 4 °C, the added agarose solution solidified into a gel and
1.5 mL of PBS buffer were added on the top of the gel. Experiments were
conducted in a shaking incubator at 100 rpm and 37 °C.

At designated time points, the release medium was completely
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replaced with fresh PBS buffer and aliquots were taken for lyophiliza-
tion. Each sample was resuspended with internal standard solution
(lidocaine) in methanol, and drug content was analyzed by HPLC as
explained before. The percentage of cumulative drug release was eval-
uated using the following equation:

)*100

where mg gup; ¢ represents the mg of the drug found in the release me-
dium after the lyophilization, while mg pyp; o represents the mg of BUPI
loaded in the beads soon after their preparation.

mgBUPIt

% drug release = (M

2.14. Injectability of the beads

Injectability of the beads was tested using an 18G needle. In our case,
a 1 mL disposable syringe was loaded with 15 beads, and they were
injected into cold ultrapure water (2 °C) in a beaker (Figure S2a) and in
agarose gel (Fig. S2b). As shown, beads were extruded and did not
maintain their shape.

Statistical Analysis: Quantification of the amount of drug in each
bead was carried out with n > 20 in all cases, while other experiments
were carried out in triplicates. Data in all cases are expressed as means
+ SD. All calibration curves showed a R? > 0.998. Microsoft Excel was
used for general calculations, while GraphPad Prism 9.5 and SigmaPlot
12 were used for plotting.

3. Results and discussion
3.1. Morphology of the beads

Among the various bio-inspired materials available to form depot
injectables, we selected LMPs, a class of materials belonging to the
lyotropic-liquid—crystal family, possessing a tunable three-dimensional
nanostructure along with peculiar mechanical and rheological proper-
ties. By altering the water content and temperature or incorporating
additives, we tailored the LMPs to exhibit lamellar, cubic, inverse hex-
agonal, or micellar geometries. Although already extensively investi-
gated - either as bulk gel or as colloidal dispersion - to achieve controlled
drug release, LMP-based formulations have not been reported so far as
starting material to manufacture beads. Here, MO was chosen as main
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lipid and it was blended with different percentages of the antioxidant
VitE [10-15] which, acting as a stiffener of lipid chains, can promote the
formation of highly viscous inverted micellar and hexagonal phases.[16]
Adding 20 % (w/w) or 45 % (w/w) of VitE to the formulation allowed us
to achieve Hy and inverse micelle-based beads, structures that MO alone
could not form. However, while the Hy-based beads (MO/VitE-B) are
stable and maintain their shape over time, the others exhibited insta-
bility and a tendency to aggregate within a brief time, limiting their
application as drug delivery systems.

The spherical nature of the beads and their mean diameter (=~ 3 mm)
is evident in the optical microscope pictures (Fig. 1b and 1le), while
scanning transmission electron microscope (STEM) put in evidence that
the surface roughness is more pronounced in pure MO based-beads (MO-
B; Fig. 1c and d) compared to the smoother and gel-like texture of MO/
VitE-B (Fig. 1d and g). In both cases, the production process allowed us
to obtain batches with low variability in terms of size and weight
(Fig. 1h and 1i).

3.2. Topology and properties of the beads

Since the beads were formed by dropping molten lipids in water, to
deepen our knowledge of the internal structure and symmetry of the
beads at different hydration times, and thus gain information about the
kinetics of swelling, we investigated changes in mesophase structure and
transitions between different LMPs by SAXS measurements. The X-ray
beam directed at the gel results in a scattering pattern with a set of
maxima that correspond to sharp Bragg reflections characteristic of the
long-range positional order. Each Bragg reflection is reported above
each peck, and a list of Bragg reflections identifying the symmetry of the
mesophase are reported in figure captions, too. Moreover, to determine
structural parameters such as the size of the water channels (dy,), SAXS
data about the lattice (a) were combined with the composition of the
samples as described.[12] According to Fig. 2a, MO-B exhibited a
lamellar phase between 10 and 20 min of hydration. Subsequently, a
transition to an Ia3d phase occurred and it is completed in 10 min, while
after 2 h the gel reached a fully hydrated Pn3m phase, in agreement with
the phase diagram of MO.[19,42] The swelling process of MO-B during
time could be noticed by naked eye, as shown in Figure S3: L beads are
milky-white, Ia3d beads show transparent sides, while Pn3m beads are
entirely transparent. The lattice parameters (a; which refers to the

diameter (mm)

0
MO-B  MO/VItE-B

=
o
]

MO/VitE-B *
s ¥ &
E 4]
-
<
D 44
]
2 .-
o
MO-B MONitE-B

Fig. 1. A) Schematic representation of the beads preparation, (b) representative optical microscopy image of monoolein based-beads (MO-B), ¢) and d) STEM image
of MO-B at 15x magnification and 300x magnification, respectively, e) optical microscope image of MO/VitE-B, f) and g) scanning transmission electron microscope
(STEM) image of MO/VitE-B at 15x magnification and 433x magnification, respectively, h) MO-B and MO/VitE-B diameter (n = 30) and i) MO-B and MO/VitE-B
weight (n = 55). The beads’ diameter was evaluated using a Vernier caliper (1/50 mm), while the beads’ weight was evaluated using an analytical balance.
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derived from SAXS spectra, c) flow point (t¢) and yield point (t,) values of MO-B soon after the preparation and after 24 h of equilibration in excess of water, d)
thixotropy experiments of MO-B soon after their preparation, €) change of the internal geometry of MO/VitE-B evaluated by SAXS experiments among 24 h of
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the preparation and after 24 h of equilibration in excess of water, h) thixotropy experiments of MO/VitE-B soon after their preparation.

spacing between repeating structural units) are ca. of 3 nm for the L
phase, 11 nm for the [a3d phase and roughly 9 nm for the Pn3m phase
(Fig. 2b), while the water channel diameter (d,,) is approximately 2.5
nm and 4 nm for the [a3d phase and the Pn3m phase, respectively
(Figure S4), in good agreement with the bulk gel parameters reported in
the literature.[19] Upon the addition of 20 % (w/w) of VitE to MO, the
beads promptly exhibit a stable Hyj phase yet after 10 min, with a lattice
of approximately 5 nm (Fig. 2e and 2f) as expected from literature re-
ports.[15] Despite the instability observed in beads composed of MO/
VitE 55/45, we successfully identified an inverse micellar phase after 2h
(Figure S5), in analogy with what observed in the bulk gel.[43].

While SAXS gave information about a short-range order, rheology
measurements enabled us to predict the relation among stress, strain,
and the rate of deformation of materials to characterize the mechanical
properties of the beads. All the beads (independently from their hy-
dration) show a shear thinning behaviour (Figure S6) and the shape of G’
and G" (the storage and loss of moduli, respectively) exhibit a sharp
downturn at the limit of the linear viscoelastic region (LVR). Above that,
a strain increase causes the disruption of the network, resulting in a
decrease of both G’ and G” as evident in the representative amplitude
sweep experiments (Figure S6). Flow (t¢) and yield point (ty) values,
both related to the required force to be applied on the sample to induce
flow, put in evidence that less hydrated beads (i.e. soon after their
preparation) exhibit lower elasticity than the more hydrated ones,
indicating that the beads are more easily injectable soon after their
preparation (Fig. 2c and 2 g, respectively). More interestingly, consid-
ering that the shear during this process can affect the strength and the
viscosity of the beads, thixotropy experiments (which refers to the time-
dependent changes in viscosity or flow behaviour of a material when
subjected to repeated cycles of shear stress or deformation) were also
conducted. The results demonstrate that soon after preparation MO-B
exhibited a regeneration rate of 75 %, whereas MO/VitE-B a regenera-
tion rate of 17 % (Fig. 2d and 2 h, respectively). The underlying
mechanism involves the reversible breakdown and reformation of
structural elements within the material in the case of MO-B, while an
important loss in regeneration was observed in the case of Hy beads. This
information is critical for designing effective drug delivery systems that
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maintain their structural integrity, ensuring consistent and predictable
drug release profiles: the injection of Hy; beads could potentially result in
the loss of their 3D structure, leading to a concurrent alteration in drug
release dynamics.

3.3. Topology and properties of drugs-loaded beads

To assess the suitability of the beads as a drug delivery platform, we
loaded four model drugs with different polarity, physicochemical
properties, mechanisms of action, and routes of administration at three
distinct initial ratios (0.1 %, 1 %, and 5 % w/w with respect to MO): the
hydrophilic TOFA and BUPI, as well as the hydrophobic GEFI and RAPA.
As expected, loaded beads maintained the same diameter as the unloa-
ded ones (~ 3 mm, Figure S7) and SAXS analysis (carried out after 24 h
of hydration) demonstrated that the inclusion of TOFA, GEFI, and RAPA
did not influence either the phase identity of the formulations (that
remained all in Pn3m phase, as shown in Fig. 3a, 3¢, and 3d, respec-
tively) or their structural parameters (Fig. 3e, g and h).

As TOFA is a hydrophilic molecule and we anticipated a significant
release rate from cubic based-beads, we decided to load the drug into Hy
beads (MO/VitE-B) as well; also in this case, TOFA did not induce any
changes in the structure of the beads, as demonstrated with the SAXS
experiments reported in Fig. 3i.

Interestingly, when 5 % (w/w) of drugs was loaded into the beads
(Pn3m or Hy), SAXS patterns also showed a reflection at high q (circles
in Fig. 3) that cannot be attributed to a Bragg’s reflection. Moreover, the
presence of reflections in the WAXS spectra suggested indeed that this
was due to the drug crystals (Figure S8). Differently, in the case of BUPI-
loaded beads, an Im3m phase was obtained after 24 h of hydration for all
three ratios (Fig. 3b). We hypothesize that the amphiphilic nature and/
or its highest polarity/water solubility caused its redistribution between
the polar interface and the hydrophobic domains during hydration, with
the consequent formation of a primitive symmetry. Similarly, the
loading of BUPI in glycerol monooleate systems caused a phase transi-
tion from Pn3m to Hy structures, as literature reports.[44] Structural
parameters also varied: lattice reached 18 nm while dy increased up to 8
nm (Fig. 3f) exceeding the value commonly observed in Im3m
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Fig. 3. A) SAXS spectra of (a) TOFA-, (b) BUPI-, (c) GEFI- and (d) RAPA-loaded beads at different ratios (0.1 %, 1 % and 5 % w/w); €) Lattice parameter (a) and water
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symmetry.[19] The absence of a reflection peak in the SAXS spectra at
high q (Fig. 3b) and in the WAXS spectra (Figure S8) indicates that,
differently from the other drugs, BUPI was in its amorphous state even
when present at the highest ratio (5 % w/w). Moreover, the topology of
the mesophases (and their structural parameters) remains unaffected by
temperature variations as evident from SAXS and WAXS analyses con-
ducted at both 25 °C and 37 °C.

Our platform demonstrated the capacity to effectively vehiculate

Table 1

substantial quantities of drugs, achieving a remarkable entrapment ef-
ficiency exceeding 80 % for both hydrophilic and hydrophobic drugs
(Figure S9): starting from 0.1 %, 1 % or 5 % formulations (1 mg, 10 mg,
or 50 mg drug/1g of MO), each bead entrapped approximately 8 ug, 80
ug or 380 pg of the drug, respectively (Figure S9). Such high entrapment
efficiency translates to a reduced requirement of formulation during
administration and may result in a decrease in the frequency of
administration, enhancing patient compliance.

DSC parameters of MO-B and MO/VitE-B, loaded or not. AH values are expressed in J/g, while Ty, values are expressed in °C. Error in the case of the obtained
temperatures and AH are within 0.5 °C and 1.5 J/g, respectively (averaged over three measurements). * Averaged Tm value.

L Ia3d Pn3m Im3m Hyp
AH Tm AH Tm AH Tm AH Tm AH Tm
MO-B 58.8 12.8% 45.9 12.3 23.0 11.8
TOFA 0.1 % 23.9 12.5 38.9 12.4
1% 49.7 12.9 39.5 11.6
5% 20.7 12.5 36.7 11.4
BUPI 0.1 % 50.6 12.7 37.6 12.6
1% 28.8 12.1 38.9 11.1
5% 40.8 10.5 36.8 11.0
GEFI 0.1 % 40.6 12.2 36.5 11.5
1% 44.3 12.6 24.9 11.0
5% 19.3 11.2 27.5 10.8
RAPA 0.1 % 46.9 11.6 39.4 12.7
1% 41.6 12.3 40.1 11.2
5% 18.2 11.7 33.7 11.6
MO/VitE-B 38.8 15.5
TOFA 0.1 % 5.3 14.3
1% 7.0 12.8
5% / /
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Differential scanning calorimetry (DSC) allows to determine the
enthalpy changes associated with the phase transition and the temper-
atures at which it occurs. Before recording the heating thermograms, we
incubated each sample below zero degrees to reduce the risk of under-
cooling of water in hydrated MO and to stabilize the L phase (when
present).[45] Thermograms of MO-B (Figure S10a) for each topology
showed endothermic transitions between 10 and 15 °C.[45] In the case
of the L phase, it is evident that the main peak is broad and split into two
peaks of similar magnitude, with Tm values of 11 and 14 °C. The AH
values associated with the observed peaks, reported in Table 1, are
relatively small, as typically observed for these systems.[45,46] In case
of Pn3m phase (23 J/g), AH values were sensibly lower than the L (58 J/
g) or Ia3d (46 J/g) phases. It is reasonable to hypothesize that the higher
the curvature radius and the tortuosity of the aqueous channel network,
the lower the strength of the interaction among lipids in the bilayer. As a
consequence, even though the Pn3m phase is distinguished by high lipid
packing, it exhibits the lowest AH value, while the Ia3d phase demon-
strates an intermediate value. Upon adding 20 % of VitE to the formu-
lation (Hy; phase), the peak broadens and the AH value becomes similar
to that of the Pn3m phase (Table 1).

When the percentage of VitE is further increased to 45 %, the tran-
sition is completely abolished. This is not surprising, given that lipid
organization is different in the corresponding micellar phase, leading to
very weak interactions among lipid chains due to their low compaction.
DSC measurements on loaded beads were conducted to investigate the
effect of the four drugs on lipid bilayer structure and its dependence on
their percentage (Figure S10b — S101). In the presence of drugs, the
shape of the peak in the DSC thermogram remains mostly unchanged,
but variations in AH values (reported in Table 1) occur.

Specifically, when MO-B is in Pn3m phase (the most hydrated one),
the AH value increases by at least 10 J/g (doubling with 0.1 % and 1 %
of RAPA). The Im3m phase obtained in the presence of BUPI shows
comparable results. These findings suggest that the presence of a drug in
the most hydrated MO-B structure leads to lipid compaction regardless
of their structure and polarity. However, when MO-B is in the L phase,
the presence of drugs causes a reduction in AH values, which varies
depending on their nature and amount. For instance, the presence of 5 %
of hydrophobic molecules such as RAPA and GEFI results in a three-fold
decrease in AH values, indicating that these drugs, by penetrating the
hydrophobic region of the mesophase in its L geometry, perturbed lipid
packing and reduced their compaction. The hydrophilic drug TOFA,
when present at 0.1 % and 5 %, caused a 50 % decrease in AH values
compared to the corresponding MO-B without drugs, whereas at 1 % of
TOFA the reduction was only 15 %. The shape of the thermograms
(Figure S10b) for 0.1 % and 5 % of the drug is remarkably similar to the
split thermogram of empty MO-B. On the other hand, at 1 %, the main
peak of TOFA is centred at about 13 °C with a shoulder at lower tem-
peratures (=~ 8 °C), indicating that this specific ratio induces a change in
bilayer organization leading to a noticeable increase in lipid compaction
(reflected in higher AH and Tm values). In the case of Hy beads, TOFA
abolished the phase transition even at low ratio, likely because the drug
further hindered the weak interactions between lipid chains (Figure S10,
panel 1).

The presence of 0.1 % of the other hydrophilic drug BUPI in L phase
leads to the same reduction obtained in the presence of TOFA but, in this
case, the lowest AH value was observed in the beads containing 1 % of
the drug (Figure S10, panel c).

The effect of BUPI on bilayer organization is contingent on its con-
centration in the beads: at 0.1 %, it induces the least significant varia-
tions, evidenced by the smallest reduction in AH values compared to
empty MO-B and beads loaded with the same amount of other drugs.
When BUPI concentration reaches 1 %, the AH value is halved compared
to MO-B and is significantly lower than beads containing 1 % of other
drugs. At 5 %, BUPI induces a unique bilayer organization (similar to
TOFA): evident phase separation appears in the thermogram, a new
main peak emerges at a lower temperature (= 10.5 °C) and the AH value
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is the highest compared to beads containing 5 % of other molecules. It is
possible that BUPI’s non-crystalline behaviour in the beads, unlike the
other drugs, contributes to this anomalous behaviour.

Overall, these results indicate that hydrophilic drugs interact
differently with MO when it is in the L phase, likely because TOFA and
BUPI, featuring distinct moieties and polarity, are localized in different
portions of the lipid bilayer due to specific interactions between the
functional groups of the drugs and the polar head of MO.

3.4. Release profile of drugs and injectability of the beads

Evaluating the release profiles of drugs is crucial to assess the effi-
cacy of any drug delivery platform and different mechanisms (such as
diffusion, erosion or swelling) may drive the drug release.

Although we employed different experimental conditions to over-
come drugs’ solubility (and instability) issues and to mimic the physi-
ological conditions, all the dissolution media does not affect the internal
structure of the mesophases (see SI; Figure S11), while, as reported
below, either the swelling process or the erosion of the beads have an
impact on the drug release. Primarily, the release mechanisms of actives
are influenced by the mesophase’s structure (topology and aqueous
channels diameter) and drug size and polarity. In general, their diffusion
coefficient (d) decreases with the dimensionality of the topology [19],
with the cubic phases displaying the highest diffusion coefficients (d =
3), the L and Hj phases showing an intermediate one (d =2 andd =1,
respectively) [16]. However, in our setup, immediately after the prep-
aration of the beads, they were submerged in an excess of media and the
release profiles of the four drugs were determined starting from the less
hydrated beads (since they could be easily injected) which intake water
leading to a dynamic phase changing during the experiment. Thus, we
cannot use the above-mentioned paradigm to describe the release pro-
file. Indeed, our drugs do not follow a Fickian diffusion profile and,
consequently, the release profile cannot be modelled using the Higuchi
equation. Moreover, we also observed gel erosion and therefore, we do
not reject the hypothesis that the release process can be driven by a
combination of diffusion, swelling and gel dissolution process.

TOFA was quickly released (more than 85 % after 7 h) in physio-
logical conditions (PBS buffer, 150 mM, pH 7.4, Fig. 4a). Therefore, to
decrease the drug release rate, thus achieving a sustained release, we
loaded TOFA in Hy beads, since this mesophase is characterized by a
lower d with respect to Pn3m phase. In this case, as assumed, the per-
centage of drug release decreased: after an initial burst, 85 % of release
was achieved after six days instead of a few hours (Fig. 4a) despite a loss
in regeneration was observed (see Fig. 2h). Thus, although these beads
do not maintain their structural integrity, they ensure a consistent and
predictable drug release profile.

The injectability of the proposed MO-B was tested using a syringe
and an 18G needle, both in aqueous solution and in an agarose gel
system that mimicked a subcutaneous injection:[41] in both cases, they
were extruded (Figure S2, S14). In particular, we analysed MO-B soon
after their injection in aqueous solution with SAXS, and it revealed that L
phase changed to an Ia3d one (Figure S11). In order to study if this phase
change could cause any variations in the release profile of a molecule,
we tested it using TOFA as model drug.

The release profile of TOFA from extruded beads (Ia3d phase, light
grey bars in Fig. 4b) after one h is quite different from the one obtained
with beads soon after their preparation (L phase, black bars in Fig. 4b).
After one day, instead, the release profiles were similar. This result is not
surprising since L phase displays a lower d than cubic phases. To prove
this hypothesis, we investigated the release of TOFA from beads that
remained 24 h in an aqueous solution saturated with the drug, which has
a Pn3m symmetry (dark grey bars in Fig. 4b). TOFA release from Pn3m
beads after 1 h and 1 day is quite similar to the release from Ia3d beads,
meaning that the extrusion process could have influenced the release
profile of TOFA in the first hours.

The release profile of GEFI was also assessed, both in physiological
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Fig. 4. A) Release profile of TOFA in physiological conditions from MO-B (white squares) and MO/VitE-B (black dots), b) comparison of release profile of TOFA from
beads after preparation (black bars), after injection (light grey bars) and in their Pn3m phase (dark grey bars), c) release profile of GEFI in physiological conditions
(white triangles), in SF (black dots) together with the erosion of the beads in the SF (squares; right axis), d) release profile of BUPI in physiological conditions (black
dots) and from agarose gel (white squares), €) release profile of RAPA in H,O/EtOH 9/1 (black dots) together with the erosion of the beads in the same media
(squares; right axis), f) erosion of RAPA-loaded beads in SF (blue frame circles; left axis) and formation of de-esterified MO aggregates (black circles; right axis)
during time and g) STEM images of aggregates composed of de-esterified MO. Each measurement is expressed as mean + STDV. (n = 3). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

conditions and in a simulated intraperitoneal fluid (20 % of DMSO was
added to bypass drug solubility limit). In the first case, GEFI was not
released from the beads, even after 15 days, while in simulated intra-
peritoneal environment the percentage of drug released reached the 20
% (Fig. 4c). Both buffers enriched with DMSO did not affect the meso-
phase of the beads (Pn3m), as pointed out by SAXS experiments
(Figure S11), but the presence of glucose in simulated fluid (SF) leads to
5 nm water channel. Sugar esters are usually added to lipids to enlarge
water channels;[47] probably glucose was incorporated into the beads
during the swelling process and interacted with the polar heads of MO
with consequent formation of expanded water channels. GEFI is a small
molecule so it should pass through channels of 3 nm and should not need
extended ones, but it is reasonable to think that their enlargement en-
courages its release because of the highest amount of water in the
channels.

MO exhibits partial solubility in DMSO, so the drug release can be
influenced by both diffusion and erosion mechanisms. Hence, we
assessed the percentage of erosion of the beads in the buffer enriched
with the organic solvent during time and it’s lower than 5 %: that means
that GEFI release is mostly driven by diffusion processes and not by the
erosion of the system (Fig. 4c).

Despite the Im3m phase had a d = 3 and BUPI is well soluble in
water, its release profile in physiological conditions was sensitively
slower than those obtained with TOFA’s Pn3m beads (Fig. 4d). Likely,
non-covalent interactions between the drug and MO were established, as
supported by the formation of an Im3m phase instead of a Pn3m one,
reducing its ability to leave the aqueous channels. The release profile of
BUPI was also assessed an agarose gel-based system, that mimics the
subcutaneous environment[41] (where BUPI-loaded beads should be
administered) limiting unnecessary animal experimentation in the first
stages of a study. Fig. 4d points out the sustained and controlled release
of BUPI over time in subcutaneous environment, indicating the good
potentiality of the proposed delivery system.

On the other hand, RAPA release in physiological conditions
(enriched with 10 % of EtOH for solubility reasons) was mostly driven

by erosion (Fig. 4e): in this case release and erosion profiles were very
similar and they reached about 15 % release in 15 days. The presence of
EtOH had no impact on the topology of the beads and they continued to
maintain their Pn3m phase, while the presence of lipase (that mimic
inflammation) in SF led to a Hy topology, as revealed by SAXS experi-
ments (Figure S11). Moreover, macroscopically, RAPA-loaded beads
had completely eroded after 8 h in SF, reasonably because lipases
hydrolysed the ester bond of MO. Lipase, in fact, is an enzyme that ca-
talyses the hydrolysis of triacylglycerols by breaking the ester bonds
between the glycerol and the fatty acid molecules.[48] The degradation
of glyceryl monooleate, a LMPs precursor with a structural resemblance
to MO, induced by lipase has previously been reported.[49]

The release profile of RAPA in SF was evaluated using a vertical
diffusion cell. We expected to achieve a complete release of the drug
after 8 h since we observed the disruption of the beads, but no RAPA was
detected in the acceptor compartment of the diffusion cells. To ensure
that lipases did not degrade RAPA, obstructing its visibility in the HPLC
chromatograms, we checked the stability of the drug in the presence of
the enzyme over time. The UV-Vis spectra revealed a 5 nm redshift
within one day, observed at both room temperature and 37 °C. Notably,
this redshift persisted even in the absence of lipases, ruling out the
enzyme as the cause (Figure S12). It is likely that the hydrophobic RAPA
experienced aggregation or formed complexes with other molecules in a
such polar environment (H,O/EtOH 9/1), inducing alterations in the
electronic structure and consequential spectral shifts. Over the course of
two weeks, no changes were discerned, indicating that RAPA retained
stability in the solution in the presence of the enzyme (see Figure S12).
We also examined the ability of free RAPA to cross the membrane from
the donor compartment to the acceptor compartment: after 24 h, nearly
all the drug (=~ 78 %) was found in the acceptor compartment, meaning
that no interactions with the membrane or the diffusion cell hindered
the drug from being detected in the acceptor compartment. To further
investigate, we analysed the content of the donor compartment tracking
the species dissolved into the SF and, surprisingly, we discovered a
predominant population of aggregates of 150 nm in diameter
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(Figure S13, panel a) after one hour. Within one day, this population
became heterogeneous, ranging from 150 to 400 nm in diameter
(Figure S13b - S13d). As shown in Fig. 4f, the higher the erosion of the
beads during time, the greater the number of aggregates they formed.
These vesicles were probably composed of de-esterified MO that rear-
ranged itself into spherical vesicles, encapsulating the hydrophobic
RAPA. STEM images of the aggregates found in the donor compartment
after 8 h are reported in Fig. 4g. Despite the complete erosion of the
beads, the aggregates they form act as a sustained drug delivery system.
We monitored the vesicle size in SF for two weeks, observing gradual
aggregation that led to the formation of different populations with sizes
ranging from 150 to 900 nm. Some representative distribution images
are reported in Figure S13e — S13i. The aggregation was also confirmed
by assessing the vesicle concentration in the dispersion, revealing a
gradual decrease in the number of particles per millilitres over time
within 10 days (Figure S13, panels f and g). After this time, the con-
centration remained stable, as the distribution of the vesicles
(Figure S13, panels h and i).

4. Conclusions

We reported, for the first time, the preparation of LMPs-based beads
as a platform for the local and sustained release of drugs. Ranging from
hydrophilic to hydrophobic compounds, we demonstrated that excellent
loading efficiency can be obtained and that a sustained release profile
for the four distinct drugs we tested could be achieved. Following
comprehensive physicochemical characterization, we showed that,
despite the complete erosion of the beads in the presence of lipase -
typically present in cells and tissues of patients with inflammatory dis-
eases - the degradation product of MO can reorganize and create
spherical aggregates that continue to function as drug delivery systems.

Our LMP-based beads hold great promises as an injectable drug de-
livery system and, by means of future in vivo studies, we plan to fully
harness their therapeutic potential.
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