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ARTICLE INFO ABSTRACT

Keywords: In this study, we report the detailed characterization of phytantriol-based cubosomes submitted to stressing
Cubosomes processes, such as lyophilization and extrusion. Lyophilization (or freeze-drying) of nanoparticles systems can be
Extrusion

challenging with respect to preserving physicochemical properties and the biological activities of the materials.

gﬁgﬁiﬂ;m Extrusion can be used to prevent agglutination, sedimentation and Ostwald ripening or droplet coalescence,
SAXS resulting in homogeneous size distribution of the formulation and smaller particle size. Samples in both ultra
NTA pure water and PBS buffer were analyzed by SAXS, DLS, NTA and electron microscopy. It was found that
Phytantriol cubosomes hold their morphological features when lyophilized with a minor change in particle size, a decrease of

3.5% in ultra pure water and an increase of 16% in PBS buffer, as well as an increase in particle polydispersion.
Regarding nanoparticle concentration, there is a considerable decrease from 4.09+ 0.66 x 10'2 particles/mL to
1.76+ 0.66 x 10'2 particles/mL in ultrapure water and from 6.67+ 0.84 x 10'2 particles/mL to 1.43+ 0.34 x 10'2
particles/mL in PBS buffer. When extruded, the cubic structure is preserved. Curiously, particle size is not
affected by the pore size of the extrusion filter, as compared to liposomes, for instance. On this ground, cubo-
somes show great malleability even when undergoing extrusion in a 50 nm pore size filter, presenting average
size of 185+ 2 nm compared to 237+ 5 nm of the control sample in ultra pure water and 277+ 3 nm compared to
229+ 1 nm in PBS buffer. Polydispersion is not affected by this process. Regarding concentration, for both
systems, there is an increase from 4.09+4 0.66 x 10'2 particles/mL to 7.88+ 0.66 x 1012 particles/mL in ultra pure
water and from 6.67+ 0.84 x 10'2 particles/mL to 8.54+ 0.15 x 10'2 particles/mL in PBS buffer, indicating that
larger particles are broken into smaller ones, in a rearranging process. Finally, it was shown that cubosomes are
very malleable once they can undergo stressing processes without alterations in particle size or morphology. We
believe that these results can improve our understanding of the cubosome structure, and can even bring new
possibilities of applications due to its high malleability.

lipids (mainly monoglycerides, glycolipids and phytantriol, Fig. 1A)
show polymorphism in which the cubic phases are present in a great
area of their phase diagram, in excess of water [9,11,12]. These cubic
phases are regarded as the most complex structures in liquid crystalline
systems, being first characterized by Luzzati pioneering studies in the
60’s [13]. Cubosomes can be produced by breaking the reverse bulk
cubic phases, resulting in a colloidal suspension [14,15], in the presence
of an non-ionic polymer, for steric stabilization, like Poloxamer F127
(Fig. 1B).

Phytantriol (PHY, Fig. 1A) has been studied for cubosome production
for the last two decades [16-18]. PHY is biocompatible, has cosmetic
applications and displays cubic Pn3m self-assembled structure in excess

1. Introduction

In the last decades, non-lamellar nanoparticles have gained a lot of
attention due to its versatility and capabilities [1-3]. This is due mainly
to its high surface area > 400 m? g'1 and cubic structure [4,5]. In
addition, it has the ability to incorporate either hydrophobic, hydro-
philic or amphiphilic molecules [3,6,7]. Noteworthy, generally more
then 50 % of the cubosome inner volume is hydrophobic, making it an
interesting system for very hydrophobic drugs carrier [8].

Cubosomes are three-dimensional nanoparticles mainly found in
three different cubic structures: Ia3d, Pn3m and Im3m [9,10]. Some
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Abbreviations

Cryo-EM cryogenic electron microscopy

Dy hydrodynamic diameter

DLS dynamic light scattering
F127 pluronic F-127

FFT Fast Fourier Transform

NTA nanoparticle tracking analysis

PHY phytantriol
PHY-cub phytantriol based cubosomes
SAXS small angle X-ray scattering
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Fig. 1. Chemical structure of phytantriol (A) and Pluronic F127 (B). In Fig. 1B,
x and y are 100 and 65, respectively.

of water [12,19]. PHY became an interesting molecule for drug delivery
nanoparticles production because it does not have any insaturation in
the alkyl chain, as monoolein (glycerol monooleate). The absence of an
ester bond in the polar head group (like monoolein, for instance) also
makes PHY less susceptible to chemical degradation by the gastroin-
testinal tract (acidic pH) [18,20,21].

Typically, cubosome nanoparticles are formulated in solution as
colloidal systems, and cannot be stored for long periods due to physical
(aggregation) and chemical instability [17,22]. Thus, it is important to
study some other conditions where the PHY cubosomes could be stored
for longer periods to increase its shelf life. There are some process used
in pharmaceutical industries to increase the stability of some specific
formulation. For instance, lyophilization (or freeze-drying) is of great
interest due to its potential to provide longer shelf lives to pharmaceu-
tical products [23-25]. Besides lyophilization, another process that can
increase nanoparticle stabilization is extrusion. For instance, extrusion is
widely used in large unilamellar vesicles (LUVs) preparation [26-28].
This process is generally used to guarantee a smaller polydispersity and
controlled sized in vesicles, as well as to increase colloidal stability [29,
30]. In addition, it can be used to prevent agglutination, sedimentation
and Ostwald ripening (droplet coalescence), resulting in homogeneous
size distribution of the formulation and smaller particle size, favoring
their future pharmaceutical applications [31].

There is lack of detailed evidence regarding the behavior of cubo-
somes under both lyophilization and extrusion processes. Lyophilization
has been explored by Shi et al. to investigate eventual changes in
cubosome inner cubic symmetry due to this process [15]. According to
the authors, the inner Pn3m cubic structure remained unaltered after
lyophilization, but no details were given regarding the conditions of the
morphological system. Regarding extrusion, Nilsson et al. produced
radiolabeled cubosomes for theragnostic purpose using extrusion as a
way of controlling particle size [32]. According to the authors, the
extrusion using polycarbonate membranes with controlled pores of
100-800 nm was employed to ensure a narrow nanoparticle size dis-
tribution, again no details were provided regarding stability and
morphology.
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In the present study, we produced and systematically characterized
phytantriol based cubosomes (PHY-cubs) in terms of structure,
morphology, particle size and concentration under stressing processes,
namely lyophilization and extrusion. In order to investigate if these
processes could affect the phase behavior, we employed small angle x-
ray scattering (SAXS), cryogenic transmission electron microscopy
(cryo-TEM), dynamic light scattering (DLS) and nanoparticle tracking
analysis (NTA). In addition, two different aqueous media (ultrapure
waterand PBS buffer) were studied in order to see if the salts influence
the cubosomal structure under such stressing processes.

2. Materials and methods
2.1. Materials

Phytantriol, 3,7,11,15-Tetramethylhexadecane-1,2,3-triol (PHY)
with purity over 99 % was purchased from Avanti Polar Lipids Inc.
Pluronic F127 (F127, poloxamer 407) with 99 % purity was purchased
from Sigma-Aldrich/Merk®. Both were used as received. Ultrapure
Milli-Q water was also used in the preparations.

2.2. Cubosomes preparation

Cubosomes colloidal dispersion was prepared based on a bottom up
methodology [33]. Briefly, two solutions were made: one with 100 mg of
PHY solubilized into 10 mL of ethanol. The second, where 25 mg of F127
was solubilized in 22.5 mL of ultrapure water or PBS buffer (10 mM
phosphate monobasic, 2.7 mM KCl, 137 mM NaCl, pH 7.4). Subse-
quently, the PHY solution was dropwised into the F127 solution, at 45 °C
under a magnetic stirrer and left to homogenize for 15 min. The final
solution (33 mL) was brought to a rotary evaporator until a final volume
of 5 mL. Samples were stored into glass vials and at room temperature.
For lyophilization, samples were freezed at —80 °C overnight, and the
evaporation process was performed in a Liotop® L101 lyophilizer at
—53 °C for 22 h in low pressure (0.120 mbar). Extrusion was performed
in a mini extruder from Avanti Polar Lipids Inc, with a home-made
automatic device and a Peltier-based temperature control (45 °C),
using low lipid binding polycarbonate membranes of 400, 200, 100, 50
and 30 nm pore sizes.

2.3. Small angle X-ray scattering (SAXS)

Experiments were performed in a synchrotron accelerator at the
National Laboratory of Synchrotron Light (LNLS), Campinas, Sao Paulo,
at the SAXS-1 beamline. Samples were inserted into a mica sample
holder (1 mm thick) where 300 p L of each sample was measured for 100
s. The used detector was a Pilatus 300K distant by ~1m from the samples.
For the diffraction peak analysis, an inhouse program was developed
and used [29]. Briefly, a routine for peak recognition was employed in
the web-based platform, the centered positions were calculated and the
peak ratios were used to index the crystallographic space group of the
samples. A calculation of the lattice parameter and water channel
diameter was performed afterwards using the SCryPTA software [34].

2.4. Dynamic light scattering (DLS)

Dynamic Light Scattering measurements was applied to obtain the
cubosome average size before and after lyophilization and extrusion,
using the apparent translational diffusion coefficient, D?(c) , at dilution
conditions, i.e., c— 0. DLS was performed in a ZetaSizer ZS90 equipment
(Malvern, UK) using the detector positioned at 90° and a He-Ne laser, A
= 632.8 nm as a light source, being A the radiation wavelength. All
measurements were performed at 25 °C. Samples were diluted 20-fold or
more to ensure no multiple scattering inside the cuvette during the DLS
experiments. The results show a unimodal distribution and represent the
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average of three measurements, data is the result of duplicate mea-
surements. The apparent values of hydrodynamic diameter, which is
related to the diffusional dynamics of a vesicle, were obtained with the
time correlation functions and were analyzed by the cumulant analysis,
using the software provided by Malvern. The hydrodynamic diameter
(Dg)) determination was calculated by means of Stokes-Einstein equa-
tion, as follows:
kgT

O 5mDie) @

where kg is the Boltzmann constant, T is the absolute temperature, 1 is
the viscosity of the solvent and D?(c) is the translational diffusion co-
efficient and c¢ the nanoparticle concentration.

2.5. Nanoparticle tracking analysis (NTA)

A nanoSight NS300 (Malvern Instruments) equipped with a green
(532 nm) laser and a sample chamber (manual pumping) was used.
Samples were diluted 7500x and measured in duplicate at room tem-
perature (25 °C). Motion of particles was recorded with a CCD camera
(screen gain 2, camera level 9, variable autofocus) and analyzed with the
software (NTA version 3.2 Dev Build 3.2.16). From the frames taken, the
motion of particles was analyzed with variable threshold, always
maintaining between 50 and 70 particles per frame. Then, averaged
diameter and standard deviation of the measurements were used to es-
timate particle mean size and total particle concentration of the samples.
The curves of size distribution were also analyzed in order to evaluate
size populations in the measurements.

2.6. Electron microscopy and data analysis

Transmission electron microscopy (TEM) experiments were per-
formed in a FEI Tecnai G F20 at 200 kV with a CCD camera Eagle 4 k
HS. 5 p L of sample was drop casted on 200 mesh formvar-carbon grids
(Electron Microscopy Sciences®) submitted to a glow discharge pro-
cedure (14 mA, 20 s). Samples were stained with 5 p L phosphotungstic
acid at 2 % w/v for 30 s. Cryogenic electron microscopy (Cryo-EM)
measurements were performed in a JEM-2100 JEOL microscope at 120
kV with a CMOS camera OneView 4kx4k. A 300 mesh Holey Lacey
Carbon from Ted Pella® was used, grids were submitted to a glow
discharge procedure (15 mA, 10 s) prior to the drop casting of the
sample. In a Vitrobot® 3 p L of sample was drop casted to the grid, giving
20 s for sample fixation. An automatic blotting was performed to dry the
excess of sample with a negative blotting force. Subsequently, the grid
was rapidly plunged into liquid ethane wrapped into a liquid nitrogen
environment. Finally, grids were transposed to a grid box in liquid ni-
trogen until measurements. ImageJ® software was used to image anal-
ysis of TEM and Cryo-EM micrographs, sizes were evaluated and the
internal structure of the nanoparticles could be assessed and analyzed by
means of the fast Fourier transformation (FFT).
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3. Results and discussion
3.1. Lyophilization affects particle concentration

In order to check for nanoparticles stability and conservation, phy-
tantriol based cubosomes (PHY-cubs) were prepared in two different
systems (ultrapure water or PBS buffer), submitted to lyophilization and
then rehydration. Fig. 2 shows the SAXS curves of PHY-Cub before the
lyophilization process (control, red curves) and after rehydrating the
lyophilized samples (lyophilized, blue curves), in both systems: ultrapure
water (H20, Fig. 2A) and PBS buffer (PBS, Fig. 2B).

Before the lyophilization process (control), both systems were char-
acterized as Pn3m (or Q224) inner structure, with peak positions at: V2,
V3,v4,1/6,v/8,1/9 for the reflection relative to the planes: (110),
(111), (200), (211), (220), (221), respectively, in good agreement with
previous studies in literature [9,33,35,36]. The calculated unit cell pa-
rameters were 6.82 + 0.03 nm and 6.76 + 0.03 nm for systems in ul-
trapure water and PBS buffer, respectively, as shown in Table 1. All
calculations were performed using SCryPTA in-house software [34].

After rehydration of the lyophilized cubosomes, in both studied
systems, one can notice that the cubic symmetry (Pn3m) of the nano-
particles was not altered by the process. Interestingly, a shift to smaller q
values can be noticed in the system in ultrapure water (Fig. 2A). Indeed,
the observed cell parameters were 7.04 + 0.05 nm (an increase of 3%)
and 6.87 + 0.04 nm (an increase of 1.6%) for the systems in the ultra-
pure water and PBS buffer, respectively. This fact indicates that in PBS
buffer, the unit cell parameter was kept mainly unaltered, whereas it
increased slightly in the system in ultrapure water. Moreover, using
information about the surface of the lipidic bilayer of the cubosomes, it
was possible to estimated the diameter of water channel. As in the case
of lattice parameter, minor changes were evidenced before and after
lyophilization, see Table 1. In ultrapure water the size of the water

Table 1

Calculated values of lattice parameter and water channel diameter from the
Scrypta software for all samples: PHY-Cub before undergoing any processes
(control) and after being lyophilized (lyophilized) or extruded (extruded 0.1 pm
or 0.05pm) in both systems: ultrapure water (H20) and PBS buffer.

lattice parameter (nm) water channel diameter (nm)

Ultrapure water

Control 6.82 + 0.03 2.511 + 0.012
Lyophilized 7.04 + 0.05 2.590 + 0.020
extruded 100 nm 6.86 + 0.03 2.524 + 0.013
extruded 50 nm 6.89 + 0.04 2.635 + 0.015
PBS buffer

control 6.76 + 0.03 2.488 + 0.012
lyophilized 6.87 £ 0.04 2.530 + 0.013
extruded 100 nm 6.79 £+ 0.04 2.498 + 0.013
extruded 50 nm 6.80 + 0.04 2.503 + 0.015

Fig. 2. SAXS curves of PHY-Cub in the ul-
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lyophilization process (lyophilized, blue
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sample, in water medium only two diffrac-
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channel increased by 3% and in PBS buffer it increased by 1.7%. From
this, it is possible to infer that lyophilization barely affects the structural
parameters of the cubosomes.

Besides the observed shift to smaller g values, it is also evident some
changes in the height of the first diffraction peak for both systems
(Fig. 2A and B). It is important to mention that the height of the first
peak, in this case, can be related to the nanoparticle concentration
(fewer scattering particles lead to a smaller diffraction peak) [37-39] or
due to the loss of PHY-Cub inner cubic structure [33,40]. Noteworthy,
such effect was less pronounced in the system composed by PBS buffer,
as compared to the system in ultrapure water (Fig. 2A and B). According
to SAXS measurements, PBS buffer can effectively preserve the inner
structure of the cubosomes, since after the rehydrating process the
scattering curves are quite similar (Fig. 2B), which is not the case for the
system in ultrapure water (Fig. 2A), where only two peaks are evident
indicating a loss of crystallinity in the system, as well as the concen-
tration of cubic particles. Indeed, we believe that the loss of cubosome
crystallinity is due to the lyophilization process, i.e., as water is taken
away from the nanoparticle. Actually, during this process, some inner
cylinders from the cubosome structure may collapse (scrambling all the
lipids) in such a way that they are not able to return to its original
arrangement after rehydration. Moreover, we cannot exclude the pos-
sibility of an entire cubosome collapsing during this process. Actually,
this might be the case, according to our NTA data, where we evidenced a
significant decrease in cubosome concentration. This concentration loss
was also assessed by NTA as it will be shown latter in the text.

In literature there are not many details about the effect of lyophili-
zation/freeze drying in the internal structure of the cubosomal nano-
particles. In 2017, Shi et al. produced both GMO and PHY cubosomes
submitting them to a freeze drying processes, with the use of a cryo-
protectant (manitol). The authors evidenced that the nanoparticles
structure remained unaltered after this process. Interestingly, the au-
thors also investigated the effect of a small diterpenoid named oridonin
in the cubosomes inner symmetry. They observed that the drug was not
able to change the nanoparticle crystallographic symmetry [15].

The influence of the lyophilization process on the cubosomes
morphology and inner organization was evaluated by conventional TEM
and cryo-EM. Fig. 3 shows a typical Cryo-EM micrograph of PHY-Cub, in
ultrapure water, before undergoing any process (control). Image shows
different nanoparticles sizes, ranging from 100 nm to 400 nm, whereas
shapes can be either squared and rounded (see the arrows in Fig. 3).

Fig. 3. Electron micrographs for PHY-Cub in the ultrapure water before un-
dergoing any process (control samples). The arrows indicate the presence of
vesicles coexisting with the cubosomes. The inset shows FFTs taken out of in-
dividual particles in the cryo-EM micrographs evidencing internal crystallo-
graphic inner structure. Particles with varied size and shape were observed,
with sizes ranging from 100 nm to 400 nm.
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Micrographs also revealed the presence uni- and multi-lamellar vesicles
in the sample coexisting with PHY-cubs (see arrows in Fig. 3). These
results are in good agreement with Akhlaghi et al. [33], where they also
report presence of vesicles in the samples and particles in varied sizes
from 50 nm to 300 nm [33], as well as others researchers [41,42]. Some
examples of both monoolein and PHY-cubs presenting variable size and
the presence of small liposomes can be found elsewhere [5,43]. In order
to get more information on the PHY-Cub inner structure of each indi-
vidual particle, we applied the FFT analysis. Fig. 3 also displays the FFT
patterns for some of the PHY-Cub (right panel). Only particles with a
clear FFT shape were taken into account for the lattice parameter
calculation. The calculated lattices revealed a mean size of 6.7 & 0.2 nm,
compatible with the lattice parameters found by SAXS measurements.
This analysis revealed individual cubosomes with varied lattice
parameter ranging from 6.0 nm to 7.5 nm. Knowing that cubosomes
could present both square and round shapes guided the measurements of
conventional TEM for studying lyophilized samples.

TEM micrographs (Supplementary Fig. S1) revealed PHY-Cubs
(control sample) structures, depicted nearly spherical cubosomes with
irregular polyangular shapes. Most particles present sizes larger than
300 nm but smaller than 600 nm for the control sample, compatible with
cryo-EM measurements (Fig. 3). Due to staining, there is no internal
structure visible in the nanoparticles, only outer shapes. Supplementary
Fig. S2 displays TEM micrographs of rehydrated lyophilized cubosomes
in water, revealing particle diameters smaller than 500 nm. Before
(control) or after the rehydrated lyophilized, there is no change in the
outer shape of the nanoparticles, nor an influence on particle size from
the TEM point of view.

DLS was also used to calculate nanoparticles size distribution and
polydispersion index, PDI. DLS data analysis presumes that the scat-
tering particles are homogeneous spheres in solution [44,45]. Never-
theless, this is not the case for cubosomes, which may have not-spherical
shapes. In this technique it is possible to use the self-correlation function
to provide information of the PHY-Cub system. According to the DLS
analysis (see Supplementary Table 1), PHY-Cub hydrodynamic diam-
eter, Dy, was 237 + 5 nm and 229 + 1 nm, for the systems in ultrapure
water and PBS buffer, respectively. The polydispersity index, PDI, were
0.052 + 0.005 and 0.056 + 0.005, for systems in ultrapure water and
PBS buffer, respectively, indicating very low polydispersion of sizes.
Interestingly, in PBS buffer, it was observed a slightly smaller Dy
PHY-Cub, as compared to the systems in ultrapure water. Both systems
presented a nice monodispersity (PDI values < 0.1) [45].

After lyophilization and sample’s rehydration in ultrapure water,
nanoparticles presented DH and PDI of 229 + 4 nm and 0.129 + 0.005,
respectively. For PBS buffer cubosomes the DH and PDI were 266 + 3
and 0.207 + 0.058, respectively. Curiously, DH of PHY-cubs in water
presented a slight decrease (3.5% ) in size but an increase (148% ) in
polydispersion. A more pronounced effect was observed for cubosomes
in PBS, with an increase of 16% in size and 270% in polydispersion. Shi
et al. did not mention the effect of freeze drying in the cubosomes size
distribution [15]. This change in polydispersion can be expected once
the original structure of the cubosomes was broken in some of the par-
ticles by the removal of the water content during lyophilization process.
Rehydration can induce particles to be formed with a broader size dis-
tribution once water will be interacting with solid pieces of the bulk
phase, in contrast with the already solubilized lipid in the bottom up
sample preparation protocol [46].

In addition, we hypothesize that the presence of PBS ions on the
solution (137 mM NaCl, 2.7 mM KCl, 8 mM Na;HPO,4, and 2 mM
KH>PO4, pH 7,4) can influence this breaking/conservation of nano-
particles. Indeed, we performed some measurements using HEPES buffer
(10 mM, pH 7.4, data not shown) instead of PBS. Interestingly, we
observed the same effect, i.e., a great impact in cubosome size as
compared to ultrapure water. We, thus, believe that the ionic strength is
not relevant in this process, but the presence of salt is more important.
Somehow, the presence of salts can influence cubosomes particle size.



B. Malheiros et al.

Nanoparticle Tracking Analysis (NTA) is a light scattering technique,
also based on the Brownian motion, being able to detect particles sizes
ranging from 10 up to 1000 nm [31,47,48]. This methodology allows
one to obtain both the mean size distribution (similar to DLS) as well as
scattering particle concentration [49,50]. In ultrapure water, PHY-Cub
presented a mean size distribution of 166 + 6 nm and the total parti-
cle concentration of (4.09 + 0.66) x 102 particles/mL before Iyophili-
zation (control). In PBS buffer, on the other hand, these values were 189
+ 4 nm and (6.67 + 0.30) x 10'2 particles/mL before lyophilization
(control). Results displayed smaller DH sized than DLS measurements
(see Supplementary Table 1). The discrepancy observed between the
mean average size distribution and the hydrodynamic effective diameter
can be related to the differences of the detection of the scattering light by
each technique. DLS measurements are based on the light scattering
fluctuation induced by the nanoparticles that are coming into and get-
ting out the illuminated volume inside the cuvette. Thus it is a mea-
surement of several scattering particles at the same time (herein,
according to our data, the DLS concentration should be on the order of
10" particles/mL), whereas on NTA measures nanoparticle movement
across a laser beam, using a quite diluted system (™ 107 particles/ mL) and
special cameras to get this movement [31,51,52]. In literature, is not
common to find NTA measurements of cubosomes, a study by Azmi,
Moghimi, and Yaghmur characterized PHY-cub using a sonication pro-
tocol, reporting particle mean size of 157 + 22 nm with no mention
about particle concentration or comparisons with DLS measurements
[11]. In a more recent study, Prajapati, Larsen, and Yaghmur prepared
GMO cubosomes, in PBS buffer, using a sonication method, revealing
size distribution of 106 nm-131 nm, mentioning that dilution was pre-
pared such as the particle concentration ranged between 10% and 10°
particles/mL [53].

After the lyophilization process, PHY-cubs revealed a particle mean
hydrodynamic size of 171 + 6 nm for ultrapure water, evidencing that
from the NTA point of view, the freeze drying process does not alter
particle size. On the other hand, for PBS buffer, the observed value was
168 + 9 nm, an increase of 16% after the lyophilization process, in very
good agreement to the DLS data. Thus, we again attribute this effect due
to the salt molecules in the buffer as compared to ultrapure water.
Regarding total particle concentration, it was observed a value of (1.76
+0.47) x 102 particles/mL in ultrapure water and (1.23 + 0.19) x 1012
particles/mL in PBS buffer. As evidenced by SAXS, NTA confirms the
decrease in particle concentration after the lyophilization process.
Further evaluating particle size distribution (Supplementary Fig. S3 and
Supplementary Fig. S4), it is clear that before the lyophilization process,
control samples (in both water and PBS buffer) present less size pop-
ulations than after the freeze-drying process. Which can be related to the
lower polydispersion when the cubosomes are produced and a larger
polydispersion when they are rehydrated from the lyophilization pro-
cess, as evidenced by DLS. In addition, it is clear that particle concen-
tration is smaller for lyophilized samples than in control samples, as
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evidenced by the different y-axis scales. Such comparison study was not
found in literature up to this date regarding cubosomes.

3.2. Extrusion evidences cubosomes high degree of malleability

Cubosomes were submitted to extrusion process in order to investi-
gate the nanoparticle malleability and ability to be compressed and
subsequently swollen. Extrusion is a well-known process used to control
size distribution of liposomes [54-56] as well as the ability to change a
multilamellar to a unilamellar vesicles [57-59]. Fig. 4 displays the SAXS
curves of the systems in ultrapure water (Fig. 4A) and in PBS buffer
(Fig. 4B) for the non-extruded samples (control, red curves) and for the
extruded systems using 100 nm (blue curves) and 50 nm (green curves)
filters. To do so, a home-built extruder, with a Peltier-based temperature
control was developed and samples were extruded at 45 °C in 11 cycles.
As it is shown in Fig. 4, for both studied systems, in ultrapure water and
PBS buffer, the extrusion process does not change the inner cubic sym-
metry of PHY-Cub (Pn3m), neither the lattice parameter nor calculated
water channel, remaining approximately 6.8 nm for all samples (control
or extruded), as shown in Table 1. Nonetheless, the height of the first
peak of PHY-Cub was kept unaltered during extrusion, indicating that
there is no significant change in the concentration of the nanoparticles
before and after the process.

Nilsson et al. produced PHY based cubosomes mixed with oleic acid
using a sonication protocol, afterwards applying extrusion in pore sizes
ranging from 800 nm to 100 nm, displaying in the SAXS curves an
indexing to the Pn3m cubic structure, however there was no mention of a
measurement before the extrusion process [32]. Apart from their work,
to this date, it was not found in literature a comparison of cubosomes
before and after the extrusion process in order to evaluate detailed
morphology changes.

TEM micrographs were acquired for extruded (50 nm pore size filter)
cubosomes in water medium (see Supplementary Fig. S5). One can see
particles with a varied shape, both round and polyangular. Sizes are
variable, but most particles revealed diameters around 350 nm. When
comparing with the control samples, see Supplementary Fig. S1,
extruded particles reveal a slightly smaller size distribution. Based on
TEM data, it is not possible to evaluate if the extrusion has an influence
on particle size or not, nonetheless, the particles outer shape is not
changed by the extrusion process.

DLS and NTA were performed to further explore the influence of
extrusion on nanoparticle dimensions and malleability for the systems in
the ultrapure water and PBS buffer, using different pore size filters: 400
nm, 200 nm, 100 nm, 50 nm and 30 nm. Such measurements were
performed on the same day as the sample preparation and extrusion. On
this ground, Fig. 5 and Table S1 in supplementary material displays both
DLS and NTA data for PHY-Cub particles in water and PBS buffer media.
In the presence of water (Fig. 5A - blue bars), DLS measurements reveal
that cubosomes do not have their hydrodynamic size (DH) altered when
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> —— extrusion 50 nm filter
]
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Fig. 4. SAXS curves of the systems in ultrapure water (A) and PBS buffer (B) for the non-extruded sample (control, red lines) and for the extruded systems using 100
nm (blue lines) and 50 nm (green lines) filters. For both systems, extrusion does not change the particles crystallographic group nor particle concentration. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. DLS and NTA data for PHY-cub extruded in both (A) water and (B) PBS
media. In one hand, for PHY-cub in water (A), DLS reveals that up to the 100
nm pore size, there is no significant difference in particle size, while for 50 nm
and 30 nm pore sizes a decrease in particle size is visible. On the other hand,
NTA data reveal no significant difference in particle size for all studied filters.
For PHY-cub in PBS medium, a similar behavior is seen, DLS presents particles
with compatible size up to the 50 nm filter and a decrease of particle size in the
30 nm filter. NTA data presents the same tendency. Overall, NTA data revealed
smaller particles than DLS measurements.

extruded up to the 100 nm pore size filter. When extruded with 50 nm
and 30 nm pore size filters, there is a decrease (T 30% ) in particle size.
Such a fact is also confirmed by the autocorrelation functions as can be
seen in Supplementary Fig. S6, where a slightly shift of the curves to
smaller t values are observed. The same behavior is observed in PBS
medium (Fig. 5B - green bars) and Supplementary Fig. S7, but less
pronounced as compared to the water medium. Comparing the aqueous
media, PHY-Cub presented smaller DH in PBS medium than in water
medium. On the other hand, NTA data revealed no significant change in
DH for cubosomes in water or PBS buffer, only at the 30 nm pore size
filter in PBS medium a decrease in particle size is seen, as evidenced in
Fig. 5.

Comparing both DLS and NTA data, significant differences in DH are
observed. As mentioned earlier in the text, this can be attributed to the
differences in measurements between both techniques [51,52].

These results are in good agreement with those reported by Nilsson
et al. where PHY-cubs were produced and samples were extruded with
filter sizes ranging from 800 nm to 100 nm in order to make the size
distribution narrower, for these cubosomes the final particles size and
PDI were 158 + 4 nm and 0.18 =+ 0.02, respectively [32].

It is common practice to use extrusion in order to produce liposomes
and unilamellar vesicles [55,56,60]. However, despite the method used -
type of the extruder, number of cycles, velocity of extrusion, etc - one
can always have a narrow size distribution for the liposomes, being
similar to the pore size filter [58,61,62]. Curiously, PHY-Cub revealed a
mean diameter quite larger than the pore size filter used in the extrusion,
such a fact indicates that phytantriol cubosomes are rather malleable
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and flexible. No evidence of a broken membranes was found during the
extrusion process. We hypothesize that cubosomes, when undergoing
extrusion, are compressed into the pores and afterwards swollen back to
their original shape and morphology. Even the applied pressure in the
process does not seem to influence on breaking the inner cubic structure
of the nanoparticles. Regarding polydispersion, data is shown in Sup-
plementary Table S1 and Supplementary Fig. S8. In water medium,
despite the fact that nominal values display an increasing trend, when
evaluated within the uncertainties, one can see that there is no change in
polydispersion of the samples throughout the extrusion process at all
pore size filters studied. The same trend is observed for PBS buffer.

When evaluating particle concentration (Supplementary Table S1
and Supplementary Fig. S9), already in the first extrusion step (400 nm
pore size) the concentration of particles is increased by 87% and 23% in
water medium and PBS buffer, respectively. This can indicate that even
though a mean particle size of ~ 200 nm was evidenced by DLS and NTA,
the breaking of larger particles (>500 nm) present in the dispersion
(evidenced by the arrows in Supplementary Fig. S10) into smaller ones
increased the particle concentration. It is visible that before the extru-
sion (see Supplementary Fig. S10), there are some particles in the sus-
pension with size larger than 450 nm (black arrow), but after the
process, this population is no longer in the dispersion, and only particle
with sizes smaller than 450 nm are present (red arrow). Such fact is well
explained by the breaking of the larger particles into smaller ones, as the
process of extrusion naturally does for liposomes for instance Ref. [56,
61]. This trend is more visible in the PBS buffer samples (see Supple-
mentary Fig. S11), where before the extrusion, there are some particles
in the suspension with size larger than 450 nm (black arrow), but after
the process, this population is no longer detectable in the dispersion, and
only particle with sizes smaller than ~ 360 nm are present (red arrow).
The same behavior occurs in all studied pore size filters, as evidenced by
the same analysis (data not shown). The only exception in this trend is a
PBS sample extruded with the 30 nm pore size filter, where the con-
centration is kept unaltered when compared to the control sample. For
this particular sample, it is thought that an actual filtering of bigger
particles may happen, once the in the graphs there is no evident popu-
lation of particles bigger than 400 nm, as evidenced in Supplementary
Fig. S12. We hypothesize that this may be due to the salts in the PBS
buffer making the cubosomes less malleable than in water medium.
Nonetheless this analysis shown that even when going trough smaller
pore sizes, the cubosomes have shown this ability to squeeze and
swollen back to their original state. Up to this date no experimental or
theoretical analysis was found in literature regarding cubosomes
malleability. Such fact could be interesting in drug delivery nanoparticle
preparation. It should be possible to load a drug into the cubosome
during the swollen process.

4. Conclusion

Phytantriol (PHY) cubosomes were produced from a well-established
protocol in both ultrapure water and PBS buffer. After lyophilization, it
was found that cubosomes still hold their internal structure and
morphology after rehydration. Regarding particle size, in one hand, DLS
revealed a slight increase in nanoparticle size, DH. On the other hand,
particle concentration is significantly decreased after the process, indi-
cating a loss of cubic particles in the rehydration process. In order to
investigate cubosomes malleability, the samples were submitted to
extrusion over a number of pore size filters. It was found that cubosomes
still hold their morphology after extrusion. In addition, DLS and NTA
revealed that cubosomes are rather malleable nanoparticles, because
they did not present a significant alteration of size, (DH), after the
extrusion process even in the smallest pore size filters (30 nm). The
polydispersion index was kept unaltered, according to DLS data.
Nevertheless, concentration of particles increased (87% in water me-
dium and 23% in PBS buffer) during the extrusion process, indicating
that larger particles (>500 nm) were broken into smaller ones in the
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process. We believe that this study can shed light in cubosome nano-
mechanical applications, in particular due to its high malleability, as
evidenced herein. Perhaps this property can induce the use of cubo-
somes on other applications regarding nanotechnology.
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