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SYNOPSIS
A phase diagram constructed from nanostuctural studies of sustainable liquid-
crystalline delivery systems provides essential knowledge for development of dual-

loaded lipid nanoparticles

ABSTRACT

Green compositions and processes for fabrication of dual- and multi-loaded nanocarriers
with antioxidant functionality and neuroprotective, cardioprotective, antiviral, and anti-
proliferative activities are of broad interest for innovations in pharmaceutics and
nutraceutics. Co-encapsulation of curcumin (studied as a key multipurpose
phytochemical antioxidant) with ®-3 polyunsaturated fatty acids (PUFAs) (studied as
active ingredients of natural fish oil) may increase the oxidative stability of self-
assembled formulations aiming at development of “food drugs” and prevention of disease
progression in various pathological states. The objective of this work is to prepare self-
assembled lyotropic liquid crystalline nanostructures as dual-loaded biodegradable
carriers of ®-3 PUFA-fish oil and curcumin. A detailed structural phase diagram of
ternary [monoolein (MO) - PEGylated lipid mixture] / [fish oil - curcumin] / water
system is created. A composition-mediated switch between nanostructures of different
topologies and polymorphic states is achieved through varying the ratios between the
amphiphilic monoglyceride ingredient, fish oil and water, which yielded cubic, sponge,
and lamellar mesophases of tunable nanoscale repeat spacings. Synchrotron small-angle
X-ray scattering (SAXS) studies are performed with the lyotropic liquid crystalline
nanostructures along compositional dilution lines. The temperature effect is examined at
22 °C and 5 °C with regard to preparation conditions and mesophase stability on storage.
Bulk mesophases are dispersed into lipid nanoparticles at 22 °C, the structures and
topologies of which are revealed by SAXS and cryo-transmission electron microscopy

(cryo-TEM) imaging. The new knowledge about the controlled multicomponent



supramolecular assembly and the achieved stabilization of low-temperature cubic phases
(hydrated in 5 wt% D-(+)-glucose) should facilitate the development of cost-effective
stable and safe delivery systems of weakly soluble natural antioxidant compounds co-

encapsulated with @-3 PUFA oils.

KEYWORDS: Phytochemical antioxidant, nanocurcumin, lipid-based lyotropic liquid
crystalline phases, sustainable nanoformulations, safe biodegradable cubosomes, fish oil,

lipid nanoparticles, small-angle X-ray scattering

INTRODUCTION

Sustainable nanomedicine development relies on active ingredients and processing
nanotechnologies that favor environmental protection.'” Fabrication processes based on
spontaneous self-assembly avoid high energy consumption and therefore reduce the
environmental pollution. Improving drug bioavailability is one of the major current
objectives of the green pharma industry. As a matter of fact, increased bioavailability of
the active ingredients will essentially diminish the need of drug elimination, and thus will
prevent the risk for the environment. Due to their safety, high efficacy for drug
nanoencapsulation, and low immunogenicity, lipid-based liquid crystalline carriers are
gaining considerable interest in recent years.*”* They are thermodynamically stable and

permit development of sustained drug delivery systems in nanomedicine.”*’



Lipid-based nanoparticles fabricated from biocompatible and biodegradable natural
sources provide safety profiles and the possibility for engineering of green nanosystems
with controlled surface area-to-volume ratios.”'*'"* Such particles can be formed by

dispersion of lipid-based lyotropic liquid crystalline (LLC) phases, which spontaneously

11,17

self-assemble upon exposure of lyotropic lipids to water. The formation of lamellar

(Lo/L¢), bicontinuous cubic (V), inverted hexagonal (Hy), sponge (L3), fluid isotropic

6,10,14-17,25-30 has

(L) or micellar cubic (I2) mesophases been rationalized through the

critical packing parameter (CPP).** It defines the propensity of lipid compounds and
amphiphilic lipid mixtures to form lamellar bilayer or curved membrane structures as a
function of their molecular sha1pe:s.12’14'16’28’34 Amphiphilic molecules (for which the
molecular space is dominated by a large hydrophobic volume relative to the cross-

sectional area of the hydrophilic head group) are characterized by a critical packing

10,30,34

parameter (CPP) higher than 1 and tend to form inverse phases. Examples of

nonlamellar phases include bicontinuous cubic, inverted hexagonal and sponge

10,15,28-30,35-40

structures. Various additives and environment conditions may induce phase

o . 10,23-28,40-43
transitions between these supramolecular architectures. 328,

Dispersion of nonlamellar LLC assemblies in excess water (via high-energy

fragmentation involving ultrasonication, microfluidization, and homogenization methods)

6,11-14,16-25,27-31

yields liquid crystalline nanoparticles (LCNPs). Lipid nanoparticles derived

from bicontinuous cubic phases, called cubosomes, have much higher surface area per

. 6,14,16,23
volume than micellar and lamellar structures.” ™ >

This feature is advantageous for
improving the bioavailability of encapsulated hydrophobic, hydrophilic or amphiphilic

compounds.'® Cubosomes are being intensively studied for development of drug delivery



carriers with anti-inflammatory, antimicrobial, antiviral, anticancer, neuroprotective and
anti-dementia activities through different kinds of administration routes (oral, intranasal,
transdermal, ophthalmic, or mucosal) as well as for protection of food ingredients.13’18'29
The monoglyceride lipid monoolein (MO or glycerol monooleate) (Fig. 1A) is one of the
key lyotropic lipids suitable for the sustainable development of liquid crystalline delivery

5,9-13,20

systems. It is a nonlamellar lipid which is nontoxic, biodegradable and

biocompatible material, classified as GRAS (generally recognized as safe).'?"

The purpose of the present work is to design and prepare, by environmentally friendly
green process, mixed amphiphilic assemblies favoring stable cubic phase formation in
curcumin-loaded PEGylated MO-based lipid systems for inclusion of high ®-3
polyunsaturated fatty acids (PUFA)-fish oil amounts. The rationale of the study considers
that such safe lipid systems can solubilize molecules for various multi-targeted
applications in combination therapy. The choice of co-encapsulation of curcumin and
PUFA-fish oil in the same carrier is motivated by the purpose to achieve combined
bimodal or multiple effects of the nanoformulations. First, curcumin (CU) is a natural
plant-based multipurpose compound with antioxidant, antiviral, antibacterial, antifungal,
anti-proliferative, anticancer, anti-inflammatory, neuroprotective and cardioprotective
activities.*® This phytochemical agent receives growing attention as health-promoting
nutraceutical and multipurpose pharmaceutical product because of its safe profile with
low side effects.”®>® The major challenge is that CU has very low water solubility and
low bioavailability. Moreover, CU can be chemically unstable depending on the
environment (pH, light,...), which may cause a loss of biological activity and hampering

its use as a free compound.”’ Studies have indicated that the CU bioavailability may be



60-63

increased upon mixing with oils and amphiphilic lipids.™ " For this reason, we choose to

encapsulate CU in green lipid-based self-assembled systems.

Second, fish oil (FO) is chosen as a cost-effective natural source of w-3 PUFAs. It
is attractive for nanomedicine and nutraceutical development owing to its numerous
beneficial health effects.®* FO is rich in eicosapentaenoic (EPA) and docosahexaenoic
(DHA) acids, which are ®-3 PUFAs with important preventive health applications
against inflammation, infection, hypertension, asthma, cardiovascular disorders, cancer

. . 65-81
and neurodegenerative diseases. >

It should be noted that humans cannot synthesize
PUFAs nor produce precursors of essential fatty acids (e.g. a-linolenic acid).®* In the
absence of previously published structural phase diagrams of PUFA-encapsulating
lyotropic liquid crystalline self-assembled systems, FO, EPA, and DHA have been mostly
formulated in nanoemulsions or in oil-in-water emulsions for oral supple:me:nta1tion.82'88
We consider that these lipophilic substances can be incorporated into synthetic liquid
crystalline structures towards enhanced solubility and improved oxidative stalbility.gg'97 It
should be noted that ®-3 PUFAs are mainly present in the form of triacylglycerides in FO
(Fig. 1B).* The possible use of -3 PUFA monoglycerides as major lipid constituents in
the development of liquid crystalline nanoparticles (LCNPs) for the delivery of

nutraceuticals, therapeutic agents, or their combinations has recently been discussed.®”

71,92,95
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Figure 1. Chemical structures of the lipid components used for fabrication of green liquid
crystalline nanocarriers: (A) Nonlamellar lipid monoolein (MO); (B) General formula of
triacylglycerol indicating the presence of ®-3 PUFA chains [e.g. docosahexaenoic acid
(DHA; 22:6 n-3) and eicosapentaenoic acid (EPA; 20:5 n-3) chains] in fish oil (FO); and
(C) PEGylated amphiphilic stabilizer D-a-tocopheryl-poly(ethylene glycol)1000 (TPGS-
PEG 000).

In this work, we conceived and produced lipid-based nanocarriers with dual loading
of curcumin and fish oil via a composition-tuning self-assembly methodology."> The
amphiphilic compositions with dual CU and FO loading were designated by the phase
diagram shown in Figure 2. The preparations involve a constant fraction of D-a-
tocopheryl poly(ethylene glycol)1000 succinate (TPGS-PEGo) (Fig. 1C). The role of
this vitamin E-derived PEGylated amphiphile is to facilitate the dispersion of stable lipid
nanoparticles in diluted aqueous formulations (see the water-rich region marked in
yellow color in Figure 2). Our choice of the MO/FO/CU/TPGS-PEG oy mixed systems is

further motivated by the fact that these amphiphilic compositions may serve for large



scale cost-effective production of lipid nanoparticles and bulk phase LC formulations for
supportive treatments and preventive health applications. The aqueous phase contained 5
wt% D(+)-glucose, a concentration that would be suitable for in vivo delivery
applications or for cryopreservation of the studied formulations. The structural and
morphological features of the generated liquid crystalline mesophases and lipid
nanoparticles were investigated by means of synchrotron small-angle X-ray scattering
(SAXS), cryogenic transmission electron microscopy (cryo-TEM) and quasi-elastic light
scattering (QELS). The SAXS experiments were performed at room temperature and
after that the temperature effect on the structural organization was examined under
conditioning at temperature 5 °C. Considering that both the natural plant-based
compound curcumin and the marine-derived PUFAs are sensible to degradation in
oxidizing media, it can be expected that the phytochemical antioxidant (CU) may exert
protective action on the fish oil in the dual-loaded formulations in terms of oxidative
stability.gl’84 Owing to its hydrophobic nature, curcumin can be protected from expose to
oxidizing environment upon its incorporation in the lipid bilayers of the created

multicompartment nanocarriers.
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Figure 2. Phase diagram employed for designation of ten dilution lines for preparation of
liquid crystalline nanocarriers composed of monoolein (MO), TPGS-PEGyy amphiphile,
fish oil (FO), curcumin (CU), and aqueous phase containing D-(+)-glucose (5 wt%). The
lipid/co-lipid [MO:TPGS-PEG o] and bioactive ingredients [FO:CU] weight ratios are
kept constant at 80:20 and 88:12 (w/w%) respectively. The water-rich region, serving for
lipid nanoparticles dispersion, is represented by a yellow triangle. Experimental
synchrotron small-angle X-ray scattering (SAXS) data were acquired for multiple
compositions along the dilution lines drawn in red. For every composition studied, five
measurements were averaged at two positions of the X-ray beam along the height of the

samples sealed in capillaries.

RESULTS AND DISCUSSION



Structural Organization of PEGylated Bulk Liquid Crystalline Systems

Dependence of the Self-assembled Liquid Crystalline Structures on the Hydration Level

of the PEGylated Lipid Mixtures

Monoolein and D-a-tocopherol poly(ethylene glycol)1000 succinate were mixed in thin
lipid films and assembled in aqueous phase containing D-(+)-glucose (5 wt% solution
suitable for development of in vivo delivery formulations or for cryo-protection). The
effect of the hydration level on the structural properties of the PEGylated blank lipid
carriers was investigated at different lipid/water proportions. Synchrotron SAXS
experiments were performed with MO/TPGS-PEG oy 80:20 (w/w%) lipid mixtures at
water contents from 10 to 80 wt% at temperature 22°C. In preliminary experiments, the
80:20 weight ratio MO/TPGS-PEG () was established to yield spontaneous formation of
stable lipid nanoparticles upon dispersion of the self-assembled mixtures. Representative
SAXS plots revealing the presence or absence of long-range periodicity in the structure
of MO/TPGS-PEGy/water liquid crystalline assemblies are presented in Figure 3.
Figure 3A shows the structural results obtained at low water content (< 50 wt%) at 22°C.
At 10 wt%, the SAXS pattern displays a single broad correlation peak centered at g =
0.190 A" typical for lamellar precursors or onion phases.”*”>> The self-assembled
system forms a lamellar phase with increasing water content from 20 to 40 wt%. The
determined repeat spacing of the lamellar phase at 20 wt% water content (d=3.9 nm)
(Table 1) is slightly bigger than that of the lamellar precursor phase (d=3.3 nm) and

progressively increases (d=4.6 nm) at 40 wt% water content.

10



The structural results obtained at higher water contents (> 50 wt%) and temperature of
22°C (Figure 3B) revealed two kinds of cubic structures with long-range three-
dimensional (3D) periodicities. They were identified by different sets of observed Bragg
peaks, namely

(1) A bicontinuous gyroid cubic la3d phase was identified at 50-70 wt% water
content. Figure 3B shows the set of Bragg peaks with g-vector positions spaced in the
ratio V6: \8: V14: V16: \20: V22: V24: \26. These Bragg peaks were assigned to the
(211), (220), (321), (400), (420), (332), (422), and (431) reflections of a gyroid cubic

11G

lattice Q" (la3d space group);

(i1) A bicontinuous double diamond cubic Pn3m phase was identified at 80 wt%
water content. Figure 3B shows the set of Bragg peaks with g-vector positions spaced in
the ratio V2: V3: V4: \6: V8: V9: V10: V11: V12: V14. The observed Bragg peaks were
assigned to the (110), (111), (200), (211), (220), (221), (310), (311), and (222) reflections

1ID

of a double diamond cubic lattice Q" (Pn3m space group). The (321) reflections was

weak at ambient temperature.

The determined internal structures and repeat spacings of the studied MO/TPGS-
PEGoq0 self-assembled architectures are summarized in Table 1. The unit cell lattice
parameters of the cubic structures, aq) were calculated from the reciprocal slope of the

172

linear plots g (A™) versus (h* + k* + "2, where (hkl) are the Miller indices of the

detected Bragg peaks (Eq. 1),

q = Qulag) (B + k> + )" 1).

11
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Figure 3. Representative synchrotron SAXS patterns of self-assembled MO/TPGS-
PEG go0o/water mixtures showing the dependence of the mesophase-structure type on the
varying hydration level [D-(+) glucose (5 wt%) solution] at two temperatures: 22°C
(ambient condition) and 5°C (storage condition in a refrigerator). (A) SAXS pattern
revealing the formation of a lamellar precursor phase at 10 wt% water content and a
lamellar phase (L) at water contents from 20 wt% to 40 wt% at 22°C. (B) SAXS patterns
displaying Bragg peaks that are indicative of formation of periodic liquid crystalline
phases, namely a gyroid la3d cubic structure at 50-70 wt% water content and a
bicontinuous double diamond Pn3m cubic structures at 80 wt % water content at 22°C.
The Bragg peak splitting, observed with the sample of 80 wt % water content, results
from uneven lipid hydration likely due to inhomogeneous mixing. (C) SAXS patterns
corresponding to lamellar phase formation at 10-40 wt% water content at 5°C. (D) SAXS

patterns of bicontinuous cubic liquid crystalline phases of the gyroid la3d and the double

12



diamond Pn3m cubic crystallographic space groups observed at 5°C for 50-60 wt% and

above 70 wt% water contents, respectively. The Bragg peak splitting, observed with the

sample of 80 wt % water content, results from uneven lipid hydration likely due to

inhomogeneous mixing. The aqueous phase contains D-(+)-glucose (5 wt%).

Table 1. Internal liquid crystalline structure types, repeat spacings (d) or cubic unit cell

lattice parameters, a.), of hydrated MO/TPGS-PEG g [80:20 (w/w%)] self-assembled

architectures determined by SAXS analyses of the structural data presented in Figure 3.

T =22°C T =5°C
Water
LLC structures Repeat spacing | LLC structures Repeat
content .
(d) spacing (d)
(wWt%) or Lattice a.g) or Lattice a.g)
(nm) (nm)
10 Lamellar 3.3 Lamellar 3.5
precursor
20 Lamellar 3.9 Lamellar 39
30 Lamellar 4.1 Lamellar 4.2
40 Lamellar 4.6 Lamellar 4.8
50 la3d cubic 14.3 la3d cubic 15.2
60 la3d cubic 19.9 Cubic (15.2-16.1)
intermediate
la3d cubic 22.2 Cubic (17.9)/11.7
70 intermediate /
Pn3m cubic
coexistence
%0 Pn3m/Pn3m 19.3/ Pn3m/Pn3m 18.4/
cubic 18.9 cubic 18.2
coexistence coexistence

The estimated cubic la3d and Pn3m unit cell lattice parameters are in the range of

aQi(3d) = 14.3 - 22.2 nm and agypn3m) = 18.9 - 19.3 nm, respectively. Table 1 indicates

that the cubic la3d unit cell lattice parameter increases with the increase of the water

content. The excess water point for the MO/TPGS-PEG g system was established to be

13




beyond 80 wt% water content. At variance, the excess water point for the pure MO/water
system has been determined to be around 60 wt% water content.**%7

It can be concluded from these SAXS results that that the PEGylation of the self-
assembled monoglyceride lipid system (MO/TPGS-PEGjgy) requires more hydration
water (with regard to pure MO) in order for a structural transformation of the lamellar
mesophase to a fully hydrated bicontinuous cubic mesophase to occur (Figs. 3A,3B). The
determined cubic unit cell lattice parameter of the PEGylated lipid double-diamond type
cubic phase MO/TPGS-PEG oy (agpn3m = 19.3 — 18.9 nm) is bigger that that of the

corresponding pure MO/water cubic phase (agpn3m) = 10.5 nm).S’15

Effect of Low Temperature on the PEGylated Mixed Amphiphilic MO/TPGS-PEG g
Liquid Crystalline Assemblies

To investigate the effect of low storage temperature on the hydrated MO/TPGS-
PEG 0 self-assembled mixtures, synchrotron SAXS experiments were also performed at
5°C for the same water concentrations from 10 to 80 wt%. Representative SAXS plots
revealing the long-range periodicities of the hydrated MO/TPGS-PEGqy assemblies at
5°C are shown in Figures 3C and 3D. Lowering the temperature down to 5°C caused the
formation of lamellar structures within the range from 10 wt% to 40 wt% water contents.
The cubic structures were preserved above 50 wt% water content. A cubic (la3d — Pn3m)
phase transition was observed above 60 wt% hydration level. The bicontinuous double
diamond cubic Pn3m phase emerged at 70 wt% hydration, whereas it was stabilized at 80

wt% water content at 22°C (Figure 3D).

14



The SAXS pattern of the sample with 70 wt% water content was ascribed to a cubic
intermediate/Pn3m cubic phase coexistence at 5°C (Figure 3D). The additional
unassigned Bragg peak between the (110) and (111) reflections of the Pn3m cubic phase
was attributed to a domain of a cubic phase structural intermediate. The estimated
structural parameters corresponding to the cubic intermediate/Pn3m cubic coexistence are
given in Table 1. The bicontinuous double diamond Pn3m cubic structure, which formed
at 80 wt% water content at 5°C, displays broader Bragg peaks as compared to those
recorded at temperature 22°C. This reveals decreased ordering in the mesophase
organization. In our opinion, the low-temperature cubic phase should be regarded as a
metastable one taking into account that its destabilization and phase transformation upon
cooling appear to be retarded by the incorporation of PEGylated chains at the lipid
membrane interfaces as well as by the presence of 5 wt% D-(+)-glucose in the aqueous

environment.

Indeed, the performed structural investigation with the MO/TPGS-PEGyy/water
system indicated the occurrence of lamellar—cubic and cubic—cubic phase transitions at
higher water contents than those for the pure MO/water system. The phase diagram of the
latter has been previously studied by Lutton and Caffrey et al.**3* The authors have
constructed lipid/water phase diagrams spanning the composition region from 0 to 50
wt% aqueous phase content. At low water content (< 10 wt%), the lamellar (L.) phase
melts upon increasing temperature into an isotropic phase.36 A phase transition to a
lamellar liquid crystalline phase (L,) takes place from 10 to 20 wt% hydration for the
pure MO/water system. It melts into a L, phase at increasing temperature. Whereas the

transition to a bicontinuous cubic la3d phase begins at about 25 wt% hydration in the

15



MO/water system, it takes place at 50 wt% hydration level in the MO/TPGS-
PEGgo0o/water system studied here. This significant structural difference between the
MO/water and the MO/TPGS-PEGop/water assemblies is evidently due to the
PEGylation of the lipid mixture by the TPGS-PEG (o agent as the PEGylation is known

to influence the mesophase stability.‘m’41

In our study, the bicontinuous cubic structures
were maintained in the region of 50 — 80 wt% water content. The resulting PEGylated

cubic structures are of interest for the preparation of stable lipid mesophase nanoparticles

by a green self-assembly process upon dilution.

Structural Characterization of Dual-Loaded Bulk Liquid Crystalline Systems
Modulation of the Bulk Liquid Crystalline Structures by the Hydration Level at Constant
Curcumin and Fish Oil Loading in the Lipid Assemblies

To investigate the effect of the hydration level on the structural properties of CU- and
FO-loaded liquid crystalline phases, generated using the MO/TPGS-PEG oy mixtures,
synchrotron SAXS experiments were performed along the dilution lines drawn in Figure
2 (from 10 to 80 wt%) at 22°C. In these measurements, the FO quantity is constant with
regard to MO, while the water quantity varies. The most significant changes are shown
with representative SAXS patterns in Figure 4. The associated structural transitions are
summarized in Figure 6 below.

SAXS plots revealing the presence or absence of long-range periodicities in the
MO/TPGS-PEG 0/FO/CU/water assemblies are shown for two fixed lipid weight ratios
20:80 and 60:40 (w/w%) between fish oil and monoolein in the amphiphilic mixtures
[FO:CUJ/[MO:TPGS-PEG 0] (Figure 4). The hydration of the two types of MO/TPGS-

PEG00/FO/CU mixtures was found to induce the formation of a sponge (L3) phase at

water contents below < 30 wt% (see Figures 4A and 4C for the weight ratios 20:80 and

16



60:40 w/w%). The observed shape of the scattering curves is similar to that typical for a

15,40

sponge lipid phase. The sponge phase is a bicontinuous phase, which involves a 3D

lipid bilayer membrane surrounded by two water channel networks. At variance to the

15:303942 the sponge phase is not periodically ordered and

bicontinuous lipid cubic phases,
it is of more fluid nature. Here, the SAXS patterns acquired at low water contents (< 30

wt%) were attributed to a sponge phase formation (Figures 4A and 4C).

17
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[FO:CUJ/[MO:TPGS-PEGp00] equal to 20:80 and 60:40 (w/w%) and hydration
performed at 22 °C. (A-C) SAXS patterns corresponding to sponge phases and
intermediate mesophase states at 10-40 wt% water contents. (B-D) The recorded Bragg
peaks are indicative of the formation of bicontinuous cubic gyroid la3d or double
diamond Pn3m cubic structures at 60-80 wt% water contents. The aqueous phase

contains D-(+)-glucose (5 wt%).

Increase of hydration above 30 wt% led to structural transitions to precursors of cubic
mesophases at 40 wt% and 50 wt % water contents (Figures 4A-4D). The SAXS patterns
showed intermediate types of mesophase states and a coexistence of sponge and cubic
structures at 40 to 50 wt% water contents. At high water concentrations > 60 wt%, the
SAXS patterns were mostly attributed to the formation of bicontinuous diamond cubic
phases at both lipid weight ratios 20:80 and 60:40 (w/w). A gyroid la3d bicontinuous
cubic phase was identified in the SAXS plots recorded at 60 wt% water content. This is a
relatively weakly hydrated state of a bicontinuous lipid cubic phase involving lower
water amount. The higher water contents > 60 wt% yielded the formation of a swollen
double diamond type Pn3m cubic phase (Dpae) With a lattice parameter agensmy = 19.1
nm. The results for the determined unit lattice parameters of the bulk cubic liquid
crystalline structures are summarized in Table 2. The estimated cubic /a3d and Pn3m unit
cell lattice parameters are agia3q) = 16.1 nm and agapnzm) = 17.5 - 19.1 nm, respectively.
The obtained data indicated that the cubic Pn3m unit lattice parameter increases with the

increase of the water content, which corresponds to swelling of the 3D nanochannel
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networks and the induction of swollen double diamond type Pn3m cubic phases
(DLarge).39’4O’96

Therefore, it can be deduced that the water content has a strong impact on the
structural properties of the studied MO/TPGS-PEG 0 /FO/CU assemblies. Structural
transitions were established in the order: Sponge phase — Cubic phase precursors —
Weakly hydrated gyroid la3d cubic phase — Swollen double diamond Prn3m cubic phase
(Drarge) (Figure 4). The sponge phase and the weakly ordered cubic structures, coexisting
with sponge-type membranes, were obtained at 10 — 50 wt% water contents (Figure 4).
The bicontinuous cubic structures were maintained at 60 — 80 wt% water contents upon
the incorporation of both bioactive ingredients fish oil and curcumin. The results in Table
2 reveal that the encapsulated FO acts towards the swelling of the bicontinuous Pn3m

cubic phase.

Table 2. Internal liquid crystalline structure types and cubic lattice parameters, aq), of

hydrated MO/TPGS-PEG,¢/FO/CU/water (5 wt% D-(+)-glucose) self-assembled
systems determined by SAXS analyses of the structural data shown in Figures 4B and

4D. Temperature is 22°C.

Water [FO2CU]/[MO:TPGS-PEG1000] [FOZCU]/[MO:TPGS-PEGlooo]
. ratio
content ratio 20:80 (w/w%) 60:40 (w/w%)
(Wt%) LLC structures Lattice LLC structures Lattice
a4 (nm) a4 (nm)
50 Sponge — cubic - Sponge — cubic -
intermediate intermediate
60 la3d cubic 16.1 Pn3m cubic 17.5
70 Pn3m cubic 18.5 Pn3m cubic 17.5
80 Pn3m cubic 19.1 Pn3m cubic 18.6
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Impact of the Fish Oil/Monoolein Weight Ratio on the Bulk Liquid Crystalline Self-

Assembled Structures

To gain more insight into the impact of the fish oil content on the inner structural
organization of the bulk MO/TPG-PEGy/FO/CU/water assemblies, a series of
synchrotron SAXS experiments was performed with eight lipid weight ratios 10/90,
20/80, 30/70, 40/60, 50/50, 60/40, 70/30 and 80/20 (w/w%) between fish oil and
monoolein at 22°C (Figure 5). The [FO:CU]/[MO:TPGS-PEG ] self-assembled lipid
mixtures were hydrated by a solution of D-(+) glucose (5 wt%). Different fixed water
contents were examined: (i) 30 wt% aqueous phase representing the low water content
region; (ii) intermediate 60 wt% water content region; (iii) 80 wt% high-water content

region, and (iv) 95 wt% aqueous phase corresponding to the large excess water region.

The SAXS plots in Figure 5SA were attributed to sponge phase formation upon
incorporation of FO in the host MO lipid phase at 30 wt% water content. Previous studies
of 0il/MO systems yielded similar shapes of the SAXS patterns.*”* The SAXS curves in
Figure 5A indicated that the correlation length of the sponge-phase membranes, formed
at 30 wt% water content and 22°C, depends on the fish oil/monoolein (FO:MO) weight
ratio. Interestingly, the SAXS pattern recorded at a lipid ratio 80:20 (w/w) shows peaks,
which are characteristic of a coexistence of bicontinuous sponge and cubic la3d
phases.'”*° This coexistence is observed also at 60 wt% water content at temperature of
22°C (Fig. 5B). The coexistence of sponge and cubic phases, or the formation of a single
cubic phase, were strongly dependent on the fish oil/monoolein ratio. The obtained data
were used for the construction of the phase diagram of the MO/TPGS-

PEG 000/FO/CU/water system (see Figure 6 below).

Figure 5C presents the SAXS patterns of the samples prepared at 80 wt% water content

at 22°C, which show Bragg peaks characteristic of the double diamond cubic Pn3m space
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group at all FO:MO weight ratios. The cubic unit cell lattice parameters of the examined
eight systems ranged from 15.9 to 19.1 nm (Table 3). A transition state between the cubic
Pn3m and Im3m structures occurred at 95 wt% water content. At 22°C, the phase
transition led to the appearance of Bragg peaks with g-vector positions spaced in the ratio
V2: V4: N6: V8: V10: V12: V14: V16: V18. These peaks were assigned to (110), (200),
(211), (220), (310), (222), (321), (400) and (330) reflections of a primitive cubic lattice
(Q"™) of the Im3m crystallographic space group. Peaks indicating a coexistence of Pn3m
and /m3m cubic phase domains were observed with FO:MO ratios 10:90 and 20:80 (w/w)

as well. The phase coexistences are indicated in Table 3.

WATER = 30 wt% 1 WATER = 80 wt%
3 (FO:MO) = (10:90) 3
z >
@, (FO:MO) = (20:80) 5 (FO:MO) = (10:90)
g 5
(_; (FO:MO) = (30:70) _i 3 (FO:MO) = (20:80)
z g (FO:MO) = (30:70)
— (FO:MO) = (40:60) < (FO:MO) = (40:60)
(FO:MO) = (50:50) ] (FO:MO) = (50:50)
(FO:MO) = (60:40)
(FO:MO) = (70:30) -
1 (FO:MO) = (60:40)
(FO:MO) = (80:20) 1 EEggmgg z ggfggg
q (A
] WATER = 60 wi% WATER = 95 wt%
i 3
z | (FO:MO) = (20:80) > .
5 (FO:MO) = (30:70) e (FO:MO) = (10:00)
_; 7 :i 5 (FO:MO) = (20:80)
= 3 @
x| (FO:MO) = (40:60) < (FO:MO) = (30:70)
2, oot
J (FO:MO) = (60:40) . (FO:MO) = (60:40)
| (FO:MO) = (70:30)
\M\ (FO:MO) = (70:30)
= - == = ———  (FO:MO) = (80:20) — . — = (FO:MO) = (80:20)
q (A7) q (A

Figure 5. Representative SAXS patterns of MO/TPGS-PEGy/FO/CU/water self-

assembled systems hydrated with a D-(+) glucose (5 wt%) solution at eight different
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weight ratios [FO:CU]/[MO:TPGS-PEG o] between fish oil and monoolein at 22 °C.
(A) Sponge phase at 30 wt% water content for all [FO:MO] ratios except (80:20); (B)
Sponge and cubic phases at 60 wt% water content; (C) Bicontinuous cubic Pn3m phase at
80 wt% water content, and (D) Primitive cubic Im3m phase at 95 wt% water content. The

aqueous phase contains D-(+)-glucose (5 wt%).

The intermediate phase state between the cubic Pn3m and Im3m structures, and
the increase of the lattice parameter determined at 80 to 95 wt% water contents, appear to
be affected by the increased fraction of fish oil and curcumin under excess water
conditions. Transformations dependent on the oil composition and water contents were
also revealed by the shifts in the unit cell lattice parameter of the cubic /m3m phase in the
range from 18.9 to 23.1 nm (Table 3). As the fish oil content increases, the Bragg peaks
shift towards lower g-vector values (Fig. 5D), which evidences the increase of the cubic
unit cell lattice parameters (respectively swelling of the cubic structures). The lattice

parameter is generally bigger for mixed lipid systems involving longer chain fatty acids.”®

Table 3. Internal cubic liquid crystalline structure types and cubic unit cell lattice
parameters, a.q), of MO/TPGS-PEG /FO/CU/water systems, self-assembled in excess
water (5 wt% D-(+)-glucose), which were determined from SAXS analysis of the data

shown in Figures 5C and 5D. Temperature is 22°C.

Water content 80 wt% Water content 95 wt%
[FO:CUJ/[MO: TPGS-
LLC Lattice | LLC structures Lattice
PEG]OO()] ratio (W/W %)
structures ag) (nm) ag) (nm)
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10:90 Pn3m cubic 17.1 Pn3m/Im3m Pn3m =164,
cubic Im3m =19.8
coexistence
20:80 Pn3m cubic 19.1 Pn3m /Im3m Pn3m=16.8,
cubic Im3m =20.2
coexistence
30:70 la3d cubic 22.9 Im3m cubic 20.2
40:60 Pn3m cubic 159 —-17.1 | Im3m cubic 20
50:50 Pn3m cubic 18.6 Im3m cubic 18.9
60:40 Pn3m cubic 18.6 Im3m cubic 22.2
70:30 Pn3m cubic 17.4 Im3m cubic 22.8
80:20 Pn3m cubic 18.2 Im3m cubic 23.1

The results in Figure 5 indicate that at constant water content (30 wt%, 60 wt%, 80
wt%, or 95 wt%) the encapsulated quantity of FO favours the swelling of the self-
assembled [FO:CU]J/[MO:TPGS-PEGyyy] supramolecular organization. The SAXS
patterns shown in Figure 5A at 30 wt% water content are similar to those in Figure 4A.
The increase of the FO weight fraction at growing FO:MO ratios (from 30:70 to 70:30
(w/w)) causes the swelling of the bicontinuous sponge phase before its transformation
into a bicontinuous cubic phase for FO:MO ratio 80:20 (w/w)). Under these conditions,
the excess water point was not reached yet below 80 wt% water content.

The universal rationale of the effect of various additives on the mean molecular shape
and mean critical packing parameter of ideal amphiphilic mixtures, and the related effects
of additives on lowering the curvature of the standard cubic phase of monoglycerides, has
been discussed in detail by van‘t Hag er al.'® The investigated here fish oil (from

menhaden source) is not an individual compound, which may form ideal self-assembled
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lipid mixtures with other lipids. For this reason, eventual CPP calculations based on the
molecular shape concept, which might support the observed reduction of curvature of the

host lipid cubic phase, would be of speculative character.

Compositional Phase Diagram for Dual Curcumin- and Fish Qil-Loaded Lyotropic

Liquid Crystalline Lipid Assemblies

Figure 6 shows the phase diagram of the amphiphilic self-assembled systems composed
of monoolein, MO-TPGS-PEGgy, fish o1l and curcumin, [FO:CU]/[MO:TPGS-
PEGom0]/aqueous phase of D-(+) glucose (5 wt% in MilliQ water), which was
determined at 22 °C. The phase diagram was constructed using the structural SAXS
analyses of the multicomponent samples prepared along the dilution lines (DL) indicated
in Figure 2. A very rich phase behavior is deduced considering the various mesophases,

which were identified by the SAXS measurements.

The obtained phase diagram is discussed in the series from the DL(0:100) to the
DL(90:10) dilution line. At high monoglyceride (MO) lipid and low water contents, a
small region of a lamellar precursor phase is observed. With increasing water content up
to 40 wt%, a lamellar Lo phase is obtained along the DL(0:100) dilution line (blue area in
Figure 6). The formation of sponge phases occurs at compositions belonging to the other
dilution lines (green domain in Figure 6) at increasing [FO:CU] content, but at low water
contents (ranging from 10 to 40 wt%). At higher water contents from 40 to 60 wt%, the
formation of a bicontinuous cubic phase (la3d space group) occurs along the DL(10:90),

DL(20:80), DL(60:40), DL(70:30) and DL(80:20) dilution lines at decreasing
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[MO:TPGS-PEG ] fractions. In the intermediate regions, the bicontinuous cubic phase
(la3d space group) coexists with a sponge phase (yellow areas in Fig. 6). The decrease of
the fish oil content allows the formation of a bicontinuous cubic Pn3m phase in the high-
water content region from 70 — 90 wt% (orange domain in Fig. 6). The formation of the
primitive cubic Im3m phase is observed in large excess of water and low oil content (pink

area in Fig. 6).

°  FO:CU (88:12)

0e 0.1 > Lamellar precursor

Gyroid cubic

1a3d Lamellar

QliG ® Sponge
la3d cubic

Diamond cubic @® Pn3m cubic

A Im3m cubic

MO:TPGS-PEG, 50
' (80:20)

1 09 08 07 06 05 04 03 02 01 0

Figure 6. Ternary phase diagram of the MO/TPGS-PEG 0 /FO/CU/water system at
temperature 22°C displaying the lipid compositional regions that yield cubic liquid
crystalline phases of 3D topologies (cubic Im3m, cubic Pn3m, and cubic la3d space
groups) as well as sponge and lamellar phases. The aqueous medium contains D-(+)-
glucose (5 wt%). The shedding indicates the compositions with /m3m primitive cubic
structure (pink), Pn3m double diamond cubic structure (red/orange), la3d gyroid cubic

structure (yellow/beige), sponge (light green), lamellar (blue), and lamellar precursor
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(light blue) phases. The two-color symbols denote coexistences of mixed liquid

crystalline phases.

For the investigated large number of samples below the excess water point,
experimental drawbacks related to sample mixing/inhomogeneity, led to the observation
of slightly anomalous phase behaviour of isolated samples. Sponge phase architecture
(lacking long-range order of the bicontinuous lipid membranes) was attributed to these
samples in the absence of well-defined Bragg diffraction peaks in the SAXS patterns. The
isolated samples lacking long-range order, which are noticed in the red/orange and
yellow/beige regions in the phase diagram (Figure 6), can be regarded also as cubic phase

precursors.

Structural and Morphological Characterization of Dispersed Liquid Crystalline

Lipid Nanoparticles by Synchrotron SAXS and Cryo-TEM Imaging

Dispersing of the bulk lyotropic phases, facilitated by the PEGylated amphiphile
TPGS-PEG oy and mechanical agitation, produces liquid crystalline lipid nanoparticles
with inner self-assembled structures (called cubosomes, spongosomes, hexosomes or

! ! o 69,11,2842
liposomes) in excess aqueous medium. 911,28,

We prepared aqueous dispersions of
liquid crystalline lipid nanoparticles at eight weight ratios 25/75, 30/70, 40/60, 50/50,
60/40, 70/30, 80/20 and 90/10 (w/w %) between fish oil and monoolein
[FO:CUJ/[MO:TPGS-PEG 0] at 95-99 wt% water contents. The SAXS patterns of the
dispersed MO/TPGS-PEG 00/FO/CU lipid particles, containing low fractions of fish oil,

displayed Bragg reflections of an inner primitive cubic lattice structure (Im3m space

group) (Fig. 7A). The structural parameters determined by the SAXS analysis are
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presented in Table 4. In agreement with the SAXS data (Fig. 7A), the cryo-TEM images
revealed the formation of cubosome type lipid nanoparticles (Fig. 7C). The SAXS
patterns of the dispersed MO/TPGS-PEG 0po/FO/CU mixtures, which are rich in fish oil,
showed scattering curves typical for bicontinuous sponge membranes with no periodic
organization (Figs. 7B). The cryo-TEM images revealed the topology of the cubosome
and spongosome nanoparticles loaded by high amounts of fish oil and phytochemical

antioxidant (Figs. 7C and 7D).

The variety of lipid nanoparticle morphologies, which were present in the studied
PEGylated lipid dispersions loaded with fish oil and phytochemical antioxidant are
visualized in Figs. 7C-7E. They include monoolein-based cubosome and spongosome
nanoparticles, double membrane vesicles, and vesicular precursors of bicontinuous liquid
crystalline phases. The size distribution of the fish oil and curcumin-loaded cubosome
and spongosome nanoparticles was studied by quasi-elastic light scattering (QELS)
(Table 5). The results show the presence of two main populations, which represent the
cubosomes and spongosome nanoparticles (with mean hydrodynamic diameters of about
250 nm — 450 nm) and their precursors (with hydrodynamic diameters of about 100 nm)

(Table 5).
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Figure 7. (A-B) SAXS patterns of liquid crystalline lipid nanoparticle dispersions
obtained at varying fish oil/monoolein ratios [FO:CU]/[MO:TPGS-PEG 0] (W/w%) at
22°C. (C-F) Cryo-TEM images of dispersed mixed assemblies showing (C) Cubosomal
architectures with inner oil-rich domains. The inset shows the fast Fourier transform
(FFT) of the image, which confirms the presence of cubic liquid crystalline organization
in the inner structure of the lipid-based nanoparticles; (D) High oil-loaded sponge
nanocarriers; (E) Double bilayer membrane containers (white arrows) in a coexistence
with unilamellar vesicle precursors (blue arrow) as well as spongosome nanoparticles
(green arrow); (F) Liquid crystalline lipid nanoparticles with encapsulated phytochemical
antioxidant and fish oil. Inset: Magnified area showing the inner nanodomain

organization of the dual-loaded lipid nanoparticles.

A cryo-TEM image of liquid crystalline lipid nanoparticles with dual-encapsulated
bioactive ingredients is shown in Figure 7F. Lipid-based cubosomes and spongosomes
involve multiple internal compartments, which represent a structural advantage enabling
the encapsulation efficalcy.s'g’l1'13’19'27’33 It has been suggested that encapsulated curcumin
may increase the negative curvature of the polar/apolar interfaces of the lipid nano-

assemblies and therefore may stabilize the cubic structure formation.*

Table 4. Internal cubic liquid crystalline structure type and unit cell lattice parameters
of [FO:CU]J/[MO:TPGS-PEG ] self-assembled lipid nanoparticles dispersed in 95-99
wt% aqueous environment determined by structural SAXS analysis of the data shown in

Figure 7A.
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[FO:CUV/[MO:TPGS-PEG19n0] LLC structures Lattice aq)
ratio (w/w%) (nm)
50/50 Im3m cubic 19.7
30/70 Im3m cubic 20.6
25/75 Im3m cubic 20.6
40/60 Im3m cubic 19.3

Table 5. Hydrodynamic size determination of dual fish oil- and curcumin-loaded

cubosome liquid crystalline lipid nanoparticles in excess aqueous phase (98 wt%) by

quasi-elastic light scattering (QELS).

Mean hydrodynamic | Mean hydrodynamic
particle diameter by particle diameter by
[FO:CUJ[MO:TPGS-PEG 0]
intensity distribution volume distribution
ratio (w/w %)
(nm) (nm)

0/100 51-255 79 — 295
20/80 106 — 255 106 — 220
40/60 122 — 395 106 — 395
50/50 106 — 396 106 — 460
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Controlled delivery of multiple active compounds is required for various
pharmaceutical and nutraceutical applications. The overall efficacies of the obtained
formulations will be an outcome of the encapsulation and release properties of the
nanocarriers. Whereas the multicompartment structure of the lipidic cubosome and
spongosome nanoparticles is advantageous for the enhanced encapsulation of bioactive
molecules, the retention of the entrapped molecules and the multiple drug release could
be hampered by the compartmentalized nanoparticle structure. In addition, drug release
may trigger structural changes in the supramolecular organization of the nanocarriers.
Therefore, future work should be envisioned to study the modulation of the release
profiles through the multicompartment liquid crystalline lipid nanoparticle organization

at varying multicomponent compositions.

Regarding the potential applications of the investigated dual-loaded nanoscale liquid
crystalline lipid systems, various research directions may be envisioned towards new
therapeutics or nutraceutics strategies. First, cubosomal curcumin has been suggested as
an emergent opportunity for therapeutic innovation.**>® As a multipurpose drug, the
natural phytochemical curcumin displays antiviral, anti-proliferative, antioxidant, and
neuroprotective activities.*>>' In addition, it can boost the PUFAs effects in strategies for
prevention of disease progression through the use of nutraceutical formulations.”®®

Second, the class of polyunsaturated fatty acids (PUFAs) involves antiviral lipid
molecules that may inactivate envelope viruses and inhibit coronavirus proliferation. The
antiviral properties of naturally occurring fatty acids and their monoglycerides have been

recognized since long time.””'® However, the fact that monoglycerides may display

equal capacity for viral inactivation, at 5 to 10 times lower concentrations than their
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corresponding fatty acids,”'™ has scarcely been exploited for clinical applications.
Recently, lipid-targeted treatment of virus-infected cells has been suggested as a strategy
for human Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2)
inhibition.'”" Lipid-based nanoparticles are under advanced development as carriers for
vaccine production to prevent the SARS-CoV-2 infection.'”'® The capacity of rapid
safety evaluation and regulatory validation of controlled-release delivery carriers of anti-
coronavirus drugs and new vaccines makes the lipid-based nanotechnology a universal
platform for advancement of the anti-SARS-CoV-2 research among other therapeutic
applications.loz’105

Third, lipid nanoparticles loaded with natural phytochemical antioxidants represent
strong interest for development of new treatments of neurodegenerative diseases.” 00!
Taking into account that the pharmacological and therapeutic potential of marine-derived
omega-3 polyunsaturated fatty acids and their clinical relevance are well
underlined,””"*"?! -3 PUFAs could be used to impart synergistic effect in dual-loaded
formulations.

Considering that the recognized antiviral activity of monoglycerides has not been
exploited in the clinic yet, the reported here tunable 2D and 3D nanoscale topologies may
serve as a platform for rapid development of (i) antiviral drug delivery systems and
vaccine excipients, (ii) lipid-based formulations for multitarget therapies, and (iii) natural
adjunctive therapeutics for various health applications using phytochemical antioxidants
in combination therapies of inflammatory, cardiovascular and neurodegenerative

diseases; and (iv) novel nutraceutical formulations involving natural plant-based

antioxidant substances and marine-derived -3 PUFAs. Therefore, the obtained here new
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knowledge about the PEGylated liquid crystalline nanostructured assemblies should

contribute to fabrication of more stable and safe multicomponent green delivery systems.

CONCLUSION

Sustainable development of modern multi-targeted nutraceuticals and pharmaceuticals
against various severe diseases, including viral infections, inflammation,
neurodegenerative and cardio-vascular disorders, requires novel structural knowledge
about phase diagrams enabling the preparation of switchable liquid crystalline
nanocarriers of advanced properties. Solubility, encapsulation and enhanced loading of
bioactive phytochemicals and natural functional lipids are major issues in the design of
innovative delivery formulations with increased bioavailability. In the context of
preventive and supportive therapies using combinations with nutraceuticals, natural plant-
based antioxidant compounds, such as curcumin, and marine-derived (fish-oil) PUFAs
can boost the effects of the co-administered active compounds and drugs in various
antiviral, cardiovascular or neurodegenerative targeting mechanisms.

We designed PEGylated dual-loaded liquid crystalline (cubosome and spongosome)
lipid nanoparticle formulations suitable for large-scale cost-effective production. They
contain natural antiviral compounds and can serve for encapsulation of additional
hydrophobic or hydrophilic active substances to target various disease mechanisms. Thus,
the obtained nanoscale cubosome and spongosome type carrier systems should be of
interest for multi-compound loading. The reported structural results revealed that loading
with fish oil leads to a composition-mediated switch between different liquid crystalline

nanostructures. Interestingly, a metastable low-temperature cubic phase was observed
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with bulk PEGylated assemblies prepared with 5 wt% D-(+)-glucose aqueous medium.
The multicompartment crystalline organization may impact the mechanical and release
properties of the delivery carriers.

The constructed phase diagram characterizes various polymorphic states at different
hydration levels. Based on the presented SAXS results, PEGylated multi-loaded sustained
release formulations can quickly be developed. In fact, deeper understanding of the
structure and phase behavior of mixed pharmaceutical compositions is a key to greatly
enhancing the success rate of the drug delivery strategies. Evaluating the stability of the
hydrated structures is particularly important because changes in the hydration state may
cause alterations of the physicochemical properties of the carrier systems. The acquired
knowledge about the PEGylated mixed polymorphic liquid crystalline assemblies and
structures may contribute for improving the outcome of combination treatments as well

as of the development of vaccine carriers.

MATERIALS AND METHODS

Materials

Monoolein (MO) (purity > 99%) was obtained from Hampton Research. Fish oil from
menhaden (crude source of ®-3 fatty acids), D-a-tocopheryl poly(ethylene glycol)1000
succinate (TPGS-PEG ), curcumin (purity > 66% in the curcuminoid mixture), and D-

(+)-glucose (dextrose, purity >99.5%) were purchased from Sigma-Aldrich.

Design of Self-Assembled Nanocarriers for Loading of Fish oil and Curcumin
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The compositions of the investigated self-assembled MO/TPGS-PEG 0 /FO/CU
systems are chosen from the phase diagram presented in Figure 2. Ten dilution lines
(DL), denoted as DL 10:90, DL 20:80, DL 30:70, DL 40:60, DL 50:50, DL 60:40, DL
70:30, DL 80:20 and DL 90:10 (w/w %), are defined in order to characterize the lyotropic
behavior of the multicomponent amphiphilic mixtures of therapeutic significance. The
water-rich region corresponds to dispersions of nanocarriers in excess aqueous medium.
The lipid-rich region corresponds to bulk liquid crystalline assemblies. About 200
samples were prepared for SAXS measurements. The quantity of MO was minimum 10
mg per sample. Depending on the hydration level, the volume of the aqueous phase

varied from 0.01 mL to 1 mL for the different sample preparations.

Preparation of Bulk and Dispersed Liquid Crystalline Systems

The lipid nanoparticles were prepared by the method of hydration of a lyophilized thin
lipid film followed by physical agitation in excess aqueous phalse.9’28’34’43’59 The lipid
monoolein (MO), the amphiphilic stabilizer TPGS-PEG o, fish oil (FO), and curcumin
(CU) were weighed, dissolved in chloroform and mixed at desired proportions. The
samples were prepared at room temperature at ten different fish oil/monoolein weight
ratios of 10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20, and 90:10 (w/w %). The
solvent was evaporated under a stream of a nitrogen gas for 1 h at room temperature to
create a thin film lipid sample. The samples were lyophilized overnight under cooling to
remove the excess solvent. This step was followed by the hydration of the thin film

samples by a solution of D(+)-glucose (5 wt %) (prepared using Milli-Q water) for 24 h
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at room temperature. Finally, the samples were vortexed vigorously at room temperature

in cycles during 15 min.
Synchrotron Small Angle X-Ray Scattering (SAXS)

Characterization of the lyotropic liquid crystalline structures was performed using
SAXS experiments at the SWING beamline of synchrotron SOLEIL (Saint Aubin,

106
France).

The sample-to-detector distance was 3 m. The patterns were recorded with a
two-dimensional EigerX 4-M detector (DECTRIS Ltd.) at 12 keV, allowing
measurements in the g-range from 0.00426 to 0.37 A™'. The g-vector was defined as g =
(4m/M) sin 0, where 20 is the scattering angle. The synchrotron radiation wavelength was A
=1.033 A. The g-range calibration was done using a standard sample of silver behenate
(d = 58.38 A). The temperature was 22 °C. The investigated samples were filled in
capillaries with a diameter of 1.5 mm and were sealed by paraffin wax. They were
oriented in front of the X-ray beam (25 x 375 pm?) using a designed holder for multiple
capillaries positioning (X, Y, Z). Exposure times of 500 ms (for bulk lipid samples) or 1 s
(for diluted nanoparticles) were used. No radiation damage was observed at these
exposure times. Scattering patterns of an empty capillary and a capillary filled with
MilliQ water were recorded for intensity background subtraction. Data processing of the

recorded 2D images was performed by the FOXTROT software. "' An average of three

spectra per capillary was acquired.

The lattice parameters of the liquid crystalline phases were derived from the Bragg
peaks detected in the X-ray diffraction patterns. The lattice parameter a is determined by

a=dH + kK + )" for the cubic phases, where d is defined by Bragg’s law d = 27/g
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and is the repeat distance between the scattering planes. The assigned reflections were

fitted through the Miller indexes according to the following relationships:

a/d=1273, ... for structures with a lamellar spacing 2)

(a/a’)2 =23,4,6,8,9,10,12, 14, ...  for the Pn3m space group (Diamond cubic, D) 3)

(a/a’)2 =24,6,8,10, 12, 14, 16, 18, 20, 22... for the Im3m space group (Primitive cubic, P)
“4)

(a/a’)2 =6, 8, 14, 16, 20, 22, 24, 26, ... for the la3d space group (Gyroid cubic, G) ®))

Nanoparticle size determination

The particle size distribution was determined by means of a Nano-ZS90 device
(Malvern Instruments) collecting the intensity of the scattered light at an angle of 90°
with regards to the incident laser beam. The hydrodynamic diameters were determined by
the software using Stoke-Einstein’s relation to describe the Brownian motion of the
particles. The samples were diluted to 1/10 in Milli-Q water in order to ensure Brownian
motion conditions. The refractive index and viscosity of MilliQ water were equal to
1.330 and 0.8872, respectively. Each analysis was a result of three consecutive
measurements carried out at 25 °C. The Zetasizer software produces reports about the
particle size distribution expressed as QELS intensity, volume, or number size

distributions. To get more insight about the studied samples, the mean hydrodynamic
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diameters were determined from both the intensity and volume distributions. The
recorded intensity of the volume distribution indicated that the larger particles (250 — 400
nm) with inner liquid crystalline organization prevail over the population of small

precursors (50 — 100 nm), which results from the sonication process.

Cryogenic transmission electron microscopy (cryo-TEM)

For cryo-TEM investigation, a sample droplet of 2uL. was placed on a lacey carbon
film covered copper grid (Science Services, Munich, Germany), which was hydrophilized
by glow discharge (Solarus, Gatan, Munich, Germany) for 30s. Most of the liquid was
then removed with blotting paper, leaving a thin film stretched over the lace holes. The
specimen was instantly shock frozen by rapid immersion into liquid ethane and cooled to
approximately 90 K by liquid nitrogen in a temperature and humidity controlled freezing
unit (Leica EMGP, Wetzlar, Germany). The temperature and humidity were monitored
and kept constant in the chamber during all sample preparation steps. The specimen was
inserted into a cryo-transfer holder (CT3500, Gatan, Munich, Germany) and transferred
to a Zeiss EM922 Omega energy-filtered TEM (EFTEM) instrument (Carl Zeiss
Microscopy, Jena, Germany). Examinations were carried out at temperatures around 90
K. The TEM instrument was operated at an acceleration voltage of 200 kV. Zero-loss-
filtered images (DE = 0 eV) were taken under reduced dose conditions (100-1000 e/an).
The images were recorded digitally by a bottom-mounted charge-coupled device (CCD)
camera system (Ultra Scan 1000, Gatan, Munich, Germany) and combined and processed
with a digital imaging processing system (Digital Micrograph GMS 1.9, Gatan, Munich,
Germany). The sizes of the investigated nanoparticles were in the range or below the film
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thickness and no deformations were observed. The images were taken very close to focus
or slightly under the focus (some nanometers) due to the contrast enhancing capabilities
of the in-column filter of the employed Zeiss EM922 Omega. In EFTEMs, the deep

underfocused images can be totally avoided.
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