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Abstract

Abstract

The self-assembly of lipids into organized soft matter is ubiquitous in natural
systems. The most prominent example is the lamellar structural unit of cell
membranes, though the occurrence of several non-lamellar assemblies — such as
cubic and hexagonal mesophases — is currently emerging as crucially connected
to particular functions or pathological conditions. On the synthetic side, a wide
range of lipid architectures can be built from amphiphilic lipids, and their
structure can be controlled by varying the experimental conditions — such as
temperature, pressure, pH, ionic strength and geometrical local constraints —in
order to reproduce the same morphologies, found in living systems. These
synthetic assemblies represent simplified mimics of the aforementioned
biological interfaces. Furthermore, their biocompatibility — combined with the
coexistence of hydrophobic and hydrophilic domains with morphology and
spatial organization ruled by thermal equilibrium — lends itself to applications in
the biomedical field, e.g. for the delivery of therapeutic or diagnostic active
principles.

In this research work, the attention has been focused on the investigation of the
effects of inorganic nanoparticles and molecular additives on the phase
properties of lipid liquid-crystalline mesophases. In particular, the inclusion of
gold (AuNPs) and iron oxide (SPIONs) nanoparticles coated with hydrophobic
ligands in liquid crystalline mesophases has been explored to build up smart soft
hybrid materials, where the biocompatibility of the lipid matrix (1-monoolein
and phytantriol) mesophases is combined with the responsiveness to external
stimuli, provided by the NPs. For cubic mesophases doped with hydrophobic
AuNPs and SPIONs, the effects of NPs inclusion — both on the arrangement of
the mesophase and on its rheological properties — have been investigated. For
lipid cubic phases doped with SPIONs, we examined the magnetic properties and
their dependence on the phase state and monitored in-situ the structural change
caused by an oscillating magnetic field. To further modulate the phase behavior,
and to tailor the size of hydrophobic and hydrophilic compartments, we studied
the effects of additives with different polarities — i.e. sugar esters, oils
(tetradecane) and other lipids (DOPG) — on the lattice parameters and stability
of mesophases. To gain additional insight on the confinement of molecular and
macromolecular active principles, we monitored the diffusion of hydrophilic
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probes of different sizes through fluorescence correlation spectroscopy and the
results have been interpreted in terms of motion dimensionality and size match
between the probes and the hydrophilic channels. In addition, the enzymatic
activity of a model enzyme — the alkaline phosphatase — has been investigated
when the enzyme or the probe were included in the mesophase.

Finally, in-vitro tests on tumor cell lines provided information on biocompatibility
and internalization, highlighting the potential of these hybrid systems as drug-
delivery devices.
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Introduction

Amphiphilic molecules play a central part in our daily life. Their role as proteins,
components of lipid membranes and polymers in living systems, and their use as
surfactants, emulsifiers, stabilizers in the industry, are indicative of their
ubiquitous presence. From a technological point of view, their application is
related to the ability to self-assemble in supramolecular structures, guided by
hydrophobic, electrostatic and hydrogen bonds interactions. In aqueous
environment, self-assembly results in the segregation of hydrophobic portions —
allowing the interaction of polar heads with the medium — thereby minimizing
the unfavorable interaction between water and hydrophobic blocks.

The coexistence of both hydrophobic and hydrophilic domains allows application
in the biomedical field for drug-delivery, for spatial and temporal control of the
release of encapsulated active molecules.

This PhD thesis will discuss the phase behavior of lipid-based liquid crystals,
ubiquitous in natural systems, modified with molecular additives or inorganic
nanoparticles to build-up stimuli-responsive nanodevices, with end-use in the
biomedical field as drug-delivery vehicles (DDs).

In Chapter 1, | will provide a general introduction on lyotropic mesophases, with
a short theoretical description of the curvature associated to the amphiphilic
film. I will then address the interaction of these mesophases with nanoparticles
and additives, to monitor their effects on the diffusive properties of molecules
confined within the liquid crystals. Chapter 2 will examine the main techniques
used for this research work, as well as the theoretical descriptions and the
experimental conditions. Chapter 3 will summarize the main results of the
project, and it will consist of two parts: part I will deal with the phase behavior
and the physico-chemical properties of lyotropic liquid crystals, doped with
Superparamagnetic Iron Oxide Nanoparticles (SPIONs) or gold nanoparticles
(AuNPs); part Il will present the application of lyotropic lipid liquid crystals as
DDS, i.e., the structural change induced by sugar esters (Sucrose Stearate (SS)),
lipids and oils (DOPG and tetradecane). Finally, chapter 4 will report the
conclusive remarks and introduce possible future developments.
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The last part of this thesis consists of the papers — published, submitted or in
preparation — connected to this research work.

1.1 Lyotropic Liquid Crystals (LLCs)

According to the IUPAC Gold Book! definition, a liquid crystal is “a
substance in the liquid-crystalline state”, which corresponds to a mesomorphic
state having long-range orientational order, and either partial position order or
complete positional disorder (isotropic system i.e., liquid, gas and amorphous
solid). The adjective "lyotropic" indicates that a liquid crystal forms by dissolving
an amphiphile in a suitable solvent, under appropriate conditions of
concentration, temperature, and pressure.? In addition to these main factors,
there are many other "global" elements which temper the structure of the
mesophases — such as pH, ionic strength and geometrical (local) constrains —
which impart lateral stresses upon an amphiphile to encourage the adoption of

one or more mesophases.>!

Figure 1 Amphiphiles at water interface and their organization based on the
geometry. Increasing the hindrance of hydrocarbon chains with respect to the
headgroup, a variation in the spontaneous curvature can be obtained.

Regarding the latter term — based on a purely geometrical consideration of the
amphiphiles through their Critical Packing Parameter (CPP) — the observed phase
behavior can be partially explained in terms of direct or inverted structures
CPP = 2

" where vq is the volume of hydrophobic part, ap the cross-section of
0tc

polar head group and I. the length of the hydrophobic chain. However, it is
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conventionally recognized that positive curvature (CPP<1) corresponds to the
monolayer bending towards the hydrocarbon chain region and away from the
water region, while negative curvature (CPP>1) corresponds to the bending in
the opposite way.!®”! Considering the CPP, by increasing the steric hindrance of
the hydrophobic chain, a change of the spontaneous curvature can be
experimentally observed at the water-amphiphile interface. Fig. 1 shows the
typical structures assumed by surfactants in water: spherical micelles, rod-like
structures, lamellar phases and inverted structures are the simplest nano-
objects detectable. In the literature, at least six possible inverted structures are
reported possessing a high level of symmetry (Figure 2).

la3d Pn3m Im3m

Figure 2 Graphical representation of inverted mesophases. Fd3m corresponds to
inverted micelles positioned at the edges of a cubic arrangement; H; is an
inverted hexagonal mesophases with water channels confined by the leaflet of
lipid membrane; la3d, Pn3m and Im3m correspond to the inverted bicontinuous
cubic phases, respectively: gyroid, diamond and primitive cubic phase. The figure
shows the IPMS representation which can be indicated also as Q°;, Q% and Q.

These are inverted structures, corresponding to inverted micelles packed in a
cubic lattice (identified with Fd3m spatial group), inverted hexagonal
mesophases (Hy) and bicontinuous cubic mesophases (Qu). Moreover, in
disordered systems, the most common assemblies are the inverted micelles,
where a cubic lattice cannot be recognized due to the high volume of dispersant
oil. Q; is the most commonly studied lipid phase and consists of a lipid bilayer
arranged on an infinite periodic minimal surface (IPMS).*! Three bicontinuous
cubic phases — i.e., the Schwarz diamond (QP), primitive (QFy), and the Schoen
gyroid (Q%) cubic phases —have been observed experimentally. In each case, the
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lipid bilayer subdivides the space into two interpenetrating and interconnected
water networks.*” These mesophases are often identified with spatial groups —
Pn3m, Im3m and la3d respectively — describing the high level of symmetry of
lipid architectures. The following equations describe the complex spatial
organization of the non-lamellar lipid membrane:**

f(x,y,z) = cos (%) + cos (Zﬂ) + cos (@) (1.1) Im3m

d d
 cos (™Y cos (™) cos (2 + sin (™) sin (™) sin (™2
f(x,y,z)—Cos(d)cos(d)cos(d)+sm(d)sm(d)sm(d) (1.2) Pn3m
o (an) (21Ty) +si (Zny) (an) +si (2112) (an) 13) Ia3d
f(x,y,2z) =sin 7 )cos(— sin|—=) cos{— sin | —— | cos (— (1.3) Ia

1.2 Energetic terms describing the mesophases

The CPP model is useful to understand most of the features of phase behavior.
However, it is more complicated to make predictions, as many global factors
influence the parameter.”) Moreover, the CPP does not consider the regions of
the phase diagram where there is a coexistence of different structures.

There are at least three additional energetic terms that should be taken
into account to explain the phase behavior of amphiphiles: the geometrical
constraint of the lipids (frustration packing energy), the curvature (free energy
of elastic curvature) and the interaction with solvent (water-surfactant
interaction energy). However, on an experimental level, the latter term is
negligible compared to the first two terms.

1.2.1 Frustration Packing energy
When the lateral stress in the hydrophobic chains outweighs the one in the

headgroup region, the amphiphilic monolayer curves towards the polar region,
promoting the formation of an inverted monolayer. However, the formation of
a bilayer from the inverted monolayer implies both a non-uniform interfacial
curvature and a uniformly filled hydrophobic part; this is the origin of the
frustration packing energy, related to the molecular geometry of the amphiphile.
In other words, lipid molecules have to stretch or compress away from their
relaxed state to fill the “voids” of the membrane. This contribution can be
roughly calculated with a harmonic oscillator model,’>*? or alternatively with
molecular dynamic simulation.!**!




Introduction

In this thesis, this energetic term will be recalled to interpret the main
phase transitions observed for MO/SPIONs and MO/additives. The packing
energy value is higher for the hexagonal phase than for the cubic mesophases,
while the elastic curvature shows an opposite trend.>® However, the addition
of nanoparticles and additives — depending on their hydrophobic/hydrophilic
nature — modifies the main terms describing the bilayer, allowing the modulation
of both parameters to control the structure.

1.2.2 Free energy of elastic curvature
Concerning the elastic curvature (gc), it is defined by the equation (1.4) below, in

agreement with the theory proposed by Helfrich % reducing the system to an
infinitely thin elastic surface:

gC = ZK'(H - Ho)z + KGK (14’)

where Hp is the spontaneous mean curvature of the relaxed surface determined
by the lateral stress, k the bending modulus, k; the Gaussian modulus, H the
mean curvature calculated as the average of the two-principal curvatures (c; and
c2), and K the Gaussian curvature given by the product of c; and c,. The
membrane elasticity may be interpreted as the energy needed to deform the
membrane provoking a deviation from Ho. The bending and Gaussian moduli are
typically different for each lipid film and should be determined experimentally.
However, this description is useful to calculate the elastic energy of a monolayer.
Helfrich’s equation (1.4) is mathematically the same for a bilayer, although the
associated parameters change as reported below:

H: =0 (1.5)
kP =2k (1.6)
k2 = 2(kg — 4xHyl) (1.7)

where the bilayer is taken to be symmetric, and | is the monolayer thickness.
From these equations one can deduce that the bending modulus is always
positive both for monolayers and bilayers, while the situation for the Gaussian
modulus is more complicated. Its value is predicted to be negative for monolayer
inverted systems and smaller than the bending modulus in absolute value, while
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the Gaussian modulus seems to be positive and probably larger in magnitude
than the other term.

The bending moduli decrease with a temperature increase both for
monolayers and bilayers. Less is known about the Gaussian modulus as,
especially for the bilayer term, all the parameters expressed in equation (1.7)
depend on temperature.

1.3 Self-Assembly of cubic mesophases

1-monoolein (MO) is a glycerol monoester, a biocompatible and biodegradable
lipid, acknowledged by the Food and Drug Administration as "generally
recognized as safe” and used in the food industry as an emulsifier.*> MO can
assemble into lyotropic liquid crystals, showing a very rich polymorphism (see
Figure 3a) as a function of water content and temperature. Increasing the water
amount at room temperature, different mesophases — i.e., Lamellar crystalline
phase (Lc) and Lamellar fluid phase (L.) — can be detected; above 25%wt, MO
exhibits gyroid (Q%;) and diamond (QP) bicontinuous cubic mesophases. Above
room temperature, the inverted hexagonal mesophase (Hi) can be observed
around 80 °C, and inverted micelles (L;) around 100 °C. These structures exhibit
a typical diffraction pattern detected through small-angle scattering techniques
(see Chapter 2), allowing us to determine the investigated structure univocally.
The cubic diamond region is of interest, because it is thermodynamically stable
in excess water. Increasing the water amount, no structural change can be
observed, and the system stays at the maximum hydration level. The polyalcohol
ohytantriol (Phyt)*®! presents a similar structural organization and rich phase
behavior in water as the MO/H,0 system, a as shown in Fig.3b. Slight differences
in the phase diagrams can be explained in terms of bilayer curvature (see par.
1.2 in this Chapter). Indeed, at the maximum hydration level, Phyt/water shows
a smaller lattice parameter and, consequently, smaller water nanochannels than
the MO/water mesophase. Additionally, the phase transition temperature from
cubic to hexagonal is around 50 °C: this is an effect of the more negative
curvature of the Phyt bilayer compared to MO.

The coexistence of both hydrophobic and hydrophilic domains of the
mesophases makes these materials attractive for the biomedical field and in
particular for the uptake and release of bioactive molecules with spatial and
temporal control.
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Figure 3 Molecular Structure and Phase Diagram of 1-monoolein as function of
temperature and water composition. Reproduced from reference® with

permission from The Royal Society of Chemistry.
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The ability to assemble in cubic mesophases is not a prerogative of 1-
monoolein or phytantriol. Molecules like glycerate, monoethanolamide and
glycolipids can assemble in non-lamellar mesophases. Table 1 reports few cases
studied in literature; more examples are extensively reported in this review.

Table 1: Headroup, structure, tails and phase sequences increasing the temperature of the main molecules
able to assemble in Non-Lamellar mesophases

Phase Sequence

Headgrou Structure Tails
group (excess H,0)
OH
Alcohol R «\/OH Phytanyl QP —H;—L,
OH
o Cl14:c9 MM) L,—QP,—L,
Monoacylglyceride R)J\o/\(\ora C18:¢9 (MO) Q°y—H—L,
OH Phyt H,—L,
o}
C18:¢9 QP;,—H;—L
_R 1l 11 2
Glycerate Ho/\)ko Phyt HyoL,
OH
C18: c9 QP—L,
. )"k Cl18: ¢9,cl2 Q% —QP,—L,
Monoethanolamide . N C18: ¢9. 12, cl5 Q5 —QP,—L,
Phyt Q°y—H;—L,
0. O *C L
g R 1443 a
Glycolipid. \“\-[‘J:, *Ciora L—Qu—Hy
P-Xyloside Ho oH %
OH Cigis Qu—Hy

*Cy,g denote isoprenoid chains where f is the number of carbon atoms of the mean chains, while g is related to the number
of methyl branches.

1.4 Effects of Nanoparticles on cubic
mesophases

We will consider hybrid systems from nanoparticles and non-lamellar lipid
membranes, designed with the final purpose of combining the physico-chemical
properties of nanoscale inorganic materials and the features of lipid
architectures. In the literature, the quantum confinement properties of
nanoparticles!*’~**! are extensively described: i.e. plasmonic properties of gold
and silver nanoparticles, or enhanced fluorescent properties of quantum dots,
or magnetic responsivity of iron oxide nanoparticles, making such systems
attractive platforms to build up new functional responsive materials not
available on the macro-scale. These features are attractive for biomedical
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applications as drug-delivery systems (DDs),?” imaging!*”’ and magnetic
resonance imaging (MRI).?%2%

The hydrophobic or hydrophilic nature of NPs — depending on the
capping agents — is a crucial factor to determine their localization in a lipid
assembly. As previously described, non-lamellar lipid assemblies exhibit both
hydrophobic and hydrophilic domains, able to host NPs of different nature. The
inclusion of NPs in the lipid architecture will affect the physico-chemical and
structural properties of the scaffold, modifying for instance its fluidity, bending
properties, local thickness, the phase behavior and the viscoelastic properties.

For instance, the inclusion of hydrophobic superparamagnetic iron oxide
NPs (SPIONs) in a liposome bilayer affects the average thickness of the
membrane, the orientation of the phospholipid chains and the lipid melting
temperature.?>?*! The inclusion of nanoparticles can also modify the final
structure of the bilayer; for instance, a Cryo-TEM investigation by Chen et al.?*"!
on liposomes containing hydrophobic SPIONSs, has highlighted the formation of
liposomal aggregates, with SPIONs clusters acting as bridging agents. These local
perturbations highlight the fact that some structural rearrangement of a planar
lipid membrane can be possible preserving the overall lipid mesophase
architecture. However, as reported by Briscoe et al.?®), the inclusion of NPs in
significant amounts might promote — in certain conditions — a transition from
lamellar to hexagonal mesophases.

The inclusion of NPs into non-lamellar lipid assemblies mostly affects the
mesophase structure in terms of lattice parameter, and therefore both the water
amount and the size of agueous nanochannels. If the NPs size is similar or smaller
than the lattice parameter, the NPs remain entrapped between the leaflets of
the membrane. Venugopal et al.?”! described the effects of encapsulating SiNPs
of 8 nm diameter into a monolinolein mesophase. In this case, the NPs were too
large to be encapsulated in the nanochannels (3.0-3.8 nm in diameter).
Moreover, the addition of NPs determines an overall dehydration of the lipid
scaffold causing — at high concentrations — the transition to a gyroid cubic
structure (la3d). The authors interpret this behavior considering that, since the
energy cost to include the NPs in the nanochannels is too high (above 100 kgT),
the NPs minimize their interfacial energy, aggregating along the grain boundaries
of the mesophase, similarly to what reported for the lamellar bilayer.?®!
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Increasing QDs dimension

Figure 4 Cryo-Microscopies of Lamellar and Non-Lamellar Lipid membranes
assembled with hydrophobic NPs. Panel (A): Cryo-TEM images highlighting the
structural changes induced by hydrophobic SPIONSs interacting with liposomes:
on the left, TEM image showing liposomes arranged in a multiwalled
configuration with SPIONs bridging; on the right, TEM image of liposomes'
aggregates bridged by SPIONs clusters embedded in the bilayer. Adapted with
permission from Ref.'**, copyright (2010) American Chemical Society. Panel (B):
DPPC liposomes decorated with dodecanethiol-capped AuNPs shown at different
magnifications. Adapted with permission from Ref.?®,, copyright (2017)
American Chemical Society. Panel (C): TEM images of POPC/POPE liposomes
assembled with Quantum Dots (QDs) of different sizes embedded in the bilayer.
The size increase of QDs (from 1 to 4 progressively) increases the perturbation of
the lipid membrane: this appears sharp when small QDs are included (1 and 2),
while with the larger ones the membrane becomes fuzzier (3 and 4). Reproduced
from Ref.B% with permission from The Royal Society of Chemistry. Panel (D): Cryo-
SEM of non-lamellar mesophases interacting with Au NRs. On the left: phytantriol
cubic mesophase, on the right phytantriol hexagonal mesophase, both
assembled with Au NRs. Adapted with permission from Ref.®Y, copyright (2012)
American Chemical Society. Reprinted from reference®?. Reproduced by
permission of The Royal Society of Chemistry.

The same authors also investigated the structural features of
monolinolein mesophases loaded with hydrophilic SPIONs. Upon application of

10
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a static magnetic field, a reorganization of the lipid domains along the direction
of the field®*34 was found, highlighting how the responsiveness of SPIONs to
magnetic fields can be exploited to modify the whole lipid mesophase. This
effect has been applied, for instance, to control the release of drugs confined in
the lipid mesophases!® or for applications in optical memory storage.®"!

Conversely, hydrophobic NPs localize spontaneously in the hydrophobic
domains of the non-lamellar mesophases, led by the affinity of NPs for the lipid
chains;®%37! in this case, the size is of paramount importance to avoid the
disruption of the lipid scaffold.

In the literature, very few examples address the inclusion of non-
spherical NPs in non-lamellar lipid assemblies; Boyd et al.*® reported on
hydrophobic NRs included in phytantriol, selachyl alcohol and monoolein lipid
mesophases, aiming to build up photo-responsive hybrid materials. The authors
investigated the effect of NRs on the cubic mesophases, evidencing a slight
reduction in the phase transition temperature and the lattice parameter.
Interestingly, similarly to spherical hydrophobic NPs, gold NRs shift the cubic-to-
hexagonal boundaries to lower temperatures.Y For hexosomes of selachyl
alcohol interacting with AuNRs, the lattice parameter or water volume
fraction®4% does not change with respect to the neat mesophase. The authors
suggest that NRs are positioned along the axis of hexosomes but — due to their
large sizes — they are in proximity of the lipid bilayer, without being efficiently
included inside it. Nevertheless, irradiation of the hybrid structure with NIR laser
promoted the phase transition from cubic to hexagonal phase, similarly to what
observed for the application of AMF on monoolein-SPIONs hybrids.

1.5 Effects of additives on cubic mesophases

The structure and the physico-chemical features of lyotropic liquid
crystals can be finely tuned, doping the lipid membrane with additives of
different nature. The addition of molecules — similar or bigger in size — to the
building blocks of hierarchical assemblies will be treated in the next
subparagraphs, describing how they affect the phase behavior, as well as the
advantages and disadvantages of their technological applications.

1.5.1 Molecules assembled with lipids

The addition of molecular compounds to the mesophases affects the

structural properties and their related physico-chemical features (see paragraph

11
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1.6). Thus, the inclusion of different kinds of molecules can be a useful approach
to tune the mesophases and to choose the best conditions for each technological
purpose. The addition of different chemical compounds than lipids promote —
above a “critical” concentration — a phase transition. Moreover, the addition of
molecules with responsivity to the pH, UV-Vis light, magnetic field and ionic
strength, imparts the same responsivity, promoting a structural change. Even in
this case, the packing and curvature energy can explain the complex phase
behavior of lipid/additives mixed systems.

A more accurate description of the effects promoted by molecular
additives on the curvature — and consequently on the structural parameter of
the mesophase — can be obtained by distinguishing the additives in hydrophobic
and amphiphilic. Hydrophobic molecules generally interact mainly with the
hydrophobic chains of lipids, increasing the volume of the hydrophobic portion;
thus, the curvature increases, becoming more negative and promoting a
transition from cubic to inverted hexagonal phases. However, this is true for
relatively low concentrations of oils;®** above a certain fraction of
hydrophobic additive, the oil-lipid mixture assembles into bicontinuous cubic
micelles (Fd3m symmetry) or inverted micelles.[***! In other words, the water
nanochannels of the mesophases become progressively smaller until the
dispersant oil separates the water domains through a surfactant monolayer.
However, there are literature reports on these effects also in the case of fatty
acids! ! or vitamin E;P% thus, hydrophobic additives are not necessarily oils.
For instance, oleic acid is a surfactant with a small headgroup. Thus, its behavior
will be similar to that displayed by oils, and for this reason it can be classified as
a hydrophobic additive. It is of relevance to evaluate also the effects of active
hydrophobic molecules on the structure of the cubic mesophases as reported by
Drummond et al.® or also the enzymes modifying the lipid organization.?

Amphiphiles interact with the lipid membrane locating themselves
spontaneously at the interface; however, the final effects are a combination of
the chemical composition of the surfactant film and of the hindrance of
hydrophobic chains. Mezzenga et al.3 have reported the effect of a sugar ester,
sucrose stearate, on the structure of the mesophases. Considering a larger
volume of headgroup with respect to the hydrophobic chains, and the
propensity to form hydrogen bonds with water, the diamond cubic structures is
swollen into a primitive cubic mesophases where the diameter of the
nanochannels is larger. However, other amphiphiles are reported in literature,
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e.g. caproic acid combined with 1,2-dilauroyl-sn-glycero-3-phosphocholine
(DLPC) or 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),** 1,2-dioleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DOPG),>> which can promote a transition
in mesophases presenting a less negative curvature, until the lamellar phases.
As a general rule, the inclusion of hydrophobic compounds stabilizes the
mesophases (hexagonal mesophases and inverted micelles) that would present
a higher frustration packing energy in the absence of the doping agent,
promoting a more negative curvature of the bilayer. Conversely, the inclusion of
amphiphiles promotes the transition to a swelled cubic phase and eventually to
lamellar stacks. These considerations can be useful to classify the behavior of
stimuli-responsive additives included into the bilayer; indeed, photochromic
molecules,®”? oleic acid and charged lipids can be used to build up liquid
crystals sensitive to light (by changing the molecular conformations) or to pH®®3-
%81 or ionic strength!®® (by changing the ratio of the hydrophobic and hydrophilic
molecular volumes). In this way, by means of external stimuli, an additive can
impart its hydrophobic or amphiphilic behavior promoting structural changes.

Hydrophobic additives
Increase of negative curvature

ssssssss an SR,
LW e

Fluid lamellar Primitive cubic Double diamond cubic Hexagonal Micelles cubic Inverse micellar
(Lo) (QF) (QP) (Hy) (Fd3m) (L)

Increase of positive curvature

Amphiphilic additives

Figure 5: Increasing the concentration of hydrophobic additives embedded into
the mesophases, transitions to liquid crystals with higher negative curvature are
promoted. However, increasing the concentration of amphiphilic compounds, the
positive curvature systems are promoted until the lamellar phase. Readapted
with permission from reference®®.

1.5.2 Synthetic macromolecules interacting with lipid assemblies
One of the breakthroughs in the field of lipid LCs concerns their interaction with

amphiphilic block copolymers. In particular, with the appropriate energy input,
some copolymers promote the dispersion of lyotropic liquid crystals in a colloidal
system (LCDs) whilst retaining an internal liquid crystalline structure of the
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particles.”” Based on the internal structure, the colloidal particles are termed
cubosomes (colloids showing a cubic structure) or hexosomes (showing a
hexagonal array). Their final hydrodynamic diameter depends on the chemical
nature of the polymers and on the energy applied to disperse the system;
generally, cubosomes are around 200-250 nm!%7Y even if dispersed systems on
microscale are reported.”? The most frequently used dispersants are Pluronics®,
a commercial group of triblock copolymers composed by poly-ethylene oxide —
poly-propylene oxide (PPO) — poly-ethylene oxide (PEO-PPO-PEQ) blocks. While
the PEO blocks represents the hydrophilic parts, interacting with the water
environment, PPO is the hydrophobic block and interacts with the lipid
bilayer.l71.73-76]

The most important criteria to select a stabilizing agent for cubosomes
are related to the minimum amount of polymer needed to stabilize a given
amount of mesophase, the promotion of stability for an extended period of time
and a limited effect on the structure of the internal phase.””? One of the essential
parameters of the PEO domain is the length of the unit. Generally, short PEO
block fail to achieve dispersion of LC particles, while for more extended PEO
units, the LCDs formulation shows both Im3m and Pn3m structures. Moreover,
the triblock copolymers should have a cloud point >100 °C, in order to avoid
phase separation produced by the dehydration of PEO units. In summary, for the
Pluronic series an EO% over 50% and a molecular weight greater or equal to 6500
are necessary to stabilize the dispersion.

Several reports concern the use of Tween 80, whose hydrophilic part is
a polysorbate moiety, while the hydrophobic region is a C18 unsaturated chain.
The stabilization with Tween 80 affects the internal structure, promoting a
transition to primitive mesophase for the Phyt assemblies,”® while for MO —due
probably to the similarity of the hydrophobic chains — the diamond cubic
structure is still preserved.

Aiming to build up multifunctional LCDs as DDs, the design of functional
stabilizers providing both colloidal stabilization and the ability to control the
internal nanostructure can be useful to vary the physico-chemical properties of
the dispersion and their interactions with cell membranes. Zhai et al.” have
synthesized a brush copolymer, composed by a hydrophobic C12 chain and an
hydrophilic poly-(ethylene glycol)-methyl ether acrylate (PEGA) with a multiple
9 units of PEO brushes with various molecular weight.
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Figure 6 Cryo TEM image of cubosomes stabilized by Pluronic F127. Reprinted
from reference'®® published by The Royal Society of Chemistry.

1.6 Confinement features of LLCs

To apply these materials in the biotechnological field as drug-delivery systems, a
precise knowledge of the molecular transport properties in cubic liquid crystals
has been the subject of several reports.>#-82 Many factors determine the final
diffusive properties of guest molecules, e.g., the chemical nature of active
therapeutics, their size compared to the diameter of channels, or even the
symmetry of liquid crystals.®3) Thus, a diffusion model applicable to real
applications —i.e., in vivo experiments®*%5 — would be needed in order to predict
the release of different bioactive molecules. To describe the diffusive properties
one should consider that water features dramatically change when confined in
nanoscale domains; the freezing point temperature®®®” is one example, but the
most important —to apply LLCs as DDs — are the slow down motions. Since water
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molecules are located in different local environments, where they engage in
different types of interactions; the bound water is considerably slowed down
compared to bulk water, some others water molecules show more bulk-like
properties due to mainly interactions with other water molecules ( the so called
“pseudo-bound” exhibiting a faster motion).®## Indeed, the slow diffusion
component has been ascribed to the water molecules bound to the hydrophilic
headgroups. The interaction with lipids causes a structural ordering of the
closest water molecules, which is particularly evident at temperatures below the
gel-to-liquid phase transition of the lipid bilayers. Thus, based on the proximity
of the water to the membrane, it can be classified as pseudo-bound water.*®
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Figure 7 Correlation function of fluorophore released from bicontinuous cubic
phase. Slightly differences are detectable between la3d and Pn3m structure.
Reprinted with permission from reference .

The curvature affects the diffusive properties of water embedded in
liquid crystals: the hydration dynamics of la3d nanochannels is significantly
slower than in the Pn3m phase. Probably, as the curvature becomes more
negative, the energy of elastic curvature becomes higher, and consequently a
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higher hydrophobic packing stress in the 1a3d phases restricts the flexibility of
the lipid headgroups. This effect produces lower mobility of water, which is
hampered to diffuse in la3d more than the Pn3m phase.® However, when the
inhomogeneities are not relevant, the diffusion is determined by the size of the
diffusion domain with no difference between la3d, Pn3m, and Im3m. When the
confinement seems to be significant, the presence and extent of bottlenecks
become the first term describing the diffusive profiles*),
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2
Materials and Methods

This section will describe sample preparation and will introduce the
experimental techniques used to characterize soft matter assemblies in the
presence of inorganic nanoparticles and molecular additives. Each paragraph
presents a concise instrumental description and a short theoretical background
of the method, together with an introduction to data analysis to obtain the
structural parameters describing the systems.

2.1 Materials Preparation

2.1.1 Synthesis of Superparamagnetic Iron Oxide Nanoparticles
Iron oxide nanoparticles were synthesized according to the protocol

reported by Wang et al.®**? Briefly, 0.71 g Fe(acac)s (2 mmol) were dissolved in
20 mL of phenyl ether with 2 mL of oleic acid (6 mmol) and 2 mL of oleylamine
(4 mmol) under nitrogen atmosphere and vigorous stirring. 1,2-hexadecanediol
(2.58g, 10 mmol) was added into the solution. The solution was heated to 210
°C, refluxed for 2 h and then cooled to RT. Ethanol was added to the solution and
the precipitate collected, washed with ethanol and re-dispersed in 20 mL of
hexane in the presence of 75 mM each of oleic acid and oleylamine. A stable
dispersion of the magnetic SPIONs with a hydrophobic coating of oleic acid and
oleylamine in hexane was obtained.

2.1.2 Synthesis of Gold Nanoparticles
Hydrophobic gold nanoparticles were synthesized according to the

protocol reported by Brust et al.®*! Briefly, an aqueous solution of HAuCl, (30
mL, 30 mM) was mixed with a solution of tetraoctylammonium bromide (TOAB)
in toluene (80 mL, 50 mM). The two-phase mixture was vigorously stirred until
all the gold-(lll) compound was transferred into the organic layer. Then,
dodecanethiol (170 mg) was added to the organic phase. A freshly prepared
aqueous solution of sodium borohydride (25 mL, 0.4 M) was slowly added with
vigorous stirring. After 3 h stirring, the organic phase was separated, evaporated
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to 10 mL in a rotavapor and mixed with 400 mL ethanol to remove excess thiol.
The mixture was kept for 24 h at 18 °C and the dark brown precipitate was
filtered off and washed with ethanol. The crude product was dissolved in 10 mL
toluene and again precipitated with 400 mL ethanol. Then, the twice washed
precipitated was dispersed in 20 mL hexane.

2.1.3 Preparation of bulk cubic phases
Bulk cubic phases with or without SPIONs and AuNPs were prepared

according to the following procedure: 30 mg of MO (or Phyt) were weighted in
2 mL glass vessels in the absence (for neat cubic mesophases) or in the presence
(for NPs-loaded cubic mesophases) of appropriate volumes of SPIONs and AuNPs
dispersions in hexane. About 1 mL of hexane was used to solubilize the mixtures,
then the solvent was removed under a gentle nitrogen flux. The dry films were
left under vacuum overnight, then hydrated with 50 pL Milli-Q water and
centrifuged ten times, 5 min each time, at 9000 rpm, alternating a run with the
cap facing upward with another with the cap facing downward.

Samples containing an amphiphilic additive (Chapter 3 paragraph 3.6)
were prepared following the same procedure described earlier, adding the
proper amount of additive before drying with nitrogen flux. In the case of
hydrophilic compounds (paragraph 3.7), a previously prepared aqueous solution
of the additive was used to hydrate the lipid film instead of pure water.

2.1.4 Preparation of dispersed liquid crystals
For the preparation of cubosomes, first an MO or MO-NPs film was

obtained, as described in 2.1.3. Briefly, 8 mg of Pluronic F-127 were added to the
dry films and the mixture was heated in a water bath at 70 °C for 5’ to melt the
polymer and then vortexed for 5’. Five cycles of heating/vortexing were carried
out and then 500 pL of preheated H,0 at 70 °C were added. The dispersion was
then sonicated in a bath-sonicator at (59 kHz and 100%) of power for 6 h, to
homogenize the system.

2.2 Small-Angle X-Ray Scattering (SAXS)

For many years, small-angle scattering techniques have been widely
used to study polymers, surfactants, nanostructures and liquid crystals. Both
static and dynamic information could be obtained - i.e., the structure of liquid
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crystals and the size and shape of the nanoparticles — as well as the structural
changes induced upon an external stimulus for in-situ detection of the
investigated systems.

k, Sample
X-Ray A y p
or
neutron Incident beam

Wave vector:

Figure 8 Geometry of a small-angle X-ray scattering experiment. The incident
beam hits the sample and the pattern of scattered X-rays (assuming elastic
scattering) is revealed with a 2D detector. The modulus of the wave vector q is
defined as 4msin(9)/A, with 29 being the angle between the incident and
scattered beams.

The small-angle X-ray scattering techniques were originally developed to
obtain information on the mesoscale of proteins, polymers, types of cement, and
amphiphilic assembled structures. Based on an X-ray beam focused on the
sample, the recorded elastic scattering contribution in a small angle range (0.1-
4°), allows extracting information about size, shape, distribution, and orientation
of the investigated samples. The methods are accurate, generally non-
destructive and — despite this is not being true for every instrument — the
investigation in a small angle range (generally to the LSF) is possible.

In-house SAXS measurements were carried out on an S3-MICRO SWAXS
instrument (HECUS GmbH, Graz, Austria) consisting of a GeniX microfocus X-ray
sealed Cu Ka source (Xenocs, Grenoble, France); A =0.1542 nm; maximum power
50 W. The instrument is equipped with two one-dimensional (1D) position-
sensitive detectors (HECUS 1D-PSD-50 M system). Each detector is 50 mm long
(spatial resolution 54 pum/channel, 1024 channels) and covers the SAXS g-range
(0.009 < g < 0.6 A%) and the WAXS g-range (1.2 < q < 1.9 A™%). The temperature
was controlled using a Peltier TCCS-3 Hecus system.

Small-angle X-ray scattering was used in this work to characterize the
structure of lyotropic liquid crystals under different constraints. First, all the
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nanoparticles synthesized during this PhD project (both SPIONs and AuNPs) were
characterized by extracting their size and polydispersity. To this end, raw SAXS
data were first reduced by subtracting the contribution of the solvent and the
cell, to obtain a plot of the scattered intensity I(q) as a function of the scattering
vector modulus g. Such curves were then analyzed using the software Igor Pro
(Wavemetrics Inc.) and the set of mathematical models provided by NIST.[°4%]

The experimental curves obtained for nanoparticles dispersions were
modelled using a function representing the scattering of spherical objects with
uniform scattering length density (SLD); real samples of nanoparticles always
present a certain size polydispersity, which can be interpreted through a Schulz
distribution (Eq. 2.1):

exp [—(z + 1)x]

f®) = @+ 7" = e

2.1)

where Rayg is the mean radius, x=R/Ravg, 2 is related to the polydispersity p=0/Ravg
by z=1/(p*1); o2 is the variance of distribution. The scattering intensity I(q) is
modeled as described by Eq. 2.2:

41T 2 o
1@ = () Mote? [ FRRFGRAR  @2)

0
where No is the total number of particles per unit volume, and Ap is the

difference in scattering length density, F(qR) the scattering amplitude for a
sphere reported in Eq.2.3:

F(qR) = 3 [sin(qR)(q—Rgfcos(qR)]

(2.3)

No interparticle interference effects are included in this calculation.

Moreover, the SAXS technique was used to investigate the structure of
lyotropic liquid crystals and phase transition induced by nanoparticles. Eq. 2.4
was used to calculate the lattice parameter (d) of lyotropic liquid crystals:

lql = (%ﬂ)\/hz TREHE (24)
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where (hkl) are Miller indexes related to the considered structures. In a Pn3m
structure these are (110), (111), (200), (211), (220)...; in an Im3m structure they
are (110), (200), (211), (310), (321)... while in H; mesophases are (100), (111),
(200)... .

From the preliminary information obtained by SAXS curves (i.e., the type
of structure and the lattice parameter), it is possible to estimate the size of the
water nanochannels as well as the volume fraction of water hydrating the lipid
membrane. Eq. (2.5)"3 was used to calculate water channel radii r,, in Pn3m and
Im3m cubic phases while Eq. (2.6)® was used to calculate the water volume
fraction @u:

Ao

r, = (—E)d—lc (2.5)

=1-24 Ly _4 Ley? 2.6
bw = °<d> 3”X<d> (2.6)

where Ap and y are topological parameters, respectively the ratio of the area of
the minimal surface in a unit cell to (unit cell volume)?? and the Euler-Poincare
characteristic. For the diamond cubic mesophase (Pn3m) these are Ao=1.919 and
x=-2, while for Im3m mesophases they are 40=2.432 and y=-4. Equations (2.7)%®
and (2.8)”! describe the water channel radii (rw) and water volume fraction (¢w)
for an hexagonal phase H, respectively:

_ 0.5256d — I, .
W= "0.994 27)
272

The chain length |. was assumed constant in the 25-50 °C range with a value of
about 9 APY in Phyt systems and around 1.6 nm®® in the case of MO.

The effects of temperature were evaluated to report the thermotropism
of LCs doped with inorganic nanoparticles and additives. All the experiments
were performed after the samples had reached the thermodynamic equilibrium
(after one day). SAXS measurements executed at the large-scale facilities (LSF)
(SAXS beamline in Elettra, Trieste, Italy and ID0O2 instrument in ESRF, Grenoble,
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France), were performed to study the in-situ structural changes induced by AMF
on the hybrid systems composed by responsive nanoparticles. In particular, the
colloidal dispersion of cubosomes and magnetocubosomes (cubosomes doped
with SPIONs) were investigated on LSF due to the slight difference between the
Scattering Length Density (SLD) of lipid and water.

2.3 Dynamic Light Scattering (DLS)

DLS measurements were carried out on a Brookhaven Instruments apparatus (Bl
9000AT correlator and Bl 200 SM goniometer). An EMI 9863B/350
photomultiplier detected the signal. The light source was the second harmonic
of a diode Nd:YAG laser, A = 532 nm (Torus, mpc3000, LaserQuantum, UK),
linearly polarized in the vertical direction.

Dynamic light scattering (DLS) is one of the most popular methods used
to determine the size of particles. When light hits particles, the coherent and
monochromatic radiation beam scatters in all the directions with a time-
dependent scattering intensity fluctuation. These fluctuations are the
consequence of the Brownian motion of colloids in solution. The dynamic
information of the system results from the autocorrelation function recorded
during the experiment. The equation describing the autocorrelation function
g%(q,t) is expressed as follows Eq. (2.9):

_(IOIE + 1)

gz(q' t) - (I(t))z (29)

where 71 is the delay time, and | is the scattering intensity acquired at an angle 6
(here, 90°). At short delay times, the correlation is maximum due to the particles
which have not changed their position from the original: the two signals at 7o and
71 are not much different. As the time delay becomes progressively longer, the
correlation starts to decay to zero exponentially. It means that, after a long delay
time, the relative position of the particles is entirely different compared to the
beginning. However, more exponential functions should be taken into account if
the colloidal objects present size polydispersity. The decay profile recorded
during the experiments can be easily fitted with numerical methods, in order to
extract the diffusion coefficient of the particles in solution and, through the
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Stokes-Einstein equation (assuming a spherical shape),®® the hydrodynamic
diameter of nanoparticles (Eqg. 2.10).

D — kgT
= 3nnD

(2.10)

where T is the temperature (K), ks the Boltzman constant, D the diffusion
coefficient extract from DLS measurements and 1 the solvent viscosity.

First, from the g%(q,t) correlation functions, through the Sigert equation
(Eq.2.11), it is possible to calculate the g}(q,t):

9%(q,7) =1+ Blg*(q,]? (2.11)

where the 3 parameter is a correction factor which depends on the geometry
and alignment of the laser beam in the experimental setup. At this point,
different mathematical approaches can be employed to determine size and
polydispersity. The most straightforward approach considers a simple
exponential decay of correlation functions which is appropriate in the case of
monodisperse systems. When the polydispersity is relatively high, a general
approach consists into expanding the autocorrelation functions in terms of the
distribution moments of the decay through the cumulant analysis, stopped to
the second order (Eq.2.12):

1
gl(x) = e T2t (2.12)

For highly polydisperse systems, a weighted distribution of the decay
rates has to be taken into account, leading to the following equation for the
autocorrelation function (Eq.2.13):

gt(r) = JmW(F)e‘FTdF (2.13)
0

where W(I') is the intensity-weighted distribution of the scattering objects. The
Laplace inversion of the autocorrelation function allows to determine the
intensity-weighted distribution of the scattering objects (CONTIN algorithm).

25



Materials and Methods

Finally — to avoid the multiple scattering phenomena — a dilution of the
sample (especially if this is milk-like at the beginning) is necessary. Moreover, if
nanoparticles interact with each other, the diffusion coefficient will be affected
in different ways depending on the nature (attractive or repulsive) of the
interactions, and the real hydrodynamic diameter related to the single colloidal
system can be hardly extracted.

In this project, DLS was used to determine the average particle
dimension in a colloidal dispersion of cubosomes or magnetocubosomes. Their
dimensions were also estimated as a function of the temperature, scanning
between 25-50 °Cincreasing of 5 °C each step. The hydrodynamic diameters (Dy)
of colloids analyzed during this PhD were calculated from the diffusion
coefficients through the Stokes-Einstein equation (Eq. 2.10)

2.4 Rheology

Rheology studies the flow and deformation of matter. Theoretical
aspects of rheology focus on the relation of the flow and deformation behavior
of a material within its internal structure. By studying the relationship between
stress (force) and strain (deformation) or strain rate (flow) in a material, it is
possible to learn about the internal structure of the material. Elastic, viscous, or
plastic behavior can be detected and measured by performing rheological
measurements.1%%

***Rheometers can carry out both transient and dynamic experiments
but this thesis will focus on the dynamic ones. In this type of experiments, an
oscillating stress (or strain) is applied, and the corresponding oscillating strain
(or stress) is observed. Dynamic methods are used to learn about the viscoelastic
properties of the material, by measuring the amplitude and phase shift of the
strain after a stress was applied. The amplitude of the applied stress in the region
of interest is usually very small. The region of interest is where the
proportionality between the stress and the strain is constant, which is called the
“linear viscoelastic region” (LVR). Usually, the rheological properties of a
viscoelastic material are independent on strain up to a critical strain level
(Amplitude Sweep Test). Beyond this critical strain level, the material’s behavior
is non-linear, and the storage modulus declines. So, measuring the strain
amplitude dependence on the storage and loss moduli (G’, G”) is a good first step
taken in characterizing viscoelastic behavior: a strain sweep will establish the
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extent of the material’s linearity. The structure is intact below the critical value
and the material behaves solid-like with G’>G”, indicating that the material is
highly structured. Increasing the strain above the critical strain disrupts the
network structure. The product of critical strain and complex modulus G* is a
good indication of the materials yield stress, and correlates well with the yield
stress determined from the viscosity maximum obtained in a stress ramp.

After the fluid’s LVR has been defined by a strain sweep, its structure can
be further characterized using a frequency sweep at a strain below the critical
strain. This provides more information about the effect of colloidal forces, the
interactions among particles or droplets. In a frequency sweep, measurements
are made over a range of oscillation frequencies at a constant oscillation
amplitude and temperature. Below the critical strain, the elastic modulus G’ is
often nearly independent on frequency, as would be expected from a structured
or solid-like material. The more frequency dependent the elastic modulus is, the
more fluid-like is the material.

' Optical encoder

-— Air bearing

Motor

~<— Shaft

Geometry

_<—— Sample

Peltier Plate
Figure 9 Schematic diagram of a stress-controlled rheometer main unit.

Reprinted with permission from reference'***.

A schematic diagram of a rheometer is reported in Fig.9. All rheology tests were
performed using a Physica-Paar UDS 200 rheometer, equipped with a plate-plate
geometry measuring system (diameter of the upper plate 20 mm, measuring
gap: 200 mm). The temperature was controlled with a Peltier device. All the
oscillatory measurements were performed within the linear viscoelastic range (1
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Hz about the amplitude sweep curves). For all the measurements, once the
samples were deposited on the surface of the measuring plate, a delay time of
10 min was set in order to ensure the complete equilibration of the sample; in
that way no loading effect was observed for all the investigated samples. In order
to minimize the evaporation of water, silicone oil was applied to the rim of the
samples when temperature was varied in 25-50 °C. The instrumental setups for
the rheology tests are the following:

e Frequency sweep test: frequency range 100-0.001 Hz; amplitude 0.1%

strain;
o Amplitude sweep test: strain % from 0.001% to 10%,; frequency 1 Hz.

2.5 In-vitro test experiments

2.5.1 Cell Culture
Colorectal adenocarcinoma cancer cells HT29 were purchased from

European Collection of Cell Culture (ECACC). Cells were routinely cultured in
Dulbecco's Modified Eagle's Medium (DMEM) — high glucose (4500mg/L)
supplemented with 2 mM glutamine, with penicillin (100 U/mL) and
streptomycin (100 pug/mL), and with 10% fetal bovine serum (FBS, Euroclone).
Cells were incubated at 37 °C in a humidified atmosphere of 5% CO»- 95% air.
2.5.2 Cubosomes internalization assay

1x10* colorectal adenocarcinoma cells HT29 were plated and 24 hours
later were treated with culture medium in presence or absence of different
concentrations (0.6 pg/mL, 6 pg/mL, and 60 pg/mL) of octadecyl-rhodamine
conjugated cubosomes loaded with 190 pL SPIONs. Cells were incubated 2, 20
and 40 minutes at 37°Cin humidified 5% CO atmosphere and then were washed
with PBS 1x and imaged with a Leica AM 6000 microscope equipped with a
DFC350FX camera and 40x 0.60NA air objective. All images were equally

adjusted for display purposes using Fiji-Image J smart LUT.[*%%

2.5.3 Incubation with Cubosomes and SPIONs-loaded Cubosomes

2x10° cells for each condition were incubated in suspension with
different concentration (0.6 pg/mL, 6 pg/mL, and 60 pg/mL) of cubosomes,
magnetocubosomes (NPs-cubo) and magnetohexosomes (NPs-hexo), for 40
minutes at 37 °C and 5% CO; to allow the internalization of the colloids.
In order to evaluate their toxicity, the same volume of each suspension
(corresponding to 2X10* cells of control) has been seeded in MW96 in triplicates
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for 48 hours and cell viability has been assayed. Otherwise, in order to evaluate
the effect of the AMF, cells were exposed to the alternate magnetic field for 30
minutes after the internalization.

2.5.4 Cell viability assay

5mM MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(Sigma) was added to cells and incubated for 1h at 37 °C. Cells were suspended
in 200 pL of dimethyl sulfoxide: the measuring wavelength of measuring was 595
nm.

2.6 Alternating Magnetic Field (AMF)

The magnetic properties of the NPs and bulk phases in absence or in
presence of SPIONs were measured using a Quantum Design MPMS SQUID
magnetometer. The field was always applied parallel to the pellet plane. The
Zero Field Cooled/Field Cooled (ZFC/FC) procedure was performed applying a 5
mT probe field.The magnetization versus temperature measurements were
performed in zero-field-cooled (ZFC) condition with a 10 mT probe field.

A sinusoidal field was generated in the gap of a broken toroidal magnet
carrying a solenoid through which an altermatic electric current (AC) from a tone
generator was led. Samples to be treated with LF-AMF (6 kHz) were placed in the
middle of the gap within 1 cm quartz cells. Details about the intensity of the
magnetic field at different positions are given in Figure 10.

*A =270 mT

*B=~B'~ 100 mT

| +C=C"=280mT

& +D=D'=D"~D"=330mT
10V;8A
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Figure 10 Broken toroidal solenoid to generate low frequency Alternating
Magnetic Field (LF-AMF). Magnetic field values at different positions of the
broken toroidal magnet used to apply the LFF-AMF. Magnetic field values were
measured by means of a GM-07 Gaussmeter (HIRST Magnetic Instruments Ltd,
UK).
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2.7 Laser Scanning Confocal Microscopy (LSCM)

Laser scanning confocal microscopy (LSCM) has become an invaluable
tool for a wide range of investigations in the biological and medical science, for
imaging thin optical sections in living and fixed specimens ranging in thickness
up to 100 mm. LCSM is a technique able to catch image with high-resolution and
depth selectivity; the key feature is its ability to acquire in-focus images from a
selected depth, allowing a 3D reconstructions of topologically complex objects.
In a conventionally light microscope, object-to-image transformation takes place
simultaneously and parallel for all object points. By contrast, the specimen in
LSCM is irradiated in a point-wise fashion — i.e., serially — and the physical
interaction between the laser light and the irradiated specimen detail (e.g.,
fluorescence) is measured point by point. It is necessary to guide the laser beam
— a process known as scanning — to obtain information about the entire
specimen. To obtain images of microscopic resolution from an LSCM, a computer
and dedicated software are essential. A schematic presentation of an LSCM is
shown in Figure 11.
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Figure 11 Confocal microscopy geometry. Source Olympus Microscopy Resource
Centre.

Specimen/

Coherent light emitted by the laser system (excitation source) passes through a
pinhole aperture which is situated in a conjugate plane (confocal) with a
scanning point on the specimen and a second pinhole aperture positioned in
front of the detector (a photomultiplier tube). As the laser is reflected by the
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dichromatic mirror and scanned across the specimen in a defined focal plane,
secondary fluorescence emitted from points on the specimen (in the same focal
plane) passes back through the dichromatic mirror and is focused as the confocal
point at the detector pinhole aperture. Only a small fraction of the out-of-focus
fluorescence is delivered through the pinhole aperture. Most of the extraneous
light is not detected by the photomultiplier and does not contribute to the
resulting image. The objective refocused in a confocal microscope shifts the
excitation and emission points on the specimen to a new plane that becomes
confocal with the pinhole apertures of the light source and detector. With LSCM
it is possible to exclusively image a thin optical slice out of thick specimen
(typically, up to 1 um), a method known as optical sectioning. Under suitable
conditions, the thickness (Z dimension) of such a slice may be less than 500 nm.
Therefore, a LSCM can be used to advantage, especially where thick specimens
(such as biological cells in tissue) have to be examined by fluorescence. The
possibility of optical sectioning eliminates the drawback attached to the
observation of such specimens by a single plane (or slice) of a thick specimen in
good contrast, and optical sectioning allows a significant number of slices to be
cut and recorded at different planes of controlled increments. The result is a 3D
data set, which provides information about the spatial structure of the object.
The quality and accuracy of this information depend on the slice thickness and
the spacing between slices.

The experiments were carried out with a Leica TCS SP2 (Leica Microsystems
GmbH, Wetzlar, Germany) equipped with a 63x water immersion objective
instrument by using argon-ion (488 nm), DPSS (561 nm) and HeNe (633 nm)
lasers.

2.8 Fluorescence Correlation Spectroscopy
(FCS)

Fluorescence Correlation Spectroscopy (FCS) is a technique which collects the
fluctuation of the emission intensity of fluorophore probes in a confocal volume.
The time-dependent fluctuation pattern allows to extract the correlation
function of fluorescent probes. The experimental setup is shown in Figure 12.

A high numerical aperture microscope objective (typically water or oil
immersion) is used to focus the laser beam to a different limited spot into the
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sample. The same objective collects the fluorescent light. After passing through
the dichroic mirror and an emission filter, the emitted light impacts onto a
confocal pinhole, blocking the fluorescent light not originating from the focal
region. Thus, a small observation volume V (below 1 um?) is created. The
detection is performed by a fast and sensitive detector, typically a single photon
counting avalanche photodiode (APD).1*%!
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Figure 12 Schematic representation of a typical confocal FCS setup and its
principles of operation. Reprinted with permission from reference*®*,

The temporal fluctuations in the detected fluorescence intensity, caused
by the diffusion of the fluorescent species inside and outside the observation
volume, are recorded and analyzed through their autocorrelation function
(Eq.2.13):

(SF(£)SF(t + 1))
(F(©))?

G(1) = (2.13)

where the intensity temporal fluctuations are evaluated by comparison of the
signal obtained at the time t with the signal at time t+1. The case of a 3D (z=3)
normal diffusion (a=1) with a 3D Gaussian volume shape, can be described by
the ACF expression as:
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1

G(z) = %(1 + %r (1 + SZTTD) 2 (214

where s is the aspect ratio of the detection volume and is connected to the
experimental setup, and N and 7 contain information on the sample. N is the
average number of particles in the effective detection volume T, = u3 /4D, with
D the diffusion coefficient of the probe. The potentially accurate evaluation of
these parameters — with nM concentration range of the fluorophore — makes
FCS an almost single-molecule technique with spatially resolved
diffusion/concentration measurements. Moreover, physical or chemical process
producing fluorescence fluctuations inside the observation volume, due to a
change in fluorescence quantum efficiency can be investigated through FCS, to
obtain information on the kinetics of these processes and the corresponding rate
constants. Finally, FCS allows the specific investigation of selected phenomena
within complex environments, thus making it interesting for the study of a host
of processes related to biologically relevant systems. FCS measurements were
conducted with an ISS instrument (ISS, Inc., 1602 Newton Drive Champaign, IL,
USA), equipped with two APD with 500-530 nm and 607-683 nm BP.

2.9 UV-Vis Spectroscopy

UV-Vis measurements were performed on UV-Cary 3500 Agilent
Technologies, which allows data collection in the range 190-1100 nm wavelength
with different available bandwidths that can be selected between 0.1 and 5.0
nm at 0.01 nm intervals: the light spot on the sample is 1.5 mm. The instrument
presents a Xenon flash lamp, double out-of-plane Littrow monochromator for
fast data collection. There are eight cuvette position with eight detectors
collecting the light signal which arrive on the sample at 1.5 cm from the bottom
of the cuvette. It presents a magnetic stirrer able to mix the solution in cuvette
with the appropriate stir bar.

To perform these measurements, we built-up a home-made modified
plastic flask where a plastic ring was tied to the top of cuvette leaving the
mesophase infusing into the buffer until the reaction was complete. Moreover,
in order to homogenize the reaction solution, the buffer was stirred with cuvette
stirrer bars during all the time of the experiments.
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3

Results and Discussion

Part |

3.1 Inclusion of NPs in Non-Lamellar lipid
membrane (Paper |, 11, 1ll)

The inclusion of nanoparticles in lipid mesophases allows building up
new functional materials, characterized by modified physico-chemical
properties with respect to the neat lipid assemblies, both in terms of structure
and responsivity upon external stimuli. Hydrophobic Fe3O4 nanoparticles were
synthesized in hexane, with oleic acid and oleylamine as capping agents; the
analysis of the dispersion through SAXS and ICP-AES confirmed the size around
3-4 nm, and a concentration of 6.22 mg/mL Fes0,. The diffraction patterns
collected through the SAXS, with increasing NPs concentration loaded in MO
mesophases, allowed to determine the structural effects of SPIONs on MO phase
diagram (as reported in Papers | and Il attached). If the temperature is kept fixed
at 25 °C, the diamond cubic structure of the lipid mesophase is preserved while
increasing the concentration of nanoparticles, until a threshold limit value over
which a phase transition from cubic to hexagonal arrangement can be detected
(Figure 13). However, even for lower nanoparticles concentration than the
threshold value, the Bragg peaks of MO Pn3m cubic phase assembled with
SPIONs are shifted to higher q vectors, which is attributable to a shrinking of the
water channels promoted by the hindrance of the nanoparticles included in the
bilayer. MO/SPIONs phase behavior can be rationalized taking into account the
frustration packing energy and free energy of elastic curvature of the lipid
bilayer. Since the diamond cubic structure presents a lower frustration packing
than the hexagonal phase (which are the two structures involved during this
process) and a higher elastic curvature energy, at 25 °C the detectable structure
is the diamond cubic phase. When nanoparticles localize into the bilayer — due
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to the hindrance of spherical shape between two leaflets — the frustration
packing energy increases proportionally to the concentration of SPIONs. In my
hypothesis, this increased energy of the Pn3m mesophase is higher than Hy;
indeed, the packing energy of H; with nanoparticles embedded in the
hydrophobic region should decrease this term, promoting a transition to a
mesophase with higher negative curvature.
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Figure 13 Small angle X-ray scattering patterns of cubic mesophases doped with
increasing amounts of SPIONs at 25 °C, up to the maximum hydration level.
Reprinted from reference®.

If the concentration of SPIONs loaded in the LCs is kept fixed, the effect
of temperature increase on MO/SPIONs assemblies is similar as previously
discussed, i.e, a cubic-hexagonal phase transition in the range 25-50 °C. Actually,
as we can see from Figure 14, there is a coexistence region where both Pn3m
and H, phase can be detected. However, by increasing the concentration of
SPIONs, the phase transition temperature decreases. This effect could be of
relevance in biomedical field applications, for instance in, drug-delivery, in order
to tune the cubic to hexagonal transition temperature with respect to the body
one. Moreover, as it can be calculated by the equation reported in the Chapter
2 (Eq.2.6 related to the topology of the interface), the water volume fraction in
each mesophase can be estimated, since the structure and the hydrophobic
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chain length are known. Since cubic structures loaded with SPIONs are less
hydrated than the pure MO/water systems, the water released during the cubic
to hexagonal phase transition is around 50%, with respect to the MO/water
systems where the volume fraction decrease is 25%: MO/water systems loaded
with SPIONs can, therefore, behave like a sponge, releasing a high amount of
water upon phase transition.
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Figure 14 Phase diagram mapped through small angle X-ray scattering of
MO/SPIONs assemblies as function of temperature into the range 25-50 °C and
SPIONs %w/w. Reprinted from reference®®®.

Focusing on MO/SPIONs system, a Pn3m-H, transition is shown by
increasing the temperature as reported in Figure 15.
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Figure 15 SAXS curves of MO/Water mesophase (a) and MO/SPIONs/water
mesophase (b) into the range 25-50 °C. Reprinted from reference®®.
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To provide an overall theoretical rationalization for the Pn3m-H, phase
transition induced by SPIONs insertion, together with temperature variation, a
combination of both energies of elastic curvature and frustration packing should
be considered (par.1.3 Chapterl). Whereas the free energy describing the
arrangement of the bilayer can be expressed as a linear combination of free
energy of elastic curvature and frustration packing energy, the energy variation
involved in the phase transition can be expressed as follows:

Ag:y = 9H; — 9pn3m = (gc + gp)H" - (gc + gp)Pn3m = Ag. +Agp 3.1)

However, the free energy variation describing a spontaneous process
should be negative. For this reason:

Agr =Ag. +Ag, <0 (3.2)

Considering the Egs. 1.4to 1.7, and taking into account that an H, phase
has Gaussian curvature K=0 that the mean curvature is H=0 for Pn3m at the mid-
plane, the free energy of elastic curvature for the hexagonal and for the cubic
phase can be written as follows:

gc(Hy) = 4xH?  (3.3)
gc(Pn3m) = 2(k; — 2Hpkl.)K  (3.4)

Combining Egs. 3.3 and 3.4, the variation of elastic curvature can be
written:

Age = gc(Hy) — gc(Pn3m) = 4xH? — 2(kg — 2Hokl )K  (3.5)

Finally, combining Eqgs. 3.2 and 3.5 the free energy of elastic curvature
becomes:

A K
97 1 4h? < 2K (<2 - 2H,lc)  (36)
K K
One should consider that k,kc and Ho decrease if the temperature
increases: k and kg are related to the membrane elasticity, while Ho depends on
the molecular geometry. Therefore, ultimately, the prevalence of a H, or a Pn3m

phase depends on the balance between these two contributions: Ho and k¢/x. In
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the neat MO binary system, the Pn3m-H, transition takes place around 90 °C. In
the presence of SPIONs, as already discussed, an overall increase of the
spontaneous curvature occurs — also at room temperature — determining an
overall decrease of Agp, thus decreasing the minimum value of free energy of
elastic curvature necessary to observe the phase transition. Thus, the presence
of the SPIONs affects the thermotropic behavior of the MO liquid crystalline
phase, influencing both the free energy of elastic curvature and the free energy
of packing frustration. Overall, these energetic considerations are useful to
highlight the potential of MO/NPs systems. Thermotropism can be finely tuned
through SPIONs content in lipid structure, considering that magnetic
nanoparticles affect both packing frustration and elastic curvature’s free

energies.
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Figure 16 SAXS of Phyt/H,O mesophases as the concentration (1x10°, 2x107°, x
10° NPs per Phyt molecule) of (a) SPIONs and (b) AuNPs increases, compared to
the SAXS profile of Phyt/H,0 in the absence of NPs (blue dashed line) and with
the spectra measured for a dry film of (a) SPIONs and (b) AuNPs (dashed red

lines). Reprinted from reference *°.

At this point, it appears necessary to understand whether the Pn3m-H
transition observed for the combination MO/SPIONs is a more general
phenomenon or if it is related to the chemical composition of nanoparticles. As
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reported in paper Il, phytantriol is a polymorphic amphiphile similarly to MO,
and it is able to self-assemble in cubic mesophase: the study of the phase
behavior of cubic mesophases loaded with hydrophobic nanoparticles was thus
extended to phytantriol as the building block of the cubic mesophase in water,
and gold nanoparticles capped with a thiol were used as hydrophobic
nanoparticles (diameter of AuNPs: 3.0 nm).

As shown in Figure 16, comparing phytantriol/water cubic phase
assembled with gold and iron oxide nanoparticles, the increased NPs amount
promotes the same transition. Since the dimensions are quite similar and the
number of NPs encapsulated in the lipid membrane are the same, the slight
differences between the two systems can be ascribed to the difference in the
volume fraction of nanoparticles added to the cubic mesophase. The addition
of increasing amounts of both SPIONs and AuNPs results in a precise
modification of the mesostructure. Even small amounts of NPs (1x10° NPs/Phyt)
cause the appearance of an additional peak in the SAXS profile: broad and
centered at 0.18 A1 for AuNPs, more intense and centered at 0.06 A for SPIONS.
These peaks are present for all Phyt/NPs SAXS profiles (see Fig. 16a, 16b),
without any significant shift of the maximum, irrespectively of the amounts of
NPs. To gain more insight into this effect, we recorded SAXS profiles of dry NPs
films. The dry AuNPs film exhibits a broad peak, centered at 0.18 A, which
perfectly matches the g-value of the extra-peak in the mixed mesophase. The
SAXS profile of dry SPIONSs is characterized by an intense peak (centered at 0.07
A1), which is slightly shifted to higher scattering vectors if compared to the extra
peak in the corresponding mixed mesophase. The peaks observed for the dry
films can be interpreted as arising from interparticle correlations, thereby
ascribing the extra-peaks in the composite samples to a partial clusterization of
NPs along the grain boundaries of the polycrystalline mesophases, as previously
shown for similar systems in other studies.l?®3>151061 The difference in the
correlation length of SPIONs and AuNPs in the dry film might be related either to
the core differences or to the slightly different hydrophobic coating of NPs,
which might lead to a different arrangement of the alkyl chains between
neighboring NPs. The shift of the correlation peak from 0.07 A™* (dry film) to 0.06
A1 (NPs inside Phyt) observed for SPIONs — corresponding to a variation in the
NP-NP correlation distance from 8.90 to 10.5 nm — hints at the coexistence of
SPIONs at the grain boundaries with particles effectively embedded in the
mesophase. The same effect is more evident for AuNPs than SPIONs, where an
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additional correlation peak at 0.097 A is detected, which can be unambiguously
attributed to AuNPs embedded inside the lipid architecture. Interestingly, the
estimated correlation distance (6.5 nm) closely matches the nanometric
organization of the mesophase. Figure 17 displays the profiles of the binary
Phyt/H,O system in excess water, which shows the characteristic Pn3m-H;
transition at 50 °C, in full agreement with previous work on the effects of SPIONs
on MO/water phase behavior.1**
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Figure 17 SAXS profiles of Phyt/H,O mesophases in the absence (a) and in the
presence of (b, ¢) 1x10” NPs ((b) SPIONs and (c) AuNPs) per Phyt molecule at 25
°C (blue curves), 35 °C (green curves) and 50 °C (red curves); the Miller indexes
assignments (hkl) of the Pn3m and hexagonal phase are also reported. Reprinted
from reference “°.,

Upon loading phyt/water mesophases with the same number of SPIONs
and AuNPs (Fig. 17b and 17c, respectively), the Pn3m phase persists at room
temperature (blue curves). A temperature increase to 35 °C partially promotes
the phase transition to the hexagonal phase, both for SPIONs (more pronounced)
and for AuNPs (Fig. 17b, c green curves). Therefore, the Pn3m-H, transition can
be induced both by increasing the amounts of NPs and — at a fixed amount of
NPs — by raising the temperature to a value which is considerably lower than the
transition temperature of the binary phase. The correlation peak, observed for
higher NPs concentrations (see Fig. 16), also appears increasing the temperature
in the sample with the lower amount of nanoparticles (Fig. 17c). This effect might
be related to a reorganization of the NPs that, at higher temperature, are
characterized by higher mobility inside the mesophase. Nevertheless, these
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results further prove that this behavior is not explicitly related to a defined lipid
molecule or NP kind, but to a general phenomenon. Besides, in this description
the nature of the NPs core does not show a significant impact.

3.2 Viscoelastic properties of non-lamellar lipid
membranes (Paper Il)

Rheological experiments allowed investigating the viscoelastic
properties of the hybrid materials described, from a structural point of view, in

paragraph 3.1.
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Figure 18 Amplitude sweep analysis performed at 1 Hz and 25 °C for: (a,c)
Phyt/H,0 Pn3m mesophases with 1x10° NPs/Phyt molecule (red markers) or
without (blue markers) SPIONs (a) and AuNPs (c); (b,d) rheological tests
performed on H; mesophases with 2x10° NPs/Phyt molecules (light blue
markers) and 4x10° NPs/Phyt molecules SPIONs (b) and AuNPs (d). Reprinted
from reference “°.,

Figure 18 shows the amplitude sweep measurements. The storage
modulus G’ and the loss modulus G” of the different liquid crystalline
mesophases are displayed as a function of the applied strain. The curves
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measured for the hybrid Pn3m mesophases doped with low amounts of
nanoparticles (red markers, SPIONs in Fig. 18a, AuNPs in Fig. 18c) are compared
to those measured for Phyt/H,0 in the absence of NPs (blue markers).

Figures 18b,d show the profiles measured for hybrid Hy mesophases
doped with increasing amounts of NPs. Different structural arrangements of
liquid crystalline mesophases present a markedly diverse rheological
response.['971%! Accordingly, the inclusion of NPs (both SPIONs and AuNPs) in
the Phyt/H,O cubic mesophase — which induces a cubic-to-hexagonal phase
transition —is associated with a striking variation in the rheological behavior. As
a matter of fact, for the pure Phyt assembly and with Phyt/NPs loading, the
amplitude sweep curve (Fig. 183, c) is characterized by the typical behavior of a
3D isotropic network, with no preferential directionality: after an initial increase
for low strain values, it reaches a maximum — above which a strain increase
causes the disruption of the network — resulting in the decrease of both G’ and
G”. The 1D-directional nature of the hexagonal phase, whose domains can align
along the shear direction,*%! determines a monotonic decrease of both moduli
with the increasing strain (Fig. 18b,d).

In summary, the arrangement of the lipid scaffold appears as the main
factor affecting the rheological behavior, as inferred from amplitude sweep
measurements. Within the same structural arrangement (Pn3m or Hy),
increasing the NPs number density does not have significant effects.
Furthermore, the dependence of the storage and loss moduli of the material on
the frequency of the applied shear perturbation was investigated in the linear
viscoelastic regime (strain 0.1%, see Materials and Methods for details). Figure
19 reports the main results of frequency sweep tests. The results highlight a
different dependence of both G’ and G” on the frequency of the applied strain
for Pn3m (Fig. 19a,c) and Hy (Fig. 19b,d) mesophases. As a first observation, the
transition from Pn3m to Hy induces a decrease of G’, highlighting the lower
rigidity of the hexagonal phase,!**%! ascribable to the transition from a 3D-to-
1D geometry. The Pn3m mesophases (Fig. 19a,c) behave as a viscoelastic fluid:
for > . (with o, crossover frequency between G’ and G” curves), G’ is higher
than G”, which indicates a predominantly elastic behavior, while the viscous
character is dominant for m<®.. Concerning the H, mesophase (Fig. 19b, d), the
material shows a non-newtonian behavior, with G' higher than G" in the whole
range of investigated frequencies. Increasing the number of NPs does not
significantly affect the viscoelastic properties. Conversely, the inclusion of
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nanoparticles in a Pn3m mesophase significantly modifies the rheological
response. Although the trend described for the binary phase is preserved for
systems doped with SPIONs (Fig. 19a, red markers) and AuNPs (Fig. 19c, red
markers), the crossover frequency between G’ and G” is shifted to lower ®
values. This effect is more evident for SPIONs than for AuNPs, where the ®.value

is outside the available frequency range of the available rheometer.
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Figure 19 Frequency sweep curves measured at 25 °C for: (a,c) Phyt/H,0 Pn3m
mesophases in the absence (blue markers) and in presence (red markers) of 1x10°
> NPs/Phyt molecule (a) SPIONs and (c) AuNPs; (b,d) Phyt/H,O H;, mesophases in
presence of 2x10° NPs/Phyt molecule (light blue markers) and 4x10” NPs/Phyt
molecule (green markers) SPIONs (b) and AuNPs (d). Reprinted from reference

[40]

The . marks the transition from the rubbery plateau to the viscous
regime and corresponds to the longest relaxation time (tmax) Of the system, i.e.,
the longest characteristic time required to relax back to the equilibrium
configuration. According to the model proposed by Mezzenga et al.,!*?”1%! the
physical meaning of tmax can be attributed to the diffusion time of the lipid
molecules at the water-lipid interface. The tma value markedly increases in
presence of 1x10° NPs/Phyt, passing from 1 s to 10 s for AuNPs, and to >10 s for
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SPIONSs, accounting for a slower response of the material to the applied stress,
which is a clear sign of an enhanced solid-like behavior.

The frequency sweep curves were transformed in continuum relaxation
spectra through the following equation:

, ® (w1)?
G (a)) = GO +JO H(T)WT (37)
G”((l)) = GO +J0 H(T)m7 (38)

The results are shown in Figure 20. For the neat binary system, from a
physical point of view, the main relaxation term describing the system is the
diffusion time of lipid molecules to the water lipid interface. However, systems
loaded by NPs present a broadened relaxation mode distribution, and the
spectrum complexity increases indeed — for both kind of NPs — the main
relaxation mode splits into a multimodal distribution, suggesting a non-trivial
effect on the rheological properties of the lipid bilayer. This feature can be
interpreted in terms of coexistence of lipids freely diffusing at the lipid/water
interface, with a slower relaxation time ascribable to a hampered lipid diffusion
at the NPs’ surface.
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Figure 20 Viscoelastic relaxation spectra of Pn3m mesophases: Phyt/H,0 (blue
markers and line in both plots), Phyt/SPIONs (cyan markers and line in (a)), and

Phyt/AuNPs (cyan markers and line in (b)). Reprinted from reference

[40]
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Although the NPs diameters are comparable and the phase behavior
similar, the addition of SPIONs leads to a higher relaxation time value compared
to AuNPs, as the comparison between Fig. 20a and b highlights. This significant
effect can be related to the stiffening of the material originated at the nanoscale
level, where dipolar interactions between SPIONs inside the bilayer may
additionally hamper the free diffusion of lipids.

3.3 Cubosomes and magnetocubosomes
dispersions (Paper | and IV)

Pluronic F-127 is the most used block copolymer able to stabilize lipid-based
dispersed LCs. The PEO blocks interact with the water environment, while the
PPO block interacts with the lipid bilayer. According to dynamic light scattering
analysis, the measured average dimension of cubosomes wass around 200-250
nm, in agreement with the literature.”” However, since lipid bilayers interact
with F127, the structure of mesophases is slightly different from the bulk
mesophase. Indeed, investigation through SAXS allows to detect a primitive
cubic phase (Im3m) with higher hydration level and larger nanochannels (See
Paper | and IV).
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Figure 21 SAXS data of cubosomes (a) and magnetocubosomes (b) into the range
25-50 °C; data collected at the SAXS beamline at Elettra Synchrotron Radiation
Source Trieste, Italy. Reprinted from reference®™..
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The structure is preserved, into the range 25-50 °C. The addition of
SPIONs into the cubosomes affects the structure of dispersed liquid crystals
dramatically: the diamond mesophase coexists with the H, structure according
to the new curvature adopted by the lipid membrane including SPIONs. In
analogy to SAXS data showed in the previous paragraph on bulk cubic
mesophases, SPIONs leads to a more negative curvature of the lipid membrane
according to the increase (in absolute value) of the curvature Im3m-Pn3m-la3d-
Hi. It was estimated that the minimum amount of nanoparticles required to
cause a phase transition is in the range 0.26-0.3 mM SPIONs as showed in Paper
IV (supporting information) at the end of this thesis. Moreover, a single
cubosome should be a monocrystal structure (according to the Cryo-TEM images
reported in literature®>1%111)) ‘since no grain-boundaries are present. For that
reasons, nanoparticles are included into the bilayer and clusterization is possibile
into the membrane!*!2,

Magnetocubosomes
A in low gq range
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Figure 22 Low-q region of dispersed liquid crystals doped by SPIONs as a function
of the temperature. Reprinted from reference 3.

However, a quantitative analysis of the number of nanoparticles
included into the membrane is tricky since no Cryo-TEM images are available to
estimate that. Moreover, such task is complicated by the possibility of
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nanoparticles to clusterize externally to the membrane, remaining dispersed in
solution along with cubosomes. As a matter of fact, comparing the results of bulk
and dispersed LCs, the effect of NPs is remarkable, since the higher
surface/volume ratio of colloids (Figure 21).

The structural change — in analogy with bulk liquid crystals — shows a
transition to Hy mesophases. The variation of the lattice parameter as a function
of the temperature shows a steep decrease of d around 35 °C, near to the body
temperature. NPs adapt their spatial distribution to the structure of the lipid
scaffold: NPs included in the membranes change their relative position following
the scaffold transition. This effect is detectable modification through SAXS
profile.

The low-q region describing the NPs correlation progressively changes in
scalar law (as observed in a log/log plot of I(g) vs. q) with increasing temperature,
as highlighted in Figure 22. The scattering intensity for low-q vector values shows
a change of the scalar law beyond the Guiner region. A q* trend is related to
elongated structures: since NPs have a spherical shape, compatible with the
trend showed by the violet curve (25 °C), elongated structures are possible if
SPIONs assemble in a pearl-necklace like structure. This hypothesis is in
agreement with the one about frustration packing energy decrease as the NPs
concentration increases (See paragraph 3.1). Indeed, NPs included in Hy
structure, are probably located along the interstitial region of the cylindrical
array. At this point, SPIONs reorganization promotes a modification on the
magnetic properties of cubic mesophases, as reported in Paragraph 3.4.

3.4 Magnetotropism of bulk and dispersed
liquid crystals (Paper IV)

The magnetic features of bulk mesophases, assembled with SPIONs, has been
investigated by measuring the variation of magnetization (M) as a function of
temperature. In particular, the data of Pn3m and H, mesophases at 25 °C, are
compared and reported in Fig.23.
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Figure 23 The magnetization of cubic (a) and hexagonal (b) mesophases doped
with SPIONs was investigated in the range 20-47 °C. In (a) blue markers and line
show the magnetization of Pn3m structure before the phase transition, whilst
and green line and markers show the same experiment performed on the sample
after the phase transition. In (b) the curve describing the magnetic behavior of
hexagonal mesophases is reported, where no phase transition can be detected.
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The magnetization of uncoated SPIONs has been recorded at 10 Oe and
the in the range 20-47 °C,
superparamagnetic nanoparticles in agreement to the Curie Law. Figure 23

results show a linear decay typical of
shows the M vs. T profile for 0.26 mM SPIONs (green and blue line and markers)
and 0.39 mM SPIONs (red line and markers). First, a brief introduction on the
large number of interactions involved should be taken into account to discuss
these results. A change in magnetization can be detected with the nanoparticles’
spatial correlation variation: Van der Waals or electrostatic interactions, steric
repulsion, magnetic attraction/repulsion and the relative orientation of
magnetic dipoles,**® are the main forces involved to describe the system.
Considering hydrophobic nanoparticles entrapped in a highly viscous material,
the Brownian relaxation process is negligible with respect to the Néel’s one.
Moreover, the electrostatic and steric repulsion are negligible, due to the nature
of synthesized nanoparticles. Thus — according to the SAXS data of MO LCs —
where the phase behavior is affected by SPIONs, we can hypothesize a
reorganization of SPIONs locked in the bilayer, which follows the new wrapping
adopted by the membrane.

In the Pn3m cubic structure assembled with SPIONs (Figure 23a), the
magnetization follows a typical linear decay until 32 °C, over which a non-
monotonic variation of magnetic properties is detected from 35 °C on. Increasing
the temperature, the system shows a decrease with a linear trend up to 40 °C.
The temperature values are in agreement with T behavior of SAXS profiles,
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where (Figure 15b) SPIONs-loaded LCs promote a transition to an Hy array. Thus,
following the structural change of the lipid scaffold, NPs significantly deviate by
from the linear decay of uncoated SPIONs, due to their reorganization. Probably,
at 32 °C the thermal energy produces a decrease of the bilayer viscosity, which
allows the SPIONs diffusion into the membrane and a detectable deviation of M
vs. T. Moreover, with the chosen experimental setup (see Paper V), samples’
dehydration can be neglected in the time range of the experiments. After the
first thermal cycle, the same experiment was repeated (green markers and line,
Figure 23a), but no magnetic transition could be observed, thus highlighting the
existence of hysteresis. However, it should be noted that the green markers and
lines in Figure 23a follow the same scalar law of the system after the transition
in the 40-45 °C range. It is reasonable to assume that, since — as demonstrated
in previous work“?! — a prolonged recovery of the original Pn3m structure
(around 3-4 h) occurs. Therefore, in the second cycle the hexagonal structure is
preserved. To demonstrate that the magnetic variation is related to the Pn3m-
Hy transition, MO with 0.39 mM SPIONs was analyzed (see Figure 23b). The red
curve displays a typical linear decay with no magnetization deviation. This
suggests that the bump observed in Figure 23a can be associated to the lipid
phase transition which drives the supraorganization of SPIONSs.

In order to test the responsiveness of SPIONs/lipids assembly, the
following experiment was performed at the Synchrotron Radiation Source
Elettra (Trieste, Italy): an oscillating magnetic field was generated with a broken
toroidal solenoid, and the structural changes induced by the magnetic field were
investigated by means of SAXS (are shown in Figure 24).

It is well known that SPIONs are responsive to an alternating magnetic
field: their magnetic relaxation causes local heating and this has been used to
trigger the release from carriers such as liposomes?>141151  of
magnetocubosomes!*'®1”l of model drugs confined in the hydrophilic domains.
The structural effects of the AMF, monitored “live”, have been here investigated
on MO cubic bulk phase in the presence or in the absence of SPIONs (Fig. 24).
With a dedicated experimental setup (Paper | and IV) — as shown in Fig. 24a —the
AMF applied to GMO cubic phase (without SPIONs) does not induce structural
changes. However, a mild Joule Effect of the coil, producing an overall minor shift
(~4.4 x 10° A) of the Bragg reflections, is observed, consistent with a
temperature increase of 0.6 °C.
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Conversely, when SPIONs-loaded Pn3m MO mesophases are exposed to the
same magnetic field (Fig. 24b), an extra peak appears, whose position agrees
with the first reflection of the H, phase. After 10 minutes’ application, the
intensity of the peak increases, even if no complete transition is observed.
Considering a non-complete phase transition and a negligible temperature,
measured on the reference sample, we can safely ascribe this extra peak as due
to a phase transition induced by the local heating effect of SPIONSs.
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Figure 24 SAXS curves of (a) GMO bulk cubic phase and (b) GMO bulk cubic phase
with 0.47% SPIONs monitored during 10 minutes of LF-AMF application at RT. (a)
A very mild shift of cubic phase Bragg peaks upon 10 minutes AMF application,
corresponding to a temperature increase of 0.6 °C; (b) the appearance of an
extra-peak at low q occur attributable to a H, phase proves the occurrence of a
Pn3m/H, phase transition. Reprinted from reference®®’.

This phase transition is preserved in the magneto-colloidal dispersion.
The experiments were performed on the ID02 beamline (ESRF, Grenoble,
France). In particular, a fan was used during the experiments to cool down the
temperature of the coil, so that the Joule effect of the magnetic field generator
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(see paper V for details) could be neglected. In this way, the hyperthermia shown
by SPIONs exposed to AMF, is the main term to consider during the investigation.
Figure 25 shows the results of in-situ SAXS experiments of cubosomes and
magnetocubosomes exposed to the oscillating magnetic field. As we can see in
Figure 25a, during the application of AMF no relevant shift for the Bragg
reflections of cubosomes can be observed. Moreover, the intensity of the peaks
— as in the case of cubosomes references (Figure 21a) — does not change whilst
increasing the temperature, thus suggesting that the temperature reached by
the coil is below 37 °C. The increase of the temperature is around 2°C, which can
be justified in terms of a weak coil Joule Effect. The experiments on
magnetocubosomes (Figure 25b) — performed in the same conditions as
cubosomes — show a different behavior.
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Figure 25 In situ SAXS experiments of cubosomes (a) and cubosomes assembled
with 0.26 mM SPIONs (b) under the alternating magnetic field of 4.22 kHz. Curves
were recorded every 30 seconds to control the hyperthermic effect of
nanoparticles. In (b) it is showed the transition to a hexagonal array of the

dispersion after 150 sec upon AMF (red curve).
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After 90 seconds of AMF applications, the first Bragg reflection starts to shift to
higher q values, together with an increase of the intensity of the first Bragg
hexagonal reflection. This latter peak becomes progressively higher at 120 secs,
and a decrease in the Pn3m reflexes is seen. Finally, a complete transition is
reached at 150 secs, and the diamond cubic structure almost disappears. The
evaluation of the lattice parameter allows us to estimate the temperature
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reached by the sample exposed to AMF after 150 secs, which is around 39 °C.
That value is not enough to induce a phase transition (heating the
magnetocubosomes sample; the transition is observed at 41-43 °C).

For this reason, we can conclude that with the experimental setup of
that measurements, no coil Joule effect is detectable — or it is negligible — and it
does not affect the results, suggesting that the leading term involved in the re-
arrangement of the bilayers is the hyperthermia of nanoparticles. Comparing the
induced transition in bulk and dispersed LCs, the time needed by bulk Pn3m
structure is around 10-15 minutes, while for cubosomes, after 3 minutes, a
complete transition is detectable. This is ascribable to the higher surface/volume
ratio of dispersed LCs, which gives rise to more “defects” in the structure where
the transition starts.

3.5 Interaction of dispersed LCs with cells
(Paper IV)

Some reports in the literature address the interaction of cubosomes with cell
membranes, and their ability to delivery chemotherapeutics for cellular
death.P1981181231 |n order to prove that cubosomes doped with SPIONs are
suitable candidates in drug-delivery, in-vitro test experiments were performed
on tumor cells. To the best of my knowledge, this was the first investigation
about the effects of LCDs combined with SPIONs on cells.

HT29 adenocarcinoma colorectal cells were used to test the
internalization of cubosomes. In order to determine the time of internalization,
1x10* HT29 cells were incubated in suspension with octadecyl-rhodamine B
conjugated cubosomes (0.01% mol with respect to the MO amount) at 0.6
pg/mL, 6 pg/mL, and 60 pg/mL at 37°C. The negligible amount of Octadecyl-
Rhodamine B does not modify the structure of cubosomes thus, the possibile
effects are ascribable to the cytotoxicity of the lipids and not related to the
structure. The internalization was evaluated through confocal microscopy,
detecting the fluorescence intensity of the internalized probe after different
interaction times: 2, 20 and 40 minutes. The maximum internalization was
reached after 40 minutes at the concentration of 60 pug/mL, see Figure 26. The
advantage of cubosomes, with respect to "free" hydrophobic drugs, can be
related to the low bioavailability in biological fluids of non-conjugated
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therapeutics. In fact, the enormous hydrophobic domain allows to efficiently
transport significant amounts of drugs (compared to the solubility of the active
molecules in bio-fluids) in a relatively short interaction time.

CNT

6 pg/ml

60 pg/ml

Figure 26 Confocal images of Octadecyl-Rhodamine B conjugated cubosomes
internalization in HT29 cells at 2, 20 and 40 minutes at different concentrations
(0.6 ug/ml, 6 ug/ml, and 60 ug/mil).

Moreover, it is known from the literature that cubosomes stabilized with
Pluronic F127 have the right size to present a typical enhanced permeability and
retention effect (EPR),*?422%! due to the PEO blocks of the copolymer, allowing
localization of dispersed liquid crystals in tumor tissues.

The toxicity of cubosomes, magnetocubosomes (0.26 mM SPIONs) and
magnetohexosomes (0.39 mM SPIONs) was evaluated by incubating 2x10° HT29
in suspension with 0.6 pg/mL, 6 pg/mL and 60 pg/mL of cubosomes, NPs-
cubosomes and NPs-hexosomes for 40 minutes at 37°C. After incubation, the
same volume of each suspension (corresponding to 2x10* cells of control) was
seeded in a cell plate for 48 hours. Cell viability was evaluated by the MTT assay
(Figure 27). Results suggest that these colloids can be internalized and that they
are not toxic for cells at such experimental conditions. Since the exposure of NPs-
cubosomes and NPs-hexosomes to an alternate magnetic field (AMF) should
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cause an increase of their temperature, HT29 cells were treated at the higher
dose (60 pg/ml) of cubosomes, NPs-cubosomes and NPs-hexosomes for 40
minutes and then they were exposed for 60 minutes to the AMF.
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Figure 27 Cell viability of HT29 treated with different concentration (0.6 ug/ml, 6
ug/ml, and 60 ug/ml) of cubosomes, magnetocubosomes and
magnetohexosomes.

The viability of HT29 cells, plated in MW96 as previously described
(based on control sample without AMF), was assayed after 48 hours in order to
evaluate if AMF could cause the death of treated cells. The graph (Figure 28)
does not show toxic effect in samples under AMF compared to samples without
AMEF.
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Figure 28 Cell viability of HT29 treated with cubosomes, magnetocubosomes and
magnetohexosomes at 60 ug/ml under the alternate magnetic field.
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These results demonstrate the complete biocompatibility of cubosomes,
NPs-cubosomes and NPs-hexosomes for their use on human cells in presence of
AMF. The absence of an hyperthermic effect, related to the supraparticles
organization of SPIONs embedded into the bilayer, during the interaction with
cells, could be related to different processes. First, the heat generated by SPIONs
upon AMF could be enough to reorganize the lipids, but to the phase transition
Pn3m-H; requires energy, thus the latent heat associated to the transition
decrease the efficiency of hyperthermia process. Moreover, fully in line with the

(12771311 cybosomes fuse with lipid membrane and, consequently, the

literature,
interaction provokes a disruption of the cubosomes’ structure and the pearl-
necklace organization of SPIONs. The result is a less efficient hyperthermia
behavior, not detectable with the experimental condition of the present

measurements.
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Part |l

3.6 Effects of additives on non-lamellar
mesophases (Paper V and VI)

3.6.1 Sucrose stearate on phytantriol assemblies
In order to determine the impact of sucrose stearate (SS) on the arrangement of

Phyt mesophases in excess water, we characterized the structure of Phyt/water
binary systems, including increasing amounts of SS at different temperatures.
Fig. 29 shows representative Small Angle X-ray Scattering (SAXS) curves of Phyt
cubic mesophases assembled with increasing concentrations of SS, namely 5%
(Fig. 29a), 10% (29b) and 15% (29c) measured at 25, 30, 35, 40, 45, 50 °C.
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Figure 29 SAXS curves of phytantriol assemblies with increasing concentration of
sucrose stearate (SS); (a) 5%, (b) 10%, (c) 15% SS, investigated into the range 25-

50 °C.

In excess water, phytantriol is characterized by a well-known phase
diagram ¢ reported in Figure 3b. The lattice parameters concerning the binary
system Phyt/H,O, reported in Table 2, highlight a known trend with increasing
temperature: an overall shrinkage of the lattice parameter, that is related to the
conformation of the amphiphile chains spreading away each other, increasing
the hydrophobic molecular portion. In terms of curvature of the lipid membrane,
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increasing the temperature, the spontaneous curvature of the leaflets becomes
more negative, leading to an overall shrinking of the lipid mesophase.”

Table 2: Lattice parameter d (&), diameter of water channels dy, (nm) and water
volume fraction ¢. of Phyt mesophases doped with increasing concentrations (5%
w/w, 10% w/w, 15% w/w,) of SS, measured and calculated at different temperatures
in the range T=25-50 °C.

No SS 5% SS 10% SS 15% SS
T . du . du . du . dw
) d(A)* (m ™ d(A) (nm) ™ d(A) (nm) ™ d(A) (nm) ™
25 e6*t1 23 021 72*#1 28 027 75*%1 3.0 030 1052 3.6  0.39
30 65*#1 22 020 70*#1 26 025 72*2 28 027 1031 34 038
35 e4*#1 22 019 67*1 24 022 71*2 27 026 992 32 035
40 63*#1 20 018 66*:1 23 021 69*1 26 024 74*2 29 0.9
45 482 19 016 66*:2 23 021 67*2 24 022 71%1 27  0.26
50 4051 12  0.094 64*+2 22 019 66*1 23 021 70%1 26 0.25

*Pn3m structure; § Hy structure; * Im3m structure;
#Phyt/water lattice parameters are reported here by referencel16]

The addition of the lowest and intermediate concentrations of SS to the
lipid scaffold (5% and 10% w/w SS) does not modify the Pn3m structure in the
(25-50 °C). However,
temperature, the lattice parameters of the liquid-crystalline phase are

whole temperature range investigated at each
progressively increased by the addition of sucrose stearate. Sugar esters localize
at the water-lipid interface, where they attract a higher amount of water
molecules into the nanochannels and determine an increase of the curvature of
the membrane, overall promoting a swelling of the lipid mesophase. This effect
is more pronounced for the sample containing 15% w/w SS: in this case, at 25 °C
the mesophase exhibit an Im3m spatial arrangement, characterized by a lower
curvature of the lipid membrane compared to the Pn3m. Interestingly, as the
addition of increasing amounts of SS and the temperature increase lead to
opposite effects (the former tends to decrease the localized curvature, while the
latter tends to increase it), at higher temperature (from 40 °C), the Phyt/SS/H,0
sample with 15% w/w SS undergoes a transition from Im3m to Pn3m (which is
the thermodynamically stable structure for a Phyt/H,O mesophase in the
absence of additives at low temperature). Thus, the effects of high additive
amount and high temperature are perfectly counterbalanced, and the lattice
parameter is similar to that observed for Phyt/H,0 binary system at 25 °C (see

Table 2).
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The values of the diameters of water nanochannels and the water
volume fraction, calculated through the equation reported in Chapter 2
paragraph 2.2, reflect the trend of the lattice parameters of the mesophase: for
instance, at 25 °C the diameter of water nanochannels is 2.2 nm for neat
Phyt/H,0 system, and it progressively increases to 2.8 nm for 5% w/w SS, to 3.0
nm for 10% w/w SS and, finally, to 3.6 nm for 15% w/w SS. On the other hand,
for each mesophase, the temperature increase yields a progressive shrinkage of
the water channels, determining a progressive water release from the
mesophase.

3.6.2 DOPG and tetradecane combined with MO assemblies
As discussed in the previous paragraphs, the MO assemblies can be modified

both with inorganic nanoparticles and with additives. This section will present
the inclusion of DOPG and tetradecane (TD) additive on the MO mesophases to
control the dimension of the channels. The swelling or shrinking effects will be
of relevance in order to study the diffusive properties of an hydrophilic
fluorophore embedded into the structure (see paragraph 3.7.2).

We evaluated the effect of the inclusion of increasing amounts of
tetradecane on the MO cubic mesophases in excess water at 25 °C, and the
results are shown in Figure 30. Notably, all the curves with an increased
concentration of TD show a shift to higher scattering vectors, suggesting a
decrease of a parameter in the direct space, i.e., the channels’ size. For relatively
low amounts of tetradecane, the diamond cubic structure is preserved.
However, above 10% w/w TD, a phase transition from cubic to hexagonal array
is observed, analogously to the inclusion of hydrophobic inorganic nanoparticles
showed in paragraph 3.1. This behavior can be fully explained in terms of
frustration packing energy, since the inclusion of a hydrophobic additive
produces a decrease of this energetic term, favoring the hexagonal array.
However, higher amounts of TD in the MO mesophases induce a phase transition
corresponding to the Fd3m structure, consisting of a micelles arranged in a cubic
lattice. The higher the amount of the oil, the higher the lattice disorder, since the
typical Bragg reflexes of Fd3m structure disappear (Figure 30), showing a broad
scattering curve positioned around 0.092 A, This value corresponds to a typical
dimension around 6.8 nm, which describes the average distance between
micelles dispersed in the oil environment. The existence of inverted micelles can
be justified considering the significant amount of oil molecules functioning as
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dispersant medium, while the MO surfactant separates water from oil in a
nanoscopic spherical micelles.
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Figure 30 (a) SAXS curves recordered at 25 °C at the maximum hydration level in
MO assemblies doped with increasing amounts of tetradecane additive: 0 % TD
(purple curve), 10% w/w (violet curve), 20% w/w (cyan curve), 30% w/w (green
curve), 40% (orange curve) and 50% w/w (red curve). (b) Linear fit of the Miller
indexes for each phase, used to calculate the lattice parameter of mesophases;
the sample containing 50% TD it is not shown since it is an inverted micellar

structure.
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In summary, the inclusion of TD, in agreement with some works reported
in literature,**! due to its hydrophobic nature, produces the shrinking of the
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water nanochannels, promoting the transition to structures with an increased
(in absolute value) membrane curvature.
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Figure 31 (a) SAXS curves recorded at 25 °C at the maximum hydration level in
MO assemblies doped with increasing amounts of DOPG additive: 0% w/w
(purple curve), 2% w/w (violet curve), 3% w/w (blue curve), 4% w/w (cyan curve),
5% w/w (light cyan curve), 10% w/w (green curve), 20% w/w (orange curve) and
30% w/w (red curve). (b) Linear Fit of the Miller indexes for each phase, used to
calculate the lattice parameter of mesophases.

In order to evaluate the effects of DOPG lipid on the MO bilayer, an
increasing amount of the additive was mixed with MO, and the structural
changes we investigated. While the TD molecules interact mainly with the
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hydrophobic chains of the bilayer, DOPG locates spontaneously to the interface:
its bulky polar headgroup causes an uptake of water into the channels,
analogously to the SS behavior described in the previous paragraph 3.6.1. The
effect of the inclusion of DOPG on the lipid bilayer is shown in Figure 31, where
— increasing the concentration of the amphiphilic additive — a shift to lower
scattering vectors is recorded. Oppositely to the TD effect, DOPG swells the lipid
bilayer; indeed, the relatively low DOPG amount (2-5% w/w) produces a swelling
effect on the Pn3m structure, promoting a transition from diamond to primitive
cubic assemblies. In agreement with the literature, the lamellar phases are
observed starting from 10% w/w DOPG, where both lamellar and Im3m
mesophases can be observed. The SAXS profiles, relative to the samples with
10% DOPG, show an intensity increase in the low g-region: since water excess
hydrates the dry lipid film, the broad contribution to the scattering intensity
describes a partial dispersion of MO/DOPG lipids in liposomes. Moreover, for the
samples with more than 10% DOPG, the lamellar Bragg reflex can be detected,
overlapped to the liposome’s contribution, indicating the coexistence of
liposomes and bulk multilayers. The high amount of DOPG (around 30%) in MO
assemblies produces a lamellar profile but, in this case, a different scattering
profile is observed; the curve seems to show more lamellar phases coexisting
with each other. Analogously to the TD effects, a higher amount of amphiphilic
additive produces an increase of the disorder of mesophases.

Some considerations should be made, concerning the MO/DOPG and
MO/TD systems. All concentrations in this paragraph are expressed as % w/w;
from Figure 31, a relatively low DOPG concentration produces a dramatical
effect on the bilayer morphology compared to the TD additive. The molecular
weight ratio between TD and DOPG is around 1:4; thus, the small DOPG
concentration corresponds to an exiguous number of molecules assembled with
MO. Therefore, DOPG imposes its curvature more than TD; tetradecane does not
assemble at the water-lipid interface, due to its no-surfactant nature.

After an initial evaluation of TD and DOPG effects, a mixture of MO with
both the additives allows to explore the ternary phase diagram, taking into
account that the system presents four components, considering water added in
excess.

All the results are reported in the ternary phase diagram and shown in
Figure 32. The L, region is the most extended for the investigated concentration
of the additives. The Im3m structure is observed in a small region of the phase
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diagram, analogously for the Pn3m. Thus, it seems that the bicontinuous
mesophases are stable in case of an insignificant perturbation of the bilayer. It is
evident that the possibility to control both the thickness and the water channel
size of bicontinuous phases is limited by the thermodynamical stability of the
structures, and these features of the mesophases cannot be modified in an
infinite range of possibilities in any case.

Ternary phase diagram 100%
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Figure 32 Ternary phase diagram of MO/DOPG/TD system showing the Pn3m
structure (violet region), Im3m (green region), Lamellar (red region), H, (blue
region), Fd3m (cyan region). The orange and yellow regions describe the
coexistence of lamellar/H;, and lamellar/Im3m structure. The white region
reported here, was out of the aim of the project.

s &
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3.7 Release and diffusive properties of
mesophases (Paper V and VI)

3.7.1 Effects on the enzymatic kinetic reaction
From the data displayed in paragraph 3.6.1, it appears that — by playing with the

additive amount — it is possible to finely tune the structural parameters of a Phyt
mesophase finely. The aim of this study is to include two model drugs of different
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size in the aqueous channels of the lipid mesophases: a small molecule (p-
nitrophenyl phosphate), which is the substrate for an enzymatic reaction, and
the alkaline phosphatase (AP) enzyme, to verify how they are released from the
lipid structure.

The AP converts the uncoloured substrate p-nitrophenyl phosphate to
p-nitrophenol (yellow-green product) in TRIS buffer at pH 7.5; the progressive
formation of the product was followed through UV-vis spectroscopy. The molar
extinction coefficients calculated from the Lambert-Beer plots of both the
reaction substrate and product are £=10186 L mol*cm™ and £=16349 L mol™*cm-
1 at 310 and 400 nm for p-nitrophenyl phosphate and p-nitrophenol,
respectively. To characterize the reaction in aqueous solution, in the absence of
the mesophase, we monitored the reaction kinetics at different substrate
concentrations (1x107, 2 x10, 4x107°, 5x10, 6x10° M) in the presence of 0.2
U/mL AP enzyme. The kinetics of formation of the enzymatic product were
followed with a UV-Vis spectrophotometer at 400 nm. The complete kinetics are
reported in Figure 33b, while the variation of the absorbance during the initial
step of the reaction (fromt =0to t = 30 s) is reported in Figure 33c.

Aiming to calculate the Michaelis-Menten constant and the maximum velocity
of reaction, we calculated the linear Lineweaver-Burk plot (Equation 3.9):

1 Ky+I[S Ky 1 1
1_Kut1Slo _ Ku + (3.9)
v Vmax [S]O Vmax [S]O Vmax

where v is the velocity of reaction during the initial step, [S]o the substrate
concentration, Ky the Michaelis-Menten constant and Vmax is the maximum
velocity of reaction. The plot is reported in Figure 33d. From these results, the
calculated Michaelis-Menten constant Ky and the Ve values are Ky=0.034 mM
and Vmax = 7.9x102 umol of product/min, respectively, which are slightly
different from the values reported in literature.*3? However, they are fully
explained taking into account the specific experimental conditions here adopted,
i.e., 25 °C instead of 37 °C, pH 7.5 instead of strong alkaline pH, the high
concentration of products with respect to the enzyme and the very low
concentration of metal ion (Zn?* or Mg?*).
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Figure 33 a) Scheme of the conversion of p-nitrophenyl phosphate into the green-
yellow product p-nitrophenol catalyzed by the enzyme Alkaline Phosphatase (AP)
in TRIS buffer at pH 7.5 of; (b) Enzymatic reaction varying the concentration of
substrate: 1x10° M (red), 2x10° M (green), 4x10° M (cyan), 5x10° M (yellow)
and 6x10° M (purple) with their linear fit (black bold lines). The fixed amount of
enzyme was 0.2 U/mL, and the reaction was followed with a UV-Vis
Spectrophotometer at A =400 nm during the initial step. (c) Linear fit (black solid
line) performed during the initial step of enzymatic reaction per each
concentration of substrate. (d) Lineweaver-Burk plot to extract the Michaelis-
Menten constant and the maximum velocity of the reaction. The error bars on
each point are smaller than the dimension of markers.

At this point, the impact of the confined p-nitrophenyl phosphate in the
aqueous channels of different sizes was investigated, and the results are
reported in Figure 34. The Phyt or Phyt/SS sample was hydrated with a proper
amount of p-nitrophenyl phosphate solution; the hydrated mesophase was
immersed in 2.5 mL of TRIS buffer solution with 0.2 U/mL AP enzyme in a UV-Vis
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cuvette, and the reaction was followed for 6 days. The concentration of the
substrate in the mesophase was chosen to reach a theoretical value of
absorbance A=1. Figure 34b shows the conversion of substrate into the product
by the AP enzyme dispersed in the surrounding TRIS buffer solution, while
Figures 34c-d show the substrate and the product absorbance profile during the
first 4 hours of enzymatic reaction. To observe product formation, two different
pathways for substrate/enzyme contact are possible: (i) the enzyme diffuses
inside the nanochannels and converts the substrate, the product leaves the
nanochannels; (ii) the substrate diffuses from the nanochannels to the external
medium and is then converted. The typical sizes of the enzyme (around 5 nm
diameter) and the substrate (around 0.8 nm) are significantly different and
should be compared to the sizes of the nanochannels.

From the data displayed in Figures 34c and 34d, it appears that over the
first 5 minutes a steep increase of p-nitrophenol absorbance is observed for all
systems (in the absence or the presence of increasing amounts of SS). This initial
effect can be probably attributed to a part of the substrate localized at the
interface of the lipid mesophase and the surrounding medium which freely
diffuses in the buffer. There, AP readily converts it to p-nitrophenol. Conversely,
for longer times, the increase in both p-nitrophenyl phosphate and p-
nitrophenol absorbance over time is slower, consistent with the conversion of
the substrate confined in the aqueous channels.

Therefore, we can expect that the substrate is locked but its diffusion
towards the surrounding medium (driven by a chemical potential imbalance) can
be differently hampered as a function of the size of the nanochannels
characterizing the mesophases with different SS amounts. As we can see in Fig.
34c, the kinetic profile at each concentration of SS shows that the reaction
proceeds slowly for the pure Phyt systems, and the rate of conversion gradually
increases with the addition of sucrose stearate to the cubic phase. This is fully in
line with the SAXS results. Several reports in the literature show that the
diffusion rate of molecular probes depends on the channel size.l'%5313]
Therefore, in the second reaction regime the diffusion of the substrate from the
nanochannels is the rate determining step.
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Figure 34 (a) Sketch of the substrate (white dots with light green line) released in
solution from cubic phase, converted by the enzyme Alkaline Phosphatase in TRIS
buffer solution and the conversion into the final product of reaction p-nitrophenol
(greed dots). Panel (b) reports the complete kinetic profiles after 6 days of
substrate release by mesophases and conversion by AP enzyme, recording the
signal at 400 nm: No SS (cyan markers), 5% SS (green markers), 10% SS (orange
markers) and 15% (purple markers). Panel (c) reports the increase of reaction
product during the first 4 h for the cubic mesophases: No SS (cyan markers), 5%
SS (green markers), 10% SS (orange markers) and 15% (purple markers). (d)
Substrate release profiles detected through UV-Vis spectrophotometer at 310 nm
during the first 4 h: No SS (empty cyan markers), 5% SS (empty green markers),
10% SS (orange empty markers) and 15% (purple empty markers).

Finally, if the whole reaction kinetics is considered, it is highlighted that,
despite the amount of p-nitrophenyl phosphate released and converted by the
enzyme being higher for the primitive cubic structure even after six days of
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reaction, the absorbance is significantly different than the expected theoretical
value, considering a complete release of the substrate. The origin of this
inconsistency could be related to two possible reasons. First, due to the domains
of liquid crystals not interconnected to each other and separated by grain
boundaries, a complete release of the substrate could be not observed.*
Secondly, the Alkaline Phosphatase enzymatic function is inhibited by the
presence of high concentrations of the enzymatic products p-nitrophenol. This
latter hypothesis is in agreement with the release profile of the substrate
followed for long times at 310 nm: as a matter of fact, it appears that the
substrate concentration in solution keeps increasing (due to its continuous
release from the cubic phase), without being mirrored by the same trend of the
product (monitored at 400 nm). However, for relatively short times, it appears
that the rate-determining step of the reaction kinetics can be attributed to the
release of the substrate to the reaction environment, while its conversion is a
relatively fast process.

The diffusion is controlled, with a good approximation, by the size of
water channel, which is dependent on the SS amount: the Phyt/SS/H,O mixed
mesophases can be therefore of interest in the biomedical field as DDs vehicles
to release continuously active molecules in a structurally controlled manner. As
an example, while the binary mixture Phyt/water presents an initial velocity of
product formation around 3.78x10* mmol/min, and the maximum absorbance
is reached after 3 days, in the case of the ternary matrix the release can be
accelerated up to 2 days with the higher amount of SS tested, where the initial
velocity is enhanced to 8.56x10* mmol/min. More in general, the initial velocity
of substrate conversion, when it is confined into the mesophases, is decreased
by 2 orders of magnitude compared to the substrate freely diffusing in buffer
solution (see Table 3).

An interesting application of cubic mesophases is their use for the
delivery of macromolecules, such as proteins,#-134135 or also as biosensing and
biocatalytic fuel cells.*3>136139 |n particular, due to the peculiar structure of
these liquid-crystalline mesophases, it is possible to identify the existence of
cages and necks, allowing hosting and retaining proteins to better control their
release/diffusion. On the other hand, the mesophases affect the enzymatic
activity;!*>® the confinement of horseradish peroxidase dramatically affects its
activity, both in its decreased ability to transform the substrate and in terms of
deviation from the Michaelis-Menten behaviour. Moreover, the confinement in
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the water channels slows down the diffusion of the protein molecules in the
structure and their crystallization.**” For that reason, the enzymatic kinetics are
more complicated due to the poorly understood main factors which promote
this phenomenon. &

Table 3: Rate of reactions expressed in mmol/min of converted
substrate and channels size (nm). Data obtained from the release
of substrate converted by the AP enzyme in buffer solution.

Samples Rate (mmol/min) Channels Size
(nm)
Solution 1.180x1072 (+6x10°) /

Phyt 3.78x10* (£3x10%) 2.3
Phyt/5% SS 5.3x10* (+1x10°) 2.8
Phyt/10% SS 5.5x10* (+1x107) 3.0
Phyt/15% SS 8.56x10 (+3x10°) 3.6

The inclusion of the AP enzyme in the Phyt/H,O mesophase was
investigated in the absence and in the presence of SS, to monitor the effect of
the confinement on the enzymatic reaction. As previously mentioned,** the
dimension of the enzyme is around 5 nm. Considering a partial distribution of
the enzyme between the leaflet facing the water environment and the
nanochannels of the cubic mesophases, the encapsulation of the protein could
be reached. However, we can probably expect that, in the absence of a chemical
potential driving its diffusion from the mesophase to the surrounding medium,
the enzyme will be more conveniently localized in the cages of the structure,
rather than in the nanochannels.

To monitor the effect of enzymatic confinement on the AP enzymatic
reaction, we adopted the following experimental set-up. The enzymatic reaction
was followed for neat Phyt/H,O and swelled (Phyt/H,0/SS) cubic phases in a
buffer solution containing 6x10° M of substrate. First, the enzymatic reaction
was monitored at 400 nm for 90 minutes, during which the mesophase and the
buffer were put in contact. In this way, it is possible to minitor the release of
some non-encapsulated enzyme (localized on the cubic phase surface) and/or of
the enzyme localized quite close to the cubic phase/aqueous environment
interface. The reaction kinetics is reported in Figure 35b. As a second step, the
cubic phase was placed in another cuvette with a fresh substrate at the same
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concentration. In this way, it was possible to monitor the enzymatic catalysis due
to the AP encapsulated within the cubic phase (Figure 35c).
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Figure 35 Enzymatic kinetics of p-nitrophenyl phosphate in TRIS buffer during the
release of AP enzyme encapsulated in cubic phase, schematized in (a). (b) Phyt
(cyan markers), Phyt/ 5% w/w SS (green markers), Phyt/10% w/w SS (orange
markers) and Phyt/15% w/w SS (purple markers) reaction profiles during the first
30 minutes (b) of enzyme released in the buffer solution with substrate: (c) kinetic
profiles in a fresh buffer and substrate solution after the step described in (b). (d)
Kinetic profiles pertaining to the cubic phase with or without SS: during the
matching second step of experiment reported in (c), with the addition of Triton-
X-100 which destroys the mesophase.

Analogously to the substrate confined in the channels, the encapsulated
AP enzyme should be discussed in terms of possible pathways for the enzymatic
reaction to proceed. When the enzyme is confined in the liquid crystalline

70



Results and Discussion

mesophase, the release of the encapsulated protein to the aqueous
environment is a first possible mechanism to guarantee the close interaction of
the enzyme with the substrate. Oppositely, a second possible mechanism is the
penetration of the substrate inside the nanochannels of the liquid crystal, where
it meets the enzyme, and it is subsequently released in the aqueous
environment, as the reaction product.

Considering the first experiment (the cubic phase with the encapsulated
enzyme directly immersed in a substrate solution), different enzymatic reaction
kinetics for the enzyme encapsulated in liquid crystalline mesophases, with or
without the sucrose stearate, were investigated. In particular, for all mesophases
containing sucrose stearate, two trends can be identified in the kinetics of the
enzymatic reaction. In order to rationalize this behaviour, it can be considered
that — as previously pointed out — part of the enzyme could be localized at the
liquid crystalline phase/water interface and it is fast released. At this point, the
AP in solution is available to convert the substrate molecules, while the
remaining AP resides inside the liquid crystalline structure and catalyses the
substrate conversion more slowly. In line with this hypothesis, samples with
varying SS amounts exhibit a lag time!**?! between the first and second enzymatic
kinetic trend. This is progressively decreased by enhancing the SS concentration:
about 10 minutes for 5% w/w SS, 7-8 minutes in the case of 10% w/w SS and 5
minutes with 15% w/w SS (Figure 32b). Considering the swelling of the
mesophase induced by the addition of SS, one can relate this variable effect to a
variable amount of the enzyme trapped in the mesophases due to the higher
water fraction characterizing the mesophase. Indeed, for the binary system, i.e.,
Phyt/H,0 in the absence of SS, the trend of the kinetic curve is monotonous
(Figure 32b), suggesting that in this case the encapsulation of the enzyme in the
liquid crystalline phase is strongly hampered, due to the small size of the
nanochannels.

Concerning the second part of the curves for SS samples, the enzymatic
reaction proceeds with a faster rate for the systems with higher SS percentage,
suggesting that the size of the nanochannels has a prominent role, which might
be related either to the release of the enzyme from the mesophase or to the
penetration rate of the substrate into the aqueous channels of the mesophase.
However, it should be noted that Phyt-15%wt SS shows an Im3m structure and,
in agreement with the literature,!**?! the topology, with the channel size, plays a
fundamental role on the enzymatic activity.
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After the first step, a control experiment was performed to verify that:
(i) a significant amount of the enzyme is present inside the mesophases, after
the first 90 minutes; (ii) the amount of the enzyme present in the different
mesophases is comparable, in order to be able to compare the different
mesophases in similar experimental conditions. The control experiment is
displayed in Figure 35d: briefly, after a first step of the experiment (with similar
results as those shown in Figure 35b), the "control" mesophases were destroyed
by immersion in a 24 mg/mL solution of Triton X 100: the non-ionic surfactant,
in relatively high concentration,***'%4! can dissolve the lipid assembly to yield
mixed micelles, with a simultaneous quantitative release of AP originally
contained in the mesophases. In Figure 35d, the absorbance of p-nitrophenol
over time is reported for the different samples: the kinetic curves are almost
overlapping, confirming both that a significant amount of enzyme is present
inside the mesophases after the first step of the experiment, and that this
amount is comparable for all liquid crystalline mesophases. Figure 35c reports
the second step of the experiment, after the initial 90 minutes of mesophase
immersion. All the curves display a monotonous trend, and the conversion rate
appears strictly dependent on the size of the nanochannels of the mesophase.

The ensemble of experimental data does not allow distinguishing which
pathways is occurring, i.e. whether the substrate diffuses into the mesophase or
the enzyme is released. A simple size argument would rule out AP diffusion from
the mesophase to the external medium as the prevailing mechanism, but we are
not currently able to rule out the simultaneous substrate diffusion in the
mesophase.

Besides the mechanism of enzyme-substrate interaction, it is interesting
to notice that the enzymatic reaction is in the case of enzyme confinement in the
lipid mesophase, strongly slowed down with respect to the case of substrate
confinement and no confinement case. In addition, as already discussed, the
reaction rate and mechanism depend on the topology of the lipid mesophase, in
particular on the size of the aqueous channels, which is finely tuneable by
controlling the additive concentration.

3.7.2 Relationship between structure and diffusive properties
Based on the results showed in paragraph 3.6.2, the introduction of

molecules with different features allows us to extend the LCs structure range
compared to the neat MO systems. As highlighted before, the inclusion of DOPG
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and TD to MO assemblies shows a complex phase behavior depending on the
relative concentration of the additives and their ability to impose their curvature
in MO bilayer. However, even if their contribution can be perfectly
counterbalanced (since they have opposite effects), it is reasonable to think that
the in-meso diffusive properties of molecular probes confined into the channels
are dependent on the variation of the water channels size. Indeed, the inclusion
of DOPG and TD in MO systems allows for swelling or shrinking the
nanochannels, producing a different lattice parameter for the same structure;
for this reason, the diffusive properties of fluorophore through FCS experiments
can be tested to verify a relationship between structure and diffusive properties.
The molecular probes involved in this investigation are Rhodamine 110 and
Rhodamine B Dextran, two hydrophilic fluorophores spontaneously
encapsulated in the hydrophilic domains of liquid crystals. The molecular
structure and FCS curves of the probes freely diffusing in water at 25 °C, are
reported in Figure 36. The mathematical model to extract information on the
diffusion coefficients of the probes is reported in Eq. 3.10:

1 4pt\ ! 4Dt .
G(1) = — <1+ 2) <1+Z—2> (3.10)

(cymzwiz, Wo 0

where <c> is the average concentration of the probe in the confocal volume, wg
and z, are respectively the lateral and axial parameters defining the detection
volume (approximated as a 3D-ellipsoidal Gaussian shape), and D the diffusion
coefficient of the probe. This model provides information on one fluorescent
probe diffusing in a 3D space. While Rhodamine 110 shows an excellent fit result
with the equation 3.10, the Rhodamine B Dextran, due probably to the synthesis
procedure and work-up, does not show a single component: this is also
confirmed by a separation of a concentrated fluorophore solution with a
Vivaspin® provided with a membrane cut-off 5000 My,. The best-fitting result can
be obtained with a 3D model of two different components, and the
mathematical equation reported in Eq. 3.11:
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where f; and f; are the fractions parameters describing the abundance of a
fluorescent component with respect to the other.
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Figure 36 FCS curves of (a) Rhodamine 110 and (b) Rhodamine B Dextran in
water at 25 °C and their fit curves obtained by a 3D model with (a) single
component and (b) two component.

The diffusion coefficient of the Rhodamine 110 probe is 430 um?/s,!:4°!
while there are two diffusion coefficients for Rhodamine B-Dextran: 420
um?/st#! for the free Rhodamine B and 41 um?/s for the Rhodamine B
conjugated to the polysaccharide. In order make the discussion clearer, the
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diffusion coefficient of Rhodamine B Dextran will be expressed as an average
value based on the relative abundance of the two species: Drapex=166 pum?/s!4¢l,
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Figure 37 FCS curves of Rhodamine 110 (a-b) and Rhodamine B Dextran (c-d) in
Pn3m structure (a-c) and Im3m (b-d) structures. On top, a representative sketch
of the probe Rhodamine 110 (yellow dot) in a water nanochannels of both Pn3m
and Im3m mesophases, while the Rhodamine B Dextran (represented as red dot
double in size of yellow dot), matches the dimension of Im3m nanochannels but

while it locates spontaneously out of the channels in a Pn3m mesophases.

In agreement with the literature,**® the sizes of the probes are around
1 nm and 2.6 nm for Rhodamine 110 e Rhodamine B Dextran, respectively. The
encapsulation in the liquid crystalline matrix can be evaluated in terms of probe
size compared to the lattice parameters. Using the same treatment reported in
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Egs 3.10 and 3.11, the fitting models were used to treat the FCS results for Pn3m
(100% MO composition) and Im3m (90% MO, 4% DOPG and 6% TD) liquid
crystals. In these cases, the 3D motion of the probes is allowed by the 3D
tortuosity of cubic mesophases nanochannels, since the data can be interpreted
using the same model as for “free” fluorophores. These results suggest that, in
the case of Rhodamine 110, a confinement effect can be seen in both samples;
indeed, the diffusion coefficient, compared to one for freely diffusing probes in
water, is at least one order of magnitude lower. This phenomenon is related to
the confinement in nanochannels, as previously highlighted in paragraph 1.7 of
Chapter 1. The Rhodamine B Dextran shows a different behavior: while the
average diffusion coefficient is around 30 um?/s in Im3m mesophases, showing
a confinement effect, in the case of Pn3m it is quite close to the 166 um?/s value.
Thus, considering the size of the diamond cubic structure comparable to the
probe size, the hindered fluorophore cannot be entrapped, producing a “free”
diffusion of the probe detectable through FCS.

Then, to connect structure with diffusive properties, the FCS
experiments were performed on lamellar and hexagonal mesophases,
comparing samples showing the same phase behavior but characterized by a
different lattice parameter. In these cases, the equation describing the diffusion
of the probes is slightly different from the 3D model reported in Eqs 3.10-3.11:
the spatial probes diffusion is allowed in a 2D direction in case of a lamellar
structure (a thick layer of water separates two bilayers, and the probes move
parallel or perpendicular to the lipid membrane), and 1D direction of hexagonal
mesophases where the movement of the probes is only possible along the
direction of the cylindrical structure. The equations are reported in Eq. 3.12 and
3.13, for 2 components for a 2D and 1D diffusion respectively.**”! However, it
should be taken into account that in case of Rhodamine 110, f;=1 and f,=0 in
both of these equations.

oy = L L A0t -1 L -1 212
(Q—Nﬁ( + W&) +f2< +w—02> (3.12)

1 4D, 7\ M? 4D,7\"?
G0 =5 |f(1+— + 1+ = (3.13)

0 Zg
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The lamellar samples compared in that analysis present a lattice
parameter of 115 A (80% MO and 20% DOPG) and 216 A (50% MO, 20% DOPG
and 30% TD). Thus, a swelled lamellar phase can be reached in that conditions,
since the water amount added to the dry lipid film is the same in both case. The
FCS experiments performed with the fluorophores are showed in Figure 38.
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Figure 38 FCS curves of Rhodamine 110 (a-b) and Rhodamine B Dextran (c-d) in
lamellar structure with different lattice parameters; (a-c) are relative to the
sample MO 80% and DOPG 20% with a lattice parameter 115 A, while (b-d)
represent the FCS curves relative to the sample swelled (MO 50%, DOPG 20% and
TD 30%) with a lattice parameter 216 A. On top, a representative sketch of the
probe Rhodamine 110 (yellow dot) and Rhodamine B Dextran (represented as red
dot double in size of yellow dot), located in water.

From the fitting results obtained with equation 3.12, the Rhodamine 110
diffusion coefficients for both lamellar samples are smaller than for the probes
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in aqueous solution, thus in agreement with the results for cubic mesophases. It
is reasonable to ascribe the results to a confinement of the fluorophore between
two lipid bilayers separated by a thin layer of water. In particular, the results
highlight that the swelled samples present a less restricted diffusion for
Rhodamine 110: indeed, the diffusion coefficients are 13 um?/s and 24 um?/s for
MO 80%-DOPG 20% and MO 50%-DOPG 20%-TD 30% respectively. The analysis
of Rhodamine B Dextran curves shows a peculiar behavior: the size of the probe
is similar to the water layer separating two adjoining bilayers; thus the probe is
locked between the bilayers, as confirmed by the very low diffusion coefficient
(the average value is around 1 pum?/s and 1.2 um?/s for the un-swelled and
swelled sample respectively). In these conditions, the Rhodamine label shows
restricted diffusion.

Figure 39 shows the best fitting result modeling the FCS curves as the Eq.
3.13. About the hexagonal mesophases, the probe's motion is permitted along
with the directionality imposed by the cylinders assembled in an H array. Thus,
accordingly to the 1D model, the diffusion coefficient was extracted. In that
experiment, comparing the hexagonal sample composed by a mixture of MO
(70%) and TD (30%) with the swelled sample containing 60% MO, 10% DOPG and
30% TD, a swelling of the system by around 2 nm is observed (from 57 A to 76 A
of lattice parameter). Rhodamine 110 shows a smaller diffusion coefficient in
both samples, showing a more pronounced confinement of the fluorophore than
the other mesophases. This is consistent with the dimension of the hydrophilic
domains, where the probes are encapsulated, since the water nanochannels in
the H, structure are smaller than in the cubic phase. Moreover, the Rhodamine
B Dextran size is larger than that of the water channels; thus, the encapsulation
is not possible within the sample 70% MO 30% TD, while the probe is almost
locked in case of swelled H,. In order to summarize the results, all the diffusion
coefficients are reported in Table 4 as a function of water nanochannels size or
thickness of the water layer.

78



Results and Discussion

(a)

15 MO 70% TD 30%|
10
& &
5
0
T T T T T
0.001 0.01 0.1 1 10
< (ms) T (ms)
(b) 25 (d)as
’ MO 60% DOPG 10% TD 30% MO 60% DOPG 10% TD 30%

204

G(t)
G(t)

0.5

0.0 4

L e e MRJLELEAA0) e e ) e e L T T UL B T
0.01 0.1 1 10 0.001 0.01 0.1 1 10
T(ms) T(ms)

Figure 39 FCS curves of Rhodamine 110 (a-b) and Rhodamine B Dextran (c-d) in
hexagonal structure with different lattice parameters; (a-c) are relative to the
sample MO 70% and TD 30% with a lattice parameter 57 A, while (b-d) represent
the FCS curves relative to the sample swelled (MO 60% DOPG 10% TD 30%) with
a lattice parameter 76 A. On top, a representative sketch of the probe Rhodamine
110 (yellow dot) and Rhodamine B Dextran (represented as red dot double in size
of yellow one), located in water channels.

Table 4: Comparison of the diffusion coefficients derived by FCS curve for
swelled and de-swelled cubic, hexagonal and lamellar phases. Rhodamine
110 and Rhodamine B Dextran were used for the experiments.

Samples Rhodamine 110 Rhodamine B Dextran

DNo-SweIIed DSweIIed DNo-SweIIed DSweIIed

Cubic 1141 1241 14018 171
Lamellar 13+1 24+2 1545 1043
Hexagonal 1412 511 15815 812
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4

Conclusions and future
perspective

In this PhD thesis, non-lamellar lipid mesophases with different additives
(inorganic nanoparticles or hydrophobic and/or hydrophilic small molecules)
have been studied, both in bulk and as nanosized particle dispersion. The final
aim was to develop functional self-assembled materials with controlled
structural and physicochemical features, appealing for biomedical applications.

Concerning bulk mesophases (MO/water or Phyt/water), we highlighted
that the insertion of hydrophobic inorganic nanoparticles deeply modifies the
phase behavior. In particular, as the concentration of nanoparticles in the lipid
scaffold and/or the temperature increase, a Pn3m-H, phase transition is
promoted. This structural effect can be fully rationalized according to simple
energetic considerations, taking into account how the mesophase geometry, the
coating and size of NPs affect the frustration packing and elastic energy of the
lipid bilayer.B® In addition, it should be pointed out that the Pn3m-to-H; phase
transition causes a shrinking of the mesophase, and is therefore associated with
a burst release of water and of the hydrophilic molecules originally confined in
the water channels: this effect is of particular relevance, in view of the
application of these systems as drug delivery vehicles, highlighting the possibility
to exploit this phase transition to promote the release of hydrophilic active
principles from the mesophase. In this respect, we have also shown that
hydrophobic magnetic nanoparticles endow the MO cubic mesophases with
responsiveness to external oscillating magnetic fields, promoting the Pn3m-to-
Hi phase transition which allows a spatio-temporal control of the release of small
molecules confined in the lipid bilayers or in the water channels.!*'”! Besides the
structural effects, the significant impact of hydrophobic NPs (both of gold and of
magnetite, in the liquid crystalline mesophases) on the rheological properties of
Phyt/water mesophase was shown. In particular, the presence of NPs enhances
the solid-like behavior of the material. Interestingly, this effect is significantly
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more pronounced for SPIONs with respect to AuNPs, evidencing possible long-
range dipolar interactions between magnetic nanoparticles that may constitute
an additional structuring factor for the material, decreasing its deformability
upon stress deformation.!*”

To better explore the potential of these hybrid materials, the magnetic
features of lipid liquid crystals combined with SPIONs were investigated,
evaluating the magnetization of SPIONs as a function of temperature. The results
suggest that during the Pn3m-H, phase transition the structural modification of
the lipid scaffold induces a rearrangement of the SPIONs, which modify their
interaction, ultimately determining an increase of the magnetization.
Consistently with this hypothesis, a spontaneous reorganization of the NPs into
a pearl-necklace supraparticle structure upon Pn3m to Hy phase transition was
observed.%

Liquid crystalline cubic phases of MO/water loaded with SPIONs were
also dispersed into nanometric particles preserving the cubic internal structure,
called magnetocubosomes, which are the most interesting systems for
applicative purposes in the biomedical field, in particular, as responsive vectors
for drug delivery. In this view, the Pn3m-H, transition induced upon an oscillating
magnetic field — due to local heating operated by the NPs —is preserved both in
bulk and dispersed liquid crystals. In addition, in-vitro test experiments proved
the biocompatibility of magnetocubosomes on HT29 cell lines. It was highlighted
how SPIONs inclusion affects the magnetic properties of lyotropic liquid crystals
and how the responsivity of the hybrid biocompatible material can be exploited
in the biomedical field.

Concerning the effect of additives small molecules for a systematic
investigation on the effect of different amounts of sucrose stearate (SS) or a
combination of DOPG and TD, on Phyt and MO mesophases, was performed to
explore the phase diagram.

Structural data on phytantriol assemblies doped with increasing
amounts of SS highlighted a good correlation between the amount of additive
loaded in the lipid mesophase and the structural parameters of the lipid
mesophase. This suggests the possibility to achieve an excellent control over the
arrangement and the diameter of the water nanochannels of the cubic
mesophases. The mesophases with different structural features were tested in
terms of effects on the kinetics of the enzymatic reaction catalyzed by Alkaline
Phosphatase, converting the substrate p-nitrophenyl phosphate into p-
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nitrophenol, upon confinement of either the substrate or the enzyme in the
mesophases doped with different amounts of additives. Two factors were shown
to control the kinetics of the enzymatic reaction: the size of the confined
molecule (substrate or enzyme) in comparison with the size of the water
channels, and the entity of mesophase swelling (dictated by the amount of
added SS).

Finally, MO mesophases doped with variable amounts of DOPG and TD
showed a very complex phase diagram, with different arrangements of the lipid
scaffold and different swelling degree of the mesophases. Upon confinement of
hydrophilic fluorescent probes of different sizes (taken as model hydrophilic
drugs) in the water channels of the lipid scaffolds, a correlation was found
between the diffusing behavior of the model drugs with the structural features
of the mesophase, both in terms of dimensionality of the mesophase and in
terms of confinement efficiency (related to the swelling degree). Overall, the
provided data confirm that these systems can efficiently retain active principles
of different sizes in the water channels, with a tunable retention efficiency
controlling the inclusion of additives: these systems can therefore be interesting
as a vector for therapeutics with different molecular characteristics and sizes.

During the past years, non-lamellar mesophases and their structural
change promoted by nanoparticles and additives have been rationalized and
explained with theoretical prediction and experimental results. Several studies
have shown a controlled tunability of the physico-chemical properties of
mesophases, and this is of paramount to apply cubic structures in technological
fields. Due to their simple preparation methods and the possibility to study their
structural properties easily, bulk mesophases are more studied than dispersed
liquid crystals. Dispersed liquid crystals are useful in the biomedical field to
control the release of therapeutics. There are some examples in literature about
cubosomes interacting with cells, containing hydrophobic drugs or big
hydrophilic molecules, but there are not enough studies on the inclusion of small
hydrophilic drugs tested in-vitro. Despite the effort to control the release of
hydrophilic drugs through an ON-OFF mechanism, these are not efficiently
retained due to a spontaneous leakage in solution. Possibly, this effect can be
overcome by increasing our understanding on the stabilizer agents of
cubosomes. In fact, a lack of experimental results is related to the small number
of polymers tested and reported in the literature that could stabilize the colloidal
liquid crystals. A thermoresponsive block co-polymer able to preserve the
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cubosome structure and to generate a shell retaining drugs in the lipid scaffold,
could be structurally modulated by local heating generated by AMF. In that way,
a second generation of cubosome formulations can be designed to improve our
control on the release of hydrophilic payloads.
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The inclusion of superparamagnetic iron oxide nanoparticles (SPIONs) in lipid mesophases is a promising
strategy for drug-delivery applications, combining the innate biocompatibility of lipid architectures with
SPIONs' response to external magnetic fields. Moreover, the organization of SPIONs within the lipid
scaffold can lead to locally enhanced SPIONs concentration and improved magnetic response, which is
key to overcome the current limitations of hyperthermic treatments. Here we present a Small-Angle X-ray
Scattering (SAXS) structural investigation of the thermotropic and magnetotropic behavior of glyceryl
monooleate (GMO)/water mesophases, loaded with hydrophobic SPIONs. We prove that even very low
amounts of SPIONs deeply alter the phase behavior and thermotropic properties of the mesophases, pro-
moting a cubic to hexagonal phase transition, which is similarly induced upon application of an
Alternating Magnetic Field (AMF). Moreover, in the hexagonal phase SPIONs spontaneously self-assemble
within the lipid scaffold into a linear supraparticle. This phase behavior is interpreted in the framework of
the Helfrich's theory, which shows that SPIONs affect the mesophase both from a viscoelastic and from a
structural standpoint. Finally, the dispersion of these cubic phases into stable magnetic colloidal particles,
which retain their liquid crystalline internal structure, is addressed as a promising route towards magneto-

rsc.li/nanoscale

Introduction

Lipid self-assembly into lamellar and non-lamellar architec-
tures is ubiquitous in natural systems,' the most prominent
example being the lamellar structural unit of cell membranes.
Synthetic lipid assemblies have been used to model and
understand membrane-related processes in simplified archi-
tectures®® and to engineer compartmentalized systems that
can have numerous applications, especially in the biomedical
field. Based on their molecular architecture and on experi-
mental conditions, lipids show a rich polymorphism, with
structures where both hydrophobic and hydrophilic domains
occur. The volume fractions and the morphology of these
domains depend on the phase structure and phase transitions

“Department of chemistry and CSGI, University of Florence, Via della Lastruccia 3,
Sesto Fiorentino, 50019 Florence, Italy. E-mail: debora.berti@unifi.it

PInstitute of Inorganic Chemistry, Graz University of Technology, Stremayrgasse 9/IV,
8010 Graz, Austria

tElectronic supplementary information (ESI) available: Detailed Materials and
methods section, additional SAXS data, derivation of principal equation and
DLS analysis. See DOI: 10.1039/c7nr08478a
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responsive drug-delivery systems (DDS).

can be promoted by tuning control parameters, such as temp-
erature, pressure and water content.

Several features of lipid assemblies lend themselves to the
development of nanostructured vehicles for the encapsulation
and release of drugs®® or nucleic acids.”® Structural change in
lipid mesophase is caused by some external stimuli like temp-
erature, pH® and magnetic field'”"" or, in other case, adding
additives that modify lipid assembly.'>**

Glyceryl monooleate (GMO) has been extensively studied for
its biocompatibility, biodegradability and variegate phase
structure, which depends on water content and temperature.
At room temperature, the GMO/H,O mixture displays a lamel-
lar phase L. for low water amounts and a bicontinuous cubic
phase gyroid (la3d) and diamond (Pn3m) at relatively higher
water contents. These mesophases have a high degree of sym-
metry and periodical water nanochannels,'* whose geometry
can be described using infinite periodical minimal surfaces
(IPMS) or, in other words, a triply periodically surface with
zero mean curvature. The three possible IPMSs described by
Schoen and Schwartz are the gyroid (G), diamond (D) and
primitive (P), with spatial groups Ia3d, Pn3m and Im3m,
respectively, all of them observed for GMO cubic phases,
depending on the experimental conditions. While the phase

This journal is © The Royal Society of Chemistry 2018
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diagram of GMO/H,O binary system is well-established, the
structural effects of additives on GMO-based systems have
been the subject of more recent studies addressing the rele-
vant phenomena connected with the topological variations of
GMO mesophases designed for drug delivery, e.g., in drug
loading-release processes'® or protein crystallization.'®'”

Concerning this topic, the inclusion of magnetic nano-
particles (SPIONs) in lipid mesophases is of particular inter-
est, giving the possibility to endow the lipid matrix with
responsiveness to magnetic fields. Recently, it has been
shown that hydrophilic SPIONs embedded in monolinolein
liquid crystals control the structural organization of the lipid
mesophase when exposed to an external static magnetic
field."*°

A prominent relevance, particularly for biomedical appli-
cations, is SPIONs responsiveness to alternating magnetic
fields (AMF). In this respect, the inclusion of SPIONS into lipid
scaffolds is interesting from at least two different standpoints.
First, as a possible way to overcome the necessity of high
SPIONs concentration in tissues, to abide by the so-called
Brezovich criterion, ie., the exposure safety limit to magnetic
fields for the application of SPIONs in hyperthermia-based
medical treatments.>' > Secondly, as a promising strategy for
the development of biocompatible smart lipid-based drug
delivery systems (DDS) responsive to static and alternating
magnetic fields.

The responsivity of SPIONs to alternating magnetic fields
(AMF) has been extensively addressed for applications in
hyperthermia-based therapies. SPIONs concentrated into
tumor tissues, e.g. thanks to a DDS or to simple enhanced per-
meability and retention (EPR) effect, act as local heaters, if
subjected to AMF, due to Brownian and Néel relaxations, even-
tually causing the ablation of cells or tissues that need to be
removed. To reach a sustainable efficiency, the local concen-
tration of SPIONs in the target tissues should reach a level
which is virtually unachieaveble.*" This limitation has been
tackled either by modifying the morphology of NPs** or by
employing clusters of NPs,** rather than separated NPs. The
spontaneous organization of SPIONs in lipid scaffolds of
different architectures represents a strategy to achieve a locally
enhanced SPIONS’ concentration, maintaining a fine control
on the particle arrangement and, thus, on their overall mag-
netic response.

The inclusion of SPIONs in lipid assemblies, particularly
liposomes to form magnetoliposomes,”” has been reported
in the literature. When embedded in DPPC (dipalmitoyl-phos-
phatidylcholine) liposomes, SPIONs act as local heaters upon
application of a low-frequency alternating magnetic field
(LF-AMF) and induce a gel-to-liquid-crystalline transition of
the bilayer, with enhanced permeability and consequent
release of molecules entrapped in the lumen.

In a previous work,'® whose findings were also confirmed
by Szlezak et al.,* we demonstrated that a GMO cubic phase
doped with hydrophobic SPIONs displays a similar AMF-
responsivity, showing burst release of a model hydrophilic
drug contained in the water channels of the mesophase when

This journal is © The Royal Society of Chemistry 2018
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exposed to a LF-AMF. At variance from the gel to liquid crystal-
line phase transition occurring in DPPC magnetoliposomes,
the structural variations on the cubic lipid scaffold implied in
the controlled release of hydrophilic drugs from water chan-
nels are not yet clear.

A fundamental comprehension of the effect of SPIONs on
phase behavior of lipid mesophases is key to fully explore the
potential of these hybrid devices, both for hyperthermia and
for controlled release applications.

In this contribution, we investigate the structural effects of
the inclusion of hydrophobic SPIONs towards the polymorphic
behavior of GMO assemblies in water excess. The phase behav-
ior of GMO/H,0/SPIONSs is investigated as a function of the
SPIONs percentage with respect to GMO and as a function of
temperature. The arrangement of the SPIONS in lipid scaffolds
of different geometries is investigated as well. The structure of
GMO/H,0O/SPIONs hybrid architectures in different conditions
(SPIONs amount and temperature) is interpreted according to
simple thermodynamic considerations in the framework of
Helfrich’s theory, to understand the effect of SPIONs on the
structural and viscoelastic features of the lipid assemblies and
devise a simple predictive model for SPIONs-lipids interaction.
Finally, to explore the applicative potential of these hybrid
architectures, we investigate the thermotropic behavior of dis-
persed GMO/water/SPIONs assemblies (magnetocubosomes),
and we perform an on-line investigation on the structural
responsiveness of bulk GMO/water/SPIONs assemblies to
LF-AMF, monitoring the magnetotropic response of the
system.

Results and discussion
SPIONS inclusion in GMO mesophases

Hydrophobic Fe;O, magnetic nanoparticles (SPIONs) passi-
vated with oleic acid and oleylamine were synthesized accord-
ing to a well-established protocol®®?*® (see ESI for detailst).
The SAXS curves of the as-prepared dispersions (2.19 mg mL™"
Fe;0, from ICP-AES) were diluted 1 : 3 in hexane and measured
to infer the nanoparticle size with two different approaches, a
model-free Guiner fit (radius 18 + 3 A*°) and a Schulz polydis-
perse spheres form factor fit (radius 20 + 2 A, see ESIY).
Generally, lipid bilayers have thicknesses around 40 A; some
theoretical reports identify a threshold of 60 A for nano-
particles’ diameter not to destroy the lipid architecture,*" even
if the final effect is strictly dependent on hydrophobic/hydro-
philic nature of NPs.** The synthesized SPIONs have therefore
an ideal size to be embedded in a lipid membrane without dis-
rupting the bilayer.

GMO cubic phases (50% w/w lipid-water fraction) were pre-
pared, as described in the Experimental section (see ESIY),
with different amounts of SPIONS, ranging from 0.23% w/w to
1.1% w/w with respect to GMO quantity. If expressed as
number of nanoparticles per lipid unit surface, or as number
of lipid molecules per nanoparticle (considering for the cubic
phase a specific area of 400 m> g~ (ref. 33), see Table 1) these

Nanoscale, 2018, 10, 3480-3488 | 3481
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Table 1 GMO/H,O/SPIONs samples composition: SPIONs weight per-
centage with respect to GMO amount (w/w% SPIONs); number of
SPIONs per GMO/H,0 cubic phase area unit (Nspions/Acmo) and volume
unit (Nspions/Vamo); number of GMO molecules per SPION (Ngmo/
Nspions)

NSPIONS/AGMO NSPIONS/VGMO NGMO/
w/w% SPIONs (um™?) pum~? Naspions
0.23 ~46 ~17312 ~91743
0.47 ~93 ~35000 ~45 248
0.94 ~188 ~70313 ~22522
1.1 ~217 ~81250 ~19493

quantities result in relatively low NP concentrations, for all the
investigated samples.

Fig. 1 shows the SAXS profiles of the mesophases in water
at 25 °C in the absence and in the presence of increasing
amounts of SPIONs. GMO 50% w/w is a Pn3m coexisting with
water excess and represents the maximum swelling of this
lipid at room temperature. When SPIONs are inserted in the
liquid crystalline (LC) phase at 0.23-0.47% w/w SPIONs/GMO,
the scattering peaks that describe the spatial correlation of the
diamond cubic structure are preserved, but shifted to higher
scattering vectors with respect to the binary system, indicating
a shrinking of the liquid crystalline phase. At 0.94% w/w
Fe;04, the scattering profile shows the coexistence of the
diamond cubic and another phase, whose nature, inverted hex-
agonal (Hy), becomes clear for higher amounts of magnetic
nanoparticles. It has been reported that a Pn3m-Hy; phase tran-

@ 70+

SPIONs
V1

GMO/SPIONSs 25°C

— 0% w/w
— 0.23% w/w
— 0.47% w/w
— 0.94% w/w
1.10% w/w

V3 ya H

60 —

Pn3m/H,

T I I I I
0.05 0.10 0.15 0.20 0.25

a (A"
Fig. 1
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sition might occur upon perturbation of the lipid arrangement
due to addition of alkanes or alkenes,'* or inclusion of
peptides.**® To rule out that this transition is due to the par-
titioning of the NPs’ coating agents (oleic acid and oleylamine)
into the GMO bilayer, we performed a control experiment
where the maximum amount of oleic acid and oleylamine was
directly added to GMO without NP at 25 °C, yielding the
profile of the diamond phase (see ESIT for details). No other
components are present in GMO-SPIONs samples, since the
SPIONs dispersions are separated from precursors (see
Materials and methods section, ESIf) and milliQ water is
employed for sample preparation.

Therefore, the structural transition observed for GMO is
due to the insertion of SPIONs in the lipid scaffold; this NP-
promoted transition could be relevant in the framework of a
better understanding of nano-bio interfaces and possible toxic
effects caused by SPIONs.>” This finding is also consistent
with recent works of Briscoe and coworkers,® who demon-
strated a noteworthy effect of silica nanoparticles in shifting
the phase boundaries between hexagonal Hy and lamellar L,
phases in phospholipids assemblies.

As clearly shown in Fig. 1, the SAXS curves in the presence
of SPIONs display an additional peak at low g, attributable
to spatial correlations of the SPIONs in the lipid matrix,"
whose intensity increases as the amount of nanoparticles
increases. The existence of a correlation distance, of about
110-120 A if calculated as 27/qmax, implies that SPIONs exhibit
a quasi-ordered arrangement within the lipid scaffold. The
relatively large correlation distance can be justified taking into

(b)

(d)

(a) SAXS profiles of GMO 50% w/w water liquid crystalline phases in the presence of different SPIONs amounts: from bottom to top SAXS

curves of the samples with increasing SPIONs percentages (0; 0.32; 0.47; 0.94; 1.1% w/w with respect to GMO amount) are displayed with suitable
offsets; (b) (c) (d) schemes representing the effect of the SPIONs on the packing frustration energy: (b) when inserted in a lipid bilayer, the SPIONs
increase the packing frustration and bring an energy penalty caused by the stretch of lipid chains to fill the voids along the equatorial position of
nanoparticles, (c) in the hexagonal phase the chain ends would fall on the circles. As a result, the major packing frustration is localized in the void
spaces of the cylindrical structure, (d) hexagonal phase with SPIONs: the previous frustration packing is released, with the hydrophobic nanoparticles
localized in the void spaces.

3482 | Nanoscale, 2018, 10, 3480-3488 This journal is © The Royal Society of Chemistry 2018
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account a contribution due to the spatial organization
imposed by the lipid phase geometry and, probably, an
additional contribution due to magnetic dipolar and van der
Waals interactions between the SPIONSs, similarly to what
observed for concentrated dispersions of magnetic nano-
particles upon solvent evaporation.’® GMO/H,0/SPIONs
systems are peculiar both in terms of the polymorphic behav-
ior of the GMO lipid matrix induced by the presence of
SPIONs and in terms of SPIONs ordered arrangement within
the lipid scaffold imposed by GMO phase geometry in water
excess.

In order to rationalize the Pn3m-Hy phase transition
induced by the NPs from a thermodynamic point of view, we
can write the total free energy of a lipid bilayer g as composed
of three terms:* g free energy of elastic curvature, gp frustra-
tion packing free energy and giner interaction energy term,
that is generally negligible.

(1)

Considering the energy difference between the hexagonal
(final) and cubic (initial) phase, the variation of the total free
energy of the bilayer, connected with the cubic to hexagonal
phase transition Agy is:

g1 = gc + 8p + Linter

(2)

It is known that the hexagonal phase® is characterized by a
higher frustration packing energy than the bicontinuous cubic
phase (Agp > 0), and by a lower energy of elastic curvature
(Agc < 0).*' Taking into account that, in the absence of SPIONS,
the cubic to hexagonal phase transition is already favored
according to the elastic contribution (g¢), we can hypothesize
that a major effect of the SPIONs on the free energy of the
bilayer in the hexagonal phase is a decrease in the frustration

AgT = &Hy — &Pn3m = Agc + Agp

packing energy. In fact, above a relatively low NP concentration
threshold, we observe only a hexagonal phase. In a simplistic
approach, gp can be described with a harmonic oscillator-like
equation:*® its contribution arises from lipid chains that are
stretched or compressed with respect to their relaxed state. In
the presence of NPs embedded in a Pn3m structure, the lipids
close to a NP experience a packing frustration due to the fact
that their hydrocarbon chains stretch to fill the hydrophobic
cavities (Fig. 1b). The increase of frustration packing contri-
bution is thus a possible driving force to the cubic to hexag-
onal phase transition: NPs can fill the voids of cylindrical
structure (Fig. 1d), without any stretching penalty for the lipid
hydrocarbon chains (Fig. 1c). It has been shown that larger
hydrophilic nanoparticles dramatically impact the organiz-
ation of lipid mesophases, eventually driving completely
different structural effects.”* Clearly, in the above-described
behaviour, the hydrophobicity of the SPIONs and their size
matching with the lipid bilayer thickness, have a major role.

Thermotropic behavior of GMO-SPIONs assemblies

Fig. 2a reports the well-known phase diagram of GMO as temp-
erature and water percentage are varied (readapted with per-

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Phase diagram of GMO (readapted with permission from ref.
33). (b) Phase diagram of GMO/SPIONs at 50% w/w water content:
structural dependence on temperature (°C) and on SPIONs content
(% w/w with respect to GMO amount).

mission from ref. 33) compared to the phase behavior of GMO/
SPIONs/water 50% w/w (Fig. 2b), as temperature and SPIONs
content are varied. In the absence of SPIONs, the Pn3m to Hy
transition occur at 90 °C; in the presence of SPIONs, the tran-
sition temperature, Fig. 2b, decreases proportionally to the
amount of NPs, down to 25 °C, for the highest Fe;0,% w/w.

To interpret this behavior, we first focus on the binary
system. In the range 25 °C-50 °C, GMO 50% w/w H,O system
keeps a bicontinuous diamond cubic phase structure, with the
characteristic peaks progressively shifted to higher scattering
vectors, with lattice parameters of 104 + 2 A, (25 °C), 96 + 2 A
(35 °C), 84 + 1 A (50 °C), which fully match the literature
results® (see ESIf for details). If we adopt the previously
described thermodynamic approach (eqn (2)), in this case Agy
represents the variation of the free energy of GMO cubic phase
between 50 °C (final state) and 25 °C (initial state). In the
absence of a phase transition, Agp dependence on temperature
is minor.*" Thus, Agy can be considered in first approximation
as only dependent on the variation of the free energy of elastic
curvature Agc. The Helfrich’s free energy of elastic curvature
gc ** adapted for a lipid bilayer can be expressed as:

go = 2kp(H — Ho®)? + kBK (3)
with H,” and H mean spontaneous and mean curvatures
respectively, in this case equal to zero,”® xg and «& bending
and Gaussian elastic moduli and K Gaussian curvature. g¢ can
be thus considered dependent on K and «§, which are related

Nanoscale, 2018, 10, 3480-3488 | 3483



Paper

to the viscoelastic properties of the lipid membrane. The
Gaussian curvature K can be related to the experimentally
observed lattice parameters d of the Pn3m cubic phase through
the Gauss-Bonnet theorem' (K)o, = 2my/od®, where K, is the
mean Gaussian curvature to the mid-plane of lipid bilayer, y is
the Euler-Poincare parameter (ypa3,» = —2) and ¢ is a topologi-
cal constant (opu3, = 1.919)." In the absence of SPIONSs, a
linear decrease of the GMO Pn3m lattice parameter d with
temperature increase, with slope —0.8 A °C™' (see ESIt for
details) is observed, which, taking into account eqn (3) in com-
bination with the Gauss-Bonnet theorem, is with a concomi-
tant decrease in free energy of elastic curvature gc. Thus, in
the absence of any constraint due to SPIONs, as temperature
increases the hydrophobic chains splay out from each

other*>*® and adopt a new curvature, due to a higher flexibility
of the membrane, that leads to a decrease of lattice
parameters.

If we consider the ternary sample containing the lowest
amount of SPIONs (0.23% w/w), in the range 25 °C-50 °C the
Pn3m lipid structure is preserved (see Fig. 2). The same
thermodynamic considerations discussed are thus applied.
Interestingly, in this case a milder dependence of the lattice
parameter on temperature is observed, with a slope of
—0.25 A °C™* (see ESIf for details). The lower sensitivity of the
lattice parameters to temperature means that, in the presence
of SPIONS, the decrease of the free energy of elastic curvature
gc is lower. Clearly, the SPIONs do not have effect only on the
frustration packing free energy, as discussed in the previous
paragraph, but affect also the viscoelastic properties of the
membrane, through gc. The effect of nanoparticles on the
elastic properties of lipid mono-bilayer has been recently
addressed, highlighting either softening or stiffening effects
on the lipid phases depending on physico-chemical properties
of NPs, generally considered with a hydrophilic coating.*” In
this case the modifications of the viscoelastic properties of the
membrane are provoked by hydrophobic SPIONs embedded in
the membrane.

Finally, we focused our attention on the sample whose
phase transition is in the range 30-40 °C, close to physiologi-
cal temperature, 0.47% w/w of SPIONSs.

In Fig. 3 the SAXS profiles of 50% w/w GMO (25-35-50 °C
Fig. 3a) and this latter sample (at 25-30-35-40-45-50 °C,
Fig. 3b) are displayed. For GMO/SPIONs 0.47% wj/w, the
diamond cubic phase, which is the only present at 25 °C, is
preserved at 30 and 35 °C, with a minor sensitivity of the
lattice parameter on the temperature and the appearance of
some extra peaks. Due to the coexistence with an inverse hex-
agonal phase Hy;, these extra peaks are not ascribable to the
Pn3m structure. The cubic phase signature completely dis-
appears in the range 35-40 °C and since 40 °C only the Hy
phase can be observed. With the same thermodynamic con-
siderations, the total free energy of lipid bilayer Agy can be
written in terms of Agp and Agc contributions, which can be
separately considered. As already pointed out, in the absence
of phase transition gp exhibits a minor temperature
dependence.*!
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Fig. 3 (a) SAXS curves of bulk cubic phase of GMO assembled in water
at 25-35-50 °C with 50% w/w water. Water channel shrink enhancing
temperature. (b) SAXS curves of GMO cubic phase assembled with
0.47% w/w SPIONs and 50% w/w water at 25-30-35-40-45-50 °C
Phase transition from cubic to hexagonal phase was observed above
35°C.

Thus, Agp (Hy-Pn3m) can be considered as a temperature
independent, positive value. Concerning Agc, the difference in
the free energy of elastic curvature between the hexagonal
(final) and the cubic (initial) phase,*® can be expressed through
a relatively simple equation (eqn (4), whose extended derivation
is reported in the ESIT), being the elastic moduli of the mono-
layers « and kg related to the corresponding parameters of sym-
metric bilayers®® through x; = 2k and «& = 2(kg — 2Hokl.), and
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taking into account that K = 0 for Hy while H = 0 for Pn3m at
the bilayer mid-plane.

Age = 4kHy, > — 2Kpnam(kG — 2Hokle).

(4)

Due to the previous considerations, Age for a Pn3m to Hy
transition is always negative. Thus, being the Ag, term positive
and practically invariant in the 25-50 °C temperature range,*!
the occurrence of Pn3m-Hy phase transition can only be
ascribed to the free energy of elastic curvature compensating
and overcoming the frustration packing free energy at a
defined temperature (eqn (5)):

[Agp| < |Age(T)| (5)
By combining eqn (4) and (5) we can write (eqn (6)):
A, KG
% +4HY < 2Kpngm (7" - ZHOIC) (6)

K, KG, Ho decrease if temperature increase. x and kg are related
to the membrane elasticity while Hy, depends on the molecular
geometry. Ultimately, the prevalence of a Hy or a Pn3m phase
depends on the balance between these two contributions, H,
and kg/k. In the GMO cubic phase without NPs, the phase tran-
sition to the hexagonal phase is promoted at 90 °C. In the
presence of SPIONs, as already discussed, an overall increase
of the spontaneous curvature occurs, also at room tempera-
ture, determining an overall decrease of Agp, which, thus,
decreases the minimum value of free energy of elastic curva-
ture necessary to observe the phase transition (see eqn (5)).
Thus, the presence of the SPIONs acts in the thermotropic be-
havior of the GMO liquid crystalline phase having influence
both on the free energy of elastic curvature and on the free
energy of packing frustration.
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Overall, these energetic considerations are useful to high-
light the potential of GMO/NPs systems; the thermotropism
can be finely tuned through SPIONs content in lipid structure
considering that magnetic nanoparticles affect both frustration
packing and elastic curvature free energies.

Thermotropic behavior of GMO-SPIONs nanoparticles

The hybrid bulk cubic phase of GMO/SPIONs with 0.47% w/w
SPIONs was dispersed with Pluronic F127 as stabilizer as
described in the Experimental section, to give cubosomes with
a hydrodynamic radius in the range 2000-2500 A (ref. 49) (see
ESIT for details). The structure and thermotropic behavior of
the cubosomes dispersion was investigated with SAXS within a
temperature range of 25-49 °C. For GMO cubosomes, the
structure is a primitive cubic phase Im3m>>>! (Fig. 4a), ie., a
more hydrated phase than Pn3 m, characterized by larger
water channels, which size, as in the Pn3m, decreases with
temperature (from 26 A at 25 °C to 20 A at 49 °C in the Im3m
and from 24 A at 25 °C and 16 A at 50 °C in the Pn3m). In the
same temperature range the lattice parameter d decreases by
2 nm (see ESIt), following a sigmoidal-like trend with inflec-
tion point at 36 °C, close to physiological temperature, making
cubosomes interesting for drug delivery of both hydrophobic
and hydrophilic therapeutics.

The SAXS profiles of magnetocubosomes, in the same
temperature range (Fig. 4b) are consistent with a less hydrated
diamond cubic phase with respect to bare cubosomes, coexist-
ing with a Hy even at 25 °C. The cubic phase signature dis-
appears above 35 °C and the hexagonal phase is the only one
at 37 °C. The larger stability range of Hy phases for
GMO-SPIONs hybrid systems is consistent with what was
observed for the bulk cubic phase and is indeed very interest-
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Fig. 4 SAXS curves of (a) cubosomes and (b) magnetocubosomes monitored in the 25 °C—-49 °C temperature range with 2 °C temperature steps.
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Fig. 5 Detail on low-q range of SAXS curves of magnetocubosomes
acquired in the 25-49 °C temperature range (see Fig. 4b). Variation of
scattering intensity for magnetic nanoparticles was detected during the
increase of temperature. At 49 °C self-organization of SPIONs into the
lipid architecture shows a pearl-necklace like structure (g73).

ing in order to design temperature responsive drug delivery
systems: in fact, the transition to hexagonal phase implies a
shrinking of the lipid nanoparticles, with water expulsion.
This structural modification implies therefore a huge release
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of the aqueous content of the aqueous channels with possible
release of the confined active principles.

A very interesting feature emerges in the low-g region of
the SAXS spectra of magnetocubosomes (see Fig. 4b com-
pared to Fig. 4a and 5): at 25 °C, the main feature of low-g
region is the structure factor corresponding to a correlation
length of the nanoparticles embedded in the lipid architec-
ture, observed in the same position as in the bulk cubic
phase. This structure factor peak is preserved up to 40 °C.
From 42 °C on, this peak disappears and a different struc-
tural feature occurs, consisting on a reorganization of the
NPs. We can hypothesize that a decrease in viscosity of the
lipid phase allows particle diffusion into the hydrophobic
domain and the magnetic dipolar interaction drives a pearl-
necklace organization.’ In Fig. 5 the low-g SAXS range is
highlighted, showing at 49 °C a distinct and relatively
extended ¢! scalar law beyond Guiner region. We can infer
the radius of the pearls (18 A), corresponding to the NPs
radius and the length of the necklace (281 A); from these
values, we can hypothesize that 5-6 nanoparticles align in the
lipid structure. Recently, modulation of nanoparticles shape
or their aggregates have been proposed to overcome the so-
called Brezovich effect. NPs controlled aggregation might
enhance the heating power of SPIONs,*” and/or modulate
their magnetic properties.>® With our results, we demonstrate
that a fine control on the SPIONs arrangement can be
achieved exploiting the polymorphic behavior of a lipid
scaffold. The spontaneous controlled arrangement in linear
structure can profoundly modify magnetic properties, as pre-
dicted in some computational studies®**® and finally alter
magnetic properties.

() o] GMO/SPIONS AMF
3
s{ SPIONs || 71 Pea — NoAMF
i1 — 5'AMF
— 10AMF

10
: -
5 g

¢

2
& — "
=

T T T T T
0.05 0.10 0.5 020 0.25

q (A"

I(a.u.)

Fig. 6 SAXS curves of (a) GMO bulk cubic phase and (b) GMO bulk cubic phase with 0.47% SPIONs monitored during 10 minutes LF-AMF appli-
cation at r.t. (a) A very mild shift of cubic phase Bragg peaks in present upon 10 minutes AMF application, corresponding to an temperature increase
of 0.6 °C; (b) the appearance of an extra-peak at low g occur attributable to a H, phase proves the occurrence of a Pn3m/H, phase transition.
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Magnetotropic behavior of GMO-SPIONSs assemblies

It is well known that SPIONs are responsive to an alternating
magnetic field: their magnetic relaxation causes local heating.
This effect is used in drug delivery systems to trigger the
release from vehicles as liposomes'"***” or magnetocubo-
somes™'® of model drug confined in the hydrophilic domains.
For the first time, we report the structural effects of the AMF
monitored “live”, i.e. during the AMF application, on the struc-
ture of a GMO cubic bulk phase self-assembled in the presence
or in the absence of SPIONs (Fig. 6). With a dedicated experi-
mental setup, we monitored through SAXS the structural
changes in the bulk cubic phase during the application of an
alternating magnetic field. As we can see from Fig. 6a, the
AMF applied to GMO cubic phase (without SPIONs) does not
induce structural changes, apart from a mild Joule Effect of
the coil, which causes an overall minor shift (~4.4 x 107* A™")
of the profile, consistent with a temperature increase of 0.6 °C.

Conversely, when SPIONs-loaded Pn3m GMO mesophases
are subjected to AMF, Fig. 6b, the appearance of an extra peak
is highlighted, which position is identical to the first reflection
of the Hy; phase (see Fig. 2b). During 10 minutes application,
the intensity of the peak increases, though the transition is
not complete. However, complete absence of phase transition
and negligible temperature increase when NPs are not present
and the perfect correspondence of this peak with the hexag-
onal phase allows us attributing it unambiguously to the local
heating effect of the SPIONs that, probably due to the very
localized effect, provoke a locally confined phase transition of
the lipid scaffold.

Conclusions

Hydrophobic magnetic nanoparticles endow GMO cubic meso-
phases with responsiveness to alternating magnetic fields,"
allowing spatio-temporal control of the release of small mole-
cules confined in their lipid bilayers or in the water channels.
The mechanistic aspects of this process, of particular relevance
in the field of controlled drug-delivery, were not yet elucidated.

In this contribution, we have explored and interpreted the
structural effects of SPIONs on the thermotropic and lyotropic
phase behaviour of bulk and dispersed cubic lipid phases. As
the concentration of SPIONs in the lipid scaffold increases, a
Pn3m-Hy phase transition is promoted. For Pn3 m GMO/
SPIONs/water systems, the transition temperature to an Hy
phase is lowered with respect to GMO/water (90 °C). The ther-
motropic properties of magnetocubosomes were also investi-
gated, and the same structural effects were detected. We
explain this phase behaviour in terms of changes of frustration
packing and elastic features of the lipid bilayer. The same tran-
sition was induced applying an alternating magnetic field, due
to local heating operated by the NPs. The structural change
causes a shrinking of the mesophase, responsible for the
release of hydrophilic molecules, initially confined in the
water channels. Additionally, we detected in the hexagonal
phase a spontaneous re-organization of the NPs into a pearl-
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necklace supraparticle. This result is fully in line with our
hypothesis on the NPs-induced frustration packing of the
mesophase as the driving force of the transition.

These data and their interpretation open new perspectives
both from fundamental and applicative standpoints.
Concerning the first aspect, the results here presented contrib-
ute to the elucidation of NPs’ interactions with synthetic or
natural lipid membranes, demonstrating that NPs affect the
viscoelastic properties of lipid bilayers, shifting the meso-
phases’ phase boundaries. This effect can be harnessed to
tune the mesophase response to AMF and drive the release of
host molecules, with numerous applications in the field of
drug delivery. In addition, lipid mesophases steer the organiz-
ation of single NPs into magnetic supraparticles with pre-
served colloidal stability. This approach opens the way to
control the spontaneous supraorganization of SPIONs in a
lipid scaffold, possibly overcoming the Brezovich limit, which
nowadays hampers clinical applicability of magnetic
hyperthermia.>
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Materials and Methods

S.1- Materials
Fe(Ill)acetylacetonate, 1,2-hexadecanediol, oleylamine, oleic acid, diphenylether, ethanol and
mixture of hexane employed for the synthesis of SPIONs, were purchased from Sigma Aldrich

(St. Louis MO), the same for Glyceryl Monooleate (GMO) and Pluronic F-127.

S.2- Synthesis of magnetic nanoparticles

Iron oxide nanoparticles were synthesized according to the protocol reported by Wang et al.l.
Briefly, 0.71 g Fe(acac); (2 mmol) were dissolved in 20 mL of phenyl ether with 2 mL of oleic
acid (6 mmol) and 2 mL of oleylamine (4 mmol) under nitrogen atmosphere and vigorous
stirring. 1,2-hexadecanediol (2.58g, 10 mmol) was then added. The solution was heated at 210
°C, refluxed for 2 h and then cooled down to RT. Ethanol was added to the dispersion and the
precipitate collected, washed with ethanol to remove residual precursors and side products from
the synthesis and redispersed in 20 mL hexane in the presence of 75 mM of both oleic acid and
oleylamine. A stable dispersion of the SPIONs with a hydrophobic coating of oleic acid and

oleylamine in hexane was obtained.

S.3- Preparation of bulk and disperse cubic phase

The preparation of bulk cubic phase with or without SPIONs was carried out according to the
following procedure. First, 30 mg of GMO were weighted in a 2mL glass vial. For
GMO/SPIONSs systems, the appropriate volume of SPIONs dispersion was then added. About 1

mL hexane was used to solubilize the mixture and then the solvent was removed with a gentle



nitrogen flux. GMO or GMO/SPIONSs systems were left under vacuum overnight sheltered from
light. The dry film was then hydrated with 30 pL Milli-Q water and the sample was then
centrifuged at least 5 times altering a cycle with cap facing upward with another with cap facing
downward.

For the preparation of cubosomes, first GMO or GMO-SPIONs film was obtained, as
previously described. 8 mg of Pluronic F-127 were then added to the dry film and the mixture
was heated in a water bath at 70 °C for 5’ to melt the Pluronic F-127 and then vortexed for 5°.
Five cycles of heating-vortexing were carried out and then 500 pL of preheated H,O at 70 °C
were added. The dispersion was then sonicated in a bath-sonicator at 59 kHz and 100% power

for 6 h, to homogenize the system.

S.4- Small-Angle X-ray Scattering (SAXS) Hecus

SAXS measurements were carried out on a S3-MICRO SAXS/WAXS instrument (HECUS
GmbH, Graz, Austria) which consists of a GeniX microfocus X-ray Sealed Cu Ka source
(Xenocs, Grenoble, France) power 50 W which provides a detector focused X-ray beam with k =
0.1542 nm Cu Ka line. The instrument is equipped with two one-dimensional (1D) position
sensitive detectors, (HECUS 1D-PSD-50 M system) each detector is 50 mm long (spatial
resolution 54 Im/channel, 1024 channels) and cover the SAXS g-range (0.003 < q < 0.6 A-!) and
the WAXS g-range (1.2 < q < 1.9 A1), The temperature was controlled by means of a Peltier
TCCS-3 Hecus. SAXS curves of bulk cubic phase were recorded at 25-30-35-40-45-50 °C in a

solid sample-holder. Dispersion of SPIONs were recorded in a glass capillary.



S.5- Small-Angle X-ray Scattering (SAXS) Elettra Synchrotron

Analysis of cubosomes and magnetocubosomes were carried out at SAXS beamline of
synchrotron radiation Elettra, Trieste, Italy operated at 2 GeV and 300 mA ring current. The
experiments were carried with 4=15a A and SAXS signal was detected with Pilatus 3 1M
detector in g-range from 0.008 A-! to 0.45 A -!. Thermic behavior of colloidal dispersion of
cubosomes and magnetocubosomes were carried out through thermostat from 25 °C to 49 °C
increasing the temperature of 2 °C each step. Equilibration time at each temperature was 5
minutes. SAXS curves were recorded in a glass capillary for cubosomes and magnetocubosomes

dispersions and in a solid sample-holder for the cubic phases.

S.6- SAXS analysis
Equation (1) was used to calculate lattice parameter of cubic and hexagonal phase:
el CONCEVERT O
Eq. (2) was used to calculate water channel radii ry, in cubic phase while eq (3) was used to

calculate volume water fraction:

r,=A/(-0/2mx)d-1, (52)
by 4 [y,
@,=1- ZAO(E) - §HX(E) (83)

Equation (4)? and (5)* describe water channel radii of hexagonal phase and water volume

fraction respectively:

0.5256d - [,
= S4
Tw 0.994 5
271er
@, = (S5)
w \/§d2

S4



We assumed that 1. into the range of 25-50 °C, is constant and assume value of about 17 A.
Moreover, to evaluate water fraction both for cubic and hexagonal phase we assumed that %w/w

of Fe;04 negligible.

S.7- LF-AMF specifications
A sinusoidal magnetic field was generated in the gap of a broken toroidal magnet carrying a
solenoid through which an alternating electric current (AC) from a tone generator was led as
described elsewhere*. The samples to be treated with LF-AMF were placed in the middle of the
gap. Due to the design of the experimental apparatus, the magnetic field inside the cell is not
isotropic. During the experiments, the field frequency was set at 6.22 kHz. Magnetic field values

of magnet range from 100-330 mT with 10 V and 8 A.



Supplementary Figures

S.8- SAXS characterization of magnetic nanoparticles
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Figure S1: SAXS curve of magnetic nanoparticles disperse in hexane diluted 1:3 (red) fitted by

polidisperse Shultz Sphere model (black line).
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Figure S2: SAXS curves of magnetic nanoparticles with linear fit in Guiner region.
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To investigate the dimension of magnetic nanoparticles synthesized as reported in S.2 section,
we diluted 1:3 in hexane magnetic nanoparticles. We employed “SphereSchultz Model” by NIST
to estimate the radius and polidispersity of SPIONs, which were found equal to 20+3 A and 0.35
respectively. Moreover, the SAXS curve was analyzed with the Guiner limit law finding a
gyration radius of 24 A. In the hypothesis of spherical and monodisperse nanoparticles, the
average radius of the SPIONSs derived from Guinier plot is R= 31 A. This result, corrected for the
polidispersity of the colloidal dispersion’, is about 18 A, and this is fully consistent with the

radius obtained from the “SphereSchultz Model” analysis.

S.9- Lattice parameters of GMO/H,0 systems and SAXS curves of GMO/H,O/oleic acid-

oleylamine
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Figure S3: SAXS analysis of GMO/H,0 mesophases at 25 °C (blue line and markers), 35 °C
(green line and markers) and 50 °C (red line and markers): square root of the sum of the h.k,1
Miller indexes of each peak vs g-peak position (blue, green, red circles); linear fit of the

experimental data to calculate lattice parameters the different mesophases (blue, green, red line).

S7



| GMO with 1 mg 50:50 OAc:Ol|
100 -
25 30 35 40 45 50
80 — -
60 —
£
s
40 | ‘
2.8
£
20 - | §2.4—_
X
r’] $ 2.0
7]
1.6 -
& T | T T ] e
005 010 015 020 0.25 0.30 0.12 0.16 0.20
QA™) Q™)

Figure S4: SAXS curves of GMO assembled with 1 mg of a mixture Oleic Acid/Oleylamine at
25-30-35-40-45-50 °C (respectively violet, blue, cyan, green, yellow and red) and Miller index
on Q. to determine the trend of Pn3m lattice parameter with temperature. No phase transition

was observed in this system.

Table S1. Lattice parameters, water channel radii and water volume fraction of GMO assembled
with 1 mg of a mixture 50:50 of Oleic acid and oleylamine

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 103 23 0.40
30 95 20 0.36
35 94 20 0.36
40 91 19 0.34
45 86 17 0.31
50 83 15 0.29
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Figure S5: SAXS curves of GMO assembled with 3 mg of a mixture Oleic Acid/Oleylamine and
Miller index on Q. to determine the trend of the lattice parameter both for cubic (violet, blue,
cyan, green and yellow) and hexagonal phase (yellow and red line) with temperature in the 25-50
°C temperature range. At 45°C the coexistence of cubic and hexagonal phases was detected.

Only at 50 °C a pure inverse hexagonal phase was detected.
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Table S2. Lattice parameters, water channel radii and waer volume fraction of GMO assembled
with 3 mg of a mixture 50:50 of Oleic acid and oleylamine.

25 86 17 0.31

35 82 15 0.28

45 80 (Pn3m) 14 0.26
50 (Hy) 9 0.13
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Figure S6: SAXS curves of GMO assembled with 6 mg of a mixture Oleic Acid/Oleylamine and
Miller index on Qp, to determine the trend of the lattice parameter both for cubic (violet, blue
and cyan) and hexagonal phase (cyan, green and yellow and red line) with temperature in the 25-
50 °C temperature range. At 35°C the coexistence of cubic and hexagonal phases was detected.

From 40 °C a pure inverse hexagonal phase was detected.
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Table S3. Lattice parameters, water channel radii and waer volume fraction of GMO assembled
with 6 mg of a mixture 50:50 of oleic acid and oleylamine.

25 85 16 0.3

35 81 (Pn3m) 15 0.27
52(Hy) 10.4 0.14

45 51 9.8 0.14
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S.10- SAXS curves of GMO/H,0/SPIONs
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Figure S7: SAXS curves of GMO assembled with 0.23% w/w Fe;04 (mixture of OAc/Ol is 1.33
mg) and Miller index on Q,,.x to determine the variation of the lattice parameter for cubic phase
with temperature in the 25-50 °C temperature range. No phase transition with this amount of

SPIONs was detected.
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Table S4. Lattice parameters, water channel radii and waer volume fraction of GMO assembled
with 0.23% SPIONS at increasing temperatures.

25 88 17 0.32

35 86 16.6 0.31

45 84 15.8 0.29

Table S5. Lattice parameters, water channel radii and waer volume fraction of GMO assembled
with 0.47% SPIONS at increasing temperatures.

25 87 (Pn3m) 17 0.31

35 85 (Pn3m) 16 0.3
54 (Hp) 11 0.16

45 52 (Hy) 10 0.14
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Figure S8: SAXS curves of GMO assembled with 0.93% w/w Fe;O4 (5.33 mg of a mixture
OACc/Ol) and Miller index on Q,,.x to determine the trend of the lattice parameter for the inverse

hexagonal phase with temperature in the 25-50 °C temperature range.

Table S6. Lattice parameters, water channel radii and water volume fraction of GMO assembled
with 0.93% SPIONS at increasing temperatures.

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 53 11 0.15
30 52 10 0.14
35 51 9.8 0.13
40 50 9.3 0.13
45 49 8.8 0.12
50 49 8.8 0.12
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Figure S9: SAXS curves of GMO assembled with 1.1% w/w Fe;O4 (6.13 mg of a mixture

OACc/Ol) and Miller index on Q,,.x to determine the trend of the lattice parameter for the inverse

hexagonal phase with temperature in the 25-50 °C temperature rang.

Table S7. Lattice parameters, water channel radii and water volume fraction of GMO assembled
with 1.1% SPIONSs at increasing temperatures.

Water channel radii (A) Water volume fraction

9.3 0.13

T (°C) Lattice parameter (A)

25 50
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30 51 9.8 0.14
35 49 8.8 0.12
40 49 8.8 0.12
45 49 8.8 0.12
50 47 7.7 0.1

S.11- Temperature dependence of GMO/H,0/SPIONs lattice parameters
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Figure S10: Linear fit of lattice parameters in GMO/H,O system (green line) and

GMO/H,0O/SPIONs (0.23% w/w) (blue line) on temperature. Both the systems have the same

cubic structure (Pn3m).
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S.12- DLS analysis of cubosomes and magnetocubosomes
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Figure S11: Dynamic Light Scattering (DLS) curves of cubosomes and magnetocubosomes

water dispersion diluted 1:500 before the measurement.

Table S8. Hydrodynamic diameter and polydispersity of cubosomes and
magnetocubosomes. DLS curves analyzed through a cumulant analysis stopped to the
second order.
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T (°C) Hydrodynamic diameter Polydispersity

(nm)
Cubosomes 240 0.19
Magnetocubosomes 260 0.12

S.13- Temperature dependence of cubosomes and magnetocubosomes lattice parameters
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Figure S12: Trend of lattice parameters of cubosomes and magnetocubosomes with temperature
in the 25-50°C temperature range, estimated from SAXS data. The lattice parameter d decreases
following a sigmoidal-like trend. The overall lattice parameter decrease is of about 2 nm for
cubosomes and 3 nm for magnetocubosomes in the 25°C-50°C temperature range.

Magnetocubosomes present a phase transition Pn3m-Hp very close to the physiological

temperature.
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S.14- Derivation of Equation 4 of the main text
In the framework of Helfrich theory, the free energy of elastic curvature of a lipid bilayer g¢ can
be expressed as:

ge=2"H-HDH* + 15K (S6)

B
where ©” and ¥¢ are the bending and Gaussian elastic moduli respectively, H and K are the mean
B
and Gaussian curvatures and 70 is the spontaneous curvature of the bilayer. Considering that for

B _ . . .
a symmetric lipid bilayer Ho=0 the Hy phase is characterized by a Gaussian curvature K=0 and
that the mean curvature for a Pn3m at the mid-plane H=0, we can write equation (6) for the

hexagonal and cubic phases as follows:
g.(Hy) =2xzH*  (S7)
gc(Pn3m) =xk3K  (S8)

If we express the bending and Gaussian elastic moduli for a bilayer in terms of the corresponding

terms for a monolayer, we obtain:
kg =2k (59)
K& =2(k; - 2Hykl)  (S10)
and can rewrite (7) and (8) as follows:
g.(Hy) = 4xH*  (511)

ge(Pn3m) = 2(x; - 2Hykl )K  (S12)
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Considering a cubic-to-hexagonal phase transition, we can write the variation of elastic curvature

as:

Age= 4;<HH2” = 2K ppam (g = 2Hokl)  (S13)
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GRAPHICAL ABSTRACT

) Nanoparticles Modify Structural and Flow Properties
SPIONs of Non-lamellar Lipid Mesophases

AuNPs
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ARTICLE INFO ABSTRACT

Article history: The inclusion of inorganic nanoparticles (NPs) within organized lipid assemblies combines the rich poly-

Received 3 December 2018 morphism of lipid phases with advanced functional properties provided by the NPs, expanding the applica-
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This contribution combines Small-Angle X-ray Scattering (SAXS) and Rheology to connect the structural

properties with the viscoelastic behavior of liquid crystalline mesophases of Phytantriol (Phyt) containing

Keywords:

Liquid crystalline mesophases
AuNPs

SPIONs

Phytantriol

Cubic lipid phases

two kinds of hydrophobic NPs of similar size, i.e., gold NPs (AuNPs) and Superparamagnetic Iron Oxide NPs
(SPIONSs). Both types of NPs spontaneously embed in the hydrophobic domains of the liquid crystalline
mesophase, deeply affecting its phase behavior, as SAXS results disclose. We propose a general model to
interpret and predict the structure of cubic mesophases doped with hydrophobic NPs, where the effects
on lipid phase behavior depend only on NPs’ size and volume fraction but not on chemical identity. The rhe-
ological measurements reveal that NPs increase the solid-like behavior of the hybrid and, surprisingly, this
effect depends on the chemical nature of the NPs. We interpret these results by suggesting that the long-
range dipolar interactions of SPIONs affect the viscoelastic response of the material and provide an addi-
tional control parameter on mechanical properties. Overall, this study discloses new fundamental insights
into hybrid liquid crystalline mesophases doped with hydrophobic NPs, highly relevant for future applica-
tions, e.g. in the biomedical field as smart materials for drug delivery.

© 2019 Published by Elsevier Inc.

1. Introduction

Abbreviations: LLCs, lyotropic liquid crystals; DDS, drug-delivery systems; Phyt,

phytantriol; SPIONSs, superparamagnetic iron oxide nanoparticles; AuNPs, gold

nanoparticles.
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a variety of diverse applications in the biomedical field. For
instance, gold nanorods have been embedded in lipid vesicles for
applications in hyperthermia [1,2]; quantum dots-loaded lipo-
somes have been proposed for diagnostic purposes [3-6]; super-
paramagnetic iron oxide nanoparticles (SPIONs) have been
included in liposomes, to form magnetoliposomes, applied both
for MRI [7,8] and as drug delivery systems that can release their
payload in a space- and time-controlled manner, thanks to respon-
sivity to static and alternating magnetic fields [9-11]. The most
explored amphiphilic scaffolds are lipid vesicles, but more recently
some studies have addressed the insertion of inorganic NPs [12,13]
into non-lamellar lipid assemblies formed through self-assembly
of polymorphic lipids. While some applicative examples have been
reported, a fundamental understanding of the impact of NPs on
lipid phase behavior, necessary to design these materials for a
specific biomedical application is, to date, very limited.

It is well known that lipid self-assembly in water gives rise to a
rich phase diagram, with a complex variety of architectures and mor-
phologies, as in the case of glyceryl-monooleate (GMO) and Phy-
tantriol (Phyt). For these latter systems, the phase diagrams have
been thoroughly investigated over the years [14]. Depending on
the water content, lamellar structures (Lc and Lot) and bicontinuous
cubic mesophases (gyroid la3d and diamond Pn3m) are observed at
room temperature, while hexagonal structures and inverted micelles
are formed at higher temperatures. The presence of additives modi-
fies and controls the geometry of these lipid architectures. This is the
case for fatty acids [ 15,16], photo-switchable molecules [17-19], and
proteins [20] that can be even crystallized within the lyotropic phase
[21,22]. Recently, Briscoe et al. [23,24] investigated the effects of
hydrophobic silica NPs on dioleoyl-phosphatidylethanolamine
mesophases, highlighting a temperature and pressure-dependent
lamellar to hexagonal phase transition. Mezzenga and coauthors
studied the inclusion of hydrophilic SPIONs in monolinolein assem-
blies, observing the structural responsiveness of the lipid-SPION
hybrids to static magnetic fields [25,26]. In a previous work, we
showed that the addition of hydrophobic SPIONs to a GMO Pn3m
cubic phase induces a transition to hexagonal phase, which can be
understood as a balance between the free energies of membrane
elastic curvature and lipid frustration packing [27]. Additionally,
we highlighted that the same phase transition occurs by applying a
low frequency alternating magnetic field (AMF), due to the local
heating produced by the magnetic relaxation of NPs [27,28].

The central purpose of this study is the separation of thermody-
namic effects, due to insertion of hydrophobic hard spheres with a
given curvature into locally bilayered structures, from functional
effects, specifically originating from the chemical nature of the
NPs. To this aim, we leverage our previous studies on hybrid lipid
cubic mesophases [27,28] to investigate two kinds of hydrophobic
NPs and map the phase and flow behavior with SAXS and Rheology.
Phytantriol (Phyt), endowed with lyotropic and thermotropic poly-
morphism, was doped with NPs characterized by the same size and
similar hydrophobic coating, but different core, i.e., AuNPs and
SPIONS.

The ensemble of results here gathered, besides providing funda-
mental knowledge on the phase behavior of such hybrid systems,
discloses new insights on the interaction between nanomaterials
and non-lamellar biomimetic interfaces at the molecular level, fos-
tering the applicative potentials of these smart materials in the
biomedical field [29-32].

2. Materials and methods
2.1. Materials

Fe(lll)-acetylacetonate (97%), 1,2-hexadecanediol (90%), oley-
lamine (70%), oleic acid (90%), diphenylether (99%), denatured

ethanol and hexane mixture of isomers employed for the synthesis
of hydrophobic SPIONs, were purchased from Sigma Aldrich (St.
Louis MO), the same for Gold-(Ill) tetrachloride (99.995%) and
tetraoctylammonium bromide (TOAB 98%). Phytantriol (Phyt)
was a gift of Royal DSM. The synthesis of AuNPs and SPIONs is
reported in the SI.

2.2. Preparation of bulk cubic mesophases

Bulk cubic phases with or without SPIONs and AuNPs were
prepared according to the following procedure: 30 mg of Phyt
were weighted in 2 mL glass vessels in the absence (for neat
Phyt mesophases) or in the presence (for NPs-loaded Phyt
mesophases) of appropriate volumes of SPIONs and AuNPs dis-
persions in hexane. About 1 mL of hexane was used to solubi-
lize the mixtures, then the solvent was removed under a
gentle nitrogen flux. The dry films were left under vacuum
overnight, then hydrated with 50 pL Milli-Q water and cen-
trifuged ten times, 5 min each time, at 9000 rpm, alternating
a run with the cap facing upward with another with the cap
facing downward.

2.3. Small-Angle X-ray Scattering (SAXS)

SAXS measurements were performed on a S3-MICRO SAXS/
WAXS instrument (HECUS GmbH, Graz, Austria) which consists
of a GeniX microfocus X-ray Sealed Cu Ko source (Xenocs,
Grenoble, France) with power 50W. The source provides a
focused X-ray beam with 2 =0.1542 nm Cu Ko line [33,34]. The
instrument is equipped with two one-dimensional (1D) position
sensitive detectors, (HECUS 1D-PSD-50M system) each detector
is 50 mm long (spatial resolution 54 pm/channel, 1024 channels)
and covers a gq-range of 0.003<q<0.6A"! (SAXS) and
12<q<19A"', (WAXS). The temperature was controlled by
means of a Peltier TCCS-3 Hecus. SAXS curves of bulk cubic
phases were recorded at 25, 35 and 50°C in a solid sample-
holder. The hexane dispersions of SPIONs and AuNPs were
inserted in a glass capillary to record SAXS profiles. NPs dry films
were prepared as follows: the NPs dispersion in hexane was
placed in a glass capillary and dried under vacuum overnight
to remove the solvent.; SAXS profiles were then recorded. SAXS
data analysis is detailed in the SIL

2.4. Rheology

All rheology tests were performed using a Physica-Paar UDS 200
rheometer, equipped with a plate-plate geometry measuring sys-
tem (diameter of the upper plate 20 mm, measuring gap:
200 um). The temperature was controlled with a Peltier device.
All the oscillatory measurements were performed within the linear
viscoelastic range (1 Hz about the amplitude sweep curves). For all
the measurements, once the samples were deposited on the sur-
face of the measuring plate, a delay time of 10 min was set in order
to ensure the complete equilibration of the sample; in that way no
loading effect was observed for all the investigated samples. In
order to minimize the evaporation of water, silicone oil was
applied to the rim of the samples when temperature was varied
in 25-50 °C. The instrumental setups for the rheology tests are
the following:

i. Frequency sweep test: frequency range 100-0.001 Hz;
amplitude 0.1% strain;

ii. Amplitude sweep test: strain % from 0.001% to 10%; fre-
quency 1Hz.
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3. Results and discussion
3.1. Structure of Phyt mesophases doped with hydrophobic NPs

Fig. 1 summarizes the physicochemical characterization of the
NPs (AuNPs and SPIONs) employed in the study. Briefly, AuNPs
with a dodecanethiol coating in hexane were synthesized accord-
ing to Brust et al. [35] (see SI for details), leading to slightly poly-
disperse nanospheres, as visible from the TEM images (Fig. 1d).
The analysis of the NPs’ SAXS profile yielded an average core diam-
eter of 3.0 nm and a polydispersity index of 0.28, as estimated
through a Schultz distribution [36] (see Fig. 1c): a similar value
was obtained from TEM (average diameter 2.8 nm, see SI for
details). Hydrophobic SPIONs were synthesized according to Wang
et al. [37], leading to a stable hexane dispersion of magnetite nano-
spheres coated with oleic acid/oleylamine, with slightly larger size
than AuNPs, as visible from TEM images (Fig. 1b) and from SAXS
(Fig. 1a) curve fitting results: core diameter of 3.6 nm (3.8 nm by
TEM) and polydispersity 0.30. The two different NPs’ samples are
therefore characterized by a hydrophobic coating, which is
expected to drive their inclusion in the hydrophobic domains of
the mesophase, and by relatively small core size, which is a neces-
sary prerequisite to determine a minimum local perturbation to
the bilayered arrangement of Phyt, of 2.8 nm thickness [38].

The effects of increasing amounts of hydrophobic NPs (SPIONs
and AuNPs) on the structure of the liquid crystalline mesophases
of Phyt in water excess at 25°C were monitored with SAXS
(Fig. 2b, 2¢).

It is well known that the binary system Phyt/H,0 with excess
water at room temperature is a Pn3m cubic mesophase, with the
amphiphilic Phyt molecules assembled as bilayers folded in
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a tridimensional cubic structure [39]. Accordingly, the Bragg peaks
of the cubic phase are clearly recognizable in the corresponding
SAXS profile (Fig. 2b, Fig. 2c, blue dashed lines).

Before discussing the phase behavior of hybrid NPs/Phyt sys-
tems, some consideration should be made about the Phyt bilayer
thickness as compared with NPs’ size. While the former is 2.8 nm
[39], the overall sizes of magnetic and gold nanoparticles, consid-
ering their shell composed by oleic acid (chain length 2 nm [40])
and dodecanethiol (1.4 nm [41]), are 7.6 nm and 5.8 nm respec-
tively. In the hypothesis of interdigitation between Phyt and the
coating alkyl chains, it is mainly the hindrance of NPs’ cores to
determine a local perturbation in the bilayer (see the sketch in
Fig. 2d). Dodecanethiol is covalently bound to the surface of AuNPs
(the excess is removed during the synthesis work-up, see SI for
details), while oleic acid and oleylamine are in excess in SPIONs
dispersion. Therefore, to better compare Phyt/SPIONs and Phyt/
AuNPs data without coating effects, Phyt/AuNPs samples were pre-
pared adding the same quantity of SPIONs stabilizing agent (see
sections S-4 and S-5 in SI for details).

The addition of increasing amounts of both SPIONs and AuNPs
results in a clear modification of the mesostructure. Even small
amounts of NPs (1 x 107> NPs/Phyt) causes the appearance of an
additional peak, broad and centered at 0.18 A~ for AuNPs and
more intense and centered at 0.06 A~! for SPIONs. These peaks
are present for all Phyt/NPs SAXS profiles (see Fig. 2b, 2c), without
any significant shift of the maximum, irrespectively of the amounts
of NPs. To gain more insight on this effect, we recorded SAXS pro-
files of dry NPs films (see Section 2 for details on samples prepara-
tion). The dry AuNPs film (Fig. 2b, red curve) exhibits a broad peak,
centered at 0.18 A=, which perfectly matches the g-value of the
extra-peak in the mixed mesophase (see Fig. 2b). The SAXS profile

Fig. 1. Structural characterization of hydrophobic AuNPs and SPIONS: (a, c) Small-Angle X-ray Scattering profiles of SPIONs (a) and AuNPs (c) in hexane: the continuous lines
represent the best fitting curves according to a Schultz polydisperse spheres distribution; (b, d) representative TEM images of (b) SPIONs and (d) AuNPs. The scale bar in TEM

images is 50 nm.
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Fig. 2. (a) Chemical structure of Phyt; (b, c) SAXS of Phyt/H,0 mesophases as the concentration (1 x 1075, 2 x 1075, 4 x 10~> per Phyt molecule) of (b) AuNPs and (c) SPIONs
increases, compared to the SAXS profile of Phyt/H,0 in the absence of NPs (blue dashed line) and with the spectra measured for a dry film of (b) AuNPs and (c) SPIONs (dashed
red lines); the Miller indexes assignments (hkl) of the Pn3m and hexagonal phase are reported in the graphs. In (d) is reported the nanoscale visualization of NPs encapsulated
in the bilayer. (For interpretation of the references to colours in this figure legend, the reader is referred to the web version of this article.)

of dry SPIONs (Fig. 2c, red curve) is characterized by an intense
peak (centered at 0.07 A~'), which is slightly shifted at higher scat-
tering vectors with respect to the extra-peak in the corresponding
mixed mesophase. We attribute the peaks observed for the dry

films as arising from interparticle correlations, thereby ascribing
the extra-peaks in the hybrid samples to a partial clusterization
of NPs along the grain boundaries of the polycrystalline meso-
phases, as previously shown for similar systems in other studies
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[13,42,43]. The difference in the correlation length of SPIONs and
AuNPs in the dry film might be both related to the core differences
or to the slightly different hydrophobic coating of NPs, which
might lead to a different arrangement of the alkyl chains between-
neighboring NPs. The shift of the correlation peak from 0.07 A~!
(dry film) to 0.06 A~! (NPs inside Phyt) observed for SPIONs, which
corresponds to a variation in the NP-NP correlation distance from
8.90 to 10.5 nm, hints at the coexistence of SPIONs at the grain
boundaries with particles effectively embedded in the mesophase.
The same effect is clearer for AuNPs, where an additional correla-
tion peak at 0.097 A~! is detected, which can unambiguously
attributed the appearance of the peak to AuNPs embedded inside
the lipid architecture. Interestingly, the estimated correlation dis-
tance (6.5 nm) closely matches the nanometric organization of
the mesophase.

Upon increasing the NPs amount, a phase transition from cubic
(Pn3m) to hexagonal (Hy) phase is detected. In particular, at the
lowest NPs amount (light blue lines, Fig. 2b, c), both mixed meso-
phases retain the Pn3m cubic structure; the intermediate amount
of SPIONs (2 x 107> NPs/Phyt, Fig. 2b, green curve) is sufficient to
induce the phase transition, while the same number of AuNPs
induces a partial transition to the hexagonal phase, highlighted
by the coexistence of the typical Bragg reflections of both phases
(Fig. 2c, green curve); finally, at the highest amount of NPs
(4 x 107> NPs/Phyt) (Fig. 2b, c, yellow curve), both mesophases
are Hy. In a recent study we reported the same Pn3m-Hj phase
transition induced by hydrophobic SPIONs on GMO mesophases,
ascribing it to the balance between free energies of elastic curva-
ture and frustration packing [27]. The results here gathered extend
our previous findings to a different lipid (Phyt vs GMO), addition-
ally showing that the effect of the hydrophobic nature of SPIONs
and AuNPs is similar; it has to be pointed out that even if NPs’
number is the same, their different size results in a difference in
volume fractions (see SI for details). This value, higher for SPIONs,
fully justifies the less pronounced phase transition of Phyt/AuNPs
with respect to the SPIONs mesophase with lower and intermedi-
ate amount of NPs. We can conclude that the structural arrange-

ment of the hybrid lipid/hydrophobic NPs mesophases is
dependent on: (i) the equilibrium structure of the lipid binary
phase; (ii) the hydrophobic nature of the coating of the NPs, lead-
ing to their preferential partition in the hydrophobic domains of
the lipid scaffold; (iii) the size of NPs, which determines the degree
of perturbation of the bilayer curvature at the NPs inclusions,
thereby affecting the frustration packing energy of the lipid scaf-
fold [27]. The relevance of this latter parameter is also suggested
by the slight variation between SPIONs and AuNPs amounts
required to completely trigger the phase transition, fully in line
with the slight size and polydispersity difference between the
two NPs types.

We then fixed the NPs/Phyt ratio to 1 x 107> and varied the
temperature from 25 °C to 50 °C, to explore the thermotropic phase
behavior of the hybrid mesophases (Fig. 3).

Fig. 3a displays the profiles of the binary Phyt/H,0 system in
excess water, which shows the characteristic Pn3m-Hy; transition
at 50 °C, in full agreement with the literature [39].

Upon loading with the same number of SPIONs and AulNPs,
(Fig. 3b and 3c, respectively) the Pn3m phase persists at room tem-
perature (blue curves); a temperature increase to 35 °C partially
promotes the phase transition to the hexagonal phase, both for
SPIONSs (more pronounced) and for AuNPs (Fig. 3b, ¢ green curves).
Therefore, the Pn3m-Hj, transition can be induced both by increas-
ing the amounts of NPs and, at a fixed amount of NPs, by raising
the temperature up to a value which is considerably lower than
the transition temperature of the binary phase. The correlation peak,
observed for higher NPs concentrations (see Fig. 2), also appears
increasing the temperature for the sample with the lower amount
of nanoparticles (Fig. 3c) and the sharp signal is preserved after
24 h of the thermal cycle (see SI for details). This effect might be
related to a reorganization of the NPs which, at higher temperature,
are characterized by a higher mobility inside the mesophase. Never-
theless, the present results further prove that this behavior is not
specifically related to a defined lipid molecule or NP kind but can
be considered as a general phenomenon. In addition, in this descrip-
tion, the nature of the NPs core does not show major impact.
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Fig. 3. SAXS profiles of Phyt/H,0 mesophases in the absence (a) and in the presence of (b, c) 1 x 107> NPs ((b) SPIONs and (c) AuNPs) per Phyt molecule at 25 °C (blue), 35 °C
(green curves) and 50 °C (red curves); the Miller indexes assignments (hkl) of the Pn3m and hexagonal phase are also reported. (For interpretation of the references to colours

in this figure legend, the reader is referred to the web version of this article.)
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3.2. Rheological behavior of Phyt mesophases doped with hydrophobic
NPs

In order to understand the effect of NPs on the viscoelastic
properties of Phyt/NPs systems, rheological experiments were per-
formed on the same hybrid mesophases.

Amplitude sweep measurements at a fixed frequency of 1 Hz
and at T =25 °C are shown in Fig. 4, where the storage modulus
G’ (the elastic component of the complex modulus G*) and the loss
modulus G” (the dissipative component of G*) of the different lig-
uid crystalline mesophases are displayed as a function of the
applied strain. The curves measured for the hybrid Pn3m meso-
phases doped with 1 x 107> NPs per Phyt molecule (red markers,
SPIONs in Fig. 4a, AuNPs in Fig. 4c) are compared to those mea-
sured for Phyt/H,0 in the absence of NPs (blue markers). Fig. 4b,
d show the profiles measured for hybrid H;; mesophases doped
with increasing amounts (light blue markers 2 x 10~> NPs per Phyt
molecule, green markers 4 x 10~ NPs per Phyt molecule) of NPs
(SPIONSs in Fig. 4b, AuNPs in Fig. 4d).

It is known that different structural arrangements of liquid
crystalline mesophases are characterized by markedly diverse rhe-
ological responses [42,44]. Accordingly, the inclusion of NPs (both
SPIONs and AuNPs) in the Phyt/H,O cubic mesophase, which
induces a cubic-to-hexagonal phase transition, is associated with
a striking variation in the rheological behavior: as a matter of fact,
for Phyt/H,0 system and for low NPs loading, the amplitude sweep
curves (Fig. 4a, c) are characterized by the typical behavior of a 3D
isotropic network, with no preferential directionality, e.g., similarly
to Xantan Gum [45] and PVA [46]-based gels. In particular, G”
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shows a non-monotonic behavior: after an initial increase for low
strain values, it reaches a maximum, above which a strain increase
causes the disruption of the network, resulting in the decrease of
both G’ and G”, previously interpreted by McLeish and coworkers
with a “slip-plane” model, where the local cubic order is disrupted
along the direction of applied shear, while the bulk connectivity of
the 3D network is preserved [47,48].

As discussed in the previous section, NPs promote the Pn3m to
Hj; phase transition (see Fig. 2). The 1D-directional nature of the
hexagonal phase, whose domains are able to align along the shear
direction [49], determines a very different behavior, with mono-
tonic decrease of both moduli with increasing strain (Fig. 4b, d).

In summary, the arrangement of the lipid scaffold appears as
the main factor affecting the rheological behavior, as inferred from
amplitude sweep measurements. Within the same structural
arrangement (Pn3m or Hy), increasing the NPs number density
does not have major effects. This evidence also suggests an overall
structural integrity of the mesophase, where lipid assembly per-
sists in the presence of NPs embedded in the hydrophobic
domains.

To gather additional insight into the flow behavior, we investi-
gated the dependence of the storage and loss moduli of the mate-
rial on the frequency of the applied shear perturbation, by
performing frequency sweep measurements in the linear vis-
coelastic regime (strain 0.1%, see Materials and Methods for
details). The main results are reported in Fig. 5.

In line with the amplitude sweep profiles, the results highlight a
different dependence of both G’ and G” on the frequency of the
applied strain for Pn3m (Fig. 5a, c) and Hy; (Fig. 5b, d) mesophases.
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Fig. 4. Amplitude sweep analysis performed at 1 Hz and 25 °C for: (a, c) Phyt/H,O Pn3m mesophase in the absence (blue markers) and in the presence (red markers) of
1 x 1073 SPIONSs (a) and AuNPs (c) per Phyt molecule; (b, d) Phyt/H,0 H;, mesophase in the presence of 2 x 10~ (light blue markers) and 4 x 10~° (green markers) SPIONs (b)
and AuNPs (d) per Phyt molecule. (For interpretation of the references to colours in this figure legend, the reader is referred to the web version of this article.)
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As a first observation, the transition from Pn3m to Hy induces a
decrease of G/, highlighting the lower rigidity of the hexagonal
phase [50,51], which can be again attributed to the transition from
a 3D-to-1D geometry, as confirmed by the trend of tans (tans = G”/
G’) reported in the SI.

The Pn3m mesophases (Fig. 5a, ¢) behave as a viscoelastic fluid:
for ® > . (with o, crossover frequency between G’ and G” curves),
G’ is higher than G”, which indicates a predominantly elastic
behavior, while the viscous character is dominant for ® < .. Con-
cerning the H;; mesophase (Fig. 5b, d), the material is characterized
by a solid-like behavior, with G’ higher than G” in the whole range
of investigated frequencies. In this region of the phase diagram,
increasing the number density of NPs does not significantly affect
the viscoelastic properties, probably due to the alignment of
nanoparticles along the hexagonal domains.

Conversely, the inclusion of nanoparticles in a Pn3m meso-
phase, significantly modifies its rheological behavior. In particular,
although the same general trend described for the binary phase is
preserved for the cubic phases doped with SPIONs (Fig. 5a, red
markers) and AuNPs (Fig. 5¢, red markers), the crossover frequency
between G’ and G” is shifted to lower o values. This effect is par-
ticularly marked for SPIONs, with the crossover frequency located
outside the accessible frequency range of our rheometer.

The crossover frequency marks the transition from the rubbery
plateau to the viscous regime and corresponds to the longest relax-
ation time (Tmex = 1/@,) of the system, i.e. the longest characteris-
tic time required to relax back to the equilibrium configuration.
According to the model proposed by Mezzenga et al. [44,52], the

physical meaning of this relaxation time Tn,q. =1/, can be attrib-
uted to the diffusion time of the lipid molecules at the water-lipid
interface; this value provides therefore a characteristic order of
magnitude for the diffusion processes occurring at the interface
and can be used as an indication for the release kinetics of the
active molecules through the hydrophobic/hydrophilic interface
[52]. The tme value markedly increases in the presence of
1 x 107> NPs/Phyt, passing from 3.1s to 10s for AuNPs and to
>10 s for SPIONs, accounting for a slower response of the material
to the applied stress, which is a clear signature of an enhanced
solid-like behavior.

To rule out that this effect is caused by the partition of the
SPIONSs coating agents in the bilayer (added also to Phyt/AuNPs,
to better compare the two systems, see SI for details), we per-
formed a control experiment where the same amount of oleic acid
and oleylamine was directly added to Phyt without NPs (see SI for
details). This results in a negligible shift in the crossover frequency
with respect to the neat binary phase. Therefore, the possible com-
positional change of the lipid scaffold determined by these
hydrophobic molecular additives, does not substantially affect
the lipid/water interface relaxation time.

Moreover, as discussed in the SAXS section, NPs affect the lat-
tice parameter of the mesostructure, shrinking the water channels.
Since it has been reported [51] that the swelling of the cubic phase
has a major impact on the crossover frequency values, as a further
control experiment we performed rheological experiments on
Phyt/oleic acid/oleylamine Pn3m mesophases, tuning the composi-
tion to match the lattice parameter of NPs/Phyt (see SI). The
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variation of the frequency sweep profile is indeed negligible and
therefore possible effects due to a different degree of swelling of
the cubic phase can be safely ruled out.

In summary, the presence of NPs is the main factor that tunes
the viscoelastic relaxation of the cubic mesophase. To better appre-
ciate this point, the frequency sweep curves were transformed in
continuum relaxation spectra [44,51] (Fig. 6, see SI for the different
inversion methods tested). The behavior of Pn3m cubic meso-
phases can be described with a monomodal distribution of relax-
ation times: the main term is identified with the characteristic
diffusion time of lipids at the water-lipid interface, i.e. Tmqx.

With NPs, the relaxation mode distribution broadens and the
spectrum complexity increases, indicating a higher polydispersity
[51]. For both kinds of NPs, the main relaxation mode splits into
a multimodal distribution, suggesting a non-trivial effect on the
rheological properties of lipid bilayer. This feature can be inter-
preted in terms of the coexistence of lipids freely diffusing at the
lipid/water interface, with a slower relaxation time, i.e. Tpa,
ascribable to a hampered lipid diffusion at the NPs’ surface.
Interestingly, this is a similar effect highlighted through Fluores-
cence Correlation Spectroscopy [53,54], for hydrophilic AuNPs
interacting with free-standing lipid membrane. Moreover,
although the NPs’ diameter is comparable, the concentration iden-
tical and the effects on phase behavior similar (as highlighted from
SAXS measurements), the addition of SPIONS is related to a signif-
icantly higher 7,,.x value with respect to AuNPs (9.1 s vs 37.9 s), as
the comparison between Fig. 6a and b, highlights. Therefore, the
chemical nature of NPs might be critical for the rheological
response of the material. This significant effect is, we believe, well
beyond what can be expected considering the slight difference in
NPs sizes, therefore hinting to a “core” effect in the viscoelastic
response. A working hypothesis is that the long-range dipolar
interactions between the SPIONs, which are absent in the AuNPs-
doped systems, act as a structuring factor on the material, increas-
ing the elastic over viscous response of the material upon the
applied stress. This stiffening effect likely originates at the nanos-
cale level, where dipolar interactions between SPIONs inside the
bilayer may additionally hamper the free diffusion of lipids.
Indeed, while AuNPs do not significantly influence the diffusion
times of lipid molecules at the lipid/water interface, corresponding
to the higher-t peak in the relaxation spectrum (Fig. 6b, light blue
dashed line), SPIONs cause a substantial shift in the “free-

diffusion” time of lipids, suggesting an alteration of molecular
mobility in the whole bilayer.

4. Conclusions

In this contribution we explored the structural and rheological
effects of the insertion of hydrophobic SPIONs and AuNPs of similar
size in liquid crystalline mesophases of Phytantriol at maximum
water swelling. SAXS results highlighted that both types of NPs
are embedded in the liquid crystalline mesophase and that their
presence promotes a cubic to hexagonal phase transition, with
no noteworthy dependence on the type of NPs, but only on their
number density, in line with previous data on glycerol-
monooleate/SPIONs hybrid mesophases [27]. These results are con-
sistent with the fact that simple thermodynamic considerations,
related to the mesophase geometry, the coating and size of NP,
can describe in general terms the phase behavior.

The rheological response of such architectures, addressed here
for the first time, reveals that the presence of NPs enhances the
solid-like behavior of the material. Interestingly, this effect is sig-
nificantly more pronounced for SPIONs, evidencing possible long-
range dipolar interactions between SPIONs that may constitute
an additional structuring factor for the material, decreasing its
deformability upon stress deformation.

Overall, the comparison of structural and rheological results
highlights that different features of the NPs are relevant in affect-
ing the properties of the mesophase: NPs surface (i.e., hydrophobic
nature of the coating, driving localization in the lipid scaffold) and
size, modulate the local perturbation of the lipid assemblies and
affect the phase behavior at rest, while the core composition
(AuNPs vs SPIONs) seems to become relevant for the rheological
response and for the relaxation to mechanical perturbation.

These results shed light on the structural and physicochemical
properties of lipid/NPs mixed liquid crystalline mesophases, dis-
closing new fundamental knowledge for future biomedical
applications.
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Materials and Methods

S.1- Synthesis of SPIONs

Iron oxide nanoparticles were synthesized according to the protocol reported by Wang et
al.[1]. Briefly, 0.71 g Fe(acac); (2 mmol) were dissolved in 20 mL of phenyl ether with 2 mL of
oleic acid (6 mmol) and 2 mL of oleylamine (4 mmol) under nitrogen atmosphere and vigorous
stirring. 1,2-hexadecanediol (2.58g, 10 mmol) was added into the solution. The solution was
heated to 210 °C, refluxed for 2 h and then cooled to RT. Ethanol was added to the solution and
the precipitate collected, washed with ethanol and redispersed in 20 mL of hexane in the
presence of 75 mM each of oleic acid and oleylamine. A stable dispersion of the magnetic

SPIONSs with a hydrophobic coating of oleic acid and oleylamine in hexane was obtained.

S.2- Synthesis of AuNPs

Hydrophobic gold nanoparticles are synthesized according to the protocol reported by Brust et
al.[2] Briefly, an aqueous solution of HAuCl, (30 ml, 30 mM) was mixed with a solution of
tetraoctylammonium bromide (TOAB) in toluene (80 ml, 50 mM). The two-phase mixture was
vigorously stirred until all the Gold-(III) compound was transferred into the organic layer. Then,
dodecanethiol (170 mg) was added to the organic phase. A freshly prepared aqueous solution of
sodium borohydride (25 ml, 0.4 M) was slowly added with vigorous stirring. After 3 h stirring
the organic phase was separated, evaporated to 10 ml in a rotavapor and mixed with 400 ml
ethanol to remove excess thiol. The mixture was kept for 24 h at -18°C and the dark brown
precipitate was filtered off and washed with ethanol. The crude product was dissolved in 10 ml
toluene and again precipitated with 400 ml ethanol. Then, the twice washed precipitated was

dispersed in 20 mL hexane.
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S.3- SAXS data analysis

Equation (1) was used to calculate lattice parameter (d) of cubic and hexagonal phase:

2
a= () IEEE
where (hkl) are Miller index related to the considered structures. In a Pn3m structure are (110),
(111), (200), (211), (220)... while in Hy mesophases are (100), (111), (200)... Eq. (2)[3] was
used to calculate water channel radii r, in Pn3m cubic phase while Eq. (3)[3] was used to

calculate volume water fraction ¢,,:
tw = (F4/2m)d = 1. (2)

I 4 g3
ov=1-240(3) -3 () ©
where A, and y are topological parameters respectively the ratio of the area of the minimal
surface in a unit cell to (unit cell volume)*? and the Euler—Poincaire characteristic, that for the
diamond cubic mesophase (Pn3m), are A,=1.919 and y=-2. Equation (4)[4] and (5)[5] describe

water channel radii (r,,) of hexagonal phase Hy and water volume fraction (¢,,) respectively:

_ 0.5256d — 1, .
'w =099 )
22
=g ©

We assumed that chain length 1. into the range of 25-50 °C, is constant and assume value of
about 9 A calculated by the data reported in literature through Eq.(2-3) [6]. Moreover, we
assumed that %w/w of Fe;0, and Au was negligible to evaluate water fraction both for cubic and

hexagonal phase.

To Fit SAXS curves of both dispersed gold and iron oxide nanoparticles, we used Sphere-Schulz

Model by NIST[7,8]. This model calculates the scattering for a polydisperse population of sphere
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with uniform Scattering Length Density (SLD). The distribution of radii is a Schulz distribution
as in Eq. (6):

exp [—(z + 1)x]

f® = @+ D" oS

(6)

Where R,,, is the mean radius, x=R/R,.,, z is related to the polydispersity, p=0/ Ra,,g , by z=1/p*-

1. 0% is the variance of distribution. The scattering intensity is modeled as reported in Eq. (7):

1@ = (%) mavt [ rreranan @)

where N is the total number of particles per unit volume, and Ap is the difference in scattering
length density, F(qR) the scattering amplitude for a sphere reported in Eq. (8):

Flx) = 3[sin(x) — xcos(x)]

©)

x3

No interparticle interference effects are included in this calculation.



Supplementary Figures

S.4- ICP-AES analysis of SPIONs, AuNPs and TEM image analysis
The ICP-AES analyses were performed to determine the weight concentration of both types of
NPs and the results are 2.19 mg/mL and 3.78 mg/mL for SPIONs and AuNPs respectively. Thus,
considering the density of Fe;O4 and Au, which are 5.17 g/cm?® and 19.31 g/cm? respectively, the
amounts of NPs added in the Phyt mesophase in order to have the same number of AuNPs or

SPIONS in each samples are reported in table S1:
Table S1: Percentage in weight of nanoparticles with respect to lipid, mg of oleic acid and
oleylamine, number of nanoparticles and volume fraction of SPIONs and AuNPs

o . N° nanoparticles/lipid mg of oleic acid SPIONs Volume AuNPs Volume
N° nanoparticles

molecule and oleylamine fraction * fraction *
5.57x101 1x10°5 1# 4.2x10* 1.9x10+
1.13x10'5 2x10°° 3% 8.5x10" 3.9x10*
2.26x10'° 4x10°% 6% 1.7x10° 7.9x10*

* dispersed as stabilizer agent in SPIONs or added to lipids with the appropriate amount of AuNPs
dispersion

# calculated as ratio of the NPs and phytantriol volumes, taking into account that 30 mg of phytantriol
(density 0.935 g/cm?) were used to prepare each sample

In order to proof that nanoparticles are embedded in the hydrophobic regions, we performed an
experiment’s control: we prepared a Phyt/SPIONs sample with the lower concentration of
nanoparticles (See Table S1). Briefly, 100 mg of Phyt was dissolved with a volume of SPIONs
dispersion to obtain 0.234 mg of magnetite into the mesophase. We added 0.15 mL of MilliQ
water and we placed the sample at 50 °C for 1 h. Thus, we analyzed water solution with ICP-

AES to determine the iron concentration (SPIONs released from the mesophase) after phase
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transition. The magnetite concentration is 1.29x10* mg/mL in 0.15 mL of analyzed water
solution thus, the ratio of released amount of SPIONs and 0.234 mg at the beginning correspond

to 8.35x103%, a value negligible, allowing us to be sure that nanoparticles are into the lipid
matrix.
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Figure S1: Size distribution of SPIONs estimated from three different TEM images through

Image J.
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Figure S2: Size distribution of AuNPs estimated from three different TEM images through
Image J.
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S.5- SAXS of Phytantriol mesophases loaded with Oleic Acid/Oleylamine
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Figure S3: SAXS curves of phytantriol assembled with 1 mg of a mixture Oleic
Acid/Oleylamine at 25-35-50 °C (respectively blue, cyan, green, and red) and Miller index on

gmax to determine variation of lattice parameter with temperature.

Table S2. Lattice parameters, water channel radii and water volume fraction of phytantriol
assembled with 1 mg of a mixture 50:50 of oleic acid and oleylamine

T (°C) Lattice parameter (1“&) Water channel radii (A) Water volume fraction
25 67 17 0.505
35 63 16 0476
50 41 13 0.347
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Figure S4: SAXS curves of phytantriol assembled with 3 mg of a mixture Oleic
Acid/Oleylamine and Miller index on qum.x to determine variation of lattice parameter both for
cubic (blue) and hexagonal phase (cyan, green, red) with temperature into the range from 25-50

°C.

Table S3. Lattice parameters, water channel radii and waer volume fraction of phytantriol
assembled with 3 mg of a mixture 50:50 of Oleic acid and oleylamine.

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 62 15 0.468
35 42 13 0.347
50 40 12 0.326
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Figure S5: SAXS curves of phytantriol assembled with 6 mg of a mixture Oleic
Acid/Oleylamine and Miller index on Qum. to determine variation of lattice parameter of

hexagonal phase with temperature into the range from 25-50 °C.

Table S4. Lattice parameters, water channel radii and water volume fraction of phytantriol
assembled with 6 mg of a mixture 50:50 of oleic acid and oleylamine.

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 42 13 0.347
35 40 12 0.326
50 39 12 0.326
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S.6- SAXS: Thermal reversibility of phytantriol with SPIONs and AuNPs
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Figure S6. Lattice parameter of phytantriol assembled with 1x107 SPIONs/Phyt of Pn3m

mesophase at 25 °C (blue curve) and hexagonal phase at 35-50 °C. SAXS profiles are showed in

main text.

Table S5. Lattice parameters, water channel radii and water volume fraction of phytantriol
assembled with 1x10™ SPIONs/Phyt (data showed in main text)

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 64 16 0484
35 42 13 0.347
50 41 12 0.326
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Figure S7. SAXS curves of phytantriol assembled with 2x107 SPIONs/Phyt and Miller index on

Jmax to determine variation of lattice parameter of hexagonal phase with temperature into the

range from 25-50 °C.

Table S6. Lattice parameters, water channel radii and water volume fraction of phytantriol
assembled with 2x10~> SPIONs/Phyt

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 43 (Hp) 14 0.384
35 41 (Hp) 13 0.347
50 39 (Hy) 12 0.326
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Figure S8. SAXS curves of phytantriol assembled with 4x107 SPIONs/Phyt and Miller index on

gmax to determine variation of lattice parameter of hexagonal phase with temperature into the

range from 25-50 °C.

Table S7. Lattice parameters, water channel radii and water volume fraction of phytantriol
assembled with 4x107 SPIONSs/Phyt

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 41 (Hp) 13 0.347
35 39 (Hy) 12 0.326
50 38 (Hp) 11 0.324
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Figure S9. Q.. as function of Miller Index to calculate lattice parameter of phytantriol

mesophases assembled with 1x10 AuNPs/Phyt

Table S8. Lattice parameters, water channel radii and water volume fraction of phytantriol
assembled with 1x107 AuNPs/Phyt (data showed in main text)

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 66 17 0.505
35 63 16 0476
50 41 13 0.347
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Figure S10: Lattice parameter of phytantriol mesophases assembled with 2x10> AuNPs/Phyt

and lattice parameter into the range 25-50 °C.

Table S9. Lattice parameters, water channel radii and water volume fraction of phytantriol
assembled with 2x10 AuNPs/Phyt varying the temperature.

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 64 (Pn3m) 16 0484
43 (Hp) 14 0.384
35 42 13 0.347
50 40 12 0.326
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4x10° AuNPs/Phyt
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Figure S11: Lattice parameter of phytantriol mesophases assembled with 4x10> AuNPs/Phyt

and lattice parameter into the range 25-50 °C.

Table S10. Lattice parameters, water channel radii and waer volume fraction of phytantriol
assembled with 4x10-5 AuNPs/Phyt varying the temperature.

T (°C) Lattice parameter (A) Water channel radii (A) Water volume fraction
25 43 14 0.384
35 41 13 0.347
50 40 12 0.326
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S.7 SAXS: Thermal reversibility of phytantriol with SPIONs and AuNPs
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Figure S12. SAXS profiles of Phytantriol assembled with 1x107 (a) SPIONs/Phyt and (b)

AuNPs/Phyt before and after the thermal cycle of 50 °C to detect the recovery of the lipid
structures. Phyt/SPIONs assemblies shows a recovery of Bragg reflex after 3h and 30 minutes,

while Phyt/AuNPs shows the recovery only after 24 h.



S.8-Supplementary Amplitude Sweep curves
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Figure S13. Amplitude sweep curves at 25 °C (blue), 35 °C (green) and 50 °C (red) for (a)

phytantriol binary matrix, (b) 1x10> SPIONs/Phyt, (c) 1x10™ AuNPs/Phyt, (d) 2x107

SPIONs/Phyt, (¢) 2x10™ AuNPs/Phyt, (f) 4x10™> SPIONs/Phyt and (g) 4x10™> AuNPs/Phyt.
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S.9- Supplementary Frequency Sweep curves and data analysis
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Figure S14. Frequency sweep curves at 25 °C (blue), 35 °C (green) and 50 °C (red) for (a)

phytantriol binary matrix, (b) 1x10° SPIONs/Phyt, (c) 1x10™ AuNPs/Phyt, (d) 2x107

SPIONs/Phyt, (e) 2x107 AuNPs/Phyt, (f) 4x107 SPIONs/Phyt and (g) 4x107 AuNPs/Phyt.
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Frequency Sweep curves were fitted with three terms Maxwell Model, which are describe by Eq.

(9-10):
w?7?
G’ = L GO 9
@=2 g O
> Wit
G"(w) = i (10)

G',G" (Pa)

0.1 1 10 100
Frequency (rad/s)

Figure S15. Three terms Maxwell model fitting of storage and loss modulus of Phyt/H»O at

25°C.

The curve fitting of Phyt/H,O rheological profiles with this model are displayed in Figure S13.
Clearly, the adopted model does not fully describe the system, that is likely to be characterized
by a high polydispersity. A suitable approach to describe polydisperse systems the continuum
spectrum H(t) of relaxation times, which depends from G’ and G’’ through the following

equations (11-12):

(wr)? dr

1+ (wt)? T an

¢'() = Gy +f H()
0
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[oe]

G"(w) = Gy +f H(7)

wT

1+ (w1)? 7 a2

H(t) can be extracted according to different algorithms for the inversion of the equation (11-12)

[9]. In the following section the continuum relaxation spectra of the experimental frequency

sweep curves are displayed.

S.10-Continuum time relaxation spectra:
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Figure S16: Continuum time relaxation spectra of Phyt/H,O assemblies without nanoparticles at

35 °C (green curve) and 50 °C (red curve)
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Figure S17. Continuum time relaxation spectra of phytantriol mesophases assembled with 1x10

> SPIONs/Phyt (a), 2x10™> SPIONs/Phyt (b) and 4x10™> SPIONs/Phyt (c) at 25 (blue curves), 35

(green curves) and 50 °C (red curves). The curve of cubic mesophase at 25 °C doped with 1x107

SPIONs/Phyt is shown in main text.
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Figure S18. Continuum time relaxation spectra of phytantriol mesophases assembled with 1x10

3 AuNPs/Phyt (a), 2x107 AuNPs/Phyt (b) and 4x107 AuNPs/Phyt (c) at 25 (blue curves), 35

(green curves) and 50 °C (red curves). The curve of cubic mesophase at 25 °C doped with 1x107

AuNPs/Phyt is shown in main text.
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S11- Plot of tand vs frequency
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Figure S19: Loss and storage modulus ratio as function of frequency at 25 °C relative to
mesophases doped with different amount of both nanoparticles; (a) shows tand curves of

Phyt/NPs cubic mesophases to the lower amount of nanoparticles 1x10 NPs/Phyt, (b) shows

tand curves of Phyt assembled with 2x10° NPs/Phyt and (c) Phyt hexagonal mesophases with

4x10°5 NPs/Phyt.
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S.12 Frequency Sweep curves and relaxation spectra of Phytantriol assembled with oleic acid-

oleylamine
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Figure S20: Storage (G’) and Loss (G’’) moduli of phytantriol assembled with different amount

of stabilizer agents (oleic acid and oleylamine 50:50 ratio). (a) G’ (purple full markers) and G’

(purple empty markers) of Phyt/1 mg of the mixture; (b) G’ (cyan full markers) and G*’ (cyan

empty markers) of Phyt/3 mg of the mixture; (c) both relaxation spectra extracted by frequency

sweep curves of (a) Phyt/1 mg and (b) Phyt/3 mg.
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This contribution reviews the state of art on hybrid soft matter assemblies composed of inorganic
nanoparticles (NP) and lamellar or non-lamellar lipid bilayers. After a short outline of the relevant
energetic contributions, we address the interaction of NPs with synthetic lamellar bilayers, meant as cell
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membrane mimics. We then review the design of hybrid nanostructured materials composed of lipid
bilayers and some classes of inorganic NPs, with particular emphasis on the effects on the amphiphilic
phase diagram and on the additional properties contributed by the NPs. Then, we present the latest
developments on the use of lipid bilayers as coating agents for inorganic NPs. Finally, we remark on the
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1. Introduction

Lipid bilayers are ubiquitous structural motifs in natural and
synthetic soft matter assemblies. Their interaction with nanos-
tructured matter, and in particular with nanoparticles (NPs), is
therefore of interest both for natural and engineered systems.
In addition, the shared length and energy scales, combined
with the peculiar properties of inorganic matter at the nano-
scale, can be harnessed to use NPs to probe selected physical
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main achievements of the last years and our vision for the development of the field.

properties of membranes or to modify the amphiphilic phase
diagram under external stimuli.

In this contribution we will review the state of the art
concerning research on hybrid soft matter assemblies
composed of inorganic NPs and synthetic lipid bilayers, either
in lamellar or non-lamellar arrangement.

This topic is currently a very active area of research, with
implications ranging from the design of smart nanostructured
hybrid devices, where nanoparticles are included or functionalized
with lipid bilayers, to the quest for mechanistic understanding
of events taking place at the nano-bio-interface, relevant for
nanomedicine and toxicity of nanomaterials.
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Perspective

This review will focus on some selected classes of inorganic
nanomaterials, namely metals (Au and Ag), metal oxides
(like iron and zinc oxide) and silica NPs. The interaction of
several other kinds of nanomaterials with lipid bilayers has
been described in the literature and we refer the readers to
some excellent recent reports on these topics.'™®

In this contribution, particular attention will be devoted to
non-covalent interactions that take place when NPs and lipid
bilayers are put into contact. Understanding the nature and the
key determinants of these interactions is instrumental both for
fundamental and applied soft matter research.

This review is organized as follows: a short theoretical
section will introduce the main energetic contributions at stake
when NPs interact with lipid bilayers (Section 2). Then, we will
provide an overview of the most relevant studies which have
recently addressed the interaction of NPs with synthetic phos-
pholipid bilayers, meant as simplified and highly controllable
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mimics of cell membranes (Section 3). In this section, we will
emphasize some examples where the investigation on model
systems contributed disclosing non-covalent interactions at
play in living systems. Then, we will review (Section 4) the
design of hybrid nanostructured materials composed of lipid
bilayers and inorganic nanoparticles, with particular emphasis
on the effects on the amphiphilic phase diagram and on the
additional properties contributed by the NPs. Then, we will
present the latest developments on the use of lipid bilayers as
coating agents for inorganic NPs (Section 5), whose aim is the
improvement of dispersibility, biocompatibility and pharmaco-
kinetic properties. Finally, a conclusive Section will remark the
main achievements of the last years and our vision for the
development of the field.

2. Interaction of nanoparticles with
lipid membranes: the role of non-
covalent forces

In this section we will consider the events following the exposure
of a free-standing synthetic lipid bilayer to NPs, by outlining the
different contributions to the total interaction energy.

2.1 Theoretical description of NPs-lipid membrane
interaction

The interaction between a NP and a lipid bilayer might lead
to NP’s adhesion on the bilayer, which can be followed by
partial or total engulfment by the membrane. In a well-defined
medium and at a given temperature, the NP docking to lipid
membranes is thermodynamically favoured if the adhesion
energy E,qn < 0, Le., if the attractive terms overcome the repulsive
ones. Considering a prototypical model of a bioinorganic inter-
face, with a spherical NP of radius R; interacting with a liposomal
membrane with curvature 1/R,, the energetic balance between
repulsive and attractive forces can be approximately described

Debora is Full Professor of Physical
Chemistry at the Department of
Chemistry of the University of
Florence and member of the
Italian Consortium for Colloid
and  Surface Science (CSGI).
Debora’s scientific background is
Physical Chemistry of Soft Matter.
Her research topics include hybrid
nano and micro particle/lipid
assemblies for responsive drug
delivery, interaction of nano-
structured assemblies with model
membranes, design and applica-
tion of nanostructured fluids for the conservation of cultural
heritage. Debora has a well-established track record of her work,
with more than 130 authored or co-authored research papers and
several chapters contributed in specialized books.

Debora Berti

This journal is © The Royal Society of Chemistry 2019



Soft Matter

by a classical DLVO (Derjaguin-Landau-Verwey-Overbeek)
formalism, as in eqn (1), including only the electrical double
layer (E*") and the London-van der Waals (E*) contributions to
the total energy of adhesion:

EL

Eaan = E*% + BV 1)

where the terms E®", derived as a combination between the
linear Debye-Huckel and the Derjaguin approximations and
valid for surface potentials <25 mV, and E*Y are described in
eqn (2) and (3), respectively:’

EFL — eRI R (Y* +y77) [ 20,1, ln(l + e—k({)
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where ;% and ,* are the surface potentials of the NP and the
membrane, d the NP-membrane distance, k the Debye length,
h the membrane’s thickness, and A is the Hamaker constant.
Although the DLVO theory generally succeeds in predicting the
colloidal stability of hard colloids (e.g., inorganic NPs) suspended
in a liquid medium, it often fails in describing the interaction
of NPs with free-standing bilayers; a more comprehensive
description for E,q, includes additional repulsive hydration
forces establishing at short NPs-membrane distances, as well
as hydrophobic NP-lipid chain attraction (the interested reader
is referred to a recent report for the analytical expression of the
these two supplementary energetic contributions®).

Once the NP is adsorbed onto the lipid surface (i.e., E,qn < 0),
the elastic properties of the membrane comes into play, and
their balance with the adhesion forces determines the degree
of membrane deformation and NP’s wrapping. Specifically,
the energetic gain due to the adhesion forces is maximized
by increasing the contact area between the NP and the lipid
membrane, according to eqn (4):'
S,

ad
Eaan = —H’J ds (4)

0

with w adhesion energy per unit area and S,4 the contact area
between the membrane and the NP. On the other side, the
NP’s wrapping is associated with a free energy cost of imposing
membrane deformation (E.), which is expressed through the
Cahnam-Helfrich-Evans formalism:"°

Eq = J:ds[y + 2kg(H — co)2+/€1<] (5)

with S the entire interfacial area.

As we can see from eqn (5), the deformation penalty depends
both on the membrane’s topology, through the mean H and
Gaussian K curvatures, and on the interface’s mechanical and
elastic properties, expressed by the surface tension 7y, bending
rigidity ks, spontaneous curvature ¢, and Gaussian saddle splay
modulus &. It is the fine interplay between E,gn and E. that
ultimately defines the NP-membrane arrangement which
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minimizes the system’s energy, ranging from completely
unwrapped NPs (e.g., for small nanoparticles and/or weakly
interacting with the lipid phase), to larger and/or strongly
adhered nano-objects, eventually fully engulfed by the lipid
membrane (see Fig. 1A).

Based on the above treatment, we will now discuss the several
NPs- and membrane-related factors implicated in this inter-
action, with particular attention on size, shape, surface coating
of NPs and NP-NP correlations; on the “membrane” side, we will
take into account some selected physicochemical properties and
the zero or non-zero curvature.

Depending on their size, the adhesion of NPs on a target
planar membrane can result in different effects: small NPs can
either remain embedded in the lipid membrane or directly
diffuse through it; relatively larger particles (>10 nm) can be
wrapped by the membrane.'" This process is finely controlled
by the energetic balance between the adhesion forces (eqn (4))
and the membrane’s elastic deformation penalty (eqn (5)),
leading to an optimal size for wrapping, as first observed by
Roiter et al.'® In particular, two characteristic NPs’ limiting
radii for a successful engulfment by lipid membranes can be
theoretically predicted:'°

2k,
Rew =1/ 6
, Eqan ©

2k,
Eadh -7

Rey =

y @
within the bending-dominated regime (i.e., for relatively small
membrane’s deformation), the membrane tension can be
neglected, and the wrapping process is mainly controlled by
the competition between membrane’s bending and NP’s adhe-
sion strength, defining a critical radius Rj. NPs with R < Ry,
remain unwrapped, while larger NPs (R > Ry,) are fully engulfed
inside the lipid scaffold. For larger membrane’s deformation
(e.g., induced by micron-sized particles), a characteristic length
scale 2 = (2ky/y)"’?, which depends solely on membrane’s
properties, marks the crossover from the bending-dominated
to the stretching-dominated regime®'® (Fig. 1B), where the
v-dependent wrapping extent gradually increases with NP’s size.
The full engulfment is reached for a second crossover NP’s
radius Ry, (eqn (7)), representing a larger NP’s limiting size,
which is required for the internalization in the case of finite
tension-membranes.

2.2 Key NPs features in the interaction with lipid membranes

Concerning NPs shape, the increase of the surface area/volume
ratio from spherical to asymmetrical NPs (e.g., nanorods,
nanoprisms and nanocubes), maximizes the surface available
for absorption onto lipid membranes (eqn (4)), enhancing their
reactivity;'* on the other side, the local particle’s surface
curvature is predicted to increase the energy barrier associated
to membrane’s deformation, stabilizing partial-wrapping states
also for tensionless membranes.”'® Moreover, the interaction
of asymmetric NPs with target lipid membranes can lead to
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Fig. 1 Theory of NPs-lipid membranes interactions. Panel A: illustration of the three possible configurations for a NP interacting with a lipid membrane:
from left to right, (i) NP free in the environment (repulsive contribution to the NP—-bilayer total interaction overcoming the attractive one), (i) NP's
adhesion to the membrane, causing NP's partial wrapping and (i) NP's full engulfment (strong attractive NP—bilayer forces). Readapted from open access
ref. 13. Panel B: illustrative picture representing unwrapped, fully wrapped and different wrapping degree-intermediate configurations for a NP interacting
with a fluid interface. Reproduced from ref. 101 with permission from The Royal Society of Chemistry. Panel C: ellipsoidal NP's reorganization from a side-
oriented configuration, adopted during the wrapping process, to a tip-oriented configuration, minimizing the energy required for full NP's engulfment
and internalization. Reproduced from ref. 16 with permission from The Royal Society of Chemistry. Panel D: illustrative picture of (from left to right) a
single NP wrapped by a fluid interface, two and three NPs wrapped in a membrane tube. Reproduced from ref. 101 with permission from The Royal

Society of Chemistry.

preferential wrapping orientations, to minimize the energy cost
for wrapping'>'® (see Fig. 1C). Eventually, the asymmetric shape
of NPs can drive peculiar self-assembly phenomena at the nano-
bio interface, some examples of which are given in Section 3.
The NPs surface functionalization represents another
important factor affecting the interaction with membranes; in
particular, NPs surface charge has a major impact on adhesion
both onto charged and zwitterionic interfaces, setting the sign
and magnitude of the electrostatic long-range contribution
of (eqn (1)).>'77' Furthermore, the adhesion of charged NPs
to a target membrane is also associated to an entropic gain,
deriving from the release of small counterions from the NP
surface® (see Fig. 1D). On the other side, the presence of
polymeric steric stabilizers on the NPs surface, like for PEGylated
particles, often decreases the adhesion energy; this effect can be
understood considering the mobility loss experienced by the
polymer chains approaching the lipid surface, which entails
a considerable entropic penalty for membrane adhesion.
Moreover, NPs’ surface functionalization determines their polarity,
which is key in controlling their spontaneous localization when
challenging a free-standing lipid membrane: generally, hydrophilic
nanomaterials with size larger than 10 nm reside at the membrane
surface, with the possibility to be partially or fully wrapped by
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the membrane. Conversely, depending on their hydrophobicity,
small particles can either spontaneously cross>** or be entrapped™
within the lipid membrane, provoking an alteration of the
bilayer’s frustration packing energy.?*'

Eventually, interparticle forces between different membrane-
bound NPs may originate cooperative phenomena, ultimately
leading to the simultaneous wrapping and engulfment of multiple
NPs (see Fig. 1D), which will be discussed in detail in Section 3.

2.3 Key membrane features in the interaction with NPs

Membrane-related characteristics have a crucial role in the
interaction with NPs. In particular, the composition of lipid
bilayers determines specific physico-chemical, viscoelastic and
thermodynamic properties of relevance in the interaction with
NPs. Membrane’s surface potential, determined by the percen-
tage of non-ionic, anionic and cationic lipids, strongly affects
the electrostatic contribution to NPs adhesion (eqn (1)), while
the presence of specific components (e.g., cholesterol) and their
relative abundance, give rise to characteristic behaviours, which
will be extensively discussed in Section 3.

Equally important, the molecular geometry of the membrane’s
components determines the equilibrium arrangement of lipids
within the bilayer. The molecular packing represents the main
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factor affecting both the physical state and the overall topolo-
gical curvature of membranes, which are two prominent deter-
minants in the interactions with nanomaterials.

In particular, the interactions at the nano-lipid interface is
extremely affected by the gel-liquid crystalline phase behaviour of
lipid membranes: by increasing temperature, lipid bilayers undergo
a main phase transition from the so-called “gel state” (Lg), where
hydrocarbon chains are tightly packed and almost locked in place,
to a “fluid state” (L,), where lipids freely diffuse within the 2D
membrane’s plane. The “melting transition temperature” (Ty,) is
specific for a given lipid composition and determines the elastic
response of membranes at a given temperature. In particular, gel
phase bilayers show a reduced reactivity with nanomaterials, mostly
due to the high value of their bending rigidity (ks) with respect to
the fluid phase,’ which strongly hampers the membrane’s bending
and wrapping around NPs (see eqn (5)—(7)). On the other side,
the interaction with NPs, which can proceed through polar
headgroups (hydrophilic NPs) or hydrophobic chains (hydro-
phobic NPs), might affect the lipid molecular packing, leading
to micro and macroscopic modifications in the membrane
structure and thermotropic behaviour (specific examples will
be provided in the following Section).

As predicted from eqn (5), the membrane’s topology plays a
crucial role in its elastic response to NP’s induced deforma-
tions. Although lipid membranes are generally visualized as flat
bilayers (H and G in eqn (5) equal to zero), both biomembranes
and synthetic lipid assemblies may fold into more organized
non-lamellar bilayered structures.* The interaction of nano-
materials with such non-lamellar structures may have a noteworthy
relevance both for biomimetic and technological applications,***
(as discussed in details in the following Section) while it
remains, to date, a highly unexplored research area.

Differently from planar membranes, curved membranes are
defined by positive (direct phases) or negative (inverse phases)
mean curvature (H) and non-zero Gaussian curvature (K)*° in
each point of their surface, with H and G described by eqn (8)
and (9), respectively:

1
H= —(C[ + (’2)

; ®)

K=cic,

©

with ¢; and ¢, minimum and maximum values of curvature at a
specific point of membrane surface.

The non-zero values of H and K lead, as predicted from
eqn (5), to a modification of their Helfrich energy and elastic
response towards externally induced deformations (e.g., NPs’
wrapping) with respect to the case of lamellar membranes.
Moreover, different topologies are associated with a frustration
packing free energy (Ep), which varies according to eqn (10):*®

Ep= k(i — L) (10

with k stretching rigidity of lipid chains, ! and [, hydrophobic
chain extension in the stretched and relaxed state, respectively.
Phase transitions between different geometries, including
changes in both elastic and frustration packing energies, have
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high biological relevance, sharing similar energy barriers and
molecular re-arrangements with membrane fusion processes.*”
Several recent studies, which will be addressed in Section 4,
demonstrated that both hydrophilic and hydrophobic NPs
can promote phase transitions between model mesophases
with different geometry,>®>”**37"*! Jowering the energy barrier
required to switch from low to high curvature phases. One of
the first attempts to elucidate this effect is represented by
recent works,?**? where the transition temperature from cubic
to hexagonal phases in monoolein liquid crystals is demon-
strated to be finely controlled by inclusion of hydrophobic iron
oxide NPs (see Section 4). This behaviour was explained by
combining the Helfrich theory in eqn (5) with geometrical
considerations: NPs increase the frustration packing energy of
the cubic phase (eqn (10)), while they have a milder effect on
the hexagonal arrangement, by inserting into its hydrophobic
voids (see Fig. 2).

In the framework of this theoretical description, in recent
years the interaction of NPs with lipid membranes has been
explored with different approaches and for different purposes:
from fundamental studies employing lipid bilayers as biomi-
metic platforms of tuneable physicochemical feature for inves-
tigating the interaction with prototypical nanoparticles, aimed
at a better understanding of the efficiency and possible adverse
effects of nanomaterials designed for biomedical applications,
to applicative studies, where the interaction of NPs and lipid
membranes is exploited for analytical purposes; from the
engineering of lipid assemblies with NPs inclusion, in order to
form smart hybrid materials for applications in materials science,
to the functionalization of NPs with a lipid coating, to improve
their biocompatibility and pharmacokinetic properties.

In Section 3 we will review the interaction of NPs with
synthetic lipid bilayers, taken as simplified models of real
plasma membranes: in line with Section 2, we will consider
the main physicochemical factors, either related to NPs or to
the lipid membrane, affecting the interaction under simplified
conditions. We will provide relevant examples from the recent
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literature, highlighting the connections, whenever they are
relevant, between the findings on cell models and the in vitro/
in vivo observations.

3. NPs/biomembrane interactions:
from biophysical studies of nano—bio
interfaces to applications

One of the main issues limiting the development of nanomedicine
and the translation of engineered nanomaterials into medical
practice, is the poor understanding of their fate in biological
fluids, and their short-term and long-term possible adverse
cytotoxic effects.*””**™*° Recent reports have also highlighted
how nanodevices designed for nanomedicine applications,
whose functionality/efficiency has been proved at the lab-scale,
completely fail reaching their biological targets once in a living
organism.’® As a matter of fact, to date, nano-therapeutics
available on the market are mainly limited to polymeric- and
liposomal-based formulations,*** while, apart from some iron
oxide NPs-based formulations, inorganic and metallic particles
are at research stage or in clinical trials.>® With the ultimate aim
to fill the gap between the design/synthesis/development of
nanomaterials for nanomedicine and their end use application,
it is necessary to improve our fundamental knowledge on the
interaction of nanomaterials with biologically relevant inter-
faces, particularly, cell membranes.

Plasma membrane, primarily composed by a mixed phospho-
lipid bilayer with embedded proteins, protects the cell interior
and ensures its communication with the external environment.
The mechanisms of cell signalling processes are extremely
complex and length scale-dependent, with smaller molecules
spontaneously crossing the lipid barrier and larger and/or polar
molecules harnessing protein-mediated transportations across
the membrane.'® The nanoscale, shared by engineered particles
and biologically relevant macromolecules (i.e., DNA, viruses,
surface proteins), is mostly associated with endocytic pathways,
where the internalisation of nano-objects is generally controlled
by the membrane through specific receptor-protein binding for
the case of biological species.***> However, it has been demon-
strated that synthetic NPs can be wrapped and internalized by
both model and real cell membranes in the absence of any
receptor-mediated interaction,**>*° under exclusive control of
non-specific interactions taking place at the nano-bio interface,
and membrane’s elasticity.

In this context, synthetic lipid membranes (together with
more complex systems, as organ-on-a-chip and 3D cells arrays,
mimicking an entire tissue®”), are interesting biomimetic systems,
which, by mimicking the main structural unit of plasma mem-
branes, allow investigating phenomena at the nano-bio interface
in simplified and highly controlled conditions.***>*®

In recent years, both experimental and theoretical studies
have addressed the interaction of NPs with synthetic lipid
membranes, aimed at establishing clear connections between
the results in simplified model systems and what observed in
real cells, in order to enabling predictive strategies for the
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design of evermore efficient and non-toxic nanomaterials for
nanomedicine.

In the following sections recent relevant studies on NPs—
synthetic lipid membranes interactions, together with their
implications for the understanding of real nano-bio interfaces,
will be revised, particularly focusing on: the effect of NPs coating
(surface charge, exchangeability of the ligand, steric hindrance
of the coating, impact of the protein corona) (Section 3.1); the
effect of NPs size and shape (with particular interest on the
relevance of NPs clusterization in cell uptake) (Section 3.2);
the effect of NPs adhesion on the composition, integrity and
viscoelastic properties of the target membrane (Section 3.3). In
addition, the interaction of inorganic NPs and lipid membranes
has been exploited for analytical purposes, in order to label/
signal/probe selected properties of cells or lipid assemblies in
complex biological media, both exploiting specific and non-
specific interactions of NPs with the target membranes. This
latter research field will be reviewed in Section 3.4.

3.1 Biophysics of nano-bio interfaces: NPs coating

3.1.1 NPs surface charge. The intrinsic characteristics of
NPs (i.e., core composition, size, shape) often have a secondary
impact on the interaction with a target lipid membrane, which
is primarily mediated by the ligands coating the NP’s surface:
the surface characteristics of NPs determine polarity and inter-
facial properties, directly involved in the electrostatic and
London-van der Waals contributions to NPs’ adhesion to a
lipid interface (see Section 2.1 for the theoretical background).
The interaction of NPs with target membranes is primarily
affect by the charge of both components (see eqn (2)). In order
to closely resemble real plasma membranes, most of the
employed model bilayers in biomimetics are characterized by
a zwitterionic or slightly anionic nature. Therefore, negatively
charged NPs tend to be electrostatically repelled from the
membrane, undergoing to weaker interactions with respect to
cationic ones: remarkably, this is also observed for real cell
membranes, where the uptake is generally much lower for
anionic NPs than for cationic ones.’”®' However, the situation
of real cells is complicated by the presence of other interaction
pathways of specific nature, representing an alternative with
respect to non-specific forces. Several studies have highlighted
that nonionic, anionic and cationic NPs of similar sizes undergo
different internalization routes, from clathrin- or caveolae-
mediated endocytosis to non-endocytic pathways, like passive
diffusion.®*®® Even if characterized by limited interaction cap-
ability, yet anionic NPs are attractive for biomedical applica-
tions, due to limited adverse cytotoxic effects. In addition,
despite the dominantly repulsive electrostatic forces, several
reports have shown successful internalization of anionic NPs,
as silica or Gold NPs (AuNPs).*>"®® Conversely, cationic NPs
have a strong tendency to interact with negatively charged
membranes: it has been shown that cationic NPs adhere and
clusterize onto synthetic target membranes, extract lipids from
the membrane, ultimately provoking localized membrane dis-
ruption or integrity loss.>****” In line with this findings, they are
often characterized by limited stability in biological media and,
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above all, relevant toxic effects on real cells."****® Recently,
Lee et al.”® hypothesized, by means of a systematic study using
a charge library of modified AuNPs, that the magnitude of the
positive charge is not the sole factor determining the extent of
interaction with target membranes and, thereby cytotoxicity.
They conclude that spatial proximity of positively charged
functional groups within a hydrophobic moiety is a common
characteristic of toxic gold colloids.

3.1.2 NPs coated with steric stabilizers. A common strategy
to increase the colloidal stability of NPs in biological media
consists in the passivation of NPs with bulky ligands, to endow
them with steric stabilization. This kind of coating also
improves the pharmacokinetic properties of NPs: for instance, it
is well known that PEGylation prevents opsonisation, improving
the circulation time of the nanomaterial. This stealth effect of PEG
in preventing opsonisation depends on its steric hindrance: it has
been shown that both NPs uptake and circulation time depend on
the molecular weight of PEG coating the NPs.”* Moreover, thanks
to molecular dynamic simulations, Lin et al.”® elucidated the
effect of both the grafting density and polymer’s chain length
on the shielding ability of PEG layers bounded to gold NPs of
varying size. Similar examples of steric stabilization of NPs have
recently been proposed by Jiang and co-workers, who have
employed poly(zwitterionic)protein functionalization (for instance
poly(carboxybetaine)) to improve pharmacokinetic properties of
NPs,”>”* while other examples of polyzwitterionic coatings are
poly(acrylic acid) derivatives, poly(maleic anhydride-ait-1-alkene)
derivatives or poly(sulfobetaine) derivatives, which offer several
advantages over PEGylation (see as a reference the Review from
Garcia et al.”®).

PEGylation or steric stabilization affects the interaction of
NPs with synthetic target membranes, with possible implica-
tions also at the real membranes’ level. Indeed, the use of steric
stabilizers, like PEG, is theoretically predicted to decrease the
adhesion of NPs to lipid membranes, due to the high entropic
loss associated to the adsorption process (see Section 2).

In a recent study,”” through large scale molecular dynamic
simulations, Gal and coworkers extensively characterized the
interaction of PEGylated SPIONs of different size with both
synthetic membranes of different composition and real cancer
and kidney cells. In the frame of classic DLVO theory (Section 2),
they presented a direct comparison of NP-synthetic and real
membrane interactions, linking weak NP adsorption to anionic
lipid membranes, due to NP-bilayer electrostatic interactions,
with eukaryote cell uptake, without membrane penetration.
Moreover, they showed that the NP-membrane electrostatic
attraction is suppressed by increasing PEG molecular weight
and NP size, which they correlated with low cell uptake and no
cytotoxicity in two cell lines.

A common strategy to circumvent the poor ability of steric-
stabilized NPs to interact with cells via non-specific interac-
tions, limiting their cell uptake and therapeutic/diagnostic
efficiency, is to exploit the NP-membrane specific interactions,
which are available for the case of real plasma membranes:
endowing NPs surface with targeting moieties, might result in
promoting the effective docking of NPs on cell membranes and
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improving the successful achievement of their biological target.
For instance, in a proof-of-concept study it was shown that
adding biotin or streptavidin moieties allows specific binding
of polymer-coated NPs to beads carrying the complementary
unit;”® Kaaki et al”’ highlighted the efficient targeting of
human breast carcinoma cells by folic acid-conjugated iron
oxide NPs with a PEG coating. However, partially contradictory
results were obtained by Krais et al. on similar system, where no
folate-dependent targeting was highlighted.”®

3.1.3 NPs coating with exchangeable ligands. The binding
mode and strength between the NPs and the coating agent
determine both single NP-membrane interactions and collec-
tive NP-NP interactions at the nano-bio interface: physisorbed
ligands, which can be easily displaced from the NP’s surface
through ligand-exchange, are associated to enhanced reactivity
of NPs, which can be considered as ‘“naked”. Recently, hydro-
phobic physisorbed ligands, i.e., oleic acid/oleylamine coatings
on iron oxide NPs, have been associated to small NPs’ pearl-
necklace aggregation inside monoolein bilayers.>® Moreover it
has been shown that hydrophilic weakly absorbed ligands on the
surface of AuNPs can promote peculiar aggregation phenomena
occurring on the lipid membrane,"®'® which are particularly
significative also for the case of repulsive NPs/membrane
electrostatic interactions (e.g., between negatively charged
gold NPs and slightly anionic synthetic free-standing bilayers).
Moreover, weakly bound physisorbed ligand onto the NPs
surface can be easily replaced with other molecules establishing
covalent or stronger non-specific interaction with the bare NPs
surface: remarkably, it has been recently demonstrated by Wang
et al.,”® that weak ligands, as citrate and short DNA fragments
onto the gold surface, can be effectively replaced with lipid
components of cell membranes, resulting in unique interfacial
phenomena. Indeed, when ligand exchange processes occur at
the interface, NPs might aggregate into ordered monolayers on
the lipid membrane, which might affect membrane integrity and
cell internalization efficiency and pathway.

3.1.4 Protein corona coating of NPs. An interesting aspect is
the functionalization of NPs surface with the so-called protein
corona.**>8%81 From the pioneering studies of K. Dawson®***
and coauthors, it has been progressively established that NPs in
biological fluids are spontaneously covered by a self-assembled
layer of proteins (an inner non-exchangeable layer and an
external exchangeable one), which determines a ‘“biological
identity” of the NPs and, ultimately, their ability to interact with
cells.**8%#58¢ The composition of the protein corona depends on
the nature of NPs core, on their shape and on their surface
coating. In particular, the surface charge of NPs also affects
the adhesion of biomolecules present in biological media,
modifying the protein corona, in terms of composition and
orientation.®>®”%® 1t has also been highlighted that during
NPs internalization, the tendency of corona proteins is, at
least partially, to remain attached to NPs surface.®*%%°° Since
proteins are generally characterized by significant steric
hindrance and amphiphilic nature, they specifically mediate
the interaction of the NPs with plasma membranes. In this
context, it has been highlighted that slight physicochemical
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modifications of the proteins modify their binding and orienta-
tion on NPs, strongly affecting the biological uptake of NPs.”!
Recently, the controlled formation of the protein corona has
been exploited both for application purposes (e.g., for applica-
tions in cancer vaccines®?) and also to control in a predictable
way the protein-corona-mediated interaction of NPs with cell
membranes. For instance, pre-incubation of NPs with serum
has been exploited to prevent NPs aggregation in biological
media, improve their cell uptake and decrease their cytotoxic
effects.®” The comprehension, control and exploitation of protein
corona formation is therefore a key milestone in determining and
predicting NPs fate in living organisms.

3.2 Biophysics of nano-bio interfaces: NPs size and shape

As discussed in Section 2, when a NP adheres to a planar lipid
membrane, it locally imposes a curvature modification, which
depends on the size of NPs and on the viscoelastic properties
of the membrane (eqn (5)), which eventually controls the
occurrence and extent of NPs wrapping by the membrane;
therefore, NPs size also determines the response of the bilayer
to its adhesion and, ultimately, the effects on the target
membrane and the internalization pathway. NPs with size
comparable or smaller than the lipid bilayer thickness can
either be entrapped within the membrane®® or translocate
across the lipid bilayer by diffusing through®**** or by
opening pores in the membrane,®” which is normally associated
to a high cytotoxicity in vivo.”®°® On the contrary, wrapping
represents the dominant mechanism for larger particles
(>10 nm) interacting with bilayers, which is associated to their
entrance into cells in living organisms."’ Often, depending on
NPs size, adhesion to a target membrane might result in the NPs
clusterization: indeed, under specific conditions, membranes
actively drive the self-assembly of adsorbed NPs, as a result of
the tendency of the membrane to minimize the NP-induced
deformation and its associated elastic cost (eqn (5)).”7 As a
result, small-sized NPs have been observed to preferentially
interact with membranes as clusters,®”°® while fluid membranes
have been theoretically predicted to mediate the asymmetric
aggregation of spherical nanoparticles onto lipid surface.’® This
aspect is particularly significant for medical application of
nanomaterials, since NPs uptake in model and real membranes
is often preceded by aggregation at the nano-bio interface.'*
In addition, mathematical models and molecular dynamic
simulations have revealed that membrane-induced interactions
between bound particles can lead to collective NPs wrapping
and internalization: in particular, Zhang et al'® revealed
that NPs translocation proceeds in a cooperative way, with a
key role played by NPs quantity, while Lipowsky et al'*'?
showed that spherical NPs can be cooperatively wrapped in
tubular membrane invaginations.

While the effect of NP’s size has been extensively investigated,
much less is known on the impact of NP’s geometry. Asymme-
trically shaped NPs, like nanorods, nanodisks and nanostars,
are particularly attractive materials, due to the peculiar proper-
ties (optical, magnetic, electronic and so on) arising from
anisotropy.'® Depending on their shape, anisotropic NPs can
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efficiently interact with a target membrane and translocate
across it. MD studies on the interaction of NPs of different non-
spherical shapes highlighted reorientation of NPs in proximity to the
target membrane, to maximize the interaction, leading to strong
shape and orientational dependence on the translocation'®* (see
Fig. 3A). In addition, it has to be considered that, from a
theoretical standpoint, it is thermodynamically more favourable
for a lipid membrane to wrap a spherocylinder than a sphere of
the same radius.® Consistently with the theoretical predictions,
non-spherical NPs, from nanostars to nanorods, are efficiently
internalized by cells, in a shape and, for nanorods, aspect-ratio
dependent manner.'*'%” Experimental studies on biomimetic
membranes have shown that the asymmetric shape of NPs
can drive peculiar self-assembly phenomena at the nano-bio
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Fig. 3 Theoretical studies on nano-bio interfaces. Panel A: molecular
dynamics study to compute translocation rate constants of NPs of
different shapes through lipid membranes; (left) coarse-grained gold
nanoparticles setup; (right) analysis of rice NP translocation: potential of
mean force, PMF (kJ mol™?) profile as a function of distance of the NP from
the lipid bilayer. Adapted with permission from ref. 104. Copyright (2012)
American Chemical Society. Panel B: lipid membrane modifications upon
interaction with cationic gold NPs: (left) lateral phase separation of 1:1
anionic (green) and zwitterionic (blue) lipids in the presence of gold NPs
(red); (right) trajectories of NP (green) and anionic lipid (blue) highlighting
the slaved diffusion of anionic lipids upon interaction with NPs. Adapted
with permission from ref. 22. Copyright (2019) American Chemical Society.
Panel C: nonequilibrium molecular dynamics simulations to investigate
photoporation of lipid membranes through the irradiation of AuNPs: the
NPs, stably bound to cell membranes, convert the radiation into heat; a
quantitative prediction of the temperature gradient around the NP upon
irradiation is evaluated. Adapted with permission from ref. 197 Copyright
(2017) American Chemical Society.
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interface:'>*” as an example, we recently demonstrated that
gold nanorods (Au NRs) are wrapped by model and real cell
membranes as end-to-end NPs’ clusters,®” reducing the energy
penalty required for the membrane to bend around highly
curved edges. The induced tension due to the adhesion of
asymmetric NPs determines effects of lipid extraction, observed
both on model membranes and macrophage cells, eventually
provoking extensive disruption of the membrane, related to a
significant in vitro cytotoxicity.®”

3.3 Biophysics of nano-bio interfaces: membrane
composition

Cell membranes are characterized by a high degree of composi-
tional heterogeneity, typically comprising of thousands of
different lipids, carbohydrates and proteins,'*® which is repro-
duced, at different complexity levels, by model membranes. The
chemical composition of both synthetic and natural bilayers
strongly affects their elasticity, physical state and structure,
thereby determining their response towards external stimuli.
A clear example is the recent work of Lunnoo et al.,'* in which
model bilayers with different compositional complexity levels
correspond, as predicted by their proposed MD simulations, to
diverse cellular uptake pathways of neutral 10 nm gold NPs.
Going more into details, the presence of charges on the lipid
membrane emphasizes the interaction with oppositely charged
particles, as expected from eqn (2)°° in Section 2; however, it
has been demonstrated that electrostatic interactions play a
major role also for neutral zwitterionic lipids facing anionic
and cationic NPs.''>'"! In addition, it has been observed that
the molecular structure of membrane’s lipid components (e.g.,
saturation degree of hydrophobic chains) represents another
factor to take into account, affecting the penetration level of
NPs inside the lipid region."'? Furthermore, cholesterol, one of
the most abundant sterols in real lipid membranes, deeply
affects the structure and fluidity of lipid bilayers; moreover, it is
involved in the formation of lipid rafts,'*® which, for reasons
not yet fully understood, increase the extent of NPs-membrane
interactions: as an example, Melby et al.** showed that positively
charged AuNPs bind significantly more to phase-segregated
bilayers with respect to single phase ones, while Hartono et al.'*®
associated higher cholesterol concentrations in lipid monolayers
to stronger interactions with protein-coated AuNPs, leading to
monolayer disruption.

3.4 Biophysics of nano-bio interfaces: NPs-induced
membrane modifications

The self-assembled nature and lateral fluidity of plasma mem-
branes determine a capability of the membrane to reorganize
and locally and transiently restructure itself in response to
biological stimuli. This is the case considering for instance
the transient formation of lipid rafts, in relationship with cell
trafficking phenomena, or considering ligand (drug)-receptor
interactions at cell surface, triggering complex biological responses.
In this respect, several studies have addressed the effects on
NPs on a target lipid membrane upon adhesion. A first effect
is the induced lateral phase separation within the target
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membrane: theoretical studies on cationic NPs have high-
lighted their tendency to recruit anionic lipids in the adhesion
area, determining the formation of phase separated patches
within the membrane (see Fig. 3B).>>''® The alteration of
membrane’s phase behaviour induced by NPs is a growing
research topic, with several studies contributing building-up a
complex picture, which is far from being understood. As an
example, the group of Granick''" reported a different effect
of silica anionic’” and cationic particles on phospholipid
membranes, with negative NPs inducing gelation and positive
ones provoking fluidification. Considering anionic silica NPs
with different size, the group of Zhang et al.'® reports that the
gelation, or “freeze effect” on DOPC giant unilamellar vesicles
(GUV) is promoted by small NPs (18 nm), while large particles
(>78 nm) promote membrane wrapping. By significantly
decreasing the phospholipid lateral mobility, the release of
tension through stress-induced fracture mechanics results in
a microsize hole in the GUVs after interaction. On the other
hand, membrane wrapping leads to increased lipid lateral
mobility and the eventual collapse of the vesicles.

Von White et al.*® registered an increase in the gel-to-liquid
crystalline transition temperature of synthetic lipid vesicles
induced by the embedding of hydrophobic AuNPs, while
Chakraborty et al."*® reported the opposite effect, i.e., phospho-
lipid bilayer softening, due to hydrophobic AuNPs inclusions;
on the other side, recent studies demonstrated that hydrophilic
(negatively and positively charged) AuNPs induce the same
effect at the nanoscale, promoting the formation of rigidified lipid
domains around the NPs’ surface, characterized by a reduced lipid
motion with respect to the surrounding fluid phase.>"*>'>*'*! Both
the induced lateral phase separation on a target membrane and
the induced modification of the viscoelastic properties might
represent, at the biological level, both biologically relevant
signals, activating cell entry pathways, or else might be of
relevance in inducing cytotoxic effects (Fig. 3C).

3.5 Analytical applications of NP-lipid membrane
interactions

An interesting research topic related to the interaction of
NPs with lipid membranes is its exploitation for analytical
purposes. Inorganic NPs are characterized by peculiar proper-
ties, making them suitable to provide a readout, generally an
optical (fluorescence, scattering) or magnetic signal, which can
provide qualitative or quantitative information of different
nature. Knowles and coworkers have shown how the sponta-
neous formation of a supported lipid bilayer on a polystyrene
NPs patterned support can be exploited to form membrane
regions of high curvature, due to NPs partial wrapping: these
areas spontaneously accumulate specific, single-tailed lipids, of
higher spontaneous curvature, and can be exploited to monitor
the interaction of biomolecules with membrane areas of high
curvature;*?* Liu et al.'*® have formed AuNPs patterned surfaces
(see Fig. 4B), for mechanical tension measurements in living
cells. Cho and coworkers'** have designed a nanoplasmonic
biosensor made of an array of gold, silicon oxide or titanium
oxide nanodisks coated with different lipid architectures
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Fig. 4 Analytical applications of NP-lipid membrane interactions. Panel A: SERS technique exploiting the spontaneous binding of proteins to lipid bilayer-
encapsulated AgNPs to probe lipid membrane-attached oligomers; (left) set-up of the technique (right) TEM micrograph of lipid-coated AgNPs; SERS
spectrum of melittin in the presence of AgNPs (black) and lipid-coated AgNPs (red). Adapted with permission from ref. 127. Copyright (2015) American
Chemical Society. Panel B: molecular tension fluorescence microscopy applied to the investigation of fibroblast cells layered on a substrate with an array of
precisely spaced functionalized AuNPs: cartoon summarizing the experimental set-up. Adapted with permission from ref. 123. Copyright (2014) American
Chemical Society. Panel C: self-assembly formation of lipid membranes on nanoplasmonic sensor platforms. Time-resolved extinction maximum
wavelength shift measurements (red) and corresponding time derivative (blue) for vesicle adsorption onto (left) silicon oxide-coated nanodisk surface,
(center) bare gold nanodisks on glass surface, and (right) titanium oxide-coated nanodisk surface. Adapted with permission from ref. 124. Copyright (2014)
WileyVCH Verlag GmbH & Co. KGaA, Weinheim. Panel D: (left) set-up of the nanoplasmonic assay for probing by eye protein contaminants (single and
aggregated exogenous proteins, SAP) in EV preparations; (right) Eppendorf tubes containing AuNPs in the presence of EVs (blue) or EVs + SAP (red),
highlighting the sensitivity of the assay to EVs protein contaminants; UV-visible absorbance spectra of AUNPs, in the presence of increasing amounts of EVs,
highlighting the sensitivity of the assay to EVs concentration. Adapted with permission from ref. 130. Copyright (2015) American Chemical Society.

(see Fig. 4C), vesicles arrays, supported lipid bilayers or a coex-
istence of the two systems, spontaneously formed due to different
pathways of interaction between lipid vesicles and the nanodisks
of different material: localized surface plasmon resonance experi-
ments detecting a membrane-active peptide highlighted a strong
dependence of the interaction between the peptide and the
lipid bilayer, depending on the architecture of the lipid scaffold.
Limaj et al'® designed an infrared biosensor to monitor the
molecular behaviour and dynamics of lipid membranes, based on
the adsorption of lipid vesicles on an engineered substrate
functionalized with gold nanoantennas for surface enhanced
infrared absorption (SEIRA) experiments. Suga et al.'*® exploited
the interaction of hydrophobic (dodecanthiol-modified) AuNPs
with phospholipids and phospholipid assemblies, to investigate
the behavior of lipid membranes at a molecular length-scale
through Surface-Enhanced Raman Spectroscopy (SERS). The same
technique is employed by Bhowmik et al.,'*” who exploited the
formation of a lipid coating wrapping Silver NPs (AgNPs) to probe
through SERS the molecular behavior of protein oligomers
spontaneously binding to the lipid coating of AgNPs (this example
will be also discussed in Section 5) (see Fig. 4A). Recently, we have
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shown that synthetic Giant Unilamellar Vesicles of POPC promote
the clusterization of Turkevich-Frens citrated AuNPs on the lipid
membrane itself.'”" This phenomenon, which has been investi-
gated by other groups, provokes a modification of the plasmon
resonance peak of AuNPs, which is visible also by naked eyes
as a colour change of AuNPs dispersion from red to blue.'”'?®
Interestingly, this effect is similarly observed when the same
AuNPs challenge biogenic natural vesicles (extracellular vesicles,
EVs)"?”'? and it has been found as strongly dependent on the
concentration of EVs and on the presence of protein contaminant.
Therefore, an analytical method for EVs has been developed,
offering an easy and fast assay for purity and concentration of
EVs, based on nonspecific interactions between NPs and lipid
membranes'** "% (see Fig. 4D).

4. Engineering lipid assemblies:
inclusion of NPs in lipid scaffolds

Depending on their molecular structure and on the environ-
mental conditions, lipids in water self-assemble into very
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diverse structures, from simple planar lamellar phases, as
vesicles, to non-lamellar curved bilayered structures (as cubic
mesophases),"**™** to inverse monolayered tubular arrange-
ments (as inverse hexagonal mesophases). These different struc-
tural arrangements, formed by spontaneous self-assembly, can
host hydrophilic-coated NPs in the aqueous regions and/or
hydrophobic-coated NPs in the hydrophobic domains.

NPs can spontaneously insert in the lipid scaffolds, due to
non-specific forces, such as hydrophobic, electrostatic and
van der Waals interactions (see Section 2), thus representing
a facile approach to obtain a complex hybrid material with
controlled structure and defined properties arising from the
combination of lipid and NP building blocks.

In particular, the inclusion of NPs in lipid scaffolds
allows obtaining materials with specific interesting features:
(i) the biocompatibility of the lipid scaffold (dependent on its
composition) allows envisioning the employment of these
hybrid materials for biomedical applications; (ii) the self-
organization and phase behavior of lipid mesophases is
generally responsive to the inclusion of external species, to
temperature, hydration and other experimental conditions,
which variations can be triggered, in a space and time con-
trolled manner, by external stimuli applied to the NPs included
in the lipid scaffold (e.g:, magnetoliposomes). This is a very
interesting opportunity for several applications, for instance
the development of drug delivery systems (DDS) with controlled
release abilities; (iii) the inclusion and confinement of NPs in
lipid scaffolds has the effect to locally concentrate them and
to impose them a spatial arrangement. This localized NPs
concentration increase might be of relevance to enhance NPs-
related signals (for instance optical or MRI readout for diagnostic
applications); in addition, the increased concentration, together
with a defined structural architecture, might induce peculiar
collective properties of NPs, arising from the lipid scaffold-
imposed arrangement.

In the following sections we will revise this topic, in particular
focusing on the effect of NPs inclusion on the overall features of
lipid/NP hybrid materials (Section 4.1), and, subsequently, on
applicative examples of NP/lipid hybrids made of NPs included
in lamellar (Section 4.2) and non-lamellar (Section 4.3) lipid
mesophases.

4.1 NPs inclusion in lipid scaffolds: structural and
physicochemical effects

The hydrophobic or hydrophilic nature of NPs, which depends
on the coating agent, is the key factor in determining the
localization in a lipid assembly. Both lamellar (i.e., liposomes, Giant
Unilamellar Vesicles) and non-lamellar (ie., cubic or hexagonal
structures) lipid assemblies are characterized by the coexis-
tence of hydrophobic and hydrophilic domains, capable to host
NPs of different nature. In all NPs-lipid hybrids, the inclusion
of NPs in the lipid architecture affects the physico-chemical
and structural properties of the lipid scaffold, modifying for
instance the fluidity and bending properties of the membrane,
its local thickness, the phase behavior and the viscoelastic
properties. For instance, it has been shown that the inclusion
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of hydrophobic superparamagnetic iron oxide NPs (SPIONs) in
the lipid membrane of DPPC liposomes increases the average
thickness of the membrane and modifies the orientation of the
phospholipid chains, affecting the lipid melting temperature."**"*
In addition, depending on the chemical nature of hydrophobic
NPs embedded in a lipid bilayer, they can either stabilize or
destabilize the lipid ordering, causing opposite effects on the
phase behavior of the lipid scaffold; it has been shown that 4
and 5.7 nm AgNPs*! increase the fluidity of the membrane,
reducing the degree of ordering of the lipid tails, while 5 nm
maghemite NPs*® increase membrane rigidity. Finally, the
inclusion of nanoparticles can also modify the final structure
of the bilayer: for instance, a Cryo-TEM investigation of Chen
et al. on liposomes containing hydrophobic SPIONs has high-
lighted the formation of liposomes’ aggregates with SPIONs
clusters acting as bridging agents (see Fig. 5A and B). These
local perturbations highlight that some structural rearrange-
ment of a planar lipid membrane can be possible preserving
the overall lipid mesophase architecture; however, as reported
by Briscoe et al.,*° significant amounts of NPs inclusion might
promote, for defined lipid compositions and specific tempera-
ture/pressure conditions, a phase transition from lamellar to
hexagonal mesophases. In general, as already pointed out in
Section 2, the inclusion of NPs in a planar bilayer increases the
frustration packing energy of the lipid molecules eventually
promoting the re-organization in a different mesophase, char-
acterized by a more negative curvature; the mismatch between
the equilibrium curvature and the perturbed arrangement due
to NP inclusion, favors the transition to a more thermodyna-
mically stable structure.

These examples highlight how the effect of NPs on lipid
membranes is variable, but possibly predictable, on the basis of
minimum energy considerations; therefore, the physico-chemical
properties of the target lipid membrane and of the NPs to be
inserted in the lipid scaffold can be tuned in order to modify the
behavior of the membrane in a desired manner, engineering the
system for its final purpose.

4.2 Applications of NPs/lamellar lipid assemblies hybrids

Among hybrid nanostructures where NPs are included in lamellar
assemblies, particularly relevant are magnetoliposomes (MLs),
where hydrophobic SPIONs are included in the lipid bilayers of
lipid vesicles.’®™*° Their responsivity to static (SMF) and alter-
nating magnetic fields (AMF) makes MLs good candidates in
nanomedicine as DDS,"*" able to release drugs confined in the
lumen of liposomes in a time and space controlled manner,
upon application of external stimuli.’*>'*? Despite their poten-
tiality, the inclusion of small NPs in the bilayer can be exploited
only for drug delivery purposes, while generally, no bulk
heating effect can be induced by small NPs subjected to AMFs,
as shown in several studies:'** therefore, they cannot be applied
in hyperthermia therapies, for the thermal ablation of cells;
however, as reported by Di Corato et al.,"*> using hydrophilic
SPIONSs loaded in the vesicles’ lumen combined with a photo-
sensitizer, results in a synergistic effect, observed both in vitro
and in vivo, making this strategy, which exploits a multifunctional
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Fig. 5 Cryo-microscopies of lamellar and non-lamellar lipid membranes assembled with hydrophobic NPs. Panel A: cryo-TEM images highlighting the
structural changes induced by hydrophobic SPIONSs interacting with liposomes: on the left, TEM image showing liposomes arranged in a multiwalled
configuration with SPIONSs bridging; on the right, TEM image of liposomes’ aggregates bridged by SPIONSs clusters embedded in the bilayer. Adapted with
permission from ref. 29. Copyright (2010) American Chemical Society. Panel B: DPPC liposomes decorated with dodecanethiol-capped AuNPs shown at
different magnifications. Adapted with permission from ref. 28. Copyright (2017) American Chemical Society. Panel C: TEM images of POPC/POPE
liposomes assembled with quantum dots (QDs) of different sizes embedded in the bilayer. The size increase of QDs (from 1 to 4 progressively) increases
the perturbation of the lipid membrane: lipid membrane appears sharp when small QDs are included (1 and 2), while with the larger ones the membrane
becomes fuzzier (3 and 4). Reproduced from ref. 150 with permission from The Royal Society of Chemistry. Panel D: cryo-SEM of non-lamellar
mesophases interacting with Au NRs. On the left Phytantriol cubic mesophase, on the right Phytantriol hexagonal mesophase, both assembled with Au

NRs. Adapted with permission from ref. 156. Copyright (2012) American Chemical Society.

nanomaterial, very promising for therapeutic applications.
Recently, MLs decorated both with hydrophobic and hydro-
philic SPIONs have been shown to release on-demand hydro-
philic or hydrophobic payloads, depending on the frequency
and application time of an AMF.'*’

Besides SPIONs, hydrophobic AuNPs were recently used'*® to
build-up photoresponsive and thermosensitive hybrid liposomes.
In addition, multifunctional hybrid liposomes containing magneto-
plasmonic nanoparticles (SPIONs@Au), merging the possibility to
combine hypothermic and photothermal treatments were recently
shown'#”'*8 for image-guided delivery of anti-HIV drugs to the
brain: generally, the successful delivery of antiretroviral drugs to the
brain is limited due to the presence of the blood-brain barrier
(BBB); in this case the authors reported an enhanced BBB
transmigration efficiency under AMF without its disruption;
moreover, the treatment of HIV virus with multifunctional
liposomes successfully reduced the viral replication.
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Several studies have addressed the inclusion of quantum dots
in lipid assemblies: despite their unique optical properties, they
are characterized by significant acute cytotoxic effects. With the
aim to realize a contrast agent for imaging applications, 814915
several studies have shown that the confinement of CdSe dots in
lipid bilayers increases their biocompatibility, while preserving
their fluorescence features, making the system more suitable for
biomedical applications (see Fig. 5C).

4.3 Applications of NPs/non-lamellar lipid assemblies hybrids

As anticipated in Section 2, the inclusion of NPs into non-
lamellar lipid assemblies mostly affects the structure of the
mesophase, in terms of the lattice parameter and, consequently,
of the diameter of the nanochannels and amount of water
contained in the lipid architecture. If the size of NPs is similar
or smaller than the lattice parameter, NPs can be easily encap-
sulated in the architectures. Venugopaal et al.®® investigated
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the encapsulation of hydrophilic Silica NPs of 8 nm diameter in
monolinolein mesophase: in this case, the NPs were too large to
be encapsulated in the nanochannels (of 3-3.8 nm diameter);
nevertheless, the addition of NPs determined the overall
dehydration of the lipid scaffold, eventually causing, for high
concentrations, the transition of the assembly geometry to
a gyroid cubic structure (Ia3d). The authors interpret this
behavior considering that, since the energy cost to include
the NPs in the nanochannels is extremely high (above
100kpT), the NPs tend to minimize their interfacial energy,
aggregating along the grain boundaries of the mesophase,
similarly to what reported concerning lamellar structures.'*
The same authors investigated also the structural features of
monolinolein mesophases loaded with hydrophilic SPIONs.
Upon application of a static magnetic field, a reorganization
of the lipid domains along the direction of the field"**'>*
found, highlighting how the responsiveness of SPIONs to
magnetic fields can be exploited to induce structural modifica-
tions in the whole lipid mesophase. This effect has been
applied for instance to control the release of drugs confined
in the lipid mesophases'*? or, as the same authors reported,'**
for the application in optical memory storage.

The inclusion of hydrophobic NPs in non-lamellar meso-
phases can be easily achieved exploiting the hydrophobic
interactions that spontaneously drive the NPs localization in
the hydrophobic regions of the self-assembly. However, also in
this case, the size of NPs is of paramount importance, to avoid
the disruption of the lipid scaffold. Recently, the inclusion of
hydrophobic SPIONs into 1-monoolein diamond cubic phase
was reported, highlighting that the amount of included NPs,
together with temperature, controls the phase transition from
cubic to hexagonal phase. Since this transition is accompanied
by a significant dehydration of the mesophase, the structural
rearrangement is accompanied by the release of most of the
water content of the nanochannels. This thermoresponsive
hybrid material was also found to be responsive to AMFs,
representing, therefore, a promising system for the delivery of
hydrophilic drugs in a time and space-controlled manner.*
Recently, it was shown that this thermotropic effect of liquid
crystalline phases loaded with hydrophobic NPs is a general
phenomenon, highlighted also for cubic mesophases formed of
phytantriol and hydrophobic AuNPs.*

Very few examples in the literature address the inclusion of
non-spherical NPs in non-lamellar lipid assemblies: Boyd
et al.'® reported on hydrophobic NRs included in phytantriol,
selachyl alcohol and monoolein lipid mesophases, with the aim
to build-up photo-responsive hybrid materials (see Fig. 5D). The
authors investigated the effect of NRs on the cubic mesophases,
highlighting a slight reduction in the phase transition tempera-
ture and in the lattice parameter. Interestingly, similarly to
spherical hydrophobic NPs, gold NRs shift the cubic-to-
hexagonal boundaries to lower temperatures.'*® For hexosomes
of selachyl alcohol, it was shown that the lattice parameter or
water volume fraction®®*’ are not affected by the presence of
AuNRs; the authors suggested that NRs are positioned along
the direction of hexosomes, but, due to their large sizes

was
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(55.5 nm in length and 16 nm in width) they are in close
proximity of the lipid bilayer, without being efficiently included
inside it. Nevertheless, the application of a NIR laser on the
hybrid structure promoted the phase transition from cubic to
hexagonal phase, similarly to what observed with the applica-
tion of AMF on monoolein-SPIONs hybrids.

5. Surface engineering of inorganic
NPs: functionalization of NPs with a
lipid coating

Recently, several research groups have addressed the function-
alization of inorganic NPs or clusters of NPs with lipids to form
lipid-coated NPs with a supported lipid bilayer (SLB and
liposomes®). The validity of this approach is twofold: first,
a lipid coating of appropriate composition might strongly improve
the biocompatibility of inorganic NPs: this is particularly
critical for the very toxic quantum dots. The second advantage
is the increased dispersibility in body fluids and improved
pharmacokinetic properties. As a matter of fact, without a
proper coating, bare NPs introduced by parenteral administra-
tion, are rapidly opsonized and removed by phagocytes from
the blood stream®® and accumulated in liver and spleen,'>”**®
often causing oxidative stress.’***°

Although this could be even convenient for those treat-
ments where the desired aim is to modulate local immune
responses,'®" it is worth considering the use of a capping agent
that prevents leakage of the drug, protects the carriers from
degrading enzymes, and shields them from the immune system
avoiding side effects.’®>'®> Among several potential capping
systems, lipid bilayers are especially advantageous'®* for several
reasons: (i) the escape from endosomal vesicles of the nano-
material and successful reaching of its biological target, upon
endocytic uptake, is strongly favoured in the presence of a lipid
coating, improving the ability of NPs to passively permeate
to the inner core of the cell;'*>'*® (ii) the presence of a
lipid coating is helpful in preventing NPs aggregation in
biological environment; (iii) lipid coating is highly tuneable
in composition (for instance PEGylated lipids, to further
improve nanoparticle pharmacokinetic properties,'®” can be easily
incorporated, as well as cholesterol, added as a controlling fluidity
agent) and can be easily functionalized and designed to match
the specific requirements of the desired application.'®®*7° As
introduced in Section 2, the achievement of such a coating
depends on the size of the NP to be coated and on the
viscoelastic properties of the membrane. Generally, relatively
large NPs, imposing a low curvature to the target membrane,
can be successfully completely wrapped and coated by a lipid
membrane, while small particles need to be wrapped and
coated as clusters. In the following sections we will review
the most relevant examples and applications of lipid-coated
inorganic nanoparticles, considering one by one the different
types of nanoparticles, silica NPs (Section 5.1), gold and silver
NPs (Section 5.2) and iron oxide NPs (Section 5.3).

Soft Matter, 2019, 15, 8951-8970 | 8963



Perspective

Soft Matter

Lipid bilayer o o
<

(lsquid crystal phase) ’

| §

SPIO NPS@DSPE-PEG

SPIO@DSPE-PEGIICG NPs|

Fig. 6 Lipid-coated NPs. Panel A and B: TEM images of bare Au nanocages (A) and the same nanocages covered by a lipid bilayer (B) used as
nanovaccine for cancer immunotherapy. Reprinted with permission from ref. 187 © Elsevier; panel C: schematic overview of the procedure for the
fabrication of doxorubicin (DOX)-loaded SLB-mesoporous silica NPs. The thermal responsiveness of the lipids circumvents the premature leakage of
the payload. The insets show the related TEM images. Adapted and reprinted with permission from ref. 178 © Elsevier; panel D: schematic illustration of
the fabrication process of DOX-AuNR@mSIO, covered by a lipid bilayer and the corresponding NIR laser-controlled intracellular DOX release. Reprinted
with permission from ref. 192 © RSC; panel E: model of the Ca®*-dependent liposome and lipid-coated AuNPs clustering in presence of synaptotagmin
(Syt). Reprinted with permission from ref. 185 © ACS; panel F: conceptual scheme of lipid-coated gold carriers for the release of paclitaxel and cisplatin.
Reprinted with permission from ref. 183 © Elsevier; panel G: schematic illustration of the preparation protocol of SPION@DSPE-PEG loaded with

indocyanine green. Reprinted with permission from ref. 193 © Elsevier.

5.1 Lipid-coated silica NPs

Leveraging the pioneering works of Rapuano’s group,'”"'”?

over the last years several research groups have addressed
the decoration of silica nanoparticles with SLBs.'”* Recently,
Mousseau et al. showed an example of fluorescent silica NPs
covered by a pulmonary surfactant Curosurf®. They found that
a complete SLB coverage of silica nanoparticles is obtained only
through sonication, which disrupts lipid vesicles and promotes
full wrapping of the NPs. In vitro assays confirmed that the
presence of the SLB mitigated the particle toxicity and improved
internalization rates.'”*

Tada and co-workers tested the impact of a lipid coating
(using different types of lipid bilayers) on the cytolocalization of
silica NPs prepared with methylene blue, for applications in
Photodynamic Therapy (PDT)."”>"7¢

Mackowiak et al.'”” showed an example of mesoporous silica
NPs surrounded by a cationic DOPC/DOTAP SLB with targeting
ligands on the surface of the nanoconstruct and a photosensi-
tizer molecule covalently attached to the surface of mesoporous
silica NPs, for controlled and targeted drug delivery applica-
tions. In this case, the presence of the SLB coating was also
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aimed at improving the capability of the system to retain a drug
inside the mesoporous structure of NPs before photoactivation
to induce the release of the cargo.

An alternative route to obtain controlled release of drugs
from lipid-coated mesoporous silica NPs, based on the use of
thermo-responsive lipids, was recently presented by Zhang
et al.: they combined the high drug loading capacity of meso-
porous silica NPs with the thermal responsiveness of a mixture
of lipids, DPPC/DSPC/Chol/DSPE-PEG2000, allowing the possi-
bility to release on-demand the payload at hyperthermia tem-
perature, circumventing the premature leakage at physiological
temperature'”® (see Fig. 6C).

5.2 Lipid-coated gold and silver NPs

Taking advantage of their antimicrobial properties, AgNPs have
been widely used in the last decades both in industrial and in
biomedical applications.'”®*8* Furthermore, due the localized
surface plasmon resonance (LSPR) of AgNPs, they can be
exploited for the development of biosensors. For this purpose,
Bhowmik and co-workers'*” developed a method to determine the
conformation of membrane-bound proteins: unlike conventional

This journal is © The Royal Society of Chemistry 2019
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SERS, that requires immobilization of molecules, they exploited
the spontaneous binding of proteins to lipid bilayer-coated
AgNPs. In this way, they probed the behavior of membrane-
attached oligomers of Amyloid-B40 (Ap40), whose conformation
is of relevance in Alzheimer’s disease. AuNPs are the most
widely studied inorganic NPs, thanks to their facile synthetic
and functionalization routes, and their plasmonic properties
that can be harnessed in a plethora of applications, ranging
from optical imaging, spectroscopy and photothermal therapy.
Du et al. formed a liposomes-AuNPs hybrid system as a vector
for nucleic acids, for applications in gene therapy.'®

England and co-workers'®*'®* (see Fig. 6F) prepared AuNPs
functionalized with multiple layers (two or three) of phospha-
tidylcholine, alkanethiol, high density lipoprotein and phos-
phatidylcholine/alkanethiol for the delivery of hydrophobic
and hydrophilic drugs for the treatment of solid tumours. By
exploiting the optical properties of AuNPs, Reed et al. developed
a novel hybrid for sensitive detection of proteins based on
apposition and aggregation of liposomes induced by Ca*" ions
using Forster resonance energy transfer (FRET) assays'®® (see
Fig. 6E). Wang et al. recently proposed a novel approach to
overcome the low delivery efficiency of plasmids by condensing
them on peptide-modified AuNPs, successively covered with a
mixture of phospholipids.*®®

In addition to spherical NPs, liposomes-coated gold
nanocages'®” (see Fig. 6A and B) have been reported as possible
nanovaccines for cancer immunotherapy: the authors demon-
strated that the hybrid carrier exhibited enhanced antitumor
effects, inhibiting tumour growth in lung metastasis models. In
addition, lipid-coated hollow gold nanoshells have been recently
developed for synergistic chemotherapy and photothermal
therapy for the treatment of pancreatic cancer.'®® By taking
advantage of the unique structure of hollow gold nanoshells,
the authors successfully demonstrated the co-delivery of two
drugs, one loaded in the lipid bilayer and the other one loaded
in the hydrophilic interior of the nanoshell.

Furthermore, the possibility to extend lipid coverage to Au
NRs has been recently explored. Recent studies have addressed
the functionalization of Au NRs with a phospholipid bilayer,
composed of POPC'®® and, more recently, DMPC,"*° to increase
biocompatibility and bioavailability of NRs. In addition, lipid
capped Au NRs (obtained with DPPC vesicles containing lipids
with a thiol headgroup) have been demonstrated to be suitable
label-free biosensors'® for the detection of lipophilic drugs in
aqueous solutions or lipopeptides in serum. Finally, moving to
a more complex architecture, Han et al.'** (see Fig. 6D) demon-
strated the possibility to use silica and phospholipids to cover
AuNRs, coupling the photothermal and thermo-responsive
properties in the same nanoplatform.

5.3 Lipid-coated iron oxide NPs

SPIONs are among the most attractive NPs for biomedical
applications, ranging from applications in MRI to responsive
nanocarriers for drug delivery to therapeutic applications in
hyperthermia (see Fig. 6G). Bao et al.'®® synthesized DSPE-PEG
coated SPIONs loaded with indocyanine green molecules as
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superparamagnetic carriers capable to easily accumulate in
tumours sites and act as biodegradable nanotheranostic agents. In
the emerging field of nanovaccines, the group of Ruiz-de-Angulo***
presented a biocompatible multifunctional system designed to
both act as delivery vehicle and radiotracer for PET/SPECT
imaging: using lipid-coated magnetite nanoparticles, they efficiently
included in the construct Ga®" as radiotracer, plus an antigen and
an adjuvant. In vivo imaging highlighted the efficient targeting
capability of the system and cell uptake. Recently, the same
authors presented bacteria-mimicking NPs, that is a similar
construct (i.e., lipid coated magnetite nanoparticles), coated
with lipooligosaccharides, which efficiently acts as adjuvants'®®
for application in cancer vaccine field.

Enveloping a magnetic iron oxide core with a lipid shell
facilitates bioconjugation, biocompatibility, and delivery, as well
reported by Wang et al.'®: in their work they provide a general
solution for coating iron oxide and other metal oxides with a
simple mixing in water, facilitating applications in biosensing,
separation, and nanomedicine.

A multifunctional system for dual imaging (fluorescence
and MRI) of hepatocellular carcinoma was reported by Liang
et al.:"*® through the thin film hydration method, they covered
magnetite NPs previously conjugated with a NIR fluorescent
dye; the lipid bilayer was decorated with a polymer targeting
tumour hepatocytes, able to steer the carrier to the specific site.
By flow cytometry and confocal laser scanning microscopy they
assessed the specific cellular uptake, followed by in vivo tests on
tumor-bearing mice.

6. Conclusions

In this contribution we have reviewed the latest developments
concerning the interaction of NPs with amphiphilic bilayers
arranged in lamellar and non-lamellar mesophases.

This area is a very lively research field, where efforts are
motivated by several scientific purposes. First of all, the applica-
tion of nanostructured materials in the biomedical field requires a
precise knowledge of the nano-bio-interface: bilayered synthetic
assemblies are a very convenient and simple platform to elucidate
the interactions with cell membranes and internalization of
nanomedical devices. In addition, the design of smart nanostruc-
tured hybrid devices, where NPs are included in soft matter
assemblies to contribute new properties and modulate their phase
diagram is a very relevant and active research field. Related to this
latter area is the use of lipid bilayers as coating shells for inorganic
nanoparticles, to improve their biocompatibility and interaction
with cell membranes.

In all cases, the mechanistic understanding of the main
thermodynamic parameters involved in this interaction and
their dependence on the physico-chemical features both of NPs
and of the bilayers, are a necessary prerequisite to engineer soft
matter hybrids and formulate NPs with potential applications
in the biomedical field. Soft Matter science represents therefore
the central discipline, whose scientific and methodological
approaches will be more and more pivotal to contribute

Soft Matter, 2019, 15, 8951-8970 | 8965
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meaningful progresses in this field. If the promises held by this
approach will be fulfilled in the next decades, many of the
current hurdles that nowadays hamper the full development of
nanomedicine can be overcome.

Finally, a precise knowledge of the above-mentioned features
allows engineering NPs to probe the properties of complex bilayer
assemblies, both of natural and synthetic origin. This is a very
exciting and promising area, where fundamental and applied
efforts should be directed in the next decade.
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Hybrid smart materials composed by magnetic nanoparticles encapsulated in lipid
membranes, allow the realization of functional systems appealing in the biomedical field as
drug delivery vehicles. SPIONs inclusion in the lipid membrane modifies the hierarchical
organization of mesophases preserving the responsiveness of magnetic NPs upon an
oscillating magnetic field. The coexistence of both hydrophobic and hydrophilic domains,
combined with the responsiveness of the materials to the nanoscale level, make of the
modified functional materials controllable with an ON-OFF mechanism, the release of active

molecules with different polarity. The magnetic features of SPIONs doping GMO LCs were
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investigated, correlating the results to the structure, investigate through Small Angle X-Ray
Scattering. In-Situ Detection of magnetocubosomes upon an alternate magnetic field to the
Synchrotron radiation source was performed, showing a transition from the diamond cubic
phase to hexagonal array induced by the local hyperthermia feature of loaded SPIONs.
Finally, after an evaluation of the internalization time of cubosomes and magnetocubosome
performed through Confocal Microscopy, the in-vitro test experiments on HT29
adenocarcinoma cancer cells were performed, and the cell viability revealed with a
colorimetric assay.

1. Introduction

Magnetic nanoparticles (MNPs) provide stimuli-responsive multifunctional platforms with
well-explored applications in the biomedical field as contrast agents in MRI!'=1 and drug
delivery system (DDS).[*31 The hyperthermia features showed exposing MNPs to an
oscillating magnetic field, were exploited to trigger the release of active molecules with a
higher efficiency dependent by the chemical composition, the dimension and the anisotropy of
NPs' shape. In the latter case, as reported by Di Corato et al.[%] the final shape of
nanocrystals, controlled during their synthesis, can be a helpful approach to improve the
hyperthermia efficiency. However, controlling the supra-particles organization, as predicted
and demonstrated by theoretical and experimental works,®-1%1 improvement of the thermal
efficiency can be achieved. These features, combined with molecular compounds used to
functionalize MNPs, could exert a highly localized action on cancer cells: with high
amplitude (H) and low frequency (f) of oscillating field respecting the biological exposure
safety limit Hf factor, the highest ability of magnetic systems is reached.!!]

The inclusion of MNPs in lipid membranes provides a smart strategy to assemble complex
structures coexisting with nanocrystals; in this way, due to the high fusogenic tendency of
lipid-architectures with cell membranes!!?!, a short internalization time is needed leaving a

small amount of MNPs outside the cell membranes. According to molecular dynamic

2
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simulations!'3 and some experimental works reported in literature,['*-16] the encapsulation of
MNPs in lipid bilayer, is promoted controlling the particle size; generally, a dimension around
6 nm is sufficiently small with respect to the lattice parameter describing the mesophase to
embed NPs into the membrane.!'”-'8] The combination of soft matter and inorganic stimuli-
responsive nanoparticles are extensively reported in literature, especially about lamellar lipid
membranel'*2?! and recently about non-lamellar mesophases;!>3?*! these classes of smart
material are of relevance from a technological point of view to build-up new functional
materials for the uptake and release of active molecule, with spatial and temporal control upon
external stimuli, as demonstrated in a previous work.?* 1-monoolein (GMO) lyotropic liquid
crystals are the most reported in the literature due to the biocompatibility and
biodegradability; its rich polymorphism, with both hydrophobic and hydrophilic domains,
make of GMO assembly the ideal scaffold to encapsulate drugs/?’! and nucleic acids.[?6-2%]
Moreover, the addition of different chemical species to the lipid mesophases provides to
control the symmetry of the final structure, as extensively reported, i.e., fatty acids,[>>3]
photoresponsive molecules,?'"331 glycolipids?**33! and only recently hydrophobic
nanoparticles.[?3-36]

In literature are reported some works who demonstrate the high potential of colloidal
dispersion of lyotropic liquid crystals (cubosomes) tested on tumor cells;*7-4% the extended
hydrophobic domains allow the encapsulation of enormous quantity of hydrophobic
chemotherapeutic, i.e. Paclitaxel,[>! 5-Fluor Uracil®! above their bioavailability in biological
fluids offering the unique properties to eliminate or reduce the toxicity of the anti-cancer
agents. Indeed, that systems have shown a higher efficiency of the drugs compared to the
"free" chemotherapeutic and that make of hybrid lipid-SPIONSs systems appealing in the
biomedical field as DDs. Nevertheless, on the best of our knowledge, cubosomes SPIONs
loaded were never tested on cells even if they were deepen described and characterized in the

literature.
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In this work, it was studied the magnetic response of bulk and disperse GMO assemblies
doped with SPIONS upon the alternate magnetic field. After a complete characterization of
SPIONs through SAXS, XRD, SQUID measurements, it was investigated the structure and
magnetic features of SPIONs-lipid systems. Then, the in-situ structural change induced by
AMF on colloidal dispersion of cubosomes and magnetocubosomes are showed and
discussed. Finally, we performed in-vitro test experiments on adenocarcinoma cancer cells
HT29 with the aim to demonstrate the biocompatibility of magnetic cubic phases under
certain conditions.

2. Results and Discussion

2.1. SPIONs and Bulk cubic phase

Figure 1 shows SAXS, XRD, FC-ZFC, and magnetization curve of superparamagnetic
nanoparticles synthesized according to a well-defined protocol (See Experimental section
4.1).142431 The Small-Angle Scattering curve showed in Figure 1a was fitted with
SphereSchultz Model by NIST (See Section S.2) where the calculated diameter was around
3.8 nm, and the polydispersity was 0.3; the result of ICP-AES analysis to determine the NPs
concentration was 6.22 mg/mL of Fe3;O4. X-ray diffraction pattern (Figure 1b), recorded on
nanoparticles powder (See Experimental Section 4.5), shows typical magnetic spinel structure
of magnetite (Fd3m) with a lattice parameter of 0.8397 (1) nm. Moreover, the Rietveld
analysis of the pattern shows Fe3Os NPs an average crystal size of 5(1) nm, this value is ,
quite close to the SAXS fit one. For the uncoated SPIONS, the data of Magnetization (M) vs.
Temperature (T) for the zero field-cooled (ZFC) and field-cooled (FC) cases in Figure 1 ¢ are
shown. The average blocking temperature TB is 12.5 K: thus, by the well-known equation
derived by the Néel-Brown model, the diameter of spherical nanoparticles was calculated
equal to 4.3 nm. Magnetic measurements of Fe3O4 nanoparticles (Figure 1d) indicate that
SPIONSs are superparamagnetic at 293 K and 320 K, while at 2.5 K, below the blocking

temperature, the typical ferromagnetic hysteresis loop can be observed with coercivity value
4
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of 242 Oe. Under a large external field, the magnetization, aligns with the field direction,
reaches its saturation value of 39.2 emu/g at 2.5 K, 31.6 emu/g at 293 K and 30.6 emu/g at
320 K. Their size and the responsivity upon the magnetic field make them good candidates to
evaluate the magnetotropic behavior when SPIONs are embedded within lipid bilayers,
obtaining hybrid materials with tunable magnetic features.

GMO lipid, in water excess, can assemble in diamond cubic mesophase (Pn3m) which is
preserved into the investigated temperature range (25-50 °C) as confirmed by the Small-
Angle Scattering curves.[?>] As the temperature increases, a shift to higher scattering vectors
(q) of SAXS curves was detected, producing a shrinking of water nanochannels. As we can
see from Figure 2, nanoparticles affect the GMO phase behavior; with 0.26 mM SPIONSs, the
Pn3m structure is preserved since 35 °C, while with 0.39 mM nanoparticles, the hexagonal
array can be observed starting from 25 °C. In agreement with the literature, SPIONs
embedded into the lyotropic mesophases, produce a shrinking of water nanochannels
compared to the neat binary system.[?’] The lattice parameters (d), describing the lipid
assembly, vary in a linear fashion as a function of temperature; in the case of 0.26mM
SPIONS s the decrease of d Vs. T is around -0.46 A/°C, and d is decrease in absolute value with
respect to the GMO/H,0 system or with systems contain lower amount of SPIONs (See
Figure S3). Moreover, enhancing the nanoparticles concentration until 0.39 mM SPIONS, the
variation of d Vs. T is -0.12 A/°C; these results suggest that nanoparticles stiffen the bulk
mesophases in agreement with the model proposed by Mezzenga et al.**l and recent
rheological investigation**43], a hampered diffusion of lipid located onto the SPIONs was
described.[*?] The SPIONS inclusion in LLCs is confirmed by the insourgence of an additional
broad peak in low q region, which is not ascribable to the Bragg reflexes of the lipid
architectures. The q value of the peak maximum is around 0.050 A*! in the 0.26 mM SPIONs
samples and it is related to the NPs-NPs’s average distance by q=2n/d relation, corresponding

to a length of 12.5 nm, which perfectly matches the literature.[>*) Remarkably, a slight shift of
5
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NPs correlation peak to higher scattering vectors can be observed; indeed by increasing the T:
indeed, at 50 °C, 0.26 mM SPIONs sample shows a peak around 0.053 A™' (11.8 nm), which
could be related to a structural SPIONs reorganization.

To gain more insights on the magnetic features of bulk mesophases with SPIONs, the
variation of magnetization as a function of temperature, was investigated for different
structure: in particular, the samples with 0.26 mM and 0.39 mM SPIONSs, showing at 25 °C a
Pn3m and a Hy mesophases, respectively, are compared with the results obtained for uncoated
nanoparticles. Magnetization of uncoated SPIONSs as a function of temperature was recorded
at 10 Oe and the result shows a linear decay into the range 20-47 °C, typical of
superparamagnetic nanoparticles (see Figure S1) in agreement to the well-known Curie Law.
Figure 3 shows the M Vs. T profile for 0.26 mM SPIONs (green and blue line and markers)
and 0.39 mM SPIONSs (red line and markers) samples. First, a brief discussion about a large
number of interactions involved should be taken into account to discuss these results. A
change in the magnetization can be detected with a nanoparticles’ spatial correlation
variation: Van der Waal interactions, electrostatic interactions, steric repulsion, magnetic
attraction/repulsion and the relative direction of the magnetic dipoles,['”) are the main forces
involved in the energetics of the system. Considering hydrophobic nanoparticles entrapped in
a highly viscous material, the Brownian relaxation process, which is the main term in
nanoparticles dispersion, is negligible to the Néel one, due to the reduced mobility of MNPs
in a viscous medium; moreover, due to the hydrophobic nature and the small size of the
nanoparticles coating agent, the electrostatic and steric repulsion are negligible. Thus,
according to the SAXS data of GMO LLCs, where the phase behavior is affected by
nanoparticles, we can hypothesize a reorganization of SPIONs, which are locked into the
bilayer, as due to the new structural configuration adopted by the membrane.

In the Pn3m cubic structure assembled with SPIONs (Figure 3a), the magnetization follows a

typical linear decay until 32 °C, over which a non-monotonal variation of M can be observed
6
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since 35 °C; a further increase of the temperature produces a decrease with a linear trend until
40 °C, characterized by different scale low. The temperature values are in agreement SAXS
profiles, where it is shown (Figure 2) that SPIONs embedded into the LLCs structure promote
a transition to the Hy array. The behavior of LLCs-embedded NPs, following the structural
change of the lipid scaffold, significantly deviates by from the one of free SPIONSs, due to
their lipid-membrane-induced reorganization. Indeed, at 32 °C, it is likely that the provided
thermal energy, producing a decrease in the bilayer viscosity with respect to the RT, allows
for SPIONSs diffusion within the membrane, with a deviation of M Vs. T detectable as result.
The same experiment was repeated on the same sample after a thermal cycle (green markers
and line Figure 3a), with no magnetic transitions observed, highlighting the presence of a
hysteresis of the process. However, it should be noted that the green markers and lines of
Figure 3a follow the same scalar low of the system after the transition into the 40-45 °C
temperature range; it is reasonable to think that, since, as demonstrated in a previous work, 3%
a recovery of the Pn3m structure after the transition requires long time (3-4 h), the hexagonal
structure is thus preserved during the during the experimental time. In order to demonstrate
that the magnetic variation is related to the Pn3m-Hy transition, MO with 0.39 mM SPIONs
was investigated (See Figure 3b), and, as can be observed, the red curve displays a typical
linear decay without deviation. This suggests that the hump observed in Figure 3a can be
associated univocally to the transition of lipid scaffold which drives SPIONs to follow the
new arrangement. In a recent study, we observed a peculiar pearl-necklace like organization
of SPIONS in dispersed LLCs characterized by an HII arrangement; 23! however, the details
of the reorganization process and the final disposition of SPIONs are still not completely
clarified and future studies are required in order to shades some lights on the intriguing

behavior of SPIONs during a bilayer transition.
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2.2 In-Vitro experiments on HT29 cancer cells of Cubosomes and Magnetocubosomes

Pluronic F-127 is the most used block copolymer to disperse LLCs, obtaining water colloidal
dispersions of cubosomes, characterized by an average diameter of 200-250 nm7); poly-
ethylene oxide blocks are hydrophilic and strongly interact with the aqueous environment,
stabilizing the colloidal particle through steric repulsions, while the polypropylene oxide
hydrophobic block is responsible for the anchoring of the stabilizer to the lipid membrane of
cubosomes and for a slight modification of the cubic structure. In agreement with the
literature™¥] | structural investigation of cubosomes stabilized by F127 allowed to detect a
primitive cubic phase (Im3m) structure characterizing cubosomes, as a difference from the
diamond cubic structure observed at the bulk level. The mesophases are more swollen than
bulk assemblies, hinting to a larger diameter of the nanochannels. There are some works in
the literature about the interaction of cubosomes with cell membranes and their ability to
deliver chemotherapeutics for cellular death. In order to prove that cubosomes doped with
SPIONSs are suitable as DDs, the in-vitro test experiments were performed on tumor cells: on
the best of our knowledge, it is the first time that LLCs combined with SPIONs are tested on
cells.

HT?29 adenocarcinoma colorectal cells have been used to test the capacity of cubosomes to
enter into cells. In order to determine the time of internalization, 1x10* HT29 cells have been
incubated in suspension with Octadecyl-Rhodamine B conjugated cubosomes (0.01% mol
with respect to the GMO amount) at 0.6 pg/ml, 6 pg/ml, and 60 pg/ml at 37°C. The entrance
has been evaluated by confocal microscopy, detecting the fluorescence intensity of the probe
encapsulated into the cells after different cubosomes interaction time: 2, 20, and 40 minutes.
The best time has been estimated to be 40 minutes at the concentration of 60 pg/ml and the
images are reported in Figure 4. The advantage of cubosomes with respect to "free"

hydrophobic drugs can be related to the low bioavailability in biological fluids of no-
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conjugated therapeutics; in fact, the enormous hydrophobic domain allows to efficiently
transport a significant amount of drugs (compared to the solubility of the active molecules in
bio-fluids) in a relatively short interaction time. Moreover, it is noted in the literature that
Pluronic F127, stabilizer agents of cubosomes, presents a typical Enhanced Permeability and
Retention effect (EPR),**-511 due to the PEO blocks of the copolymer, allowing localization of
dispersed liquid crystals in tumor tissues.

Moreover, the toxicity of cubosomes, magnetocubosomes (0.26 mM SPIONs) and
magnetohexosomes (0.39 mM SPIONSs) has been evaluated incubating 2x10° HT29 in
suspension with 0.6 pg/ml, 6 pg/ml, and 60 pg/ml of cubosomes, NPs-cubo and NPs-hexo for
40 minutes at 37°C. After incubation, the same volume of each suspension (corresponding to
2X10* cells of control) has been seeded in cell plate for 48 hours; cell viability has been
evaluated by MTT assay (Figure 4b). Results suggest that these colloids are able to be
internalized and they are not toxic for cells with that experimental conditions (See SI for
details). Since the exposure of NPs-cubo and NPs-hexo to an alternate magnetic field (AMF)
should cause an increase of their temperature, HT29 cells have been treated at the higher dose
(60 pg/ml) of cubosomes, NPs-cubo and NPs-hexo for 40 minutes and then they were
exposed for 60 minutes to the AMF.

The viability of HT29 cells, plated in MW96 as previously described (based on control
sample without AMF), has been assayed after 48 hours in order to evaluate if AMF could
cause the death of treated cells. The graph (Figure 4c) doesn’t show toxic effect in samples
under AMF compared to samples without AMF. These results demonstrate the complete
biocompatibility of cubosomes, NPs-cubo and NPs-hexo for their use on human cells in
presence of AMF.

Recently Drummond et al. have studied the interaction of cubosomes with Supported Lipid
Bilayer (SLB) in order to elucidate the origin of interaction with cells membrane. The results

suggest a fusion of cubosomes with biomimetic membranes where, in the beginning, a lipid
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exchange of MO molecules with phospholipids composing the SLB can be seen, until
complete disappearance of the typical cubosomes structure. Thus, the SPIONs hyperthermia
efficiency is lowered with the theoretical and experimental works reported in the literature
about the SPIONs pearl-necklace structure. Moreover, in agreement with other works, it is
demonstrated that the hyperthermia of small nanoparticles is not enough to induce apoptosis.
The effort reported by Di Corato et al. has demonstrated that a synergistic behavior between
hyperthermia and other effects (in that case, photosensitizers) is a useful approach to induce
cellular death. Analogously to our results, since the efficiency of cubosomes loaded with
chemotherapeutic is demonstrated, we retain that cubosomes doped with SPIONs and loaded
by bioactive molecules could exert a significant impact on cells.

However, from a physico-chemical point of view, it is of relevance evaluate in simplified
conditions, the AMF effects on cubosomes.

Firstly, thermotropic studies on cubosomes, magnetocubosomes (0.26 mM SPIONs) and
magnetohexosomes (0.39 mM) were performed into T range of 25-50 °C: data, collected at
the Synchrotron Radiation Source, ESRF, Grenoble (France), are not showed in the main text
and reported in Supporting Information (Figure S4). The investigation provides a reference
for the experiments on the in-situ structural change induced by SPIONs loaded in dispersed
lyotropic liquid crystals upon AMF. Data reported in Figure 4 show that primitive structure is
preserved into the investigated temperature range and a decrease of the lattice parameter is
observed by increasing temperature (See Figure S5). The insertion of SPIONs within
cubosomes modify their phase behavior; a coexistence of both diamond and hexagonal
arrangement can be detected for the 0.26 mM SPIONs sample. With respect to the bulk
lyotropic liquid crystals containing the same nanoparticles amount, SPIONs dramatically
affect the architectures, due probably to a higher surface/volume ratio of the cubosomes
dispersion. However, the diamond structure of magnetocubosomes is still present at higher

temperatures range and an almost complete Pn3m-Hy transition is only detectable at around
10
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45-50 °C (See Figure S4). Very interesting are LLCs assembled with 0.39 mM SPIONs where
the Hi mesophase is already detectable just to 25 °C: the temperature increase does not
produce a significant shift of q vectors, but the magnetohexosomes dispersion curves exhibit a
slight modification in the low-q region. In particular, the low-q region peak is associated to
the nanoparticle's correlation within the lipid scaffold, which is modified up to 45 °C; the
promoted Pn3m-Hy transition combined with a viscosity’s decrease, allows for SPIONs
diffusion, giving rise to a supra-particles organization in a pearl-necklace like structure.?’]
These data are of relevance to evaluate the effect of the alternating magnetic field generated
through a broken toroidal solenoid (See Section S5), where the frequency was around 4.55
kHz. In particular, during the experiments a fan to cool down the temperature of the coil was
used, to neglect the Joule effect of the magnetic field generator. In that way, the hyperthermia,
shown for SPIONs exposed to AMF, is the main term to consider during the investigation
(See Section S5 for details). Figure 5 shows the results of in-situ SAXS experiments of
cubosomes and magnetocubosomes upon the oscillating magnetic field. As we can see from
Figure 4a, during the application of AMF, no relevant shift of cubosomes Bragg reflexes can
be observed; moreover, the intensity of the peaks, compared to the case of cubosomes
references as function of the T (See Figure S4), does not change, suggesting that, with the
chosen experimental setup, the temperature reached by the coil is below 37 °C. Comparing
the lattice parameter of the beginning, to the d values of cubosomes calculated from the last
SAXS profiles registered, the increase of the temperature is around 2°C which can be justified
in terms of a weak Coil Joule Effects. The experiments on magnetocubosomes, performed in
the same condition of cubosomes in Figure 4b, shows different behavior. After 90 seconds of
AMF applications, the first Bragg reflex starts to shift to higher q values together with an
increase of the intensity of the first Bragg hexagonal reflex. This latter peak becomes
progressively higher at 120 sec, and a decrease in the Pn3m reflexes is seen. Finally, at 150

sec, a complete transition is reached, and the diamond cubic structure almost disappears.
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Comparing the lattice parameters of magnetocubosomes (Table S4) with the Table S5, the
temperature reached by the sample exposed to AMF after 150 sec is around 39 °C that is not
enough to induce a phase transition (heating the magnetocubosomes sample, the transition is
observed at 41-43 °C). For this reason, we can conclude that, with the experimental setup
considered here, no Coil Joule Effect is detectable, or it is negligible, and it does not affect the
results, suggesting that the leading term involved in the re-arrangement of the bilayers is the
hyperthermia effect produced by nanoparticles. This phase transition, that was observed n a
previous work on the bulk cubic mesophases, is preserved on the magneto-colloidal
dispersion level; however, comparing the time needed by bulk and dispersed systems to re-
arrange in a new architecture, a difference can be highlighted. Indeed, after 10-15 minutes
upon AMF, bulk Pn3m structure shows a weak increase of I° Bragg hexagonal reflex, while

after around 3 minutes, a complete transition is detectable for cubosomes.

3. Conclusion

In summary, in this work, the magnetic features of lipid liquid crystals combined with
SPIONs were investigated in order to apply these hybrids' functional materials in the
biomedical field as drug-delivery systems. On bulk cubic phase, after the phase diagram of
diamond cubic structure loaded with SPIONS, it was investigated the magnetization term
during the increase of the temperature and the results suggest that during the structural change
promoted by thermal energy, consequently to a re-arrangement of lipid scaffold, SPIONs
change their relative position, interacting in a different way, and observable with an higher
value of magnetization. In situ detection of dispersed cubic mesophases were studied on
Synchrotron Radiation Source ESRF upon AMF: phase transition Pn3m-Hy was detected, in
analogy to the bulk SPIONs-lipid mesophases. Finally, the MTT test proves the

biocompatibility of magnetocubosomes on HT29 cell lines. This work aims to demonstrate
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how SPIONS inclusion affects the magnetic properties of lyotropic liquid crystals, how their

responsivity can be used in the biomedical field since colloids are biocompatible.

4. Experimental Section

4.1 materials: Fe(Ill)-acetylacetonate (97%), 1,2-hexadecanediol (90%), oleylamine (70%),
oleic acid (90%), diphenyl ether (99%), denatured ethanol and hexane mixture of isomers
employed for the synthesis of hydrophobic SPIONs, were purchased from Sigma Aldrich (St.
Louis MO), the same for 1-oleyl-rac-glycerol (>99.9%) purchased by Sigma Aldrich (St.

Louis MO).

4.2 Synthesis of magnetic nanoparticles: Iron oxide nanoparticles were synthesized according
to the methods used by Wang et al.’?! Briefly, 0.71 g Fe(acac)s; (2 mmol) were dissolved in 20
mL of phenyl ether with 6 mmol of oleic acid (2 mL) and 4 mmnol of oleylamine (2 mL)
under N2 atmosphere and vigorous stirring. 1,2-hexadecanediol (2.58g, 10 mmol) was added
into the solution. The solution was heated to 210 °C, refluxed for 2 h and then cooled to RT.
Ethanol was added to the solution and the precipitate collected, washed with ethanol and
dispersed again in 20 mL of hexane in the presence of 75 mM each of oleic acid and
oleylamine. In that way, no impurities of salts, or other compound are present in dispersion.
Dispersion of the magnetic SPIONs with a hydrophobic coating of oleic acid and oleylamine
in hexane are stable; SPIONs were stored in a dark flask with N2 gas on top in order to

prevent the oxidation.

4.3 Preparation of Bulk and dispersed cubic mesophases: Bulk cubic phases in absence or in
presence of magnetic nanoparticles follows this procedure. First, 30 mg of 1-monoolein was
weighted in glass flask of 2 mL with or without the appropriate volume SPIONs dispersion.

About 0.5 mL of hexane was added to dissolve lipids and SPIONSs, then the mixture was dried
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through gentle nitrogen flux, removing the solvent. Lipid or mixture GMO/SPIONs was left
under vacuum overnight sheltered by light source. Lipid film was then hydrate with 50 pL of
Milli-Q water and sample was then centrifuged alterning a cycle with cap facing upward with
another where cap facing downward. Bulk systems were leaved in a dark place for at least 12
h in order to stabilize the system. Cubosomes and SPIONs-loaded cubosomes were prepared
following the procedure of bulk mesophase preparation until the dried film under vacuum.
Then, 8 mg of Pluronic F-127 were added to the dry films and the mixture was heated in a
water bath at 70 °C for 5’ to melt the Pluronic F-127 and then vortexed for 5°. Five cycles of
heating-vortexing were carried out and then 500 pL of preheated H,O at 70 °C were added.
The dispersion was then sonicated in a bath-sonicator at 59 kHz and 100% of power for 6 h,

to homogenize the system.

4.4 Small Angle X-Ray Scattering: SAXS measurements were carried out on a S3-MICRO
SAXS/WAXS instrument (HECUS GmbH, Graz, Austria) which consists of a GeniX
microfocus X-ray Sealed Cu Ka source (Xenocs, Grenoble, France) power 50 W which
provides a detector focused X-ray beam with k = 0.1542 nm Cu Ka line. The instrument is
equipped with two one-dimensional (1D) position sensitive detectors, (HECUS 1D-PSD-50
M system) each detector is 50 mm long (spatial resolution 54 Im/channel, 1024 channels) and
cover the SAXS qg-range (0.003 < q < 0.6 A-1) and the WAXS g-range (1.2 <q < 1.9 A-1).
The temperature was controlled by means of a Peltier TCCS-3 Hecus. SAXS curves of bulk
cubic phase were recorded at 25-30-35-40-45-50 °C in a solid sample-holder. Dispersion of
SPIONs were recorded in a glass capillary.

4.5 X-Ray Diffractometer: The structure of the NPs was investigated by X-ray powder

diffraction (XRD) using a Bruker New D8 ADVANCE ECO diffractometer equipped with a
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Cu Ka (1.5406 A) radiation. The measurements were carried out in the range 20-70°, with a

step size of 0.03° and a collection time of 1 s.

4.6 Magnetic properties: The magnetic properties of the NPs and bulk phases in absence or in
presence of SPIONs were measured using a Quantum Design MPMS SQUID magnetometer.
The field was always applied parallel to the pellet plane. The Zero Field Cooled/Field Cooled
(ZFC/FC) procedure was performed applying a 5 mT probe field. The magnetization versus
temperature measurements were performed in zero-field-cooled (ZFC) condition with a 10
mT probe field.

4.7 Small Angle X-Ray Scattering Synchrotron Radiation Source: The source is located at a
high-f3 section of the storage ring. Two undulators U21.4 and one U35 provide high photon
flux with a low divergence. The beamline optics consist of a cryogenic (liquid nitrogen)
cooled Si-111 channel-cut monochromator and a double mirror focusing setup. The standard
beam size is 40 pm x 600 um (vertical and horizontal, respectively) with divergence of 20
prad x 30 prad. The beamline is optimized for experiments using a fixed wavelength around
0.1 nm (12.4 keV). The SAXS signal was collected with a Pilatus 300 K detector. The
experiments were performed in glass capillary with a diameter 1.5 mm. Of each sample, it
was registered the background. Thermic behavior of colloidal dispersion of cubosomes and
magnetocubosomes were carried out through thermostat from 25 °C to 49 °C increasing the
temperature of 2 °C each step. Equilibration time at each temperature was 5 minutes. In-situ
structural detection upon AMF was performed as in the setup showed in Supporting

Information.

4.8 Low Frequency Alternate Magnetic Field (LF-AMF): A sinusoidal magnetic field was
generated in the gap of a broken toroidal magnet carrying a solenoid through which an

alternating electric current (AC) from a tone generator was led. The samples to be treated with
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LF-AMF were placed in the middle of the gap with a Teflon sample holder. Due to the design
of the experimental apparatus, the magnetic field inside the cell is not isotropic. During the
experiments, the field frequency was set at 4.22 kHz. Magnetic field values of magnet range

from 100-330 mT.

4.9 Cell Culture: Colorectal adenocarcinoma cancer cells HT29 were purchased from
European Collection of Cell Culture (ECACC). Cells were routinely cultured in Dulbecco's
Modified Eagle's Medium (DMEM) — high glucose (4500mg/L) supplemented with 2 mM
glutamine, with penicillin (100 U/mL) and streptomycin (100 pg/mL), and with 10% fetal
bovine serum (FBS, Euroclone). Cells were incubated at 37°C in a humidified atmosphere of

5% CO2- 95% air.

4.10 Cubosomes internalization assay: 1x10* colorectal adenocarcinoma cells HT29 were
plated and 24 hours later were treated with culture medium in presence or absence of different
concentrations (0.6 pg/ml, 6 pg/ml, and 60 pg/ml) of octadecyl-rhodamine conjugated
cubosomes loaded with 190 ul SPIONSs. Cells were incubated 2, 20 and 40 minutes at 37°C in
humidified 5% CO» atmosphere and then were washed with PBS 1x and imaged with a Leica
AM 6000 microscope equipped with a DFC350FX camera and 40x 0.60NA air objective. All
images were equally adjusted for display purposes using Fiji-Image J smart LUT.3!

4.11 Incubation with Cubosomes and SPIONs-loaded Cubosomes: 2x10° cells for each
condition were incubated in suspension with different concentration (0.6 pg/ml, 6 pg/ml, and
60 pg/ml) of cubosomes, magnetocubosomes (NPs-cubo) and magnetohexosomes (NPs-
hexo), for 40 minutes at 37 °C and 5% COz to allow the internalization of the molecules.

In order to evaluate their toxicity, the same volume of each suspension (corresponding to

2X10* cells of control) has been seeded in MW96 in triplicates for 48 hours and cell viability
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has been assayed. Otherwise, in order to evaluate the effect of the AMF, cells were exposed to

the alternate magnetic field for 30 minutes after the internalization.

4.12 Cell viability assay: SmM MTT (3-(4,5-Dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium
bromide (Sigma) was added to cells and incubated for 1h at 37°C. Cells were suspended in
200 pL of Dimethyl sulfoxide: wavelength measuring was performed at 595 nm using a
spectrophotometer.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. Characterization of Superparamagnetic Iron Oxide Nanoparticles Fe3;O4: (a) Small
Angle X-ray Scattering (SAXS) performed on the dispersed sample in hexane, (b) X-Ray
Diffractogram (XRD) measured on dry SPIONs powder as also for (c¢) Field Cooled (FC) and
Zero Field Cooled (ZFC) performed to 50 Oe. (d) Magnetization measurement performed on
dry SPIONs powder at 2.5 K (red line and markers), 293 K (violet line and markers) and 320
K (green line and markers) are reported.
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Figure 2. Small Angle X-Ray Scattering of bulk cubic mesophases loaded with 0.26 mM
SPIONS into the range of temperature 25-50 °C increasing each step of 5 °C.
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Figure 3. The magnetization of cubic (a) and hexagonal (b) mesophases doped with SPIONs
was investigated into the range 20-47 °C. In (a) blue markers and line shows magnetization of
Pn3m structure before phase transition and green line and markers shows the same experiment
performed on the sample after phase transition. In (b) it is reported the curve which describe
the magnetic behavior of hexagonal mesophase where no phase transition can be detected.
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Figure 4. Confocal images of Octadecyl-Rhodamine B conjugated cubosomes internalization
in HT29 cells at 2, 20 and 40 minutes at different concentrations (0.6 pg/ml, 6 pg/ml, and 60
pg/ml) (a). Cell viability of HT29 treated with different concentration (0.6 ng/ml, 6 pg/ml,
and 60 pg/ml) of cubosomes, magnetocubosomes and magnetohexosomes (b). Cell viability
of HT29 treated with cubosomes, magnetocubosomes and magnetohexosomes at 60 pg/ml
under the alternate magnetic field (c).
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Figure 5. In situ SAXS experiments of cubosomes (a) and cubosomes assembled with 0.26
mM SPIONSs (b) under the alternate magnetic field of 4.22 kHz. Each 30 seconds were
recorded a curve to control the hypertermic effect of nanoparticles. In (b) it is showed the
transition to a hexagonal array the dispersion after 150 sec upon AMF (red curve).
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Self-assembly of liquid crystals assembled with magnetic nanoparticles was investigated to
describe the structure and magnetic features of lipid liquid crystals modified by nanoparticles.
The responsivity upon an oscillating magnetic field was tested both on bulk and dispersed
mesophases. The biocompatibility with MTT proved the toxicity of dispersed liquid crystals
on cells.
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S.1 Magnetization Vs. Temperature
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Figure S1 Magnetization measurement performed as function of the temperature on SPIONs
powder purified by oleic acid and oleylamine capping agents. The intensity of the magnetic
field was 10 Oe.
In agreement to the literature (cit), SPIONs powder shows a magnetization following a linear

decay into the range 20-47 °C. No deviation from this trend is detectable into the range 32-

40 °C.

S.2 SAXS data elaboration

Equation (S1) was used to calculate lattice parameter (d) of cubic and hexagonal phase:

2
q= (7) V2t 2+ 2 (S1)
where (hkl) are Miller index related to the considered structures. In a Pn3m structure are

(110), (111), (200), (211), (220), etc. while in Hy mesophases are (100), (111), (200) etc.

To Fit SAXS curves of both dispersed gold and iron oxide nanoparticles, we used Sphere-
Schulz Model by NISTP#351, This model calculates the scattering for a polydisperse
population of spheres with uniform Scattering Length Density (SLD). The distribution of radii

is a Schulz distribution as in Equation (S2):
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exp [—(z + 1)x]

fR) = (z+ 1) RavgT(z + 1)

(52)

Where Rayg is the mean radius, x=R/Ravg, 7 is related to the polydispersity, p=0/Rgy,4, by
z=1/p?-1. 6 is the variance of distribution. The scattering intensity is modeled as reported in
Equation (S3):

4

2 o)
1@ = () Nodp? jo F(RRSF2(GR)AR  (S3)

where Np is the total number of particles per unit volume, and Ap is the difference in
scattering length density, F(qR) the scattering amplitude for a sphere reported in Equation
(S4):

3[sin(x) — xcos(x)]
3

F(x) = (54)

No interparticle interference effects are included in this calculation.
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S.3 SAXS curves of bulk mesophases
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Figure S2 Phase Diagram in the middle of the image and all the SAXS curves of cubic phases
doped with increased amount of SPIONSs: 0.12-0.2-0.26-0.32-0.39 mM. Data of cubic phase
loaded by 0.26 mM SPIONs are showed in main text.

Table S1 Lattice Parameters (A) of cubic phases doped with different number of

nanoparticles
Temperature  0.12 mM 0.2 mM 0.26 mM 0.32 mM 0.39 mM
°O) SPIONs SPIONs SPIONs SPIONs SPIONs
25 100 (Pn3m) 94 (Pn3m) 90 (Pn3m) 89 (Pn3m) 46 (Hn)
54 (Hn)
30 97 (Pn3m) 91 (Pn3m) 88 (Pn3m) 87 (Pn3m) 46 (Hn)
53 (Hn)
35 92 (Pn3m) 87 (Pn3m) 85 (Pn3m) 53 (Hn) 45 (Hn)
40 89 (Pn3m) 84 (Pn3m) 83 (Pn3m) 52 (Hu) 45 (Hn)
52 (Hu)
45 86 (Pn3m) 83 (Pn3m) 52 (Hn) 51 (Hn) 44 (Hn)
52 (Hn)
50 83 (Pn3m) 51 Hi 51 (Hu) 50 (Hu) 43 (Hn)
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Figure S3 Lattice parameter as function of the temperature for cubic phases doped with 0.12-
0.2-0.26-0.39 mM SPIONSs. The slope of linear fit performed into the range of temperature
where the structure is preserved, are showed in Table S2.

Table S2 Slope of linear fit showed in
Figure S3

Samples Slope (A °C™1)
0.12 mM -0.69
0.2 mM -0.66
0.26 mM -0.48
0.39 mM -0.12
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S.4 SAXS curves of cubosomes and magnetocubosomes
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Figure S4 Small Angle Scattering data of cubosomes, magnetocubosomes (0.26 mM
SPIONs) and magnetohexosomes (0.39 mM SPIONs) scanning the temperature into the range
25-50 °C increasing each step by 2 °C.
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Figure S5 Lattice parameters as function of temperature into the range 25-51 °C for
cubosomes (red markers), magnetocubosomes (blue markers) and magnetohexosomes (green
markers).
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Temperature (°C)  Cubosomes MagnetoCubosomes MagnetoHexosome
25 138 86 (Pn3m) 51 (Hu)
27 138 86 (Pn3m) 51 (Hu)
29 137 86 (Pn3m) 50 (Hu)
31 136 85 (Pn3m) 50 (Hu)
33 133 84 (Pn3m) 50 (Hi)
35 131 84 (Pn3m) 49 (Hun)
37 128 83 (Pn3m) 49 (Hn)
39 127 82 (Pn3m) 49 (Hu)
41 126 (Im3m Type I) 81 (Pn3m) 48 (Hu)
134 (Im3m Type II)
43 126 (Im3m TypeI) 51 (Hp) 48 (Hn)
135 (Im3m Type II)
45 133 (Im3m Type IT) 51 (Hu) 48 (Hn)
47 128 51 (Hn) 46 (Hm)
49 127 51 (Hn) 46 (Hn)
51 123 51 (Hn) 44 (Hn)

S.5- In Situ structural investigation

— ’

Co ssed air ™

» D P z }
Figure S6 Experimental setup of the experiments performed on ID02 beamline ESRF
Synchrotron Radiation Source. The coil was placed between the beam and the detector; the
ON-OFF alternate magnetic field was remotely controlled, and the teflon sample holder was
placed in the empty space of toroidal broken part.
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Figure S7 In situ structural detection of magnetohexosomes exposed to an oscillating
magnetic field. No structural change can be seen and the lattice parameter remains constant.

Table S5 Lattice parameter (A) of cubosomes, magnetocubosomes, magnetohexosomes
exposed to an oscillating magnetic field.

Time (s) Cubosomes Magnetocubosomes Magneetohexosomes

No AMF 131 Im3m) 85 (Pn3m) 51 (Hu)

1 130 (Im3m) 85 (Pn3m) 51 (Hu)

30 129 (Im3m) 85 (Pn3m) 51 (Hu)

60 129 (Im3m) 85 (Pn3m) 51 (Hu)

920 128 (Im3m) 84 (Pn3m) 51 (Hu)
51 (Hu)

120 128 (Im3m) 82 (Pn3m) 51 (Hu)
51 (Hn)

150 128 (Im3m) 51 (Hn) 51 (Hn)
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Lipid Liquid Crystalline Mesophases with tuneable
size of aqueous nanochannels: effects on enzymatic

reaction rates.
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Abstract

Lipid Liquid Crystalline (LLC) mesophases, resulting from the self-assembly of
polymorphic lipids in water, have been widely explored as possible biocompatible drug
delivery systems over the past years. In particular, non-lamellar structures are
characterized by complex 3D architectures, where hydrophobic and hydrophilic
domains can conveniently host drugs of different polarity. However, one drawback in
their applicability, lies in the poor tunability of their phase diagram. In this work, we
investigate the phase behavior of Phytantriol (Phyt)/water mesophas, upon addition of
increasing amounts of the additive Sucrose Stearate (SS). A Small-Angle X-ray
Scattering (SAXS) analysis allowed determining the structural parameters of the
different Phyt/SS/H20 mesophases, highlighting the possibility to finely control the
structure/size of the mesophases with the amount of additive. Finally, the loading,
retention and release capacities of Phyt mesophases, containing different amounts of
SS, was determined through UV-Vis spectroscopy, monitoring the effect of
confinement on the reaction kinetics of Alkaline Phophatase catalysing the enzymatic
reaction of p-nitrophenyl phosphate conversion into p-nitrophenol: we show that the
alternative inclusion of either the substrate or the enzyme, which are smaller or of
comparable size to the dimensions of the mesophases, have different impacts on the
reaction kinetics, which is deeply affected by the structure of the mesophase.



Keywords

Lipid Mesophases; Phytantriol; Drug Delivery; Enzyme Kinetics; Confinement

1. Introduction

Polymorphic lipids have been widely studied over the years, for their unique self-
assembly properties: in water, they can form lyotropic liquid crystals with long-range
order promoted by hydrophobic and H-bonds driving forces!, with different
arrangements and a complex phase diagram highly dependent on temperature,
pressure?, water content, and ionic strength®®. For instance, glycerol monooleate
(GMO, a glycerol monoester) and phytantriol (Phyt, a terpenoid polyalcohol) are
among the most studied polymorphic amphiphiles, characterized by a rich phase
diagram. Depending on the experimental conditions, they assemble in hexagonal
mesophases (consisting of lipid monolayered cylinders arranged into a hexagonal
network), lamellar mesophases (consisting of lipid bilayers arranged in stacked infinite
plans divided by water regions), or inverse bicontinuous cubic mesophases (consisting
of a lipid bilayer wrapped on a periodic minimal surface’). Cubic Mesophases, stable
in excess water and at room temperature conditions, can exhibit different
arrangements, namely the Schwarz Diamond, the Primitive and the Schoen Gyroid,
characterized by different Infinite Periodical Minimal Surfaces (IPMS) with spatial
groups Pn3m, Im3m and la3d respectively. While Gyroid and Diamond phase are in
thermodynamic equilibrium with excess water, the primitive cubic phase is observed
with additives® and polymers® swelling the water channels; thus, the hydration level
and curvature increase from gyroid, diamond and primitive mesophases’.

Due to their unique structure, characterized by the coexistence of extended

hydrophobic and hydrophilic regions arranged in a continuous 3D complex

2



architecture, cubic mesophases have been widely studied as possible alternatives to
the most common lamellar phases (in particular in their dispersed form, as liposomes)
for the development of vectors for drugs of different size and polarity for biomedical
applications®1%-'2, For instance, they have been employed to transport small
hydrophobic molecules as drugs quercetin'>'* and camptothecin'®.and
photosensitizers'®, as well as macromolecules as proteins'®'"'¢; in addition, cubic
mesophases have been successfully loaded with hydrophobic or hydrophilic
superparamagnetic iron oxide nanoparticles, to build-up smart drug delivery systems,
able to release the encapsulated drugs in a spatially and temporally controlled
manner'%2%; finally, it has been shown that cubic mesophases have a strong ability to
interact with phospholipid cell membranes, making them particularly interesting for the
intracellular delivery of drugs.

Despite these promising features, one drawback in the application of cubic
mesophases as drug delivery systems is the fact that, once temperature and pressure
are defined, their structural parameters in excess are poorly tunable, which might result
in a limited control of the pharmacokinetic properties (i.e., the release profile upon
loading) of drugs encapsulated in the cubic mesophases.

In recent years the effects of additives on the phase diagram of cubic mesophases has
started to be explored as a possible strategy to tune the arrangement of the lipid
scaffold and to widen the dimension ranges of hydrophobic and hydrophilic domains,
in order to better host and retain hydrophobic and hydrophilic drugs of different sizes,
and/or tune the physical-chemical features of the liquid crystalline mesophases. For
instance, fatty acids?'?2, phospholipids?®>24, photo-switchable molecules?>~?" or also
nanoparticles as iron oxide?>2?8, gold?®, quantum-dots3® have been shown to effectively
modify the phase diagram of cubic mesophases, both in terms of lattice parameters

and in terms of shift of the phase borders.



Recently, Mezzenga et al. have reported on the swelling of monolinolein Pn3m
modified by sucrose stearate®'8; the additive promotes a transition to Im3m cubic
mesophase, with water nanochannels about 2.5 times larger than in pure lipid/water
systems. This variation, as highlighted in several studies, can modify the confinement
level of the encapsulated drug, ultimately controlling its release profile®3'32, For
instance, in a recent work by Assenza et al.®® it has been hypothesized that for
relatively large channels the diffusion coefficient of an encapsulated molecule can be
related to the average of the Gaussian curvature; conversely, in the case of narrow
channels, a symmetry-dependent diffusion reduction is observed, due to the unique
geometry of cubic mesophases, with the presence of cages and bottlenecks in the
structure.33 In general, the structure/symmetry of the mesophase, the size of the lattice
parameters and of the nanochannels and, finally, the size and polarity of the drugs to
be included in the mesophase will all affect the release profile of the drug in the
surrounding environment.

In this contribution we address this issue, i.e., the relationship between the structural
control over self-assembled cubic mesophases with determined and variable structural
parameters, and their retention/release ability with different drugs. In particular, here
we extend the investigation to Phyt/water system into the range 25-50 °C loaded with
variable amounts of the additive Sucrose Stearate (SS), a sugar ester able to swell the
water channels. Through Small-Angle X-ray Scattering (SAXS) we characterize the
phase diagram of Phyt/SS/H-0, highlighting the possibility to achieve a fine structural
control over the mesophases' dimensions.

In this study, we included in the aqueous channels of lipid mesophases with different
lattice parameters, two model hydrophilic guest molecules, which differ in size and
function, an enzyme (alkaline phosphatase, AP, Mw=140 kDa) and its substrate, i.e. p-

nitrophenyl phosphate, a small molecule with Mw=263.05 Da.



The loading, retention and release capacities of the library of different mesophases is
investigated through the enzymatic reaction catalyzed by AP converting the substrate
p-nitrophenyl phosphate into p-nitrophenol, monitored through UV-vis spectroscopy in
the diffusive medium: we show that the alternative inclusion of either the substrate or
the enzyme, which are smaller or of comparable size to the dimensions of the
mesophases, have different impacts on the reaction kinetics, which is deeply affected
by the structure of the mesophase. Overall, we show that the structural control in the
self-assembly of the mesophases can be suitably exploited to control the loading and
release profile of drugs of different sizes (a small molecule or an enzyme) and even a
reaction kinetics. The purpose of this work was to: i) verify how they diffuse and are
released from the different lipid mesophases characterized by different lattice
parameters and ii) evaluate the impact of confinement in the overall enzymatic

reaction.



2. Results and Discussion

2.1 Structure of Phytantriol/Sucrose Stearate lipid mesophases
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Figure 1: SAXS curves of Phyt mesophases additioned with 5% (a), 10% (b) and 15%
(c) w/w SS, in excess water, measured at 25, 30, 35, 40, 45, 50°C. (d), (e) and (f) show
the linear plots to estimate the lattice parameter of the mesophases with 5%, 10% and
15% SS, respectively.

As a first experiment, in order to determine the impact of sucrose stearate (SS) on the
arrangement of Phyt mesophases in excess water, we characterized the structure of
Phyt/water binary systems, upon inclusion of increasing amounts of SS, at different
temperatures. Phyt, in excess water, is characterized by a well-known phase
diagram®*, i.e., it arranges in a Pn3m cubic structure until the temperature reaches 45-

50 °C, over which it undergoes a phase transition to a hexagonal phase.



Fig. 1 shows representative Small Angle X-ray Scattering (SAXS) curves of Phyt cubic
mesophases with increasing concentrations of SS, namely 5% (Fig. 1a), 10% (1b) and
15% (1c) measured at 25, 30, 35, 40, 45, 50 °C.

The lattice parameters, reported in Table 1 display a well-known trend with increasing
temperature, that is, a progressive decrease of the lattice parameter, associated to an
overall shrinkage of the lipid mesophase; this effect is related to the conformation of
the amphiphile chains splaying away each other, therefore increasing the molecule
hydrophobic molecular portion. In terms of curvature of the lipid membrane, increasing
the temperature results in driving a more negative spontaneous curvature of the
leaflets, leading to an overall shrinking of the lipid mesophase”.

For the lowest and intermediate concentration of SS (5% and 10% w/w), the Pn3m
structure of the mesophase is retained in the whole temperature range investigated
(25-50 °C); however, for each temperature monitored, the lattice parameters of the
liquid-crystalline phase are progressively increased by the addition of SS. This effect
can be attributed to a localized perturbation of the mesophase due to the presence the
additive: the sugar esters are localized at the water-lipid interface, with the hydrophobic
portion inserted in the lipid bilayer and the highly hydrophilic sugar portion protruding
in the water channels, enhancing the amount of water molecules in the nanochannels.
This localized perturbation determines a decrease (in absolute value) of the curvature
of the membrane, overall promoting a swelling of the lipid mesophase. This effect is
much more pronounced for the sample where 15% w/w SS is present: in this case, at
25°C the phase arrangement is Im3m, characterized by a lower curvature of the
membrane with respect to the Pn3m. We notice that increasing amounts of SS
produce an opposite effect with respect to temperature increase (i.e., the addition of
SS decreases the local curvature, while the temperature increase enhances it).

Remarkably, at 40°C, the sample Phyt/SS(15% w/w)/H20 undergoes a transition from
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Im3m to Pn3m, i.e. the thermodynamically stable structure for Phyt/H20 in the absence
of additives at room temperature. Therefore, for this sample and temperature range,
the swelling-deswelling effects (SS inclusion and temperature increase) are perfectly
counterbalanced and the lattice parameter is similar to that observed for Phyt/H,O

binary system at 25°C (see Table 1).

Table 1: Lattice parameter d (nm) of Phyt mesophases doped with increasing
concentrations (5% w/w, 10% w/w, 15% w/w,) of SS in excess water, measured at
different temperatures in the range T=25-50 °C.

No SS 5% SS 10% SS 15% SS

T d(hm)* dw dw dw dw
d (hm) d (hm) d (hm)
(°C) (nm) (nm) (nm) (nm)
25 6.6*£0.1 2.3 7.2*+0.1 2.8 7.5*+0.1 3.0 10.5'+0.2 3.6
30 6.5*+0.1 2.2 7.0°10.1 2.6 7.2*+0.2 2.8 10.3'+0.1 34
35 6.4*£0.1 2.2 6.7*£0.1 2.4 7.1*£0.2 2.7 9.9't0.2 3.2
40 6.3*+0.1 2.0 6.6"+0.1 2.3 6.9°10.1 2.6 74102 29
45 4.85+0.2 1.9 6.6"10.2 2.3 6.7°£0.2 2.4 7.1*£01 2.7

50 4.08¢0.1 1.2 6.4*£0.2 2.2 6.6"+0.1 2.3 7.0°'£01 2.6

*Pn3m structure; § Hy structure; * Im3m structure;
#Phyt/water lattice parameters are reported here by reference®*

From these results it appears that, by playing with temperature and additive amount, it
is possible to finely tune the structural parameters of a Phyt/H>-O mesophase.
To this aim, we determined the size of the nanochannels from the lattice parameters
(reported in Table 1) through Eq. 1 for a cubic phase

Ty =+ (4o /21mx)d — |, (D
and Eq. 2 for a hexagonal phase

_ 0525d — 1,

'w="70.994 (2)



With rw the radius of the water channel, Ao and y constants related to the topology of
the mesophases (for a Pn3m Ao = 1.919 and y = -2 while for an Im3m Ao = 2.345 and
x = -4), d is the lattice parameter, experimentally determined from the SAXS curves
and the lipid bilayer thickness is considered equal to 2Ic = 2.84 nm both for pure
Phyt/water system and for the systems additioned with SS.

The values of the diameters of water nanochannels determined through the previously
reported equations reflect the trend of the lattice parameters of the mesophase: for
instance, at 25°C the diameter of water nanochannels are 2.2 nm for neat Phyt/H>.O
system, and it progressively increases to 2.8 nm for 5% w/w SS, to 3.0 nm for 10%
w/w SS and, finally, to 3.6 nm for 15% w/w SS. On the other hand, for each mesophase
the temperature increase determines a progressive shrinkage of the water channels,
determining a progressive water release from the mesophase. This effect is more
pronounced in case of the system containing 15% w/w SS, where between 35 - 40°C
a Im3m to Pn3m phase transition occurs, which is accompanied by a burst decrease
of the water content of the mesophase (See Sl for water volume fractions).

From this structural characterization it results that we built-up a library of liquid
crystalline mesophases of cubic structure, characterized by variable and controlled
size of the nanochannels. In the following paragraph we will report the characterization
of the enzymatic reaction involving the enzyme alkaline phosphatase and its substrate
p-nitrophenyl phosphate, which will be then included in the mesophase, to monitor the
effect of confinement on the kinetics of the enzymatic reaction.

As mentioned in the introduction effect on the enzymatic kinetics were determined with

UV spectroscopy in the bulk medium.



2.2 Alkaline Phosphatase Enzymatic reaction in aqueous solution

Alkaline phosphatase (AP) catalyses the conversion of the colourless substrate p-
nitrophenyl phosphate to a yellow-green product (p-nitrophenol) in TRIS buffer pH 7.5,
Figure 2a. The enzymatic reaction and the progressive formation of the reaction
product can be therefore conveniently followed through UV-vis spectroscopy,
observing the absorbtion increase at 400 nm.

Figure 2b shows the kinetics profiles at different substrate concentrations (1x10, 2
x10%, 4x10-5, 5x105, 6x10° M), monitored in the absence of the mesophase, with 0.2
U/mL of AP enzyme. The reaction is complete in around 5-15 minutes, depending on

the concentration of the substrate.
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Figure 2: (a) Sketch of the conversion of p-nitrophenyl phosphate into p-nitrophenol
catalysed by AP (b, c) reaction kinetics followed through UV-vis spectroscopy at 400
nm, varying the concentration of substrate (1x10° M (red), 2x10-°* M (green), 4x10° M
(cyan), 5x10° M (yellow) and 6x10° M (purple) in the presence of a fixed amount of
enzyme (0.2 U/mL); (b) complete kinetics (c) initial absorbance increase, analysed with
a linear fit (black bold lines); (d) Lineweaver-Burk plot to extract the Michaelis-Menten
constant and the maximum velocity. The error bars on each point are smaller than the
markers’ size.

Figure 2c, displays the absorbance increase over the first 30 seconds, showing that
the initial reaction rate depends on the substrate concentration. To determine the
Michaelis-Menten constant, Kv and the maximum reaction rate, Vmax, we used the

linear Lineweaver-Burk plot (Eq. 3)

11



1 Ky+I[Sly Ky 1 N 1
v Vmax [S]O Vmax [S]O Vmax

where v is the initial reaction rate, [S]o the substrate concentration; from the plot
reported in Figure 2d, the evaluated Michaelis-Menten constant Ky and Vmax values
are Ky = 0.034 mM and Vmax = 7.9x102 umol of product/min, respectively. These
results substantially agree with the literature values®, taking into account the different
experimental conditions here adopted, i.e., 25°C instead of 37°C, neutral instead of

alkaline pH, lower enzyme/substrate ratio.

2.3 Alkaline Phosphatase substrate inclusion in lipid mesophases

We then addressed the effect of confining the substrate in the mesophases aqueous
channels of varying size. The experimental set-up, whose details are reported in the
experimental section, can be briefly described as follows: Phyt or Phyt/SS was swollen
with appropriate amounts of a p-nitrophenyl phosphate solution and placed in a UV-
Vis cuvette containing 2.5 mL of a 0.2 U/mL AP aqueous solution (TRIS pH 7.5) and
the absorption increase monitored for six days. This setup allows monitoring the
absorbance in the external medium, excluding the mesophase region. The
concentration of substrate into the mesophases was chosen to reach a theoretical
absorbance value A=1 (concentration of the product 6x10° M). Therefore, the initial

absorbances of substrate and product are, for this configuration, zero.
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Figure 3. (a) Sketch of the release of substrate (green empty circles) in solution from
the cubic mesophase, and its subsequent convertion by AP into p-nitrophenol (green
filled circles); (b, ¢) kinetic profile of p-nitrophenol presence in solution, recorded at 400
nm for the substrate confined in the different mesophases with: No SS (cyan markers),
5% SS (green markers), 10% SS (orange markers) and 15% (purple markers); (b)
complete kinetics (6 days); (c) first step of the kinetics (4h); (d) Release profile of p-
nitrophenyl-phosphate in solution, recorded at 310 nm during the first 4 h for the
substrate confined in the different mesophases with: No SS (empty cyan markers), 5%
SS (empty green markers), 10% SS (orange empty markers) and 15% (purple empty

markers).
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Figures 3c-d display the UV-vis spectra measured for the enzymatic reaction over the
first 4 hours. In particular, the release of p-nitrophenyl phosphate from the cubic phase
of Phyt containing different amounts of SS (the absorbance at 310 nm is monitored
over time, figure 3d), and its conversion into p-nitrophenol by the AP enzyme dispersed
in the surrounding TRIS buffer solution (the absorbance at 400 nm is monitored over
time, Figures 3b-3c).

To observe product formation, two different pathways for substrate/enzyme contact are
possible: (i) the enzyme, diffuses inside the nanochannels, converts the substrate, the
product leaves the nanochannels, (ii) the substrate diffuses from the nanochannels to
the external medium and is then converted. The typical sizes of the enzyme (around 5
nm diameter) and the substrate (around 0.8 nm) are significantly different and should
be compared to the sizes of the nanochannels.

From the data displayed in Figure 3c and 3d, it appears that over the first 5 minutes a
steep increase of both p-nitrophenyl phosphate and p-nitrophenol absorbance is
observed for all systems, (in the absence or the presence of increasing amounts of
SS). This initial effect can be probably attributed to a part of the substrate localized at
the interface of the lipid mesophase and the surrounding medium which freely diffuses
in the buffer. There, AP readily converts it to p-nitrophenol.

Conversely, for longer times, the increase in both p-nitrophenyl phosphate and p-
nitrophenol absorbance over time is slower, consistent with the conversion of the
substrate confined in the aqueous channels.

For all the investigated liquid crystalline scaffolds, the size of p-nitrophenyl phosphate
is smaller than the size of the water nanochannels. Therefore, we can expect an
efficient encapsulation within the mesophase. However, the substrate diffusion
towards the surrounding medium (driven by a chemical potential imbalance), can

critically depend on the size of the mesophase nanochannels, which vary as a function
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of SS amounts. As we can see from Fig. 3c, the kinetic profile at each SS
concentration, shows that the reaction proceeds slowly for Phyt/H20O and that the
conversion rate gradually increases with addition of sucrose stearate. We can correlate
these experimental results to the SAXS data, which account for a swelling of the
nanochannels as SS % is increased. Several reports in the literature show that the
diffusion rate of molecular probes depend on the channel size®3233,

Therefore, in this second reaction regime the diffusion of the substrate from the

nanochannels is the rate determining step.

Taking into account the displayed experimental data, and considering the different
sizes of the enzyme and of the substrate also in comparison with the nanochannels
diameters, we can conclude that the most probable mechanism for the enzymatic
reaction, with the substrate confined in the aqueous channels, is a release of the
substrate (first from the surface of the mesophase, then from the aqueous
nanochannels) to the aqueous environment, followed by the conversion of the
substrate into the reaction product. On the contrary, the enzyme diffusion inside the
nanochannels, to convert the substrate, is probably hampered by the larger protein
size in comparison to the channel’ size.

Finally, if the whole reaction kinetics is considered, it is highlighted that, even if the
amount of p-nitrophenyl phosphate released and converted by the enzyme is higher
for primitive cubic structure, even after 6 days of reaction the absorbance value is
significantly different from the theoretical value expected considering a complete
release of substrate (See S| the complete kinetic profile). The origin of this
inconsistency could be related to two possible reasons: first, due to the domains of
liquid crystals not interconnected to each other and separated by grain boundaries, a

complete release of the substrate could be hampered®. Secondly, the AP enzymatic
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function is inhibited by the presence of high concentrations of the enzymatic product
(p-nitrophenol). This latter hypothesis is in agreement with the release profile of the
substrate followed for long times at 310 nm: as a matter of fact, it appears that the
substrate concentration in solution keeps increasing (due to its continuous release
from the cubic phase), without being mirrored by the same trend of the product
(monitored at 400 nm). However, for relatively short times the rate-determining step of
the reaction kinetic can be attributed to the release of the substrate to the reaction
environment, while its conversion is a relatively fast process.

More in general, all the initial velocities of substrate conversion are decreased of 2
orders of magnitude when the substrate is confined into the mesophases with respect
to the substrate freely diffusing in buffer solution (See Table 2).

This diffusion rate is controlled, with a good approximation, by the size of the water
channels, which is dependent on the SS amount: the Phyt/SS/H-O mixed mesophases
can be therefore of interest in the biomedical field as drug delivery vehicles to release
continuously active molecules in a structurally controlled manner. As an example, while
binary mixture Phyt/water present an initial velocity of the product formation of around
3.78x10* mmol/min, and the maximum absorbance reached after 3 days, in case of
the ternary matrix the release can be accelerated to an initial velocity of 8.56x10
mmol/min and a maximum absorbance reached in 2 days with the higher amount of

SS tested.
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Table 2: Rate of reactions expressed in mmol/min of converted substrate and channels
size (nm). Data obtained from the release of substrate converted by the AP enzyme in
buffer solution.

Sample Rate (mmol/min) Channel Size (nm)
No mesophase 1.18x1072 (6x1075) /
Phyt 3.78x10* (+3x10°) 2.3
Phyt/5% SS 5.30x10* (+1x107®) 2.8
Phyt/10% SS 5.5x10** (+1x10) 3.0
Phyt/15% SS 8.56x10* (+3x10°6) 3.6

2.4 Alkaline Phosphatase inclusion in lipid mesophases

To monitor the effect of enzymatic confinement on the AP enzymatic reaction, we
adopted a similar experimental set-up as that described in the previous paragraph, with
a different localization of the enzyme and the substrate, i.e., the dry films of Phyt and
Phyt/SS were hydrated with an aqueous solution of AP and then they were immersed
in a solution of the substrate (see the Experimental section for details). The enzymatic
reaction was followed for neat Phyt/H>O and swelled (Phyt/H20 additioned with SS)
cubic phases in a buffer solution containing 6x10° M of the substrate. First, we
monitored the enzymatic reaction at 400 nm during the first 90 minutes of contact of
the mesophase with the substrate containing buffer (Figure 4b). In this way, the release
of some non-encapsulated enzyme and/or the enzyme localized quite close to the
cubic phase/aqueous environment interface, was monitored.

As a second step, the cubic mesophase was placed in another cuvette, with fresh
substrate at the same concentration as the first solution. In this way, we monitored the

enzymatic catalysis due to AP encapsulated within the cubic phase(Figure 4c).
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Figure 4. Enzymatic kinetics of p-nitrophenyl phosphate in TRIS buffer during the
release of AP enzyme encapsulated in cubic phase, schematized in (a). (b) Phyt (cyan
markers), Phyt/ 5% w/w SS (green markers), Phyt/10% w/w SS (orange markers) and
Phyt/15% w/w SS (purple markers) shows the profile during the first 30 minutes (b) of
enzyme released in a buffer solution with substrate, while in (c) it is reported the kinetic
profiles in a fresh buffer and substrate solution after the step described in (b). (d)
Kinetic profiles from cubic phase with or without SS: during the analogues second step
of experiment reported in (c), with the addition of Triton-X-100 which destroy the

mesophase.

Similarly to the previous paragraph, where the enzymatic reaction was monitored
confining the substrate, the confined AP enzyme in the liquid crystalline mesophase
should be discusses in terms of the possible pathways for the enzymatic reaction to
proceed. A first possible mechanism to guarantee the close interaction of the enzyme
with the substrate is the release of the encapsulated enzyme to the aqueous
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environment, while a second possible mechanism is the penetration of the substrate
inside the nanochannels of the liquid crystalline mesophase, where it meets the
enzyme, and subsequently it is released as a reaction product.

Considering the first experiment, i.e., the cubic phase with the encapsulated enzyme
directly immersed in the substrate solution, we notice a different mechanism in the
presence of sucrose stearate. In particular, for all mesophases containing SS, two
trends can be identified in the kinetic profiles. To interpret this behaviour, in case of
Phyt/water sample, we should consider that part of the enzyme can be localized at the
liquid crystalline phase/water interface and it is fast released. At this point, the AP in
solution is available to convert the substrate molecules, while the remaining AP resides
inside the liquid crystalline structure catalyse the substrate conversion more slowly. In
line with this hypothesis, samples with varied SS amount exhibit a lag time, between
the first and second enzymatic kinetic trend. This is progressively decreased,
enhancing the SS concentration: about 10 minutes for 5% w/w SS, 7-8 minutes in the
case of 10% w/w SS and 5 minutes with 15% w/w SS (Figure 4b). Considering the
swelling of the mesophase induced by the addition of SS, we can relate this variable
effect to a variable amount of the enzyme trapped in the mesophases due to the higher
water fraction characterizing the mesophase. Indeed, for the binary system, i.e.,
Phyt/H20 in the absence of SS, the trend of the kinetic curve is monotonous (Figure
4b), suggesting that in this case the encapsulation of the enzyme in the liquid
crystalline phase is strongly hampered, due to the small size of the nanochannels.
After the first trend, the second part of the curve proceeds with a faster rate for the
systems with higher SS percentage, suggesting that the size of nanochannels has a
prominent role. This behaviour might be related either to the release of the enzyme

from the mesophase (whose rate can increase due to the swelled nanochannels), or
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to the penetration rate of the substrate inside the aqueous channels of the mesophase
(which, similarly, increases with the nanochannel size).

After this first step, we performed a control experiment to verify that: (i) a significant AP
amount was still present inside the mesophases; (ii) the AP amount was comparable
for the mesophases, differing by SS amount. (Figure 4d). To this purpose, a set of
"control" mesophases was disassembled by immersion in a 24 mg/mL solution of Triton
X 100.The non-ionic surfactant, at relatively high concentration3®4° is able to dissolve
the lipid bilayer to yield mixed micelles, with simultaneous quantitative release of AP
originally contained in the liquid crystalline mesophase. The AP amount was measured
in terms of enzymatic activity (Figure 4d). The substantial overlap of the kinetic profiles
confirms that a significant amount of AP, practically identical for all samples, is still
present in the mesophases.

Figure 4c reports the kinetic profiles concerning the second step, i.e. the immersion of
the mesophases in fresh substrate solutions. Not surprisingly, the conversion rate is
strictly dependent on the size of the nanochannels.

The ensemble of experimental data does not allow distinguishing which pathways is
occurring whether the substrate diffuses in the mesophase or the enzyme is released.
A simple size argument would rule out AP diffusion from the mesophase to the external
medium as the prevailing mechanism, but we are not currently able to rule out the
simultaneous substrate diffusion in the mesophase. Indeed, the dimension of the
enzyme is around 5 nm; considering a partial distribution of AP between the lipid leaflet
and the nanochannels of the cubic mesophases, the encapsulation of the protein could
be reached. We can probably expect that, in the absence of a chemical potential driving
its diffusion from the mesophase to the surrounding medium, the enzyme will be more

conveniently localized in the cages of the structure, rather than in the nanochannels.
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As mentioned above, the presence of additives results in the swelling of the
mesophase, thus for the higher SS amount both the mechanisms are possible, and the
results may be a combination of both the pathways. However, with the lower SS
concentration, the enzyme release is less feasible, favouring the diffusion of the
substrate into the channels.

Besides the mechanism of enzyme-substrate interaction, it is interesting to notice that
the enzymatic reaction is in the case of AP confinement in the lipid mesophase,
strongly slowed down with respect to the case of substrate confinement (paragraph
2.3) and no confinement (paragraph 2.2) case; in addition, as already discussed, the
reaction rate and mechanism depend on the structure of the lipid mesophase, in
particular on the size of the aqueous channels, which is finely tuneable by controlling
the additive concentration. These systems, Phyt/SS/H.O ternary mesophases,
characterized by a variable and controlled structure, which is closely related to the
loading-release properties of the mesophase, represent a suitable scaffold for the

confinement and sustained release of active principles of different sizes.

3. Conclusion

In this contribution, we investigated the structural and diffusive properties of phytantriol
cubic liquid crystals at maximum hydration loaded with increased concentration of the
additive sucrose stearate. SAXS data show an excellent control on the tunability of
phytantriol assemblies both on the arrangement and the diameter of the water
nanochannels. The transition occurred after the loading of additives in mesophases,
finds reason in the membrane energy curvature: since both hydration level and
nanochannel size increase, the sugar ester promotes a structure with a more positive

curvature. At the maximum concentration tested in this work (15% w/w of SS) the lipid
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matrix shows a transition from diamond to primitive cubic structure with a diameter of
the swollen nanochannels 22% larger than the ones of Phyt/H20 binary system. The
UV-Vis kinetics were performed on pure and swollen mesophases, using an enzymatic
reaction catalyzed by Alkaline Phosphatase, converting the substrate p-nitrophenyl
phosphate (uncolored solution) in p-nitrophenol (green-yellow product). The substrate
and the enzyme confined into the channels, showed a velocity reaction change,
dependent on the probe size-nanochannel dimension ratio. The investigation
performed on the confinement level of the substrate allows observing an exponential
increase of the initial velocity of the reaction with the swelling of the structure. Since
the concentration of the substrate, during the initial step of the reaction, is low and quite
constant, it can be reasonable to consider the release step as the rate-determining
process. However, after that period, additional factor (i.e., the inhibition of the enzyme
from the product) becomes significant, modifying the release profiles.

Oppositely, when the protein size is similar to the diameter of the less swollen
mesophases, the inclusion of the enzyme is not complete: at increasing SS
concentration, protein loaded amount increases in the hybrid systems. The
mechanism describing the substrate conversion, in that case, is hard to determine
since both the phenomena (released enzyme or converted substrate into the channels
and then released) are possible. The experiment made with Triton X confirms the
presence of AP enzyme into the structure since the rate of conversion becomes higher;
moreover, the presence of a very similar amount of protein encapsulated in each
mesophase is detected. This work aims to shed light on the intriguing behaviour of the
release from the cubic mesophases, highlighting how the investigated systems are

appealable as drug-delivery vehicles for the uptake and release of active molecules.

4. Experimental
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Instruments:

-Small Angle X-ray Scattering: SAXS measurements were performed on a S3-
MICRO SAXS/WAXS instrument (HECUS GmbH, Graz, Austria) which consists of a
GeniX microfocus X-ray Sealed Cu Ka source (Xenocs, Grenoble, France) with power
of 50 W. The source provides a focused X-ray beam with k = 0.1542 nm Cu Ka line.
The instrument is equipped with two one-dimensional (1D) position sensitive detectors,
(HECUS 1D-PSD-50M system) each detector is 50 mm long (spatial resolution 54
um/channel, 1024 channels) and covers a g-range of 0.003 < q < 0.6 A" (SAXS) and
1.2<q< 1.9 A" (WAXS). The temperature was controlled by means of a Peltier TCCS-
3 Hecus. SAXS curves of bulk cubic phases were recorded at 25-30-35-40-45-50 °C
in a kapton solid sample holder. SAXS profiles were then recorded for 15 minutes each
temperature waiting 20 minutes of thermal equilibration. SAXS data analysis is detailed
in the SI.

-UV-Vis Spectrophotometer: UV-Vis measurements were performed on UV-Cary
3500 Agilent Technologies, which allows data collection in the range 190-1100 nm
wavelength with different available bandwidths that can be selected between 0.1 and
5.0 nm at 0.01 nm intervals: the light spot on the sample is 1.5 mm. The instrument
presents a Xenon flash lamp, double out-of-plane Littrow monochromator for fast data
collection. There are eight cuvette position with eight detectors collecting the light
signal which arrive on the sample at 1.5 cm from the bottom of the cuvette. It presents
a magnetic stirrer able to mix the solution in cuvette with the appropriate stir bar. The
temperature is controlled by different Peltier blocks in the range 0-100 °C.

Samples preparation:

-SAXS bulk cubic phases with or without the additive sucrose stearate were prepared
according to the following procedure: 30 mg of Phyt were weighted in a 2 mL glass

flask in the absence (for pure Phyt systems) or in the presence of appropriate amounts
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of sucrose stearate in order to reach a final amount in the final lipid mixture of 5, 10, or
15% wt. About 0.5 mL of chloroform was used to solubilize the mixtures, then the
solvent was removed under a gentle nitrogen flux. The lipid films were left under
vacuum overnight, then hydrated with 16 uL Milli-Q water and left for at least 12 hours
to equilibrate before the experiments.

-UV-Vis bulk cubic phases: For the UV-Vis experiments, the same protocol described
for SAXS was employed for the mesophases preparation, with doubled lipid amount.
The cubic phases prepared for the experiment of p-nitrophenyl phosphate
encapsulation were prepared by hydrating the lipid films with 31 uL of TRIS buffer
solution pH 7.5 containing 5x102 M of the substrate, in order to reach a theoretical final
concentration in the cuvette of 6x10° M.

The cubic phases prepared for the experiment of AP encapsulation were prepared by
hydrating the lipid films with TRIS buffer pH 7.5 solution containing 16 U/mL AP
enzyme, with a theoretical final value in cuvette after dilution (final volume 2.5 mL) of
0.2 U/mL.

To perform these measurements, we built-up a home-made modified plastic flask
where a plastic ring was tied to the top of cuvette leaving the mesophase infusing into
the buffer until the reaction was complete. Moreover, in order to homogenize the
reaction solution, the buffer was stirred with cuvette stirrer bars during all the time of

the experiments.
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Materials and Methods

S.1 Materials:

Phytantriol (Phyt) was a gift of Royal DSM (purity >99%). Sucrose Stearate (SS) (Crodesta
F110-PW-(RB)) was a gift of Croda Europe Ltd. Rawcliff Bridge, Goole, United Kingdom.
TRIS buffer was prepared with Trizma® hydrochloride purchased by Fluka BioChemika
(>99.0% (AT)) and TRIZMA® BASE (>99.9% (titration)) purchased by Sigma Chemical Co.
The enzyme Alkaline Phosphatase (AP) (REF 11 097 075 001) 1000 U/mL purchased by
Roche Diagnostic (Indianapolis, USA) and the substrate p-nitrophenyl phosphate (>99%
purity) purchased by Fluka. Triton X 100 was purchased by Fluka (>99.0% purity).

S.2 SAXS data elaboration:

Equation (1) was used to calculate lattice parameter (d) of cubic and hexagonal phase:

0= (VTR AE )

where (hkl) are Miller index related to the considered structures. In a Pn3m structure are
(110), (111), (200), (211), (220)... while in Hymesophases are (100), (111), (200)... Eq.
(2)" was used to calculate water channel radii r in Pn3m cubic phase while Eq. (3)! was
used to calculate volume water fraction ¢,,:

tw = (FAo/2m)d =1l (2)

=1-24 Ly _4 Ly’ 3
bw = O(d) 3"X(d) ()

where Ao and y are topological parameters respectively the ratio of the area of the minimal
surface in a unit cell to (unit cell volume)??® and the Euler-Poincaire characteristic, that for
the diamond cubic mesophase (Pn3m), are 4,=1.919 and y=-2. Equation (4)? and (5)°
describe water channel radii (rw) of hexagonal phase Hy and water volume fraction (¢,,)
respectively:

_ 0.5256d — [,

Tw=""0.994 )

2
2nry,

gow_\/gdz

&)

We assumed that chain length I into the range of 25-50 °C, is constant and assume value
of about 1.4 nm calculated by the data reported in literature*.
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Supplementary Figures
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Figure S.2: UV-Vis absorbance spectra into the range 250-500 nm of p-nitrophenyl
phosphate (a) and p-nitrophenol (c) and the relative Lambert-Beer Plot to calculate the
molar extinction coefficient of both compounds respectively reported in (b) and (d).

The molar extinction coefficients calculated from the Lambert-Beer plots of the reaction substrate
and product (see Sl) are € = 10186 L mol’cm™ and € = 16349 L mol*cm™ at 310 and 400 nm for p-

nitrophenyl phosphate and p-nitrophenol, respectively.
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S.4 Rate of reaction varying the concentration of Sucrose Stearate
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Figure S3: Linear fit of kinetic curves (during the first 10 minutes of reaction),
encapsulating the substrate p-nitrophenyl phosphate in cubic phase, doped with increased
concentration of the additives: No SS (cyan markers), 5% SS (green markers), 10% SS
(orange markers) and 15% SS (purple markers), immersed in a buffer solution containing
0.1 U/mL AP enzyme. The curves are off-set to make clearer the image for the readers.
Besides the kinetics image, there is a plot of initial velocity as a function of the diameter of
water channels.
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Figure S4: The enzymatic reaction profiles of the cubic phase loaded by AP enzyme,
during the first 4 h, in a buffer solution containing 6x10-5 M of the substrate. No SS (cyan
markers), 5% SS (green markers), 10% SS (orange markers), and 15% SS (purple
markers) are fitted with a linear equation showed with a black line. Besides the kinetics
data, there is a plot of initial velocity as a function of the diameter of water channels. The
error bars are smaller than the size of the marker.
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The slopes obtained by the linear fitting showed in Figure S4, are converted in mmol/min
of substrate considering the molar extinction coefficient of the product and the final volume
into the cuvette (2.5 mL). All these data are reported in Table S1.

Table S1: Rate of reactions expressed in (mmol/min of converted
substrate) and channels size (nm). Data obtained by cubic phase
loaded with AP enzyme during the second step of reaction.

Samples Rate (mmol/min) Channels Size
(nm)

No Cubic Phase 1.180x102 (+6x10%) /

Phyt 1.314x10% (+2x107) 2.2

Phyt/5% SS 1.630x10* (+1x107) 2.8

Phyt/10% SS 1.990x10* (+4x107) 3.0

Phyt/15% SS 2.417X10*(£3x107) 3.6

S.5 Experiments with Triton X 100

With the experimental setup chosen to register the absorbance of the developed product
during the reaction, the first step of enzymatic kinetic was performed to eliminate the
adsorbed enzyme outside the cubic phase without Triton X 100. Successively, it was
added at each sample (with different Sucrose Stearate amount) 60 mg of surfactant
dissolved in 2.5 mL of TRIS buffer, where it was added the substrate to reach a
concentration around 6x10-5 M (the results of this experiments are shown in the main
text).

- ——
‘ S -

Figure S5: The experimental setup used to perform the kinetic experiments from the cubic
phase. The cubic phase was placed into the plastic ring, immerged into the buffer solution.
A cuvette magnetic stir bar was used to homogenize the system during the reaction (400
rpm). After 2 h, in case of Triton X 100 (cuvette on the left), it appears a yellow milk-like
dispersion compared to the kinetics performed without it (cuvette on the right).
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1. Introduction:

Lamellar and Non-lamellar mesophases are ubiquitous in natural systems and connected to
different physiological or pathological state of cells!?. Generally, the perturbation of cell
membranes with different molecular compounds affects the structural properties and the related
physico-chemical membrane features. In particular, cubic mesophases are characterized by two
interpenetrated not interconnected water nanochannels, separated by lipid bilayer. These
structures are generally recognized as Pn3m (diamond), Im3m (primitive) and Ia3d (gyroid)
architectures, which are described by Infinite Periodical Minimal Surfaces (IMPS).

The inclusion of different kind of molecules in 1-monoolein (MO)/water system can be a
useful approach to tune the mesophase’ structure in order to choose the best conditions for the
applicative purpose. Indeed, a better description of the effects promoted by molecular additives
on the curvature, and consequently on the structural parameter of the mesophase, requires to
treated dividing additives in hydrophobic and amphiphilic. Generally, one of the most important
parameters is the additive concentration, where, above a “critical” amount, a phase transition is
induced. Hydrophobic molecules are generally recognized to interact mainly with the
hydrophobic chain of lipids, increasing the volume of hydrophobic portion; in that way, the
curvature increase, becoming more negative, promoting a transition from cubic to inverted
hexagonal phases. However, this is true for relatively low concentrations of oils**%: above a
certain fraction of hydrophobic additive, the oil-lipid mixture assemble in bicontinuous cubic
micelles (Fd3m symmetry), or also inverted micelles’®. In other words, the aqueous channels of
the mesophases become progressively smaller until the dispersant oil separates the water
domains through a surfactant monolayer. However, the literature reports on these effects also in

the case of fatty acids®!2, vitamin E'¥; thus, hydrophobic additives are not necessary oils. It is of



relevance to evaluate also the effects of active hydrophobic molecules on the structure of the
cubic mesophases as reported by Drummond et al.'* or also the enzymes modifying the lipid
structure and their consequent organization'.

Amphiphiles interact with the lipid membrane locating itself spontaneously to the interface;
however, the final effects are a combination of the chemical composition of the surfactant and
also to the hindrance of hydrophobic chains. Mezzenga et al.'® have reported the effect of a sugar
ester (sucrose stearate) on the structure of the mesophases. Considering a bigger volume of
headgroup with respect to the hydrophobic chains, and the affinity of sucrose with water
producing hydrogen bond interactions, the diamond cubic structures is swelled in a primitive
cubic mesophases where the diameter of nanochannels are bigger in size. However, some other
amphiphiles are reported in literature, i.e., caproic acid combined with 1,2-dilauroyl-sn-glycero-
3-phosphocholine (DLPC) or 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)7, 1,2-
dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG)'®'® which are able to promote a
transition in mesophases presenting a less negative curvature, until the lamellar phases.

Where the classification of other molecular additives becomes complicated, it is necessary to
consider their effects on the structure. The addition of molecules with responsivity to the pH,
UV-Vis light, magnetic field and ionic strength, make the bilayer systems quick to react to the
external stimulus promoting structural change. These considerations could be useful to classify
the behavior of stimuli-responsive additives included into the bilayer; indeed, azobenzene
derivate®-> oleic acid and charged lipids can be used to build up sensitive liquid crystals to the
light, changing the molecular conformations, or to the pH?5-3! or ionic strength® changing the
ratio of the hydrophobic and hydrophilic molecular volumes. Thus, through the external stimuli,

the additive acts like hydrophobic/amphiphilic molecules, promoting structural changes. In this



contribution, we built up the phase diagram of a complex quaternary matrix, at the maximum
hydration level, composed by MO, DOPG and tetradecane (TD) varying the composition of the
components. Small-Angle X-Ray Scattering (SAXS) technique highlight the complex
polymorphism of liquid crystals depending on the ability of additives to impose their own
curvature to the MO membrane and their relative concentration. With the aim to study the
relationship between structure and diffusive properties, Fluorescence Correlation Spectroscopy
(FCS) techniques was used to compare systems with the same structure, but with different lattice
parameters. Indeed, loading cubic phases with different hydrophilic fluorophore probes
(Rhodamine 110 and Rhodamine B Dextran) different in size, it was tested the influence of the

channel size on the diffusive properties of the probes.

2. Results and Discussion:

2.1. Phase behavior of MO/DOPG/TD/water systems

Figure 1 shows the SAXS profiles of MO/H,O systems loaded with different amount of TD
varying the additive amount into the range 0-50% w/w, in water excess at 25 °C. As notable, all
the curves with an increased concentration of TD show a shift to higher scattering vectors,
suggesting a decrease of a parameter in the direct space, i.e., the channels’ size. For the relatively
low amount of tetradecane, the diamond cubic structure is preserved. However, above 10% w/w
TD, a phase transition from cubic to hexagonal array is observed, analogously to the inclusion of
hydrophobic inorganic nanoparticles showed in other works*-. This behavior can be fully
explained in terms of frustration packing energy, since the inclusion of a hydrophobic additive

produces a decrease of this energetic term, favoring the hexagonal array. However, the additional



higher amount of TD into the MO mesophases, induce a phase transition corresponding to the
Fd3m structure, a bicontinuous cubic micelles. The more is the amount of the oil, the more is the
the disorder, since the typical Bragg reflexes of Fd3m structure disappear (Figure 29), showing a
broad scattering curve positioned around 0.092 A'l. This value corresponds to a typical
dimension around 6.8 nm, which describes the average distance of micelles between each other
dispersed in the oil environment. The inverted micelles can be justified considering the
significant amount of oil molecules functioning as dispersant medium, while the MO surfactant
separates water from oil in a nano-spherical shape micelle. In summary, the inclusion of TD, in
agreement with some works reported in literature’®, due to its hydrophobic nature, produce a shrinking of

water nanochannels, promoting transition to structure with an increased (in absolute value) membrane

curvature.
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Figure 1: Small angle X-ray scattering curves reordered at 25 °C at the maximum hydration
level in MO assemblies additioned by increased amount of tetradecane additive: 0 % TD (purple
curve), 10% w/w (violet curve), 20% w/w (cyan curve), 30% w/w (green curve), 40% (orange
curve) and 50% w/w (red curve). (b) Linear fit to calculate the lattice parameter of mesophases;

the sample containing 50% TD it is not shown since it is an inverted micelles structure.
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Figure 2: (a) Small Angle X-ray Scattering curves at 25 °C at the maximum hydration level in
MO assemblies additioned by increased amount of DOPG additive: 0% w/w (purple curve), 2%
w/w (violet curve), 3% w/w (blue curve), 4% w/w (cyan curve), 5% w/w (light cyan curve), 10%
w/w (green curve), 20% w/w (orange curve) and 30% w/w (red curve). (b) Linear Fit to calculate

the lattice parameter of mesophases.

Analagously to TD effect, DOPG amphiphilic lipid was tested on the MO bilayer, enhancing the
additive amount in MO/DOPG/water systems. While the TD molecules interact mainly with the
hydrophobic chains of the bilayer, DOPG locates spontaneously to the interface. Its huge polar headgroup

produces an uptake of water into the channels, analogously to the SS behavior described in other works'®.



The inclusion of DOPG on the lipid bilayer is shown in Figure 2, where — increasing the concentration of
the amphiphilic additive — a shift to lower scattering vectors is recorded. Oppositely to the TD effect,
DOPG swells the lipid bilayer; indeed, the relatively low DOPG amount (2-5% w/w) produces an overall
swell effect on the Pn3m structure, promoting a transition from diamond to primitive cubic assemblies. In
agreement with the literature, the lamellar phases are observed starting from 10% w/w DOPG, where both
lamellar and Im3m mesophases can be observed. The SAXS profiles, relative to the samples with 10%
DOPG, show an intensity increase in the low g-region: since a water excess hydrate the dry lipid film, the
broad contribution to the scattering intensity describe a partial dispersion of MO/DOPG lipids in
liposomes. Moreover, for the samples with more than 10%, the lamellar Bragg reflex can be detected,
overlapped to the liposome’s contribution, indicating the coexistence of liposomes and bulk multilayers.

Some considerations should be made, concerning the MO/DOPG and MO/TD systems. All
concentrations in this paragraph are expressed as % w/w; from Figure 2, a relatively low DOPG
concentration produces a dramatical effect on the bilayer morphology compared to the TD additive. The
molecular weight ratio between TD and DOPG is around 1:4; thus, the small DOPG concentration
corresponds to an exiguous number of molecules assembled with MO. Therefore, DOPG imposes its
curvature more than TD; tetradecane does not assemble to the water-lipid interface, due to its no-
surfactant nature.

After an initial evaluation of TD and DOPG effects, a mixture of MO with both the additives allows to
explore the ternary phase diagram, taking into account that the system presents four components,
considering water added in excess. The investigated additives show an opposite effect on the MO bilayer,
since combining them both with the 1-monoolein, the main contribution involved to temper the structure

of the mesophase is evident.
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Figure 3: Ternary phase diagram of MO/DOPG/TD system shows the Pn3m structure (violet
region), Im3m (green region), Lamellar (red region), Hy (blue region), Fd3m (cyan region). The
orange and yellow regions describe the coexistence of Lamellar/H; and Lamellar/Im3m

structure.

All the results are reported in the ternary phase diagram and shown in Figure 3. The L, region is the
most extended for the investigated concentration of the additives. The Im3m structure is observed in a
small region of the phase diagram, analogously for the Pn3m. Thus, it seems that the bicontinuous
mesophases are stable in case of not significant perturbation of the bilayer. It is evident that the possibility
to control both the thickness and the water channel size of bicontinuous phases is limited by the
thermodynamical stability of the structures, and these features of the mesophases cannot be modified in

an infinite range of possibilities in any case.



2.2 Fluorescence Correlation Spectroscopy to test diffusive properties.

Based on the results showed in the previous section, the introduction of molecules with
different features allows us to extend the LCs structure range compared to the neat MO systems.
As highlighted before, the inclusion of DOPG and TD to MO assemblies shows a complex phase
behavior depending on the relative concentration of the additives and their ability to impose their
curvature in MO bilayer. However, even if their contribution can be perfectly counterbalanced
(since they have opposite effects), it is reasonable to think that the in-meso diffusive properties of
molecular probes confined into the channels are dependent on the variation of the water channels
size. Indeed, the inclusion of DOPG and TD in MO systems allows for swelling or shrinking the
nanochannels, producing a different lattice parameter for the same structure; for this reason, the
diffusive properties of fluorophore through FCS experiments can be tested to verify a
relationship between structure and diffusive properties.

The molecular probes involved in this investigation are Rhodamine 110 and Rhodamine B
Dextran, two hydrophilic fluorophores spontaneously encapsulated in the hydrophilic domains of
liquid crystals. The molecular structure and FCS curves of the probes freely diffusing in water at

25 °C, are reported in Figure 4.
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Figure 4: FCS curves of (a) Rhodamine 110 and (b) Rhodamine B Dextran in water at 25 °C and

their fit curves obtained by a 3D model with (a) single component and (b) two component.

The mathematical model to extract information on the diffusion coefficients of the probes is
reported in Eq. 1:
1 1
1 4Dt 4Dt) 2
G(T):§— 1+F 1+Z_2 (1)
(cym2wiz, 0 0

Where <c> is the average concentration of the probe in the confocal volume, w, and z, are
respectively the lateral (z,) and axial (w,) defining parameters of detection volume with a 3D
ellipsoidal Gaussian shape, and D the diffusion coefficient of the probe. This model provides
information on one fluorescent probe diffusing in a 3D space. While Rhodamine 110 shows an

excellent fit result with the equation 3.10, the Rhodamine B Dextran, due probably to the
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synthesis procedure and work-up, does not show a single component: this is also confirmed by a
separation of a concentrated fluorophore solution with a Vivaspin® provided with a membrane
cut-off 5000 M,,. The best-fitting result can be obtained with a 3D model of two different
components, and the mathematical equation reported in Eq. 2:

1 1
1 4D\ " 4D,7\ 2 4D,7\ " 4D,T\ 2
G)=———|fi|1+ 2 1+ = +fl1+ 2 1+ 2 (2)

(c)ym2wiz, 0 0 0 0

Where f; and f, are the fractions parameters describing the abundance of a fluorescent
component with respect to the other.

The diffusion coefficient of the Rhodamine 110 probe is 430 um?/s*, while there are two
diffusion coefficients for Rhodamine B-Dextran: 420 nm?'s* for the free Rhodamine B and 41
pm?'s for Rhodamine B labeling Dextran polysaccharide. In order to be clearer in the discussion,
the diffusion coefficient of Rhodamine B Dextran will be expressed in an average value based on

the relative abundance of the fluorophores. For this reason, the diffusion coefficient Drppex=166

um?/s%,
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Figure 5 FCS curves of Rhodamine 110 (a-b) and Rhodamine B Dextran (c-d) in Pn3m structure
(a-c) and Im3m (b-d) structures. On top, a representative sketch of the probe Rhodamine 110
(yellow dot) in a water nanochannels of both Pn3m and Im3 mesophases, while the Rhodamine
B Dextran (represented as red dot double in size of yellow dot), match the dimension of Im3m

nanochannels, while it locates spontaneously out of the channels in a Pn3m mesophases.

In agreement with the literature’, the dimensions of probes are around 1 nm and 2.6 nm for
Rhodamine 110 e Rhodamine B Dextran respectively, so that it can be evaluated the

encapsulation in liquid crystals, based on the size of the probe. First, using the same equation 1
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and 2, the fitting models were used to treat the FCS results recorded on Pn3m liquid crystals
(100% MO composition) and Im3m (90% MO, 4% DOPG and 6% TD). In those cases, the 3D
motion of the probes is allowed by the 3D tortuosity of cubic mesophases nanochannels, since
the model used was the same for a “free” fluorophore. The results showed in Figure 5 suggest
that, in the case of Rhodamine 110, a confinement effect can be seen in both the prepared
samples; indeed, the diffusion coefficient, compared to the D value of the freely diffusing probe
in water, is at least one order of magnitude lower. This phenomenon is related to the confinement
of water in nanochannels.’®* The Rhodamine B Dextran shows a different behavior: while the
average diffusion coefficient is around 30 pm?%s in Im3m mesophases, showing a confinement
effect, in the case of Pn3m is quite close to the 166 um?/s value. Thus, considering the dimension
of the diamond cubic structure comparable to the probe size, the hindered fluorophore cannot be
entrapped, producing a “free” diffusion of the probe in the surrounding medium.

At this point, to control the relationship between structure and diffusive properties, the FCS
experiments were performed on lamellar and hexagonal mesophases comparing samples showing
the same phase behavior but characterized by a different lattice parameter. In those cases, the
equation describing the diffusion of the probes is slightly different from the 3D model reported
in Eq. 1-2: the spatial probes diffusion, is allowed in a 2D direction in case of a lamellar structure
(a thick layer of water separate two bilayer and probes move parallel or perpendicular to the lipid
membrane), and 1D direction of hexagonal mesophases (where the movement of the probes is
possible along the direction of the cylindrical structure). The mathematical equations are
reported in Eq. 3 and 4, for two components for a 2D and 1D diffusion respectively*. However,
it should be taken into account that in case of Rhodamine 110, f;=1 and f,=0 in both of these

equations.
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and 20% DOPG) and 216 A (50% MO, 20% DOPG and 30% TD). Thus, a swelled lamellar

phase can be reached in that conditions, since the water amount added to the dry lipid film is the

same in both case. The FCS experiments performed with the fluorophores are showed in Figure
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Figure 6 FCS curves of Rhodamine 110 (a-b) and Rhodamine B Dextran (c-d) in lamellar
structure with different lattice parameters; (a-c) are relative to the sample MO 80% and DOPG
20% with a lattice parameter 115 A, while (b-d) represent the FCS curves relative to the sample
swelled (MO 50%, DOPG 20% and TD 30%) with a lattice parameter 216 A. On top, a
representative sketch of the probe Rhodamine 110 (yellow dot) and Rhodamine B Dextran

(represented as red dot double in size of yellow dot), located in water.

From the fitting results, the Rhodamine 110 diffusion coefficients in both the lamellar samples
is smaller than the probes in aqueous solution, thus in agreement to the results reported before
about cubic mesophases, it is reasonable to think a confinement of the fluorophore between two
leaflets of different lipid bilayer separated by a thin layer of water. In particular, the results
highlight that the swelled samples present a less confinement level of the probe in the case of
Rhodamine 110: indeed, the diffusion coefficients are 13 pm?/s and 24 pm?/s for MO 80%-
DOPG 20% and MO 50%-20% DOPG-30% TD respectively. The analysis of Rhodamine B
Dextran curves shows a peculiar behavior: the dimension of the probe is similar to the water
layer separating the leaflet of the membrane; thus the probe is locked between the bilayer
confirmed by the very low diffusion coefficient (the average value is around 1 um?%s and 1.2
pm?/s for the un-swelled and swelled sample respectively). In those conditions, the Rhodamine B
labeling the polysaccharide moiety shows a locked situation suggesting a no-diffusional property

of the fluorophore.
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Figure 7 FCS curves of Rhodamine 110 (a-b) and Rhodamine B Dextran (c-d) in hexagonal
structure with different lattice parameters; (a-c) are relative to the sample MO 70% and TD 30%
with a lattice parameter 57 A, while (b-d) represent the FCS curves relative to the sample swelled
(MO 60% DOPG 10% TD 30%) with a lattice parameter 76 A. On top, a representative sketch of

the probe Rhodamine 110 (yellow dot) and Rhodamine B Dextran (represented as red dot double

in size of yellow one), located in water channels.

Figure 7 shows the best fitting result modeling the FCS curves as the Eq. 4. About the

hexagonal mesophases, the probe's motion is allowed along with the directionality imposed by

the cylinders assembled in an Hy array. Thus, accordingly to the 1D model, the diffusion
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coefficient was extracted. In that experiments, comparing the hexagonal sample composed by a
mixture of MO (70%) and TD (30%) with the swelled sample containing 60% MO, 10% DOPG
and 30%TD swelling the system of around 2 nm (from 57 A to 76 A of lattice parameter).
Rhodamine 110 shows in both samples a diffusion coefficient smaller, showing a confinement
level of the fluorophore, more than the other mesophases. This is consistent with the dimension
of the hydrophilic domains, where the probes are encapsulated since water nanochannels in Hy.
Moreover, the Rhodamine B Dextran size is more prominent than water channels; thus, the
encapsulation is not possible within the sample 70% MO 30% TD while it is almost locked in
case of swelled Hy. In order to summarize the results, all the diffusion coefficients are reported in
Table 4 as a function of water nanochannels size or thickness of the water layer.
Table 4: Comparison of the diffusion coefficients derived by FCS
curve for swelled and de-swelled cubic, hexagonal and lamellar

phases. Rhodamine 110 and Rhodamine B Dextran were used for
the experiments.

Samples Rhodamine 110 Rhodamine B Dextran
DNo»Swelled DSwelled DNo-Swelled DSwelled
Cubic 11+1 1241 140£18 17+1
Lamellar 13£1 2412 15£5 10+3
Hexagon 14+2 5+1 158+15 8+2
al
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