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ABSTRACT The inclusion of inorganic nanoparticles (NPs) within organized lipid assemblies
combines the rich polymorphism of lipid phases with advanced functional properties provided
by the NPs, expanding the applicative spectrum of these materials. In spite of the relevance of
these hybrid systems, fundamental knowledge on the effects of NPs on the structure and
physicochemical properties of lipid mesophases is still limited. 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 two
kinds of hydrophobic NPs of similar size, i.e., gold NPs (AuNPs) and Superparamagnetic Iron
Oxide NPs (SPIONs). 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 rheological 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
additional 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 applications, e.g. in the biomedical field as smart materials for drug

delivery.

KEYWORDS Liquid Crystalline Mesophases; AuNPs; SPIONs; Phytantriol; Cubic Lipid
Phases

ABBREVIATIONS LLCs, lyotropic liquid crystals; DDS, drug-delivery systems; Phyt,
phytantriol; SPIONS, superparamagnetic iron oxide nanoparticles; AuNPs, gold nanoparticles



1. INTRODUCTION

The inclusion of inorganic nanoparticles into organized lipid assemblies has the potential to
combine the properties of the two components to produce smart materials and nanodevices for
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
liposomes have been proposed for diagnostic purposes [3—6]; superparamagnetic 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 responsivity 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 morphologies, as in the case of glyceryl-monooleate
(GMO) and Phytantriol (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 La) and bicontinuous cubic mesophases (gyroid Ia3d and diamond Pn3m)
are observed at room temperature, while hexagonal structures and inverted micelles are formed
at higher temperatures. The presence of additives modifies 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-



phopshatidylethanolamine mesophases, highlighting a temperature and pressure-dependent
lamellar to hexagonal phase transition. Mezzenga and coauthors studied the inclusion of
hydrophilic SPIONs in monolinolein assemblies, 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 the separation of thermodynamic 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 polymorphism, 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 fundamental 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, fostering the

applicative potentials of these smart materials in the biomedical field [29-32]).

2. MATERIALS AND METHODS

2.1. Materials



Fe(Ill)-acetylacetonate (97%), 1,2-hexadecanediol (90%), oleylamine (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-(III) tetrachloride (99.995%), tetraoctylammonium bromide (TOAB 98%).
Phytantriol (Phyt) was a gift of Royal DSM. The synthesis of AuNPs and SPIONSs is reported
in the SI.

2.2. Preparation of bulk cubic mesophases

The preparation of bulk cubic phase with or without SPIONs and AuNPs was performed
according to the following procedure: 30 mg of Phyt was weighted into 2 mL glass vessels in
the absence of (for neat Phyt mesophases) or in the presence of (for NPs-loaded Phyt
mesophases) appropriate volume of SPIONs and AuNPs dispersions in hexane. About 1 mL of
hexane was used to solubilize mixture and 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 5 minutes for five cycles at 10100 G, alternating a run with the cap
facing upward with another with the cap facing downward for each cycle.

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 Ka source
(Xenocs, Grenoble, France) with power 50 W. The source provides a focused X-ray beam with
A=0.1542 nm Cu Ka line [33,34]. 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 pm/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. The SAXS curves of bulk cubic phase 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. The 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. The SAXS profiles were then recorded. The SAXS data analysis is detailed
in the SI.

2.4. Rheology

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 pm). 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 deposed on the surface of the
measuring plate, a delay time of 10 mins 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 Hz to 0.001 Hz; amplitude 0.1% strain;

ii- Amplitude sweep test: strain % from 0.001% to 10%; frequency 1 Hz.

3. RESULTS AND DISCUSSION

3.1 Structure of Phyt mesophases doped with hydrophobic NPs

Figure 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 according to Brust et al. [35] (see Materials and Methods for details), leading to
slightly polydisperse nanospheres, as visible from the TEM images (Figure 1d). The analysis

of the NPs’ SAXS profile yielded an average core diameter of 3.0 nm and a polydispersity



index of 0.28, as estimated through a Schultz distribution [36] (see Figure 1¢): 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 nanospheres coated with oleic acid/oleylamine, with slightly larger size than AuNPs,
as visible from TEM images (Figure 1b) and from the SAXS (Figure 1a) curve fitting results:
core diameter of 3.6 nm (3.8 nm by TEM) and polydispersity of 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 necessary prerequisite to determine a minimum local perturbation to the bilayered

arrangement of Phyt, of 2.8 nm thickness [38].

2 3 4 5 678 90{1 2 3 4
a(d’)
Figure 1. Structural characterization of hydrophobic AuNPs and SPIONSs: (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 image is 50

nm.




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 then monitored with

SAXS (Figure 2a, 2b).
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Figure 2. SAXS of Phyt/H.O mesophases as the concentration (1x107°, 2x107, 4x10° per Phyt
molecule) of (b) AuNPs and (c) SPIONSs increases, compared to the SAXS profile of Phyt/H>O 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 nano-scale visualization of NPs encapsulated into the



bilayer. The blue amphiphiles sketch represent phytantriol molecules, red amphiphiles the oleic acid
and oleylamine molecules and the green ones dodecanethiol molecules.

It is well known that the binary system Phyt/H>0O with excess water at room temperature is a
Pn3m cubic mesophase, with the amphiphilic Phyt molecules assembled as bilayers folded in
a tridimensional cubic structure [39]. Accordingly, the Bragg peaks of the cubic phase are
clearly recognizable in the corresponding SAXS profile (Figure 2b, 2c¢, blue dashed lines).
Before discussing the phase behavior of hybrid NPs/Phyt systems, some consideration should
be made about the Phyt bilayer thickness as compared with NPs’ size. While the former is 2.8
nm[40], the overall sizes of magnetic and gold nanoparticles, considering their shell composed
by oleic acid (chain length 2 nm [41]) and dodecanethiol (1.4 nm [42]), are 7.6 nm and 5.8 nm
respectively. In the hypothesis of interdigitation between Phyt and the coating alkyl chains, it
is mainly the hynderence of NPs’ cores to determine a local perturbation in the bilayer (See the
sketch in Figure 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 SPIONSs dispersion. Therefore, to better compare Phyt/SPIONs and Phyt/AuNPs
data without coating effects, Phyt/ AuNPs samples were prepared 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 (see Materials and Methods
for details) results in a clear modification of the mesostructure. Even small amounts of NPs
(1x103 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 the Phyt/NPs SAXS profiles (see Figure 2b, 2c), without any significant shift of the
maximum, irrespectively of the amounts of NPs. To gain more insight on this effect, we
measured the SAXS profiles of dry NPs films (see Materials and Methods for details on
samples preparation). The dry AuNPs film (Figure 2b, red curve) exhibits a broad peak,

centered at 0.18 A-l, which perfectly matches the g-value of the extra-peak in the mixed



mesophase (see Figure 2b). The SAXS profile of dry SPIONs (Figure 2c, red curve) is
characterized by an intense peak (centered at 0.07 A™"), which is slightly shifted at higher
scattering 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 mesophases, as previously shown for similar systems in other
studies [13,43,44]. 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 the
neighboring NPs.

The shift of the correlation peak from 0.07 A-! (dry film) to 0.06 A"' (NPs inside Phyt) observed
for SPIONSs, 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
correlation 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 distance (6.5 nm) closely matches the nanometric organization of the mesophase.

Upon increasing the NPs amounts, a phase transition from cubic (Pn3m) to hexagonal (Hu)
phase is detected. In particular, at the lowest NPs amount (light blue lines, Figure 2b, ¢), both
mixed mesophases retain the Pn3m cubic structure; the intermediate amount of SPIONs (2x10
> NPs/Phyt, Figure 2¢, 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 (Figure 2b, green curve); finally, at
the highest amount of NPs (4x10- NPs/Phyt) (Figure 2b, ¢, yellow curve), both mesophases

are Hi. In a recent study we reported the same Pn3m-Hu phase transition induced by

10



hydrophobic SPIONs on GMO mesophases, ascribing it to the balance between free energies
of elastic curvature and frustration packing [27]. The results here gathered extend our previous
findings to a different lipid (Phyt vs GMO), additionally showing that the effect of the
hydrophobic nature of SPIONs and AuNPs is similar; 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 SPION:Ss, fully justifies the less pronounced phase transition of Phyt/AuNPs with respect to
the SPIONs mesophase with lower and intermediate amount of NPs. We can conclude that the
structural arrangement 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, leading to their preferential partition in the hydrophobic domains of the lipid
scaffold; (ii1) 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
scaffold [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 1x10- and varied the temperature from 25°C to 50°C,

to explore the thermotropic phase behavior of the hybrid mesophases (Figure 3).
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Figure 3. SAXS profiles of Phyt/H,O mesophases in the absence (a) and in the presence of (b, ¢) 1x10
5 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.

Figure 3a displays the profiles of the binary Phyt/H20 system in excess water, which shows
the characteristic Pn3m-Hu transition at 50 °C, in full agreement with the literature [40].

Upon loading the same number of SPIONs and AuNPs, (Figures 3b and 3c, 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 (Figure 3b, ¢ green curves). Therefore, the Pn3m-Hi transition
can be induced both by increasing the amounts of SPIONs and, at a fixed amount of SPIONs,
by raising the temperature up to a value which is considerably lower than the transition
temperature of binary phase. The correlation peak, observed for higher NPs concentrations
(See Figure 2), also appears increasing the temperature with the lower amount of nanoparticles
(Figure 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. Nevertheless, the present results

12



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 description, the nature

of the NPs core does not show major impact.

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 performed on the same hybrid mesophases.

Amplitude sweep measurements at a fixed frequency of 1 Hz and at T=25°C are shown in
Figure 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 liquid crystalline
mesophases are displayed as a function of the applied strain. The curves measured for the
hybrid Pn3m mesophase doped with 1x10-3 NPs per Phyt molecule (red markers, SPIONs in
Figure 4a, AuNPs in Figure 4¢) are compared to those measured for Phyt/H20O in the absence
of NPs (blue markers). Figures 4b, d show the profiles measured for hybrid Hi mesophases
doped with increasing amounts (light blue markers 2x10> NPs per Phyt molecule, green
markers 4x10~ NPs per Phyt molecule) of NPs (SPIONs in Figure 4¢c, AuNPs in Figure 4d).
It is known that different structural arrangements of liquid crystalline mesophases are
characterized by markedly diverse rheological responses [43,45]. 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/H2O system and for low NPs loading, the amplitude
sweep curves (Figures 4a, c) are characterized by the typical behavior of a 3D isotropic
network, with no preferential directionality, e.g., similarly to Xantan Gum [46] and PVA [47]-
based gels. In particular, G’ 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

13



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 [48,49].

As discussed in the previous section, NPs promote the Pn3m to Hi phase transition (see

Figure 2). The 1D-directional nature of the hexagonal phase, whose domains are able to align

along the shear direction [50], determines a very different behavior, with monotonic decrease

of both moduli with increasing strain (Figures 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 Hu), increasing the NPs number density does not have major

effects. This evidence also suggests an overall structural integrity of the mesophase, where

lipid assembly persists in the presence of NPs embedded in the hydrophobic domains.
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Figure 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 1x10° SPIONSs (a) and AuNPs (c)
per Phyt molecule; (b, d) Phyt/H,O Hy mesophase in the presence of 2x107 (light blue markers) and
4x107 (green markers) SPIONSs (b) and AuNPs (d) per Phyt molecule.

To gather additional insight into the flow behavior, we investigated the dependence of the
storage and loss moduli of the material on the frequency of the applied shear perturbation, by

performing frequency sweep measurements in the linear viscoelastic regime (strain 0.1%, see

Materials and Methods for details). The main results are reported in Figure 5.
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Figure 5. Frequency sweep curves measured at 25°C for: (a,c) Phyt/H20 Pn3m mesophase in
the absence (blue markers) and in the presence (red markers) of 1x10- SPIONs (a) and AuNPs
(c) per Phyt molecule; (b, d) Phyt/H20 Hu mesophase in the presence of 2x10- (light blue
markers) and 4x107 (green markers) SPIONs (b) and AuNPs (d) per Phyt molecule.

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 (Figures 5a, c¢) and Hu (Figures 5b,

d) mesophases. As a first observation, the transition from Pn3m to Hu induces a decrease of
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G’, highlighting the lower rigidity of the hexagonal phase [51,52], which can be again
attributed to the transition from a 3D-to-1D geometry, as confirmed by the trend of tand (tand
= G”’/G’) reported in the SI.

The Pn3m mesophases (Figure 5a, c) behave as a viscoelastic fluid: for ® > ®c (with ¢
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 ® < w.. Concerning
the Himesophase (Figure 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 mesophase, 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 (Figure 5a, red markers) and
AuNPs (Figure 5c, red markers), the crossover frequency between G’ and G’ is shifted to
lower o values. This effect is particularly 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 relaxation time (7,4, = 1/w,) 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. [45,53], the physical meaning of this relaxation time
Tmax =1/w. can be attributed 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 molecule through the hydrophobic/hydrophilic interface [53]. The 7,4, value

markedly increases in the presence of 1x10- NPs/Phyt, passing from 3.1 s to 10 s for AuNPs
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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 SPIONs coating agents in the
bilayer (added also to Phyt/AuNPs, to better compare the two systems, see SI for details), we
performed 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
compositional 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, the NPs affect the lattice parameter of the
mesostructure, shrinking the water channels. Since it has been reported [52] 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 composition to match the lattice parameter of NPs/Phyt (see SI). The
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 appreciate this point, the frequency sweep curves were
transformed in continuum relaxation spectra [45,52] (Figure 6, see SI for the different inversion
methods tested). The behavior of Pn3m cubic mesophases can be described with a monomodal
distribution of relaxation times: the main term is identified with the characteristic diffusion

time of lipids at the water-lipid interface, 1.e. T, -
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Figure 6: Viscoelastic relaxation spectra of Pn3m mesophases: Phyt/H,O (blue markers and line in
both plots), Phyt/SPIONs (cyan markers and line in (a)), and Phyt/AuNPs (cyan markers and line in

(b)).

With NPs, the relaxation mode distribution broadens and the spectrum complexity increases,
indicating higher polidispersity [52]. 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 interpreted in terms of the coexistence of lipids freely
diffusing at the lipid/water interface, with a slower relaxation time, i.e. 7,4, ascribable to a
hampered lipid diffusion at the NPs’ surface.

Interestingly, this is a similar effect highlighted through Fluorescence Correlation
Spectroscopy [54,55], for hydrophilic AuNPs interacting with free-standing lipid membrane.
Moreover, although the NPs’ diameter is comparable, the concentration identical and the
effects on phase behavior similar (as highlighted from SAXS measurements), the addition of
SPIONS is related to a significantly higher 7,4, value with respect to AuNPs (9.1 s vs 37.9s),
as the comparison between Figure 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,

18



therefore hinting to a “core” effect in the viscoelastic response. A working hypothesis is that
the long-range dipolar interaction between the SPIONs, which are absent in the AuNPs-doped
systems, act as a structuring factor on the material, increasing the elastic over viscous response
of the material upon the applied stress. This stiffening effect likely originates at the nanoscale
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 (Figure 6b, light blue dashed line), SPIONSs 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 consistent 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 significantly more pronounced for SPIONSs, evidencing possible long-range dipolar
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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 affecting 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) seem 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, disclosing new fundamental knowledge for future biomedical

applications.
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