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Soft mesoporous hierarchically structured particles were created by the self-assembly of an amphiphilic
deep cavitand cyclodextrin BCD-nCyo (degree of substitution n = 7.3), with a nanocavity grafted by
multiple alkyl (Ci9) chains on the secondary face of the BCD macrocycle through enzymatic
biotransesterification, and the nonlamellar lipid monoolein (MO). The effect of the non-ionic dispersing
agent polysorbate 80 (P80) on the liquid crystalline organization of the nanocarriers and their stability
was studied in the context of vesicle-to-cubosome transition. The coexistence of small vesicular and
nanosponge membrane objects with bigger nanoparticles with inner multicompartment cubic lattice
structures was established as a typical feature of the employed dispersion process. The cryogenic
transmission electron microscopy (cryo-TEM) images and small-angle X-ray scattering (SAXS) structural
analyses revealed the dependence of the internal organization of the self-assembled nanoparticles on
the presence of embedded BCD-nCyo deep cavitands in the lipid bilayers. The obtained results indicated
that the incorporated amphiphilic BCD-nCyo building blocks stabilize the cubic lattice packing in the
lipid membrane particles, which displayed structural features beyond the traditional CD nanosponges.
UV-Vis spectroscopy was employed to characterize the nanoencapsulation of a model hydrophobic
dimethylphenylazo-naphthol guest compound (QOil red) in the created nanocarriers. In perspective, these
dual porosity carriers should be suitable for co-encapsulation and sustained delivery of peptide, protein
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Introduction

Biocompatible mesoporous hierarchically ordered nanoassem-
blies are highly desirable for modern applications involving
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multi-material building blocks."™ Among them, liquid crystal-
line structures display considerable advantages for the transport
and delivery of diverse kinds of active molecules and pharma-
ceuticals.®™"" Soft porous nanocarriers with tunable properties
may be easily fabricated by the self-assembly of lipids and
amphiphiles of appropriate chemical structures and function-
alities.">™® The nanoporous organization of the carriers may be
particularly efficient for encapsulation and protection of fragile
hydrophobic guest molecules of various dimensions."
PEGylated and sterically stabilized cubosome, hexosome
and spongosome liquid crystalline carriers formed upon hydra-
tion of nonlamellar lipid mixtures have demonstrated high
capacity for entrapment of protein, DNA and siRNA therapeutics
as well as of small molecular weight compounds.>®'" The
aqueous channel networks in the cubosome carriers govern
the molecular uptake and diffusion of hydrosoluble guest
entities.”'* " Depending on the amphiphilic composition, cubic
lattice parameters of the mesostructures have determined nano-
channel diameters in the range between 2 and 7 nm.*'*™** The
release of encapsulated molecules may occur in a controlled
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manner as a function of the internal structural organization of
the nanocarriers."*'%'* Lipid-membrane based nanochannelled
carriers (e.g. cubosomes and spongosomes) have been used for
the solubilization of hydrophobic guest compounds as well.
Entrapment efficiencies of up to 95% have been reported for
bioactives of rather low aqueous solubilities.">*°?

Besides nanochanneled lipid-based carriers, nanoporous
materials shaped as nanosponges have been fabricated from
B-cyclodextrins (BCDs)."” Cyclodextrin nanosponges and
cyclodextrin-based hybrid assemblies have shown interesting
properties for multi-drug delivery, which may combine bio-
actives exerting additive therapeutic effects."®>* In these
studies, the affinity of the drugs for the CD nanocavity has
been of crucial importance for the inclusion complexation in a
nanostructured environment.’®!° In addition, the encapsula-
tion capacity of the carriers for hydrophobic drugs might be
limited by the size of the BCD nanocavity, which is around
0.8 nm (ESI,} Table S1).

Engineering of the primary and/or the secondary faces of
native CD macrocycles has been performed through enzymatic
biotransesterification or by chemical modifications towards fabri-
cation of novel kinds of amphiphilic CD nanostructures.”>* It has
been shown that CD deep cavitands of amphiphilic nature may
self-assemble into nanoparticles alone or in combinations with
other amphiphiles.'®**>° Deep cavitand building blocks easily
formed mixed nanoassemblies with lipids.'®*** Nanostructured
supramolecular CD scaffolds have been studied in diverse nano-
medical applications aiming at targeting of the blood brain barrier
(BBB), healing of neurodiseases, gene transfection, gene silencing,
phototherapy, and transport of anti-cancer drugs.'*243>

Recently, self-assembled nanocarriers of dual porosity type
have been designed through encapsulation of membrane barrel
proteins, such as the porin OmpF, in an inverted hexagonal
liquid crystalline lipid phase.> The latter involves hexagonally-
packed aqueous tubes surrounded by lipid monolayers. The
water-filled pores, engineered via the OmpF barrels in the lipid
phase, are characterized by a diameter of around 1.1 nm. Low
OmpF amounts of 0.24 and 0.5 wt% have been sufficient to
induce the formation of perforated mesophases in the mono-
linolein-tetradecane-OmpF system and to modify its transport
properties.>?

An alternative possibility to augment the nanoporosity of the
lipid carriers is to employ deep cavitand vase-like molecules'®* and
nanoarchitectonics and interfacial engineering principles.**~**
Embedded deep cavitands may control the entrapment of large
hydrophobic molecules in the generated multicompartment
host lipid assemblies. Thus, the inclusion of deep-cavitand
building blocks (Fig. 1) in amphiphilic nanocarriers may
enhance the stability of encapsulated fragile hydrophobic mole-
cules, and in some cases, their photophysical properties.*** It
may be suggested that supramolecular lipid/cyclodextrin assem-
blies will be excellent systems for solubilization and protection
of unstable drugs. As a matter of fact, controlled drug delivery
systems, used for co-delivery or for multi-drug delivery, can
strongly improve the therapeutic outcomes through synergistic
effects.*>®
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Fig. 1 Schematic presentation of a vase-like deep cavitand amphiphile
(left) and the actual chemical structure of the amphiphilic biotransester-
ified cyclodextrin derivative BCD-nC,o (MW 2266; the degree of substitu-
tion of the cyclodextrin ring by decanoate chains n = 7.3) studied in this
work (middle). (Right): Inclusion of a fragile hydrophobic guest molecule in
the deep cavitand space. The cyclodextrin cage may impart porosity to
host lipid membranes.

The present work employs CD-driven amphiphile nano-
architectonics to design nanocarriers of soft nature through
the self-assembly of the nonlamellar monoglyceride lipid
monoolein (MO) and the vase-like deep cavitand derivative
BCD-nCyo (Fig. 1). Deep-cavitand amphiphilic CD building
blocks BCD-nCyo (n = 7.3), produced by enzymatic bio-
transesterification,?®” are incorporated into self-assembled
membrane-type particles of MO. The lyotropic lipid MO dis-
plays rich liquid crystalline phase behaviour upon swelling
in the aqueous phase.*® Its dispersed state involves multi-
compartment nanoparticles (stabilized by surfactants), in
which guest compounds may be entrapped in the lipid bilayers
or in the aqueous channels. The incorporation of a poly-
substituted vase-like cyclodextrin BCD-nC,, (with a hydrophobic
deep cavitand space serving as an entry compartment in front
of the cyclodextrin nanocavity) (Fig. 1) may be expected to
contribute to additional compartmentalization of these self-
assembled nanocarriers. Polysorbate 80 (P80) was chosen as a
dispersion agent and a stabilizer of the generated nanoparticles
because it may impart them both stealth and non-haemolytic
properties.”>**® Dual loaded nanocarriers were prepared
through encapsulation of Oil red (a model water-insoluble drug
compound with interesting photophysical properties) in
BCD-nCyo-functionalized lipid membrane nanoassemblies
(see the chemical structure of Oil red [1-[2,5-dimethyl-4-(2,5-
dimethylphenylazo)phenylazo]-2-naphthol] in ESI} Fig. S1). The
obtained blank and nanodrug-loaded multi-material aqueous
dispersions were investigated by cryo-transmission electron
microscopy (cryo-TEM) imaging, small-angle X-ray scattering
(SAXS), quasi-elastic light scattering (QELS), optical density
(OD) measurements, and UV-Visible spectroscopy.

Results and discussion

To our knowledge, the organization of nonlamellar lipid
membrane particles embedding amphiphilic deep cavitand
compounds such as enzymatically-produced polysubstituted

This journal is © The Royal Society of Chemistry 2016
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vase-like CDs has not been previously studied. In a first step
toward that aim, we prepared self-assembled mixtures of the
amphiphilic deep cavitand BCD-nC,, (degree of substitution
n = 7.3) and the monoglyceride lipid MO, at different molar
proportions, in order to establish the compositions corres-
ponding to optically isotropic cubic mesophase assemblies
with yet flexible lipid membrane interfaces (see ESIt Fig. S2).
Taking into account the hydrophobic nature of the investigated
vase-like deep cavitand BCD-nCy, (Fig. 1) and its capacity to
rigidify the lipid bilayers with a tendency for segregation above
a threshold concentration,>** we moderately functionalized the
bicontinuous cubic membrane of MO by 4 mol% of BCD-nC;,.
This approach aimed at avoiding the phase separation between
the amphiphilic CDs and the lipid components.

A cross-polarized optical microscopy (POM) image of the
non-dispersed MO/BCD-nC;, mixed membrane was obtained
(ESIT Fig. S2). The micrograph showed homogeneous and
optically isotropic texture of the bulk phase sample studied in
the form of a thin liquid crystalline film under cross-polarized
light. It reveals that the incorporation of the high molecular
weight deep cavitand BCD-nC,, amphiphile, with a diameter of
the nanocavity of 0.8 nm, is compatible with the cubic nano-
channel network of the bicontinuous cubic MO membrane.

For nanoparticle preparation, the quantity of the P80 stabilizer
added was varied in the amphiphilic system in the sequence of 5,
10 or 15 mol% P80 at a fixed MO/BCD-nC,, content (equal to
4 mol% BCD-nC;, deep cavitands with respect to the nonlamellar
lipid MO). At this stage, the conditions for optimal dispersion of
the bulk liquid crystalline phase into nanoparticles stabilized by a
PEGylated corona of P80 were studied with the help of QELS.
Selected data from hydrodynamic particle size measurements are
shown in ESIt Fig. S3-S8 and also considered in Fig. 6. It is
interesting to note that the majority of the dispersions contained
two populations of nanoparticles, which corresponded to
coexisting vesicles and other types of liquid crystalline assem-
blies. Vesicular membranes are required for the formation of
cubic membrane particles (cubosomes).**** Our results indicated
that the inclusion of CD macromolecules favors the fraction of
the cubosome nanoparticles in the obtained dispersions.

The cryo-TEM images (Fig. 2-4) presented direct evidence
for the liquid crystalline topologies of the nanocarriers
produced at varying content of the PEGylated surfactant
(P80). They distinguished the nanocarriers of inner cubic lattice
organization and three-dimensional nanochannel topology.
Starting from the highest surfactant content of 15 mol% P80
in the self-assembled mixtures, we established that the 3D
bicontinuous cubic MO membrane is destabilized by the
included P80 due to a change in the curvature of the lipid/
water interfaces. At this relatively high surfactant content,
one expects fragmentation of the cubic nanostructure (under
physical agitation) into bilayer membrane building blocks,
some of which may close into spherical vesicles or nanoscale
objects of other topologies (Fig. 2). Generally, the incorporation
of large amounts of detergent in the 3D cubic membrane
causes its transformation into vesicular assemblies and inter-
mediate nanosponge-type assemblies.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Cryo-TEM image of self-assembled MO/P80/BCD-nC,o nano-
carriers containing a 4 mol% BCD-nC,o deep cavitand obtained upon
dispersion of the lyotropic amphiphilic mixture in the presence of a
15 mol% P80 surfactant agent with respect to the nonlamellar lipid MO.
The excess aqueous phase is Milli-Q water. The darks dots are contaminant
frost particles.

The cryo-TEM image recorded from the MO/15% P80/BCD-Cy,
system shows spherical, ellipsoidal and elongated-shape mem-
branes with single bilayer or double bilayer peripheries (Fig. 2).
Their coexistence with a number of tubular membranes
demonstrates the variation of the lipid bilayer curvature upon
the transformation of the highly curved 3D cubic lipid assembly
into lamellar membrane structures of several intermediate
shapes. The observed vesicular morphologies and elongated
shapes represent the stages of the solubilization of the periodic
bicontinuous cubic membrane by detergent P80. The corres-
ponding hydrodynamic nanoparticle diameters, determined by
QELS, are given in ESI{ Fig. S3 as raw data. They reveal a broad
distribution function of nanoparticle hydrodynamic diameters
during the cubic-to-lamellar bilayer transition induced by P80
at the studied concentration. Treatment of the data by a multi-
modal fitting of the particles populations yielded a bimodal
distribution as presented in ESI{ Fig. S4c.

It is noteworthy that the BCD-nC;, deep cavitand stabilizes
the formation of bimembrane and onion-type vesicles with
peripheries made of two or three lipid bilayers (Fig. 2 and 3C, D).
The generation of such precursors of multilamellar membrane
structures is favoured by the propensity of the deep cavitand
BCD-nC;, nanocavities to form dimers and columnar structures
across the adjacent lipid layers.>*® This structural effect may result
in additional layering and structuring of the BCD-functionalized
vesicular walls, which adopt a nanoporous organization.

At 10 mol% P80 added to the lipid phase, the blank MO/P80
assemblies displayed fluid membrane morphologies (Fig. 3A
and B). The cryo-TEM images established that the dispersion of
the bicontinuous cubic lipid membrane in Milli-Q water in the
presence of 10 mol% P80 results in vesicular and elongated
tubular membrane structures. The observed undulations of
the tubular aggregates manifest the dynamic character of the
dispersed amphiphilic system and the inhomogeneous distri-
bution of the interfacial curvature. Tubular membranes may
further break and rearrange into spherical vesicles (Fig. 3A).
Two populations of nanoparticles were identified from the

Soft Matter, 2016, 12, 7539-7550 | 7541
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Fig. 3 Cryo-TEM images of self-assembled MO/P80 and MO/P80/BCD-nCo nanocarriers (4 mol% BCD-nCyo deep cavitand content) produced
through dispersion using a 10 mol% P80 surfactant additive with respect to the nonlamellar lipid MO. (A and B) MO/10 mol% P80 assemblies; (C and D)
MO/10 mol% P80/4 mol% BCD-C,o assemblies. Aqueous phase: Milli-Q water.

QELS data (ESIt Fig. S4b). They apparently reflect the long-
itudinal features of the tubular membranes and the approxi-
mation of their shapes by equivalent spheres in the fitting
algorithm of the QELS software.

A quite dynamic nature of the membrane topologies was
also found for the MO/P80/BCD-C;, system containing 4 mol%
BCD-nC,, deep cavitands and 10 mol% P80 (Fig. 3C and D).
Vesicular membranes of single bilayer and double membrane
topologies were observed to coexist with small and medium-
sized cubosome particles. The incorporation of 4 mol%
BCD-nCy, deep cavitands in the nanostructured MO membrane
seems to compensate the effect of the modified interfacial
curvature provoked by the added surfactant (10 mol% P80).
Notably, BCD-nC;, exerts a structuring effect on the lipid
bilayers and shifts the phase equilibrium of the membrane
assemblies toward packing of lipid bilayers that induces the
nucleation and growth of a channel network system within the
functionalized particles. The mechanisms of generation and
growth of cubosome nanoparticles from membrane building
blocks and vesicular membranes have been addressed in detail
elsewhere.*”®1%° The result obtained here evidences that the
studied vase-like CD-nC;, amphiphile favours the cubic pack-
ing and ordering of the MO bilayers in cubosome-type carriers.

The dispersion and assembly of the monoolein membranes
in the presence of 5 mol% P80 yielded a bimodal size distribu-
tion by QELS (ESIt Fig. S4a). The latter corresponds to a
dynamic coexistence of nanocarriers of two major populations.
In accordance with the mechanisms of the vesicle-to-cubosome

7542 | Soft Matter, 2016, 12, 7539-7550

transition,*”**%1% the moderate QELS signal at Dy, ~ 80-150 nm
should be associated with the presence of bilayer membranes,
whereas the larger QELS signal may be attributed to bigger
nanoparticles (D, ~ 250-500 nm) with a dense inner membrane
organization (ESIt Fig. S5).

The cryo-TEM images (Fig. 4) confirmed the presence of
two main nanocarrier populations in the dispersed system
(ESIt+ Fig. S4 and S5). The images in Fig. 4A and B show that
the dispersion of blank nanocarriers MO/P80 (5 mol% P80)
comprises small vesicles and nanosponge particles, which
coexist with small cubosomal intermediates. The cubosome
fraction considerably increases upon the inclusion of 4 mol%
BCD-nC;, deep cavitands in the lipid phase (Fig. 4C). In the
dispersion system MO/5% P80/BCD-C;y3, the MO/BCD-nCy,
bicontinuous cubic membranes become highly ordered with
no evidence for phase separation of the deep cavitand mole-
cules into detectable clusters within the nanoassemblies.

The fast Fourier transforms (FFTs) of the projected planes
of the cubosomes in the cryo-TEM images (Fig. 4C) revealed
well-defined cubic packing and two kinds of periodic structures
within the cubosome particles. FFT patterns characteristic of
primitive cubic and double diamond lattice symmetries were
identified. The coexistence of two cubic lattices evidences the
mixing events of the deep cavitand amphiphile with the host
nonlamellar lipid in the bicontinuous cubic membrane at the
studied composition (4 mol% BCD-nCy,). In fact, the critical
packing parameter of the poly-substituted cyclodextrin with
anchored decanoate chains is around 0.9, which defines a

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Cryo-TEM images of self-assembled MO/P80 and MO/P80/B-CD-
nCjyp nanocarriers obtained upon amphiphile dispersion in the presence of
a 5 mol% P80 surfactant stabilizer with respect to the nonlamellar lipid MO.
(A and B) MO/5 mol% P80 assemblies; (C) MO/5 mol% P80/4 mol%
BCD-Cyp assemblies. Insets: FFT spectra of the regions indicated by arrows.
Aqueous phase: Milli-Q water.

propensity for a lamellar phase formation.>** Therefore, homo-

geneous mixing of BCD-nC,, with the nonlamellar lipid MO
should decrease the overall curvature of the amphiphilic cubic
membrane. The cryo-TEM images reveal that the inclusion of
the deep cavitand BCD-nCy, in the mixed lipid membrane leads
to the formation of a primitive type Im3m cubic structure,
which is of less negative curvature as compared to that in the
initial double diamond type Pn3m cubic lattice. The Pn3m cubic
structure is typical for MO lipid self-assembled in the excess
aqueous phase. Therefore, the excess MO phase, which does
not accommodate deep cavitand PCD-nC;, molecules, may
preserve liquid crystalline domains of a double diamond
(Pn3m) inner cubic membrane packing in the generated self-
assembled particles.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Synchrotron small-angle X-ray scattering (SAXS) patterns of (A)
MO/P80 (5 mol% P80) and (B) MO/P80/BCD-nCyo (5 mol% P80; 4 mol%
BCD-Cy deep cavitand) nanocarriers in the presence (red curves) and
absence (blue curves) of loaded hydrophobic guest substance Oil red (OR)
at 25 °C. For the purposes of the parallel quantitative spectroscopic
determination of nanodrug loading in MO/P80 and MO/P80/BCD-nCyq
nanocarriers, the content of OR was set at 1 mol% with respect to the
nonlamellar lipid MO. The g2 vs. g plot is included in (A). The indexing of
the positions of the Bragg peaks corresponding to a primitive Im3m cubic
lattice structure induced in the host double diamond bicontonuous Pn3m
cubic lattice are denoted by colour bars in (B). These SAXS curves were
fitted in (C) by a combination of overlapping Bragg reflections with a
dominant contribution from Im3m peaks for the studied dispersions of
cubosome particles using the Garstecki—Holyst model.**

Homogeneously dispersed MO/P80 or MO/P80/BCD-nC;q
nanocarrier systems were analyzed by synchrotron small-angle
X-ray scattering (SAXS). Fig. 5A presents the SAXS curves for the
MO/P80 nanocarriers containing a 5 mol% P80 surfactant.

Soft Matter, 2016, 12, 7539-7550 | 7543
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The SAXS patterns recorded in the absence of deep cavitands
in the nanocarriers display scattering of dispersed mem-
branes rather than Bragg reflections of a periodically ordered
cubic lattice. The comparison of the scattering of a smooth
surface (~ g~ %) with the obtained shape of the scattering curve
in Fig. 5A indicated that the studied particles are different
from noninteracting membranes. The bilayer membranes
appear to fold into precursors of cubosome structures asso-
ciated with small peaks at g = 0.05-0.09 A™". This is consistent
with the tendency for the formation of porous interfaces of the
nanoparticles (cubosomes), which are stabilized by PEGylated
shells of P80. In addition, no oscillation profile typical for
monodispersed population of particles was observed. Such
patterns have also been obtained for cubosomal intermediates
(of diameter Dy, below 100 nm), which have been produced
through sonication in an ice bath.3?:°%8¢

The addition of 4 mol% PBCD-nC,, deep cavitands to these
assemblies transforms their inner organization into a more
ordered structure of cubic lattice lipid membrane packing.
Fig. 5B shows that the long-range order in the nanoparticles
functionalized by amphiphilic cyclodextrin may be character-
ized by two sets of Bragg peaks. A primitive cubic lattice Im3m
(Q**°) was identified from the sequence of peak positions
spaced in the ratio (/2:./4:./6:/8:/10:,/12:/14:/16:
etc. and having a first Bragg peak centred at ¢ = 0.058 A"
The lattice parameter of the Im3m cubic structure was equal to
a(Im3m) = 15.3 nm. We suggest Bragg peaks indexing with
coexisting primitive cubic Im3m and double diamond biconti-
nous cubic Pn3m phases. Our SAXS fitting analysis failed to
index the obtained patterns by the presence of the primitive
only cubic phase in the samples. Fig. 5B demonstrates that
there is an overlap of the peaks of the Im3m and Pn3m cubic
phases. The primitive cubic Im3m structure appears to be the
dominant cubic phase in the obtained mixed assemblies. It
displays stronger Bragg peaks in the SAXS patterns (see the
peaks fitting in Fig. 5C). A double diamond Pn3m (Q***) phase
is also present although in a smaller percentage (less intensive
reflections) as revealed by the performed peak fitting. In bulk
lipid structures, the double diamond bicontinuous cubic phase
Pn3m shows at least three clear strong peaks with decreasing
intensity. They belong to the sequence of Bragg reflections with
maxima spaced in the ratio (/2:./3:./4:/6:,/8:,/9:,/10:
/12 etc. In Fig. 5B, this series of Bragg diffraction peaks has
an onset at ¢ = 0.088 A~ and a cubic lattice parameter a(Pn3m) =
10.1 nm. Therefore, the data in Fig. 5B reveal that the fCD-nC,,
deep cavitands induce structural order in the MO/P80 liquid
crystalline assemblies and contribute to ordering and packing
of the vesicular bilayers into cubic membranes of nonswollen
channels (diameter ~4 nm). This effect results from the
integration of BCD-nC;, into the hydrophobic regions of the
lipid membranes. The involved mechanisms are likely related
to (i) hydrogen bonding interactions at the lipid/water inter-
faces and (ii) the capacity of the CD nanocavities to form
interlayer dimers, which may favour the lipid membrane
fusion into nonlamellar supramolecular structures of nano-
channel type.*”%¢
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It should be noted that in a diluted dispersed system of lipid
nanoparticles with an internal periodic structure, the detected
Bragg peaks in the SAXS patterns are getting less intense and
their number is considerably reduced with regard to that for
bulk lipid cubic phases. Dispersions of cubosome particles
usually display about three clear Bragg peaks for which the
peak assignment may be speculative when the size of the
cubosomes is small. The observation of more than three peaks
is challenging as the number of cubic lattices inside small
cubosome particles is largely insufficient to provide strong
reflections in the SAXS patterns. The general features of SAXS
patterns of dispersed small cubosome particles, including peak
broadening and reduction of the intensity of the smeared peaks
as influenced by nanochannel hydration, have been previously
discussed in the literature.”*** Dispersions of cubic nano-
particles with small water channel diameters normally produce
SAXS patterns with more clearly defined Bragg peaks and with
higher intensities as compared to those for cubosomes with
swollen channels.'*

Fig. 5C gives further evidence for the presence of coexisting
cubic phases in the mixed self-assembled MO/P80/BCD-nC;,
systems. The obtained value of the mean bilayer thickness was
3.4 nm based on the Garstecki-Holyst fitting model.*' Thus,
both structural methods (cryo-TEM and SAXS) confirmed that
the deep cavitand BCD-nC,, incorporated into the nonlamellar
lipid membrane induces the formation of a primitive cubic
lattice Im3m structure of a mixed amphiphilic composition.
Owing to the fact that the amphiphilic BCD-nC,, component is
in a deficiency in the nanoassembly, full transformation of the
double diamond Pn3m type cubic lattice (typical for the MO
nanocarriers) into Im3m cubic structures of a mixed lipid
composition does not occur. The host MO membrane, char-
acterized by Pn3m diamond type liquid crystalline structure,
seems to saturate by deep cavitand BCD-nCy, in the generated
nanoparticles.

In subsequent experiments on model drug nanoencapsula-
tion, the amphiphilic MO/P80/BCD-nC;, mixtures were loaded
with varying quantities of Oil red up to the saturation limit,
where phase separation into microscopic clusters occurred.
Fig. S2B in the ESI{ presents a microscopy image of Oil
red-loaded MO/P80/BCD-nC,, system (15 mol% OR), in which
the excess nonsolubilized hydrophobic guest compound OR is
segregated into visibly large areas of microscopic sizes. The
performed optical microscopy and optical density (OD) inves-
tigations allowed us to determine the concentration range of
the components, which would be of interest for the fabrication
of homogeneous aqueous dispersions of MO/OR/P80/BCD-nCy,
nanoassemblies.

We found that the lipophilic OR encapsulated in the apolar
compartments of either MO/P80 or MO/P80/BCD-nC,, carriers
did not influence their overall structural organization. Non-
loaded and OR-loaded nanocarriers showed similar structural
characteristics in the SAXS patterns (Fig. 5A and B, blue and red
plots, respectively). It may be suggested that the lipophilic OR
molecules are homogeneously distributed within the lipid
membranes of the liquid crystalline nanocarriers.

This journal is © The Royal Society of Chemistry 2016
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For the dispersed systems investigated here, quantitative
results on nanodrug encapsulation (directly measurable by
UV-Visible spectroscopy) were obtained for concentrations of
the model compound in the range from 0.5 to 2 mol% OR with
respect to the nonlamellar lipid MO. Under these conditions,
no dye aggregation was detected. UV-Visible spectra of Oil red
at variable dye concentrations were acquired for the MO/P80
and MO/P80/BCD-nC;, nanoparticulate systems characterized
above by SAXS and cryo-TEM. The same systems were studied
by QELS as well. The analysis of the mean hydrodynamic
particle sizes of the blank and OR-loaded nanocarrier popula-
tions (Fig. 6 and ESIf Fig. S7, S8) demonstrated consistent
behaviour with the presented structural data.

The QELS results evidenced bimodal hydrodynamic size
distributions in the MO/P80/OR and MO/P80/B-CD-nC;,/OR
systems corresponding to coexisting populations of small and
large nanoparticles of vesicular membrane and cubosomal types,
respectively (Fig. 6). Based on the nanoparticles scattering

Intensity (%)
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Fig. 6 (A) Quasi-elastic light scattering (QELS) results showing a bimodal
distribution of hydrodynamic particle diameters in MO/P80/BCD-nCyq
dispersed systems loaded with Oil red (OR). (B) Dependence of the
hydrodynamic diameters on the molar content of OR. The OR content
in the mixed amphiphilic films used for nanocarrier preparationis 0.5, 1, 1.5
and 2 mol% with respect to MO. The triangles indicate the MO/P80/
BCD-nCyq systems, whereas the circles correspond to MO/P80 systems
lacking B-CD-nCyo. The two populations of nanoparticles may be attributed to
small cubosomal intermediates and vesicular membranes (D, ~ 80—-120 nm)
(blue and green symbols), which coexist with well developed liquid crystalline
cubic lattice assemblies (cubosomes) of Dy, ~ 250-500 nm (red symbols).
Aqueous phase: Milli-Q water.
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intensities, these data revealed that the inclusion of BCD-nCy,
deep cavitands in the lipid membranes increases the fraction of
the cubosome assemblies, at the expense of small vesicular
membranes, independent of the uploaded OR substance.

The encapsulation of OR occurred in the nanocarriers both
in the presence and absence of deep cavitands. It may be
suggested that the OR loading is supported by all populations
in the studied dispersions (cubosomes, vesicles, and nano-
sponges) as they are built-up by lipid bilayers embedding the guest
hydrophobic substance. The OR-loaded BCD-nC;y-containing
particles (D, ~ 250-500 nm) appear to be bigger as compared
to the OR-loaded vesicles (a population of D;, ~ 80-150 nm
detected by QELS). Under these circumstances, it may be expected
that the aqueous dispersions containing a greater number of
cubosomes of larger sizes might encapsulate more OR guest
molecules in the formulation. Generally, the internal cubic
membrane, accommodating the hydrophobic model drug, will
be better elaborated in large cubosome particles in comparison to
the one in single bilayer vesicles. The optical density curves of the
blank MO/P80/BCD-nC,, and MO/P80 nanocarriers, yet unloaded
by OR, demonstrated that the turbidity of the MO/P80/BCD-nC,
particle dispersion is higher than that of the initial MO/P80
dispersion (Fig. 7). This also confirms the more densely packed
inner organization of the carriers and/or bigger nanoparticle sizes
in the case of the BCD-nC,, functionalized nanoassemblies.

The nanoencapsulation of Oil red (OR) was studied in self-
assembled MO/P80/B-CD-nC;, and MO/P80 nanocarriers by

A OR
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- 4 - 1.5 mol%
S 3 3- L.0mol%
o 2 - 0.5mol%
c 2 0 mol%
1
o T T T 1
200 400 ) (nm) 600 800
B
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=3 | 4-
5_ 3. 1.0mol%
o 5 | 2. 0.5mol%
°© 0 mol%
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1
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Fig. 7 Optical density (OD) plots derived from recording of UV-Vis
spectra of Oil red (OR) solubilized in aqueous dispersions of MO/P80
and MO/P80/BCD-nC;q nanocarriers. The dispersed systems are prepared
from mixed films containing 0.5, 1.0, 1.5 and 2 mol% OR with respect to the
nonlamellar lipid MO. Temperature is 25 °C. Aqueous phase: Milli-Q water.
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Fig. 8 Comparison of the UV-Vis spectra of Oil red (OR) solubilized in

organic solvents of variable polarities (1. water, 2: chloroform; 4: ethylene

glycol, 5: ethanol, 6: acetonitrile) with that of OR in amphiphilic nano-

assemblies constituted of monoolein (MO), polysorbate 80 (P80) and

B-CD-nCyq (3: MO/P80/B-CD-nCyq) after subtraction of the nano-objects

scattering. The concentration of Oil red in the organic solutions is 0.04 mM.
Temperature is 25 °C.

optical density (OD) measurements and UV-Visible spectro-
scopy (Fig. 7). The lipophilic Oil red compound was completely
insoluble in the aqueous phase as confirmed by the OD
measurements. Its UV-Vis spectra were recorded upon solubili-
zation in nanoassemblies with polysorbate P80 and in different
organic solvents (Fig. 8). They revealed two major absorption
bands with wavelength maxima (4,.x) at 359 and 516 nm and a
notable absorbance at 280 nm. The dye was characterized by
high molar extinction coefficients in organic solvent. A molar
extinction coefficient ¢og = 26994 L mol ! em ™! was determined
for OR in ethanol solution at Ay, = 516 nm (ESIT Fig. S9).

The OD plots and UV-Vis spectra of OR in MO/P80 and
MO/P80/B-CD-nC,, nano-objects presented in Fig. 7, together
with the results in ESIt Fig. S9-S11, were used for the quanti-
fication of the encapsulation efficiency in the cubosome nano-
carriers with the help of an established protocol.*> OR-loaded
nanoparticles were dissolved in organic ethanol medium and
the solution concentration was quantified using a standard
curve. Towards treatment of the OD data of the MO/P80 and
MO/P80/B-CD-nC,, dispersions, the scattering background of
the nano-objects was subtracted from the OD values through
fitting by a power function in the wavelength region where OR
does not have an absorption band (600-800 nm). Thus, the OR
loading was evaluated from the fitted curves derived from Fig. 7
at the wavelength of maximal absorption and minimal turbidity.
The scattering of the nano-objects was excluded from the optical
signal. The wavelength of maximum absorption of OR formulated
in nanoparticle dispersions was determined to be . = 524 nm,
whereas its /max Was 516 nm in the organic solution (ethanol).
This result, demonstrating the environmental sensitivity of the OR
spectral response, suggested that the hydrophobic dye was solu-
bilized in the lipid membranes of the studied self-assembled
nanocarriers. The molar extinction coefficients of nanoencapsu-
lated OR were estimated from the OD values determined at A, =
524 nm in the presence and absence of deep cavitands -CD-nCyq
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for the four different amounts of entrapped OR. The similarity of
the values &, = 18450 4 100 L mol~ " em™ " (OR/MO/P80 nanodrug
formulation) and &, = 17680 + 100 L mol ' cm™"' (OR/MO/P80/
B-CD-nC,o nanodrug formulation) indicated the preservation of
the nanostructured environment of the OR chromophore in the
two kinds of nanocarrier systems. Nevertheless, one can notice a
slight difference provoked by the presence of -CD-nC;4, which
suggests that the local environment of the guest probe is modu-
lated by the molecular composition of the host assemblies. The
presence of the amphiphilic cyclodextrin (4 mol%) in the nano-
assemblies did not dramatically influence the local environment
polarity of OR in the mixed membranes. At variance, the quanti-
tative estimations (based on Fig. 7 and ESI Fig. S10, S11) revealed
that BCD-nC,, increases the affinity of OR for the lipid environ-
ment. For example, analytical determinations performed at
1.5 mol% OR in the mixed films allowed estimating that 80% of
the initially introduced OR in the mixed membrane films is stably
incorporated in the nanodrug-loaded carriers after sonication of
the MO/P80 dispersions. Interestingly, this percentage increases
to 91% for the MO/P80/B-CD-nC,, assemblies. This may indicate
that the obtained self-assembled nanocarriers are highly efficient
for hydrophobic nanodrug encapsulation and transport.

Conclusion

In therapeutic innovation, the encapsulation efficiency is a
major challenge and requires the design of novel drug delivery
systems. Different kinds of supramolecular assemblies (lipo-
somes, micelles, polymeric nanoparticles, etc.) have frequently
been compared as carriers for solubilization of insoluble com-
pounds of therapeutic interest. Cyclodextrin nanosponges and
supramolecular scaffolds have attracted considerable interest
recently in drug delivery applications.

In our work, BCD-nC,, deep cavitand building blocks were
used to generate liquid crystalline multicompartment nano-
carriers comprising dual porosity. A typical feature of the
proposed monoolein/BCD-nC;, nanoparticle assemblies is the
dynamic nature of the dispersed system forming cubosome
structures at ambient temperature. After sonication, the 3D
cubosomal assemblies coexist in the dispersion with a popula-
tion of vesicular bilayer membranes. The deep cavitand
BCD-nC,, inserts in the lipid bilayers and stabilizes the cubosomal
nanoparticle population. The quantity of CD-nC;, embedded in
the membranes controls the formation of multicompartment
nanocarriers through a shift of the vesicle-to-cubosome phase
transition in favour of the cubic lattice nanoassemblies.

The cryo-TEM images and SAXS analyses established that
the BCD-nC,, deep cavitands induce crystalline order in the
MO/P80 membrane assemblies. Both cryo-TEM and SAXS struc-
tural data revealed the formation of mixed lipid/BCD-nCy,
assemblies in which the deep cavitand favours the induction
of primitive Im3m cubic lattice packing. The established cubic
membrane structural organization of the nanocarriers suggests
that they might be excellent candidates for sustained release of
encapsulated fragile molecules. Quantitative determinations of

This journal is © The Royal Society of Chemistry 2016
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the nanoencapsulation of a model hydrophobic compound
(Oil red) demonstrated that the encapsulation efficiency for
the nanodrug may be as high as 91%. Further work will be
required to establish the actual role of the amphiphilic deep
cavitand BCD-nC,, in improving the capacity of the lipid
nanocarriers to solubilize hydrophobic small molecular weight
molecules.

Experimental section

Materials and sample preparation

Polysorbate 80 (P80) (MW 1310, CMC 0.012 mM) and mono-
olein (MO) (>99%, MW 356.54) were products obtained from
Sigma-Aldrich (St. Quentin Falavier). The amphiphilic cyclo-
dextrin B-CD-nC;, with a degree of substitution by decanoate
(C10) chains of n = 7.3 (determined by MALDI-TOF analysis) had
an average molecular weight MW of 2266 (batch LCH3-36). The
compound was produced through enzymatic transesterification
of B-CD with vinyl decanoate using thermolysin as a catalyzer as
previously reported.>”” The model hydrophobic compound
1-[2,5-dimethyl-4-(2,5-dimethylphenylazo)phenylazo]-2-naphthol
certified as a fat stain for microscopy of biological samples
under the name Oil red O (OR) (MW 408.49) was purchased from
Sigma-Aldrich (St. Quentin Falavier). Milli-Q water of resistivity
18.2 MQ cm (Millipore Co.) was used as the aqueous phase.

The organic thin film hydration method®”®? was used to
prepare MO/P80, MO/P80/OR, MO/P80/BCD-nC, and MO/P80/
BCD-nC;,/OR nanoparticles. In a preliminary study, the content
of the amphiphilic deep cavitand was varied from 1 to 10 mol%
BCD-nC,, and subsequently fixed to 4 mol% in this work. The
amphiphilic components and the Oil red dye were dissolved in
chloroform. Liquid mixtures were obtained by precise aliquoting
of calculated volumes of stock solutions of every constituent.
After mixing, the organic solvent was evaporated under the flow
of nitrogen gas and the obtained multicomponent organic thin
films were lyophilized overnight. The hydration of the films was
performed in excess of the Milli-Q water phase. For preparation
of nanoparticle dispersions (2 mL samples), the lipid concen-
tration was around 10 mg mL ™. The mixed films contained in
this case the surfactant P80 exerting the role of a dispersing
agent of the bulk liquid crystalline phase. Multiple cycles of
vortexing and ice bath sonication (Branson 2510) were applied to
ensure the homogeneity of the dispersed assemblies. The sam-
ples were kept at room temperature and investigated at 25 °C
after 10x dilution prior to optical measurements. For bulk
mesophase studies by POM, the thin film hydration was done
at the 50 wt% lipid phase in Milli-Q water (50/50 w/w).

Methods

Cryogenic transmission electron microscopy (cryo-TEM)
setup. For cryo-TEM imaging, a drop of nano-object suspension
(5-10 mg mL ') was deposited on a freshly glow-discharged
(easiGlow, Pelco) lacy carbon film (NetMesh, Pelco) supported
by a copper grid. The grid, held by tweezers, was placed in the
chamber of the fast-freezing Leica EM-GP workstation, where
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the relative humidity was kept at 85%. The excess liquid was
absorbed using filter paper and the grid was immediately
plunged into liquid ethane (—185 °C). It was then mounted
on a Gatan 626 specimen holder precooled with liquid nitrogen,
and transferred to the microscope. The samples were observed at
—176 °C, under low electron beam illumination, using a Philips
CM200 ‘Cryo’ transmission electron microscope operating at
80 kV. The images were recorded on Kodak SO163 films using
the “Low Dose” Philips procedure, which limits the radiation
damage in the region of interest prior to actual image recording.
The negatives were subsequently scanned by a planar scanner
and analyzed using Image J software.

Small-angle X-ray scattering (SAXS) setup. Small-angle X-ray
scattering experiments were performed at the bending magnet
beamline B21 at the Diamond Light Source synchrotron (Didcot,
UK). The X-ray wavelength and the sample-to-detector distance
were 0.1 nm and 3.9 m, respectively, corresponding to an
accessible g-range of 0.07 to 3.2 nm™'. The 2D SAXS patterns
were recorded using a high-sensitivity zero noise Pilatus 2M
detector having an active area of 254 mm x 289 mm, which was
divided into 1679 x 1475 pixels. The data acquisition sequence
was hardware triggered by a robotized injection device. Each
SAXS pattern was measured over 1 s. The incident and trans-
mitted beam intensities were recorded simultaneously with every
SAXS frame. After each data acquisition sequence, the obtained
2D images were corrected for the detector spatial response
function, and normalized by transmission. Normalized 2D pat-
terns were subsequently azimuthally averaged to obtain the 1D
scattering curves. Multiple patterns of the scattering background
from the quartz sample holder (1.6 mm capillary in vacuo) and
the solvent were measured and processed in the same way,
averaged, and subtracted from the acquired data using the
SAXS BL21 software. The model** of Garstecki and Holyst was
employed in the SAXS data fitting and determination of the
structural parameters of the lipid cubic structures.

Polarized optical microscopy (POM). The experimental setup
included a microscope Nikon Eclipse E600 equipped with a
polarizer and a Mightex Buffer USB camera (Mightex Systems).
Objectives with magnifications of x20 and x10 were employed.
Liquid crystalline samples were studied in the form of hydrated
thin organic films situated between two cover glass slides. The
cell, protecting the samples from dehydration, was inserted in a
temperature-controlled stage and examined under cross polar-
izers by POM.

Particle size measurements by quasi-elastic light scattering
(QELS). Hydrodynamic particle diameters were determined by
quasi-elastic light scattering. The measurements were per-
formed using a Zetasizer Nano ZS-90 instrument (Malvern)
equipped with a He-Ne laser (633 nm) with a power 5 mW. A
fixed scattering angle of 90° was employed. The measurements
were performed in triplicate for every sample after a 10x dilution
in MilliQ water of the stock nanoparticle dispersion (2 mL). The
temperature was 25 °C. The mean hydrodynamic diameters were
determined under approximation of the dispersed objects by
equivalent spherical shapes. The nanoparticle populations were
analyzed in the multimodal mode provided by the software of
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the Malvern apparatus. Reproducible results were obtained with
all kinds of investigated amphiphilic mixtures.

UV-Visible spectroscopy and optical density measurements.
Optical density (OD) and UV-Visible spectroscopy measure-
ments were performed using a Perkin-Elmer Lambda 35 double
beam UV-Visible spectrophotometer (Perkin Elmer, France).
The UV-Visible spectra of the dye Oil red (OR) were studied in
organic solvents, micellar solutions of P80, and in aqueous
dispersions of self-assembled nanocarriers. For optical density
measurements, the dispersions encapsulating OR were diluted
10 times in MilliQ water. The studied wavelength region was
200-800 nm. Optical density curves were acquired in the
presence and absence of OR dye in the systems. Nano-
assemblies MO/P80/OR/BCD-C;, of variable encapsulated
quantities of OR were examined at constant lipid and amphiphile
contents. The nanoparticle sizes were determined in parallel by
QELS. The MO/P80/OR/BCD-C,, dispersed systems of various
compositions were placed in 1 cm optical quartz cuvettes thermo-
stated at 25 °C. The molar extinction coefficients of OR were
determined either in ethanol solvent at a wavelength of 516 nm
or in nanoparticulate systems at a wavelength of 524 nm. The
encapsulation efficiency of OR was determined using an estab-
lished protocol*” based on spectral data recorded at different
OR contents.
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