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Nonlamellar lipid liquid crystalline (LC) bulk phases and dispersions
show promise as functional nanostructured materials for potential
use as controlled release matrices e.g. in pharmaceuticals. Herein,
methods for preparing and characterizing thin films of lipid liquid
crystalline phases on solid surfaces are presented. The thickness,
hydration phase structure and surface topography of spin-coated
films of mixtures of soy phosphatidylcholine and glycerol dioleate
are characterized by means of spectroscopic ellipsometry, small angle
X-ray diffraction and atomic force microscopy. Besides being useful as
bioadhesive drug delivery systems, the lipid nonlamellar LC films
produced may also be exploited as model surfaces for studying
properties such as bioadhesion and biodegradation.

Lyotropic nonlamellar lipid liquid crystalline (LC) phases, such
as cubic, hexagonal and sponge phases, have been recognized
as potential drug delivery and food nutrient carrier systems for
several decades.'” The three-dimensional nano-structured
framework of interconnected or discrete lipid and aqueous
domains allows for solubilisation of both hydrophobic and
hydrophilic substances as well as amphiphilic molecules, such
as peptides and small proteins.** Besides preventing rapid in
vivo biodegradation of sensitive pharmaceutical substances, the
LC structure can be designed to effectively restrict the diffusive
transport between the space divided nano-domains, providing
extended drug release profiles, largely controlled by biodegra-
dation.® Reversed hexagonal (H,) and cubic micellar (I,) phases
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have been found to be of particular interest for sustained
release drug delivery applications, where active pharmaceutical
ingredients are encapsulated in the lipid nanostructure,
featuring discrete aqueous domains.”® Furthermore, the H, and
I, phases are stable in excess of water and can be dispersed into
nanometer-sized colloidal particles, i.e. hexosomes and cubo-
somes.’ Thus, the nonlamellar liquid crystalline bulk phases
and dispersions offer promising and versatile drug delivery
systems also in terms of the route of administration. For
instance, the I, phase was proposed to be able to serve as an in
vivo drug reservoir'® and the liquid crystalline nanoparticles as
injectable drug carriers." The I, phase of soy phosphatidyl-
choline (SPC) and glycerol dioleate (GDO) has also been
demonstrated to have excellent mucoadhesive film properties
with an optimum lipid ratio of about 35/65 wt%/wt% SPC/GDO.
The mucoadhesive and protective properties of this lipid
mixture are exploited in episil®, a medical product for local
treatment of pain in patients with e.g. oral mucositis, a painful
and potentially treatment limiting side effect of chemotherapy
and radiotherapy in cancer patients.*

Various polar lipid and surfactant systems form reversed-
phase nonlamellar liquid crystalline structures.**'* However,
for drug carrier applications the system is ideally comprised of a
mixture of a lamellar (L,) phase forming lipid and a lipid that
forms structures with high negative curvature. Undesired phase
transitions can thus be counteracted by fine-tuning the lipid
ratio. Mixtures of GDO and SPC are known to form a variety of
different reversed LC phases. With increasing fractions of GDO,
H,, I, and L, and in some cases several intermediate phases are
observed in excess of water.” Liquid crystalline phases of SPC
and GDO have shown advantageous properties e.g. slow drug
release profiles and low haemolytic activity, compared to other
lipid systems.®*® Furthermore, the uncomplicated phase
behaviour of e.g. 35/65 wt%/wt% SPC/GDO upon hydration,
which directly forms a single cubic micellar (Fd3m)'"*° phase
from the L, phase,® is practically advantageous in many
applications.
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This communication concerns the controllable formation
and characterization of thin nonlamellar liquid crystalline lipid
films on a solid support. Such films can be useful as model
surfaces with tuneable properties for routine studies of e.g.
bioadhesion and biodegradation phenomena of the non-
lamellar LC phase. Interfacial vs. interior LC phase properties
can be investigated and a number of additional analysis
methods become available through surface sensitive tech-
niques. For instance, the supported lipid bilayer is a typical
example of a well-characterized biomimetic model of the bio-
logical cell membrane,* frequently used to study membrane
interactions.”” Fusion of lipid vesicles and transfer of lipid
monolayers from the air-liquid interface onto a solid surface
are standard procedures frequently used to prepare these lipid
films.”*** In spite of the importance of nonlamellar phases in
many biological systems,* so far only few studies of non-
lamellar lipid-aqueous layers formed by adsorption of discrete
nonlamellar particles have been reported.”**”

In this study we use spin-coating as an alternative technique
to prepare thin lipid films on solid surfaces.?® The formation of
lipid bi- and multilayers upon hydration of spin-coated films of
various lamellar-forming phospholipids on solid substrates was
previously reported.>** Herein, we describe the procedure of
spin-coating non-aqueous solutions of SPC and GDO to form
thin nonlamellar LC films with controllable properties both on
hydrophilic and hydrophobic (dimethyloctylchlorosilanized,
DMOCS) silica. The lipids (35/65 wt%/wt% SPC/GDO) were
mixed with small fractions of ethanol (EtOH) and propylene
glycol (PG) (85/10/5 wt%/wt%/wt% lipid/EtOH/PG) to reduce the
viscosity of the formulation and facilitate spreading during the
spin-coating procedure. Lipid formulation was added to cover
almost the whole substrate surface. Different spinning times
were used to prepare films of various thicknesses. After spin-
coating the film on the substrate, it was immediately immersed
in excess of deionized water, resulting in a negligible concen-
tration of ethanol and propylene glycol in the lipid film. The
formation of a lipid LC film was verified by spectroscopic
ellipsometry (SE), non-contact mode atomic force microscopy
(AFM) and synchrotron small angle X-ray diffraction (SAXD),
which provided information on the thickness, topography and
LC phase structure of the hydrated lipid film, respectively. A
thorough description of the lipid formulation and substrate
preparation, the experimental techniques and data analysis is
given in the ESL¥

The SE-data recorded in the 620-825 nm wavelength range
for a lipid LC film in water at room temperature (~22 °C) is
shown in Fig. 1A. The measured ellipsometric parameters, 4
and ¥, describe the change in the state of polarization upon
reflection of light to a sample surface in terms of phase shift
and relative amplitude change (see the ESIt for further details).
Single wavelength ellipsometry measurements show, as expec-
ted from theoretical modelling, that when the film thickness
reaches values at the same order of magnitude as the wave-
length of the light, 4 and ¥ oscillate with the film thickness.**
The period of the oscillations in 4 and ¥ depends on the
wavelength and SE measurements of thick films thereby giving
rise to 4 and ¥ oscillations with the wavelength, where the
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Fig. 1 (A) SE data (¥ (filled circles) and 4 (open circles)) of a 35/65 wt%/wt%
SPC/GDO film in water. The non-aqueous lipid film was spun for 20 s at 8000 rpm
and the model fit (lines) revealed a thickness of 5.6 um. (B) The thickness of lipid
LC films on hydrophobic (open symbols) and hydrophilic (filled symbols)
substrates in water as a function of spinning time as measured by SE.

period and amplitude allow for accurate measurements of the
thickness and refractive index.*® The thickness of the hydrated
lipid film was obtained by iteratively fitting an optical model to
the SE data (Fig. 1A) using a Marquardt least square algorithm.
A single optical layer representing the hydrated lipid LC film
gave good fit to the experimental data. The model lipid layer was
assigned to a refractive index (~1.465), typical for lipids,*
consistent with the Lorentz oscillator dispersion formula
(Fig. SI 1CT) with no absorption of light (k = 0) in the measured
spectral range. The fitted thickness of the hydrated lipid film on
both hydrophilic and hydrophobic substrates as a function of
spinning time is shown in Fig. 1B. Broadening of the interfer-
ence fringes (not shown) was observed for longer spinning
times, as the films got thinner. The thickness of the spin-coated
hydrated lipid LC films is highly reproducible and can be
controlled with great accuracy, by simply varying the spinning
time. The centrifugal force drives the lipid formulation radially
outward during spinning. Besides the spinning time and
velocity, the viscous flow and solvent evaporation are generally
the dominating factors, determining the final film thickness.*
A rapid decrease in film thickness was observed within the first
5-10 minutes of spinning on both substrates (Fig. 1B). On the
hydrophobic substrate, the film thickness decreased by 4.4 um
(from 5.6 to 1.2 pm) during the first 10 minutes, while the
thickness was only reduced by a further 0.7 pm during the
following 30 minutes of spinning. The initial rapid thinning of
the film (<~10 min) is suggested to reflect a period of solvent
evaporation, resulting in gradually increasing viscosity and
consequently reduced mobility of the lipid formulation. Upon
depletion of the solvent (>~10 min), the viscosity of the film
becomes constant. Indeed, the thickness of the film in the
region of constant viscosity can be fitted to be inversely
proportional to the square root of spinning time (not shown), as
expected from models of the spin-coating process.** The film
thickness appears to be independent of substrate properties
(Fig. 1B), demonstrating that the formulation bulk properties,
compared to formulation/substrate interfacial phenomena, e.g.
frictional force, control the final film thickness.

A 0.5 um thick hydrated lipid LC film was prepared on the
hydrophobic substrate, while the thinnest film thickness
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achieved on hydrophilic SiO, substrates was 2.5 pm. A longer
spinning time resulted in breakage (local de-wetting due to
autophobicity) of the non-aqueous lipid films.

Due to the nature of lipid LC phases, the hydrated lipid film
is expected to contain water. Thus, the fraction of H,O in the
film was fitted, using a refractive index of ~1.33 (Fig. SI 1C¥).
The fitted volume fraction of water (10-20%) in the lipid films is
in agreement with that expected for the fully hydrated bulk I,
(Fd3m) phase of SPC and GDO.*

It should be noted that a slow retraction of the intact non-
aqueous lipid film into one or several droplets occurred both on
the hydrophilic and hydrophobic substrates after completion of
the spinning. Autophobic properties of the non-aqueous lipid
formulation, i.e. adsorption of an oriented lipid monolayer at
the substrate, which reduces its surface tension below that of
the unorganized bulk lipid mixture, cause the surface dewet-
ting.** Indeed, hydrophobic surface characteristics, i.e. high
contact angle of an added H,O droplet, were observed in the
dried areas of the initially hydrophilic substrate. Moreover, a
thin layer (15-30 A) was measured by SE in the same regions in
air. This is consistent with the formation of a lipid monolayer
oriented with the polar lipid heads facing the hydrophilic
substrate. The kinetics of the dewetting process of the non-
aqueous lipid film is different on hydrophilic and hydrophobic
substrates, on which a droplet is formed after 2 minutes and
several hours, respectively. In all cases, immediate immersion
of the non-aqueous lipid film prevents the dewetting of the
surface as the lipids adhere to the substrate upon hydration.

The nanostructure of the thin hydrated lipid LC film (25 °C)
on mica was studied with synchrotron SAXD at beamline 1911-4,
MAX-lab (Fig. 2A and B). The relative positions of the 12 Bragg
reflection peaks detected, i.e. /3, v/8, V11, /12, 4/16, 19, /24,
V27, \/32, /44, /48, and /51, were indexed as the reflections
from a face-centred cubic micellar (I,) phase of the Fd3m space
group (Fig. 2B). The structure observed for the 35/65 wt%/wt%
SPC/GDO bulk phase (Fig. SI 2t) is thus preserved also in the
thin film. Furthermore, the 2D detector image (Fig. 2A) shows
distinct diffraction intensity spots rather than continuous
centrosymmetric circles expected for a polycrystalline bulk
phase. This testifies an oligocrystalline structure with a limited
number of monocrystalline domains, as expected for LC phases
with restricted spatial expansion. This strongly supports that
the diffraction pattern does originate from the thin film and not
from liquid crystalline structures dispersed in the H,O phase in
the SAXD sample cell. The repetitive distance of the I, phase, the
lattice parameter (15.7 nm), is similar to that measured for the
bulk LC phase (15.25 nm). The lipid LC films prepared in this
study, with thicknesses ranging from 0.5 to 5.6 um (Fig. 1B), are
thus between 30 and 360 repetitions thick.

The micro-structured surface topography of the lipid LC film
(2.5 pm thick) was mapped by non-contact (tapping) mode AFM
(Fig. 3). A similar surface structure was depicted for films on
both hydrophobized SiO, and freshly cleaved mica sheets,
confirming the independence of substrate properties, at least
for films of this thickness. The surface of the lipid LC film has a
grainy appearance at 25 °C. Interestingly, the lateral size (0.5-
3 um) of the grains (Fig. 3C) is in the same order as the size
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Fig. 2 (A) The SAXD 2D detector image and (B) the corresponding integrated
data of the 35/65 wt%/wt% SPC/GDO film in H,O at 25 °C. High g data are
magnified (1:10) to disclose additional Fd3m reflections. The index corre-
sponding to the face-centred cubic micellar phase is indicated in (B).

previously reported for monocrystalline domains in similar
lipid LC systems.?” Thus, we suggest that the depicted grains are
monocrystalline I, domains, in accordance with the SAXD 2D
detector image (Fig. 2A), confirming a limited number of
monocrystalline domains in the hydrated lipid LC film at 25 °C.

At physiological temperature, 37 °C, the lipid LC film has a
smoother appearance (Fig. 3B), although containing holes with
a lateral size of 1-5 um. SAXD data of the corresponding
hydrated bulk lipid LC phase (Fig. SI 2t) show that the highly
ordered I, phase coexists with an increasing fraction of the L,
phase upon heating to 37 and 42 °C, respectively. The AFM
images show that the angular domains of the I, phase fuse and
form a smoother surface upon melting of the lipid LC film,
which is consistent with the softer and less viscous texture of
the disordered L, phase. The location of the cavities in the film
is not understood but could be a consequence of local highly
structured I, regions, still present in the film. Upon re-cooling
to 25 °C (Fig. SI 31), the angular domains are regenerated but
are generally larger (laterally: ~5 pm) than those present prior
to heating.

In this communication we report on the controllable
formation of thin films of nonlamellar reversed lipid LC phases
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Fig. 3 Non-contact mode AFM (45 x 45 pum) images of the lipid LC film in H,0O
on hydrophobic substrates, at (A) 25 and (B) 37 °C. The height profiles along the
solid and dashed lines marked in (A) and (B), respectively, are shown in (C).

on solid surfaces. This study also demonstrates that in combi-
nation spectroscopic ellipsometry, synchrotron SAXD and AFM
can provide comprehensive detailed information on a non-
lamellar lipid LC film with potential use as a bioadhesive drug
delivery system. They can also be used as versatile model
surfaces to study a range of properties of lipid nonlamellar LC
phases with relevance to e.g. drug delivery applications. For
instance, their adhesion to biological surfaces, interaction with
biomolecules and degradation under various simulated
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physiological conditions can be investigated, with relevance to a
range of biomedical applications in mind. A non-aqueous 35/
65 wt%/wt% SPC/GDO formulation was spin-coated on solid
surfaces to form a thin film. Lipid I, (Fd3m) films of controllable
thicknesses between 0.5 and 5.6 um were formed upon hydra-
tion, as measured by spectroscopic ellipsometry. Such lipid
films are only 30-360 repetitive units thick and may thus allow
for studies of lipid adhesion to surfaces and its potential effects
on the LC phase. This is key knowledge in development of
topical drug delivery systems, in which the lipid LC phases are
designed to adhere to different biological surfaces, such as oral
mucosa in the case of episil®. The potential of using AFM to
directly study e.g. microstructural responses of the liquid crys-
talline phase upon various stimuli was also demonstrated.
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