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ABSTRACT: Lipid-based liquid crystalline compositions of
phospholipids and diglycerides have unique bioadhesive
properties with several medical applications, as exemplified
by a lipid-based medical device indicated for management and
relief of intraoral pain. The present paper describes the relation
between self-assembly properties of phosphatidyl choline (PC)
and glycerol dioleate (GDO) mixtures in the presence of
aqueous fluids and functional attributes of the system,
including: film formation and bioadhesion, intraoral coverage,
acceptance by patients, and potential as a drug delivery system. The phase behavior of PC/GDO was characterized using
synchrotron small-angle X-ray scattering. Functional properties, including the presence of study formulations at intraoral surfaces,
ease of attachment, taste, and degree of and intraoral pain, were assessed in a crossover clinical pilot study in head and neck
cancer patients. An optimum in functional properties was indicated for formulations with a PC/GDO weight ratio of about 35/
65, where the lipids form a reversed cubic liquid crystalline micellar phase structure (Fd3m space group) over the relevant
temperature range (25−40 °C).
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■ INTRODUCTION

The use of bioadhesive systems to prolong contact times of a
drug or medical device with body tissue can significantly
improve product performance.1−4 Applications of bioadhesive
systems range from treatment of local pathologies or local pain
to increased drug substance bioavailability and controlled
release.3,5,6 Treatment of local pathologies may comprise of
protecting sore and sensitized areas with a bioadhesive barrier
film or combining protection with release of a locally active
pharmaceutical agent, such as an analgesic, anti-inflammatory,
or antibacterial agent.
The intraoral (buccal) administration route is sometimes

favorable for systemic drugs, since it avoids presystemic
metabolic pathways in the gastrointestinal tract and hepatic
first-pass elimination and is easily accessible for convenient
drug administration.6 Given these advantages, the intraoral
mucosa has been investigated as a potential site for the
controlled drug delivery of range of compounds, including
hydrophilic peptides and small molecules. A majority of the
bioadhesive materials and products that have been developed
for pharmaceutical applications are based on synthetic and
natural polymers, typically relatively hydrophilic polymers,
including poly(acrylates), chitosan, cellulose derivatives,
hyaluronic acid derivatives, pectin, starch, poly(ethylene
glycol), sulfated polysaccharides, carrageenan, Na-alginate,

and gelatin.2,3,6−10 Some of these systems have found
applications in marketed pharmaceutical products. Limitations
of current polymer based bioadhesive liquids include a limited
drug loading capacity of sparingly soluble drugs and a relatively
short-lived presence at mucosal surfaces, also limiting the local
release duration.
A different approach to creating bioadhesive liquid

formulations from using hydrophilic polymers is to use certain
liquid crystal (LC) forming lipid-based systems, such as glycerol
mono-oleate GMO (or monoolein), which has been demon-
strated to have mucoadhesive properties, in particular in the
process of forming the LC phase in contact with wet
mucosa.11,12

Lipids are amphiphilic molecules that can self-assemble into
different LC phases (polymorphism) where relatively small
alterations in molecular or ambient properties affect the phase
structure and morphology.13−15 LC phases typically comprise
of hydrophilic and hydrophobic domains in the nanometer size
range, which may be continuous or discrete, thus forming either
mono- or bicontinuous networks, depending on the molecular
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nature of the lipid or lipid mixture. The most thoroughly
studied and well-characterized system of a nonlamellar phase
forming lipid is the GMO/water mixture, which at physiolog-
ically relevant temperatures forms a bicontinuous cubic phase
in excess aqueous solution.16,17

However, the bicontinuous cubic phase formed by
monoglycerides in excess aqueous solutions is mechanically
quite rigid and does not adhere effectively at soft mucosal
surfaces. Furthermore, the LC phases formed by monogly-
cerides, that is, GMO, have limited encapsulation and sustained
release ability of active pharmaceutical ingredients (APIs).12

An alternative lipid system offering enhanced flexibility of
self-assembly and controlled release properties is the two-
component phosphatidyl choline and diglyceride system, for
example, comprised of soy phosphatidyl choline (SPC) and
glycerol dioleate (GDO). By varying the ratio of SPC and
GDO, the LC phase behavior can be tuned in the range from
lamellar to reversed cubic micellar phases, thereby also tuning
the mechanical rigidity and sustained release properties of the
formulation.18 This is exemplified by SPC/GDO-based
marketed medical device product, episil, indicated for the
management and relief of intraoral pain. This product works by
adhering to the mucosal surface of the mouth and soothing oral
lesions of various etiologies, including oral mucositis, a
common and sometimes severe side effect of chemotherapy
or radiotherapy.19 The exact mechanism behind the adhesion is
not fully understood but is most likely related to supra-
molecular ordering and phase formation at the mucosal surface,
resulting in effective spreading and adhesion. Once attached at
the mucosal surface, these long-chain lipids possess a high
resilience to aqueous dilution due to their extremely low
aqueous solubility.
In this study, mixtures of SPC/GDO have been investigated

in the context of bioadhesion and retention at intraoral mucosal
surfaces. In the first part of the study we have characterized the
phase behavior and nanostructural properties of various
hydrated and semihydrated SPC/GDO formulations in
physiologically relevant environment by using synchrotron
small-angle X-ray diffraction (SAXD). In the second part,
nonclinical and clinical data for different SPC/GDO
compositions including a marketed medical device product
are presented. Local tolerability of SPC/GDO formulations was
assessed in three nonclinical studies in Syrian hamsters, while
clinical assessment of intraoral bioadhesion was conducted in a
pilot study in head and neck cancer patients undergoing
radiotherapy. Finally, in the context of bioadhesive topical drug
delivery system the effects of four relevant APIs (benzydamine,
lidocaine, triamcinolone, and granisetron) on the nanostructure
of the SPC/GDO LC system have been investigated.

■ EXPERIMENTAL SECTION
Materials. Excipients used in the experiments were soy

phosphatidylcholine (SPC) denoted as S100 (Lipoid GmbH,
Ludwigshafen, Germany), glycerol dioleate (GDO) denoted as
Rylo DG 20 Pharma (Danisco, Aarhus, Demark), and
polyoxyethylene (20) sorbitan monooleate denoted as
polysorbate 80, P80 (Croda, U.K.) Lidocaine (LID) (purity
98%, lot 068K0112) and triamcinolone acetonide (TCA)
(purity 99.5%, lLot 115K1393) were purchased from Sigma-
Aldrich. Granisetron hydrochloride (GRN) (purity 99.9%,
batch no. 20090914) was obtained from LGM Pharma
(Nashville, TN). Benzydamide hydrochloride (BZD) was
obtained from Apoteksbolaget AB (Umea,̊ Sweden). Absolute

ethanol (99.5 vol. %) from Solveco AB (Rosersberg, Sweden),
propylene glycol (PG) from Apoteksbolaget AB (Umea,̊
Sweden), sterile water from B. Braun Medical AB (Bromma,
Sweden), and phosphate-buffered saline (PBS) tablets yielding
0.01 M phosphate buffer, 0.137 M NaCl, and 0.002 M KCl, pH
7.4 from Sigma-Aldrich were used for the preparation of lipid
formulations and liquid crystalline (LC) phases. All other
solvents and reagents were of analytical grade and were used as
received.

Preparation of Lipid-Based Compositions. Nonaqueous
lipid formulations were prepared by mixing appropriate
amounts of excipients (SPC, GDO) and cosolvents (ethanol
and PG). The samples were then placed on a roller mixer at
room temperature for few hours until mixed completely. Active
pharmaceutical ingredient (API)-containing formulations were
prepared by weighing appropriate amounts of API and
nonaqueous lipid formulation and placing on a roller mixer at
room temperature for 12 h until homogeneous mixture was
obtained. In this manuscript the concentration of API is always
expressed as wt % of the total formulation weight. Prepared
lipid compositions were kept at room temperature until further
use.
Formulations used in the clinical pilot study were

manufactured by Apoteket Production and Laboratories AB,
Umea,̊ Sweden, according to Good Manufacturing Practice
standards. Study formulations were divided into 3.5 mL
aliquots in glass vials sealed with rubber caps. The study
formulations were labeled with: “For clinical study”, patient
number, treatment day, expiration date, storage instructions,
investigator name, manufacturer name, and sponsor name.
Apoteket Production and Laboratories AB also manufactured
an ethanol solution of Patent Blue (E 131) (PtB) (batch no.
1934084) that was added to the study formulations before
administration for visualization purposes. The formulations and
stain solution were stored at room temperature (15−25 °C) in
the dark at the hospital pharmacy until delivered to the site. On
the day of administration, 12 μL of the Patent Blue solution
(10% w/w in ethanol) per milliliter of study formulation was
added at the hospital pharmacy in Lund.

Phase Behavior and Nanostructure of Lipid Compo-
sitions. Aqueous phase behavior was studied by hydrating
nonaqueous lipid formulations with phosphate-buffered saline
(0.01 M phosphate buffer with 0.137 M NaCl and 0.002 M
KCl, pH 7.4) at various weight ratios: 2:1, 1:1, 1:2, and 1:9.
After brief vortexing, samples were left to equilibrate at room
temperature for 1 week before X-ray diffraction measurements.
The nanostructure of hydrated lipid samples was studied

using synchrotron small-angle X-ray diffraction (SAXD).
Measurements were performed at the I911 beamline at MAX-
lab (Lund University, Sweden), using a Pilatus 1 M 165 mm
charge-coupled device (CCD) detector with a resolution of 981
× 1043 pixels at a pixel size of 0.172 mm. The lipid samples
were mounted between kapton windows in a steel sample
holder at a sample-to-detector distance of 1312 mm. Diffracto-
grams were recorded at the X-ray wavelength of 0.91 Å and a
beam size of 0.25 × 0.25 mm (full width at the half-maximum)
at the sample. Temperature control within 0.1 °C was achieved
using computer controlled Julabo heating circulator F12-MC
(Julabo Labortechnik GMBH, Seelbach, Germany). When
temperature effects were studied, the experiments were
performed successively at 25, 37, and 42 °C with a 3 min
exposure time at each temperature and a wait of 10 min
between temperature steps. The resulting CCD images were
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integrated and analyzed using the Fit2D software provided by
Dr. A. Hammersley (http://www.esrf.fr/computing/scientific/
FIT2D). Silver behanate calibrated sample-to-detector distance
and detector positions were used.
Nonclinical Assessment of Tolerability of SPC/GDO

Formulations in Syrian Hamsters. Three nonclinical studies
in Syrian hamsters were performed assessing local tolerability of
SPC/GDO formulations. The Syrian hamster was selected as
this species is accepted as a suitable model (in compliance with
ISO10993-11) for the intended intraoral dosing route of the
lipid formulations on the oral mucosa. A collar was placed
around the neck to permit normal feeding and respiration but
preventing the animal from storing food in the pouches, which
could damage the cheek pouch mucosa. Prior to administration,
the collar was removed, and the pouch was rinsed with
physiological saline solution. The test items were applied onto
the left cheek pouch, while the right pouch was left untreated as
intraindividual controls. Local tolerability was assessed by visual
inspection and scoring using an otoscope prior to each
administration and at termination examination, and by
histopathology; a 7 day oral irritation study (N = 24 females),
a 15 day pilot feasibility study (N = 10 females) to determine
the maximum feasible dose volume and regimen by assessment
of bioadhesion, and evaluation of local irritation, and a 90 day
subchronic systemic toxicity study (N = 40 females and 40
males), applying the maximum feasible dose determined in the
pilot study.
The 7 day study evaluated local irritation by macroscopic and

microscopic examination of the oral cheek pouches following
daily application of 0.5 mL of four different test formulations.
In the 15 day study, the mucosal adhesion was studied of an

SPC/GDO formulation labeled with Patent blue for enhanced
visual detection. The lipid formulations were administered daily
and twice-daily exposure into cheek pouches of up to 0.45 mL
(3 sprays of 0.15 mL) and the coverage was evaluated by
otoscopic inspection prior to each subsequent administration.
Local irritation was assessed by visual inspection and scoring
prior to each administration, macroscopic evaluation, and
scoring at termination and histopathology of the cheek
pouches.
The 90 day study was designed to meet the requirements for

determining the biocompatibility of a surface-contacting
medical device compliant with ISO10993-1. The animals
were divided into two treatment groups (Group 1 and Group
2) each including three different termination groups; 5 + 5
interim animals treated for 28 days, 10 + 10 main study animals
treated for 90 days, and 5 + 5 recovery animals treated for at
least 90 days followed by a 14 day recovery period. The animals
in Group 2 received 1 spray of 0.15 mL of SPC/GDO mixture
in the left cheek pouch twice daily. The animals in Group 1, the
control group, were treated in a similar way using sterile saline.
The study design included the assessment of subchronic
systemic toxicity (in compliance with ISO10993-11) as well as
the assessment of oral irritation by histopathological evaluation
(in compliance with ISO10993-10) after the twice daily dosing
of lipid formulation. Twice daily administration was chosen as
this was shown to give a permanent exposure in the cheek
pouches of the Syrian hamsters in the pilot feasibility study.
Local tolerability was assessed by macroscopic evaluation of the
cheek pouch mucosa using an otoscope prior to each
administration and as termination examination and by
histopathology. Irritation index for each treatment groups was
determined as the average microscopic score for the untreated

control cheek pouch subtracted from the average cheek pouch
score for the treated cheek pouch. Each of four microscopic
findings (epithelium, leucocyte infiltration, vascular congestion,
and edema) were graded from 0 to 4 with a maximum score
being 16. The irritation index for each group was classified
according to the four response categories: 0, none; 1−4,
minimal; 5−8, mild; 9−11, moderate; and 12−16, severe. The
systemic toxicity was assessed by body weight change, clinical
signs, clinical pathology, necropsy evaluations, organ and tissue
weights, and histopathology of cheek pouches and any gross
lesions.
Compositions of the lipid formulations used in all three

nonclinical studies are given in Table 1.

Clinical Assessment of Intraoral Bioadhesion in Head
and Neck Cancer Patients. To access the bioadhesive
properties of PC/GDO-based formulations, a crossover,
double-blind, randomized pilot study of four FluidCrystal
formulations, with varying SPC/GDO ratio and solvent
compositions, was conducted in head and neck cancer
(HNC) patients undergoing radiotherapy (n = 5) at Lund
University Hospital. The trial was conducted in accordance
with the Declaration of Helsinki and its revisions as well as with
the valid local and national laws of Sweden, with the
International Conference on Harmonisation (ICH) Harmon-
ised Tripartite Guideline for Good Clinical Practice (E6) issued
in July 1996, and with the relevant European Commission
Directives. All patients gave written informed consent prior to
enrollment. The patients were screened and randomized during
week 3−4 of radiotherapy to receive one study formulation on
each day (A, B, C, or D in Table 2) during four consecutive
days (days 1−4) according to a 4-way crossover schedule,
allowing a washout night between treatments. On each
treatment day, before application of study medication, the
status of the oral cavity was checked, and the presence of ulcers
was recorded. After each application of the formulation, the oral
cavity was examined for the presence of the formulation on
eight areas in the mucosa: four in the palate, one on the inside
of each cheek, and one on each side of the tongue.
The visual evaluation of the study formulations was carried

out by the dental hygienist 5 min, 30 min, 1 h, 2 h, and 3 h after
application of each formulation. At each interval, the patient

Table 1. Composition of Lipid Formulations Used for
Nonclinical Assessment of Local Tolerability and Systemic
Toxicity in Syrian Hamsters

study composition (weight %)

SPC/GDO
weight
ratio

7 day oral irritation study SPC/GDO/EtOH/PG 35/65
29.7/55.3/10.0/5.0
SPC/GDO/EtOH
29.8/55.2/15.0
SPC/GDO/BZD/EtOH/PG
28.7/53.3/3.0/10.0/5.0
SPC/GDO/BZD/EtOH
28.7/53.3/3.0/15.0

15 day pilot feasibility
study

SPC/GDO/EtOH/PG/PMO/
P80

35/65

29.47/54.73/10.0/5.0/0.05/0.75
90 day subchronic systemic
toxicity and local
irritation study

SPC/GDO/EtOH/PG/PMO/
P80

35/65

29.47/54.73/10.0/5.0/0.05/0.75
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was also asked to assess the acceptability of the formulation,
such as irritation, taste, and degree of comfort. In addition, the
patient was asked to estimate the analgesic effect of the study
formulations (pain) using a 100 mm visual analogue scale
(VAS). Adverse events were recorded on each treatment day
and at the follow-up visit on Day 5. The total study duration for
all patients was less than 2 weeks. The double-blind design of
the study assured a nonbiased evaluation, and the crossover
design made it possible to compare the various formulations
within the same patient. No control groups were used in the
study.

■ RESULTS AND DISCUSSION
Phase Behavior and Structural Properties of SPC/GDO

LC Phases. As shown in our recent study the phase behavior of
mixtures of SPC and GDO in water is rich in poly-
morphism.18,20 As mentioned, the lipid ratios of SPC/GDO
mixtures are expressed in wt %. At 25 °C with increasing GDO
content, fully hydrated SPC/GDO mixtures in water form the
following liquid crystalline (LC) phase sequence: lamellar (Lα)
→ reversed 2D hexagonal (H2, up to 62.5/37.5) → reversed
micellar cubic of Fd3m space group (50/50 − 45/55) →
reversed 3D hexagonal of P63/mmc space group (42/58 − 40/
60) → unresolved “intermediate” (39/61 − 37/63) → Fd3m

(37/63 − 22.5/77.5) → reversed micellar solution (L2, from
20/80).
We investigated the aqueous phase behavior of SPC/GDO

mixtures prepared at weight ratios of 40/60, 35/65, and 30/70
in more detail. To more closely mimic in vivo conditions,
experiments were performed in more physiologically relevant
solvent environment and at appropriate temperatures. PBS is
here considered as a physiologically relevant solvent since the
pH, viscosity, and composition closely mimics that of, for
example, saliva. Figure 1 shows SAXD profiles of the fully
hydrated LC aggregates formed in SPC/GDO mixtures in large
excess of PBS (pH 7.4) as a function of lipid weight ratio and
temperature. At 25 °C and at SPC/GDO weight ratios of 30/
70 and 35/65, the lipid mixtures form reversed micellar cubic
phase. This is nicely shown by the location of the first 15 Bragg
peaks at relative positions in ratios of √3: √8: √11: √12:
√16: √19: √24: √27: √32: √35: √40: √43: √44: √48:
√51, which can be indexed as the (111), (220), (311), (222),
(400), (331), (422), (511/333), (440), (531), (620), (533),
(622), (444), and (711/551) reflections of a face-centered
cubic phase of Fd3m crystallographic space group (Q227).
Reflections are marked with the arrows in Figure 1a. At the
SPC/GDO weight ratio of 40/60, in addition to Fd3m Bragg
peaks, other reflections appear indicating a different liquid
crystalline structure, that is, different packing of the reversed
micelles. This diffraction pattern cannot be related to a single
LC phase and, similarly to our previous findings, can be
interpreted as an intermediate phase between a hexagonally
closed-packed reversed micellar and the cubic Fd3m phase. In
general, the results show that at room temperature the phase
behavior of SPC/GDO mixtures in excess of PBS is very similar
to that in excess of water.
As also seen from Figure 1, the effect of temperature on the

nanostructure of the LC phases is lipid weight ratio-dependent
(Figure 1b and c). Thus, at a SPC/GDO weight ratio of 40/60,
the LC structure remains affected to a minor extent. In contrast,
at SPC/GDO weight ratio of 30/70 the structure of the cubic
Fd3m phase is very sensitive to the temperature increase. It
almost fully transforms into unorganized reversed micellar

Table 2. Composition of Lipid Formulations Used for
Clinical Assessment of Intraoral Bioadhesion in Head and
Neck Cancer Patients Undergoing Radiotherapy

treatment composition (weight %) SPC/GDO weight ratio

A SPC/GDO/BZD/EtOH/PG/PtB 35/65
28.7/53.3/3.0/10.0/5.0/0.1

B SPC/GDO/BZD/EtOH/PtB 35/65
28.7/53.3/3.0/15.0/0.1

C SPC/GDO/BZD/EtOH/PG/PtB 30/70
24.6/57.4/3.0/10.0/5.0/0.1

D SPC/GDO/BZD/EtOH/PG/PtB 40/60
32.8/49.2/3.0/10.0/5.0/0.1

Figure 1. SAXD profiles of SPC/GDO mixtures in excess PBS as a function of lipid weight ratio at 25 (a), 37 (b), and 42 °C (c) prepared at a lipid
formulation−PBS weight ratio of 1:2. Arrows in (a) show indexing of the reflections from the reversed micellar Fd3m cubic phase. An explanation is
given in the text.
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solution (L2) at 42 °C which is corroborated by the appearance
of broad diffuse diffraction peaks showing only some distance
correlation between reversed micelles. Only a minor portion of
the sample retains Fd3m cubic nanostructure. Importantly, the
cubic LC phase formed at the SPC/GDO weight ratio of 35/65
shows moderate temperature dependence. The temperature
increase from 25 to 37 °C and 42 °C induces the
transformation of only a fraction of the reversed micellar
Fd3m cubic arrangement into unorganized micelles; the order is
only partially lost. This is shown by the superimposed
appearance of both Bragg diffraction peaks from cubic structure
and diffuse broad scattering from L2 solution. The calculated
lattice parameter (a) for the Fd3m phases is relatively constant
for all LC samples regardless of SPC/GDO weight ratio and
temperature and only slightly varies between 15.1 and 15.4 nm.
Figure 2 shows the importance of the nature of the cosolvent

used to prepare lipid formulations and their ability to form

ordered LC structures upon hydration in PBS at physiologically
relevant temperatures. Here the formulations were prepared at
the (SPC + GDO)/EtOH/PG weight ratios of 82/3/15, 85/
10/5, and 85/15/0, and the SPC/GDO weight ratio was kept
constant at 35/65. The SAXD data for all hydrated
formulations at 25 °C show essentially identical diffraction
patterns of the Fd3m cubic structure. However, at increased
temperatures, the hydrated formulation prepared using
exclusively EtOH as a solvent shows lower temperature
resistance. Although it sustains more or less ordered Fd3m
nanostructure at 37 °C, an almost complete transformation into
unordered L2 solution is observed at 42 °C. In contrast, Fd3m
LC phases formed from the formulations with high fraction of
PG are much more resistant to elevated temperatures and show
stronger Bragg peaks from the cubic structure (Figure 2b and
c).

Figure 2. SAXD profiles of SPC/GDO/EtOH/PG formulations in excess PBS as a function of EtOH/PG weight ratio at 25 (a), 37 (b), and 42 °C
(c) prepared at a lipid formulation−PBS weight ratio of 1:2. The SPC/GDO weight ratio is 35/65 for all samples.

Figure 3. Effect of 3 wt % of BZD on the liquid crystalline nanostructure as a function of SPC/GDO weight ratio at a lipid formulation−PBS weight
ratio of 1:2 (a). Effect of BZD concentration on the nanostructure of SPC/GDO liquid crystalline phases prepared at a weight ratio of 35/65 (b).
Effect of 3 wt % of BZD on the liquid crystalline nanostructure as a function of the lipid formulation−PBS weight ratio at a SPC/GDO weight ratio
of 35/65 (c). The lipid/EtOH/PG weight ratio was 85/10/5 for all samples.
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The present study is focused on the topical use of SPC/
GDO LC phases, for example, with solubilized benzydamine
(BZD); therefore some aspects of BZD influence on the phase
behavior of lipid mixtures have been investigated. Figure 3
summarized the SAXD data of the effect of BZD on the
nanostructure of LC phases formed in SPC/GDO mixtures as a
function of the lipid weight ratio (Figure 3a), BZD
concentration (Figure 3b), and formulation/PBS weight ratio
(Figure 3c). As seen from Figure 3a, the BZD effect is SPC/
GDO weight ratio-dependent. Thus, at a high SPC content, the
effect of 3 wt % of BZD is minimal, and LC phases retain their
original nanostructure (Figure 1). At SPC/GDO weight ratio of
30/70, this effect is much more prominent, and the original
Fd3m LC phase transforms into L2 solution at 3 wt % of BZD
even at 25 °C. As shown in Figure 3b, up to 3.5 wt % of BZD
can be entrapped in the cubic phase of SPC/GDO prepared at
weight ratio of 35/65 without significantly altering the
nanostructure. Interestingly, with increasing BZD concentra-
tion, the lattice parameter slightly increases from 15.5 to 16.6
nm as BZD concentration is increased from 0 to 3.5 wt %. At
even higher BZD concentration, the cubic LC phase transforms
into an unordered L2 solution. Importantly, the amount of
aqueous solution needed for the formation of BZD containing
LC phases is rather small. Thus, even at a lipid formulation to
PBS weight ratio of 1:1, the cubic Fd3m LC phase is formed
(Figure 3c). Further dilution of the LC phase has no effect on
the phase nanostructure and its unit cell dimensions.
In addition, the various SPC/GDO formulations with and

without BZD that were assessed in nonclinical and clinical
studies were also subjected for long-term stability studies.
Visual appearance, consistency, hydration properties, and
peroxide and acid values were monitored for 36 months at
normal (25 °C/60% RH) and 6 months at accelerated (40 °C/
75% RH) storage conditions. All SPC/GDO compositions
showed good long-term shelf life stability. The observed
peroxide and free fatty acid content changes were within
measurement errors of the initial values at each sampling time
point. Most importantly, the hydration properties and liquid
crystalline nanostructure formation of SPC/GDO formulations
were not affected after 36 months of storage at room
temperature as compared with freshly prepared formulations.
Nonclinical Assessment of Bioadhesion and Toler-

ability. The current communication is focused on topical uses
of bioadhesive SPC/GDO LC phases at mucosal surfaces.
Hence, the importance of local tolerability is eminent. This
aspect was investigated in three nonclinical studies in Syrian
hamsters: (1) a 7 day oral irritation study (N = 24), (2) a 15
day pilot feasibility study assessing bioadhesion determining
maximum feasible dose and evaluation of local irritation (N =
10), and (3) a 90 day subchronic systemic toxicity study (N =
80) of the maximum feasible dose. The 7 day study evaluated
the local tolerability of SPC/GDO formulations with and
without BZD, while the pilot and the 90 day studies evaluated
SPC/GDO formulation without BZD (Table 1). The SPC/
GDO ratio of the different formulations was in all cases 35/65,
at which all formulations studied formed the reversed micellar
(I2) phase of Fd3m structure (Figure 3b). Note that the
structure formation was not affected by the small compositional
variations between formulations, that is, the presence or
absence of small amounts of BZD, peppermint oil (PMO)
flavor, or polysorbate 80 (P80).
In the 7 day study, 0.5 mL of the test formulation was applied

to the left cheek pouch daily for 7 days. The treatment

generated no or minimal signs of irritation for all four tested
formulations.
For the 90 day study, dose volume selection and frequency of

administration was determined in the pilot feasibility study,
showing that a dose volume of 0.15 mL of the SPC/GDO
formulation given twice daily provided an apparent 24 h
exposure to the cheek pouch of Syrian hamsters.
In the subchronic study, it was concluded that the treatment

of male and female Syrian hamsters twice daily for 90 days with
SPC/GDO formulation in the cheek pouches resulted in no
signs of systemic toxicity or treatment related irritation (Table
3); no test item-related clinical signs, and no scores of oral

tissue reactions were observed in any of the animals during the
90 days. The test item was seen not to have any influence on
the body weight or body weight gain and no test item-related
changes in hematology or clinical chemistry parameters were
observed. Furthermore, the reactions identified in histopatho-
logical evaluation of the cheek pouches were considered to be
mild and with no relation to the treatment with SPC/GDO.
There was no difference in average group irritation index
recorded for cheek pouches treated with SPC/GDO for-
mulation as compared to cheek pouches treated with sterile
saline (Table 3). It was concluded that twice-daily admin-
istration at a dose level of 0.15 mL of SPC/GDO per treatment
into one cheek pouch for up to 90 days resulted in no signs of
systemic toxicity and that it was well-tolerated when
administered to the oral mucosal membrane. The SPC/GDO
formulation was suggested to be classified as “not irritating”.

Clinical Assessment of Intraoral Bioadhesion in Head
and Neck Cancer Patients. Preliminary physicochemical and
functional assessments of SPC/GDO LC formulations
suggested that optimal spreading and mucoadhesion coincides
with the presence of the reversed cubic micellar phase of a
Fd3m structure at SPC/GDO weight ratio of 35/65. The ratio
for best bioadhesion was tested in a small clinical pilot study in
five head and neck cancer (HNC) patients with a randomized
crossover design featuring four different formulations with
SPC/GDO weight ratios of 40/60, 35/65, and 30/70, as
described above (Table 2).
The mean and median percentage presence of treatments A−

D at intraoral treatment sites over time, as visually determined

Table 3. Oral Irritation Index ± SD of the Syrian Hamsters
Received 1 Spray of Either 0.15 mL of Sterile Saline or 0.15
mL of Lipid Formulation (SPC/GDO/EtOH/PG/PMO with
a Weight Ratio Composition of 29.47/54.73/10.0/5.0/0.05/
0.75) in the Left Cheek Pouch Twice Daily

interim animals
(N = 10 + 10)

main study
animals

(N = 20 + 20)

recovery
animals

(N = 10 + 10)

Group 1
right cheek pouch
(untreated
control)

0.2 ± 0.4 0.4 ± 0.7 0.6 ± 1.6

left cheek pouch
(sterile saline)

0.2 ± 0.4 0.3 ± 0.7 0.1 ± 0.3

Group 2
right cheek pouch
(untreated
control)

0.3 ± 0.5 0.3 ± 0.6 0.3 ± 0.7

left cheek pouch
(lipid
formulation)

0.2 ± 0.4 0.6 ± 1.4 0.1 ± 0.3
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by the dental hygienist, is shown in Figure 4. All treatments
were found to adhere well, with visual mean percentage

presence of all formulations at eight sites in each patient
exceeding 50% after 30 min of dosing. Notably, formulations A
and B with a SPC/GDO ratio of 35/65 showed the highest
percentage presence at the different intraoral sites, exceeding
50% after 3 h. In addition, to showing an apparent maximum of
intraoral coverage for the 35/65 ratio, the study also indicated
an importance of the solvent composition, with a higher
percentage presence for the mixture of ethanol and PG
compared to ethanol alone. The highest median percentage
coverage of intraoral sites after 3 h was 87.5%, observed for
formulation A.
In addition to the primary objective of the study to identify a

formulation with efficient bioadhesion at the oral mucosa of
patients for 3 h, the study also evaluated intraoral pain after
dosing and patient’s subjective acceptance. Mean VAS pain
scores after dosing (Figure 5) indicate that the pain after dosing
was generally well-managed but tended to increase with time as
the protective SPC/GDO LC film was being eroded and
visually disappearing. Though formulation A appears to show
the lowest mean pain, there were no statistical differences
between treatments. The general trend seen in Figure 5 has
been confirmed in a follow up clinical phase II study in 38
radiation-treated HNC patients, in whom pain scores dropped
to minimum values within 5−30 min, and then only slowly
increased over time for the subsequent 8 h.
To assess the acceptability of the different SPC/GDO

formulations, patients were asked to fill in forms regarding ease
of attachment, taste, and degree of comfort. The treatments
were perceived as relatively neutral regarding taste and comfort
(Figure 6). No patient stated that formulation A was

uncomfortable in the mouth, while formulations B, C, and D
irritated the mouth in a few patients. Furthermore, all
formulations were reported as acceptable when administered.
Most of the formulations took less than 1 min to form a gel,
with formulation A showing the fastest time to gel formation.
All formulations met the requirement of suitability for further
clinical development, the best suited being formulation A with
the SPC/GDO ratio of 35/65 and containing 10 wt % ethanol
and 5 wt % PG. This ratio was chosen for further clinical

Figure 4. Time dependence of the mean (±SD) (a) and median (b)
values of percentage of sites where treatment was present after
administration of SPC/GDO/BZD/EtOH/PG formulations prepared
at weight ratios of 53.3/28.7/3/10/5 (A), 53.3/28.7/3/15/0 (B),
57.4/24.6/3/10/5 (C), and 49.2/32.8/3/10/5 (D). Number of
examined sites in mouth = 8 (left and right sides of the upper palate,
lower palate, inside of the cheek and tongue), number of patients = 5.

Figure 5. Time dependence of the mean VAS score after
administration of lipid formulation. Patient question form: evaluation
of the analgesic effect (pain in mouth). Visual analog scale (VAS): 0 =
no pain, 100 = worst imaginable pain. SPC/GDO/BZD/EtOH/PG
formulation compositions by weight are: 53.3/28.7/3/10/5 (A), 53.3/
28.7/3/15/0 (B), 57.4/24.6/3/10/5 (C), and 49.2/32.8/3/10/5 (D).
Number of patients = 5.

Figure 6. Patient reported outcomes regarding taste (a) and degree of
comfort (b) after dosing of lipid formulations to head and neck cancer
patients. SPC/GDO/BZD/EtOH/PG formulation compositions by
weight are: 53.3/28.7/3/10/5 (A), 53.3/28.7/3/15/0 (B), 57.4/24.6/
3/10/5 (C), and 49.2/32.8/3/10/5 (D). Number of patients = 5.
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development of the SPC/GDO-based medical device product
for the treatment of intraoral pain, for example, in patients with
oral mucositis, now registered in EU and US.
Drug Delivery Aspects of SPC/GDO LC Formulations.

One of the important aspects of long-acting formulations is the
ability to incorporate relevant amounts of pharmaceutical active
ingredients (APIs) and to control their release in vivo, for
example, by retaining the desired cubic nanostructure. We
investigated the effect of three selected active pharmaceutical
ingredients (APIs), lidocaine (LID), triamcinolone (TCA), and
granisetron (GRN), on the nanostructure of the Fd3m cubic
phase formed upon hydration of the (SPC+GDO)/EtOH/PG
formulation prepared at a 85/10/5 weight ratio (Figure 7). The
SPC/GDO weight ratio of 35/65 was kept constant for all
formulations.
As shown from Figure 7a, the formation of the cubic Fd3m

phase was not significantly affected by the presence of LID up
to a concentration of 1.7 wt %. At 2 wt % of LID the ordered
cubic structure began to transform into L2 solution. The
calculated lattice parameter only increased slightly from 15.5 to
16.1 nm when LID concentration was increased from 0 to 2 wt
%. At a LID concentration slightly lower than 3 wt %, the cubic
structure was completely lost, and the LC phase transformed
into unordered L2 solution. The entrapment of rather large
amounts of TCA showed very little effect on both the
formation and lattice dimensions of the cubic structure of the
formulation (Figure 7b). At even 5 wt % of TCA the Fd3m
structure remained unaltered. The Fd3m cubic structure of the
hydrated formulation was found to be very sensitive to the
presence of GRN (Figure 7c). At only 0.8 wt % of GRN the
superimposed diffuse scattering from L2 solution first appeared
and at about 1.5 wt % of GRN the cubic structure completely
disappeared. The strong disordering ability of GRN was
followed by its influence on the cubic phase unit cell
dimensions. Hence, when GRN concentration was increased
from 0 to 1 wt % the lattice parameter increased from 15.5 to
16.6 nm. Note, that a very similar effect was also observed in
the case of BZD (Figure 3c).

It may be concluded that all studied APIs have common,
albeit relatively small, disordering effect on the nanostructure of
hydrated SPC/GDO/EtOH/PG formulation. The formulation
can generally accommodate amounts of the 3 APIs at levels that
are predicted to be therapeutic if compared with registered
pharmaceutical products. The collective observation is that with
increasing API concentration the lattice parameter of the Fd3m
cubic phase increases to about 16.6 nm, before transforming
into the L2 phase. Most likely further unit cell dimension and
accommodation increase of the guest molecule is not possible
without structural changes, due to the complex cubic packing
constraints within the LC structure. After the maximum load of
the API is reached, a further concentration increase causes the
transformation of the Fd3m cubic structure into unordered L2.
This is a topic for further studies and clinical trials.

■ CONCLUSIONS

Lipid liquid crystal-forming systems of SPC and GDO were
shown to effectively adhere at mucosal surfaces in the oral
cavity for extended periods of time, at least 3 h post-dosing, as
seen in a clinical pilot study in HNC patients. The best
coverage and overall acceptability was observed for a SPC/
GDO ratio of 35/65 coinciding with the formation of a
reversed cubic micellar I2 phase of Fd3m structure but relatively
close to where this melts into a disordered liquid micellar L2
phase. Extended nonclinical studies in Syrian hamsters showed
that the topically administered bioadhesive SPC/GDO 35/65
formulations are well-tolerated locally and systemically when
administered twice daily for up to 90 days. The medical device
with the corresponding lipid composition, has been introduced
on US, EU, and other markets for treatment of intraoral pain
such as that associated with oral mucositis. Through our
literature search, we have found no examples of aqueous
polymer systems demonstrating long-term mucosal adhesion
and retention for at least 3 h, as demonstrated in the present
study of the lipid SPC/GDO system. The present study
furthermore explored the influence of added APIs on the phase
structure of SPC/GDO compositions. It was concluded in
these studies that significant amounts of API with widely

Figure 7. Effect of lidocaine (a), triamcinolone (b), and granisetron (c) on the nanostructure of SPC/GDO/EtOH/PG liquid crystalline phases. The
formulation: PBS weight ratio was 1:2, the SPC/GDO weight ratio was 35/65, and lipid/EtOH/PG weight ratio was 85/10/5 for all samples. The
concentration of API is expressed as the wt % of the total formulation weight.
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different physicochemical properties can be added to the lipid
phase without significantly altering the phase behavior. The
APIs benzydamine, lidocaine, triamcinolone, and granisetron
were chosen as they are relevant for intraoral topical application
at doses well below the studies’ maximum dose. It is also seen
that increased concentrations of API, with maintained structural
integrity, can be obtained by tuning the lipid composition, as
this compensates for the API effect on the phase behavior. In
conclusion, the SPC/GDO system, already shown to be
effective in the marketed medical device, also shows great
promise for a wide range of other medical applications.
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