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Abstract

A new class of surfactants with glycerate headgroups, that form viscous lyotropic liquid crystalline phases in excess water, have been investigated
for their potential to provide sustained release matrices for depot drug delivery. Oleyl glycerate and phytanyl glycerate were used as representative
surfactants of this new class, and their behaviour compared with that of glyceryl monooleate (GMO). The surfactants were found to form reverse
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exagonal phase (HII ) in excess water, and the matrices were loaded with a series of model hydrophobic and hydrophilic drugs, (p
rinotecan, glucose, histidine and octreotide), and the release kinetics determined. In all cases, the release behaviour obeyed Higuchiwith
inear drug release versus square root of time. The HII phases released model drugs slower than the GMO cubic phase matrix. The oleyl g

atrix was found to consistently release drug faster than the phytanyl glycerate matrix, despite both matrices being based on HII phase. To furthe
emonstrate the potential utility of these materials as drug depot delivery systems, an injectable precursor formulation for octreotid
repared and demonstrated to provide controlled release for the peptide. The stability of the HII phase to likely in vivo breakdown products w
lso assessed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Sustained release of parenterally administered drug products
s often a desired therapeutic outcome as it permits fewer injec-
ions, increases patient compliance and may reduce side effects,
ompared to simple solution or intravenous administration.
here are a number of platform technologies currently used in
arketed drug products that provide slow release from the sub-

utaneous, intramuscular and intraperitoneal tissue. Implantable
evices aside, the syringable platform technologies which form

he basis of these products primarily include oily suspen-
ions, polymer-based gels and polymer-based microparticles.
he polymer-based systems utilise biodegradable poly(lactic
cid) or poly (lactide-co-glycolide) copolymers.

Suspensions and oily solutions have been the mainstay of
ustained release depot injections for decades, but these delivery

∗ Corresponding author. Tel.: +61 3 99039112; fax: +61 3 99039583.
E-mail address: ben.boyd@vcp.monash.edu.au (B.J. Boyd).

systems are less well suited to water soluble drugs, are g
ally are often painful on administration leading to poor pat
compliance, and such products frequently also suffer from
stability and variable absorption kinetics. Whilst polymer-ba
solution or gel-type systems provide sustained release ov
order of months, they require the drug to be dispersed o
solved in the same solvent used to dissolve the polyme
administration (e.g.N-methyl pyrrolidone) (Brodbeck et al.
1999).

Parenteral dosage forms of hormone regulating pep
proteins and antibodies are almost always required as thes
apeutic agents are often unstable in and/or poorly absorbed
the gastrointestinal tract. Sustained release platforms are pa
larly attractive for such agents due principally to their often s
biological half lives supported by an increasing trend tow
improved sustained release formulations for old drugs.

The polymer-based technologies have provided a numb
currently marketed long acting depot products, including
dostatin LAR® (containing octreotide acetate for acromega
Risperdal Consta® (containing the antipsychotic, risperidon
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Eligard® (containing luteinising hormone releasing hormone or
LHRH) and Nutropin® (containing recombinant human growth
hormone). The major drawback with PLGA-based systems is
the need for either a solvent, such asN-methyl pyrrolidone to
dissolve the polymer and drug, or the need to prepare micro-
spheres of polymer encapsulating the drug, which can be tech-
nically difficult to manufacture and sterilize, and may cause
problems at the time of injection. One alternative formula-
tion platform to the PLGA systems is the SABER® (sucrose
acetate isobutryate) technology, however this system also has
the drawback that a solvent is required to disperse the com-
ponents, and it also exhibits significant burst release unless
appreciable levels of PLA is added to the formulation (Okumu
et al., 2002). Polymeric microsphere suspensions are difficult
to manufacture and sterilise and, anecdotally, polymeric micro-
sphere technology, whilst avoiding the use of harsh solvents in
the injected product, can be difficult to administer in the clin-
ical setting due to the relatively large particle to needle size
ratio.

Other lipid-based depot formulations, based on phospho-
lipids, include Supravail® which is particularly suited to poorly
water soluble drugs and SkyePharma’s DepoFoamTM, a network
of liposome-like compartments which forms the basis of the mar-
keted DepoCyt® cytarabine injectable depot product (Asherman
et al., 1998). This product is supplied as an aqueous disper-
sion/suspension, and consequently when applied to drugs other
t term
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Fig. 1. Chemical structures of the three surfactants used to form liquid crys-
talline matrices, OG: oleyl glycerate; PG: phytanyl glycerate and GMO: glyceryl
monooleate.

temperatures (Barauskas and Landh, 2003), and has been receiv-
ing more attention recently as it is commercially available, and
with a phytanyl backbone provides important structural differ-
ences to the fatty acid-based materials.

We recently disclosed a new class of lyotropic liquid crys-
tal forming materials with glycerate headgroups (Boyd et
al., 2004, 2005). Importantly, it was discovered that oleyl
glycerate (OG, 2,3-dihydroxypropionic acid octadec-9-enyl
ester) and phytanyl glycerate (PG, 2,3-dihydroxypropionic
acid 3,7,11,15-tetramethyl-hexadecyl ester) are able to form
reverse hexagonal phase (HII ) at physiological temperatures
in excess water. The structures of OG, PG and GMO are
presented inFig. 1. The very subtle regio-chemical differ-
ence in structure between OG and GMO induces interest-
ing differences in their self-assembly properties. The discov-
ery of these materials has further expanded the pool of sur-
factants known to form cubic and reverse hexagonal phases
at physiological temperatures, which may subsequently be
utilised as the basis of sustained release delivery systems in
vivo.

In this report, we detail the phase behaviour and formula-
tion aspects of oleyl glycerate and phytanyl glycerate as a liquid
crystal-based depot injection for both hydrophilic and hydropho-
bic drugs. Two hydrophobic model drugs were chosen for
these studies: paclitaxel, and irinotecan in base and hydrochlo-
ride form (IrB and IrHCl, respectively), and one hydrophilic
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han cytarabine may encounter stability problems on long-
torage in an aqueous environment.

It is clear that there are limitations with each of the availa
echnologies, and that a new platform technology that c
vercome some of these limitations would be desirable.

It is known that viscous reverse lyotropic liquid crystall
hases in excess water, such as reverse hexagonal and bi
ous cubic phase, can provide a slow release matrix for i
orated active molecules (Drummond and Fong, 1999; Shah
l., 2001). These materials provide a complex matrix con

ng of discrete aqueous and lipidic regions. They also po
high internal interfacial area, estimated to be in exces

00 m2/g (Lawrence, 1994). This heterogeneous structure p
its incorporation of hydrophilic, lipophilic and amphiphi
aterials, or a combination thereof, within the limitation t

heir presence does not induce a change in lyotropic p
tructure (Mueller-Goymann and Frank, 1986). Judicious choic
f materials to form the liquid crystal system can provid
atrix that is stable to dilution on contact with bodily flui
hich in principle could form a persistent, sustained rel
epot when administered by any number of routes to
atient.

Until recently there have been few materials identified
ave been capable of forming such liquid crystalline matr

n excess aqueous solution; research has primarily utilised
ryl monooleate (GMO) and mixtures of GMO with other lipi
r variants on the GMO structure (Qui and Caffrey, 1998).
inamikawa and Hato have reported glycosides that ex

his type of phase behaviour (Minamikawa and Hato, 1997).
hytantriol (3,7,11,15-tetramethyl hexadecantriol) also for
ubic phase (Q) in excess water at ambient and physiolo
e

-

l

rug, octreotide acetate, a peptide with molecular weigh
pproximately 1.5 kDa. Glucose and histidine were also s

ed as representatives for uncharged and charged, smaller
ydrophilic molecules, respectively. Preparation of inject
recursor forms of the mesophases for delivery of hydrop
rugs has been achieved by the formulation of low visco
ater-containing precursors of the lyotropic phases, by ta
dvantage of their lyotropic phase behaviour. These prec
ystems form the liquid crystalline phase in situ, and may
ide a clinically useful controlled release alternative. Stab
f the liquid crystalline phase to likely breakdown product

he lipids in the form of hydrolysed fatty alcohols has also b
ssessed through investigations of phase behaviour at v

evels of added alcohol. Release of the model drugs from
iquid crystalline matrices and from precursor formulations
een determined in vitro and compared to equivalent G
ased systems.
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2. Materials and methods

2.1. Materials

OG and PG were manufactured at CSIRO-Molecular
Science (Australia) as disclosed previously (Boyd et al.,
2004) and were (99%) and (96%) pure by reverse phase
HPLC, respectively. Myverol 18-99TM (Myverol) was obtained
from Kerry Bio-Science (Norwich, NY). Myverol has a high
monoglyceride content and is known to have very similar
phase behaviour to pure glyceryl monooleate (Clogston
et al., 2000), most importantly that it forms cubic phase
in excess water at physiological temperatures, and there-
fore is a good model for GMO. Paclitaxel was obtained
from Napro Biotherapeutics, Colorado, USA. Irinotecan
base ((S)-4,11-diethyl-3,4,12,14-tetrahydro-4-hydroxy-3,14-
dioxo1H-pyrano[3′,4′:6,7]-indolizino[1,2-b]quinolin-9-yl-
[1,4′bipiperidine]-1′-carboxylate) and hydrochloride were
obtained from Dabur, India and were used as received.
Octreotide acetate was obtained from Lipotec, Barcelona,
Spain. Oleyl alcohol and phytanol were obtained from Sigma
(Sydney, Australia).

2.2. Solubility of model drugs in surfactants

The solubilities of irinotecan base, irinotecan hydrochloride
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crossed polarising filters (Rosevear, 1968), and a visual decrease
in sample flowability taken to indicate the onset of HII phase for-
mation.

To determine the water content at the excess water bound-
ary, Karl Fisher coulometry, conducted on a Metrohm KF 684
coulometer (Mettler Toledo, Melbourne, Australia) was utilised.
Triplicate samples of the surfactant or surfactant/lipid mixtures
(∼400 mg) were intimately mixed with a large excess of water,
by rapidly vortexing for 30 s at 80◦C (where low viscosity
L2 phase exists) and immediately cooling back to 37◦C. The
heat/vortex/cool cycle was repeated three times and the sample
stored at 37◦C for 100 h before analysis and visually observed
for uniformity between crossed polarising filters. Prior to anal-
ysis, the sample was centrifuged and excess water removed.
Small samples (∼20 mg) were removed from different sections
of the liquid crystalline matrix, and dissolved in acetonitrile for
injection into the coulometer. The water content of an equivalent
volume of blank acetonitrile was subtracted from the measured
value of the water content, and the weight of the samples used to
calculate the percentage of water content in the original sample.

2.4. Formulation of precursor and pre-formed liquid
crystalline systems

Formulations of the pre-formed liquid crystalline phase were
prepared containing 25% water to ensure minimal water uptake
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nd paclitaxel in Myverol, PG and OG, were determined by e
ibration of excess drug in the surfactant in triplicate at 37◦C,
entrifuging the samples and removing a sample of the drug
upernatant for assessment of drug content by HPLC. Sa
ere taken over several weeks every three days until ther

ess than 5% change in drug content between sampling tim

.3. Phase behaviour studies

Phase behaviour studies were conducted to determine
hase progression displayed by the lipid with increasing w
ontent, (ii) the water content at the boundary of the lyotr
iquid crystalline phase in contact with excess water, (iii) w
nfluence dissolved drug has on the phase progression disp
y the lipid with increasing water content and (iv) what in
nce the corresponding fatty alcohol has on the phase beh
s an indicator of in vivo hydrolysis of the glycerate sur

ant by esterase activity. Phase progressions were determi
ooding experiments conducted using crossed polarised o
icroscopy on a Zeiss Axiovert Inverted microscope (Carl Z
elbourne, Australia), fitted with a Mettler TA3000 hot sta

Mettler Toledo, Melbourne, Australia). The surfactant, sur
ant + fatty alcohol, or surfactant + drug was placed betw

microscope slide and coverslip and flooded with wate
7◦C, and the birefringent textures observed at the excess
oundary. In order to determine the water content at the re
icellar (L2) to reverse hexagonal phase boundary, require

he formulation of low viscosity precursor solutions, sam
f increasing water content were prepared and equilibrat
etailed below for coulometry measurements, and the ap
nce of birefringence when the sample was viewed thr
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n immersion in the release medium. The sample was m
nd stored at 37◦C for 100 h prior to use as described in
oulometry experiments. For the hydrophobic drugs, the
as dissolved at saturation levels in the surfactant prior to

ion of the aqueous phase, whilst the hydrophilic drugs w
issolved in the aqueous phase prior to addition to the surfa
he injectable precursor solutions were prepared by disso

he hydrophilic drug in the aqueous solution and adding
queous solution to the surfactant such that the water co
as only 7% (w/w), thereby ensuring the existence of the
iscosity L2 phase.

.5. Drug release from pre-formed liquid crystalline
ystems

Drug was loaded into the bulk lyotropic phase by ei
issolving the drug in the surfactant or aqueous compo
epending on whether the drug was lipophilic or hydroph
espectively. The lipid phase, with or without drug, was pla
n a sealable glass vial (generally∼300–400 mg) and the aqu
us phase (with or without drug) was placed on top of the
hase (500–1000 mg) to form the lyotropic phase. The sa
as agitated at 37◦C by means of a tube roller for 4 days
nsure equilibration of the bulk lyotropic phase, confirmed
rossed polarised optical microscopy.

A sample of the bulk lyotropic phase was then removed
laced into a small purpose-built glass microbeaker with app

mately 500 mg capacity, which was anchored to a large m
etic stirrer to prevent floating of the microbeaker in the rel
edium. The microbeaker was then immersed in a thermos
eaker at 37◦C containing the release medium (typically 500
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of MilliQ water), and stirred by means of a digital overhead pro-
peller stirrer (Eurostar) at 100 rpm (30 mm tri-prop stirrer shaft).
The release medium was sampled periodically (100�L) and
replaced with fresh release medium. The samples were analysed
for drug content by HPLC. As many of the experiments were
not conducted strictly under sink conditions, samples were gen-
erally taken until a plateau had been achieved to allow relative
release rates to be compared from the different surfactant–drug
combinations.

Drug release has been plotted against the square root of time,
as drug release from mesophase matrices has been shown to be
primarily controlled by diffusion through the matrix and con-
sequently can be described by the Higuchi diffusion equation
given by:

Q = [DmCd(2A − Cd)t]1/2

whereQ is the mass of drug released at timet, and is propor-
tional to the apparent diffusion coefficient of the drug in the
matrix, Dm the initial amount of drug in the matrix,A and the
solubility of the drug in the matrixCd (Higuchi, 1967). The
slope of the linear fit to the data from this plot is proportional to
the apparent diffusion coefficient for the drug in the matrix, and
permits firstly, assessment of diffusion as the primary means of
drug release from the correlation coefficient for the linear fit,
and second, a means to compare the diffusion of a drug from the
different matrices into the release medium.
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Table 1
Solubility of model drugs in neat liquid crystal-forming surfactants at 37◦C
(values are mean± S.D.,n = 3)

Solubility (mg/g)

Paclitaxel Irinotecan HCl Irinotecan base

Glyceryl monooleate 8.2± 0.4 2.12± 0.01 6.9± 0.2
Oleyl glycerate 8.4± 0.2 9.7± 0.7 35.7± 1.3
Phytanyl glycerate 5.0± 0.7 4.3± 0.4 64.6± 1.7

time course: 0–2 min, B = 30%, C = 70%; 2–7 min, 100% C;
7–10 min, A = 95%, B = 5%; 14–16 min, B = 30%, C = 70%,
with flow rate = 1 mL/min and UV detection at 370 nm. For pacli-
taxel, the time course used was: 0–5 min, A = 70%, B = 30%;
5.5–9.5 min, A = 95%, B = 5%; 10–12 min, A = 70%, B = 30%;
with flow rate = 1 mL/min and UV detection at 228 nm. Histi-
dine was analysed using isocratic elution with 20 mM KH2PO4
buffer (pH 8.0) at 0.8 mL/min, and detection at 208 nm. Glucose
was assayed using isocratic elution with 80%/20% ACN/MilliQ
water, and with refractive index detection (Waters 2414 dRI;
sampling rate: 2, sensitivity: 256, filter time: 1.0, temperature:
35◦C). Octreotide acetate was analysed at 0.8 mL/min with iso-
cratic elution of 27%/73% ACN/0.1% (v/v) trifluoroacetic acid
in MilliQ water and detected at 221 nm. The methods were val-
idated by standard methods for precision and accuracy.

3. Results

3.1. Solubility of hydrophobic drugs in liquid crystal
forming surfactants

The solubility of irinotecan base, irinotecan hydrochloride
and paclitaxel in the various neat surfactants are provided in
Table 1. The solubility of paclitaxel and irinotecan hydrochloride
were generally low (<10 mg/g), whilst irinotecan base showed
a moderate degree of solubility in the two glycerate-based sur-
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.6. Drug release from injectable precursor systems

The release of octreotide acetate from the precursor
em was conducted in a 50 mL polypropylene tube. Due to
ropensity of the L2 phase to floating, and thereby sticking

he wall of the tube, the L2 phase was prepared as descri
bove and injected into a soft gel capsule. The soft gel ca
as then placed into the release medium in the tube on a

ng water bath at 37◦C, where the capsule rapidly dissolv
ermitting formation of a single mass of lyotropic liquid cr

al. Samples (100�L) of the release medium were removed
nalysed for drug by HPLC, and the volume replaced with f
elease medium.

.7. Analytical methods

Drug content in surfactant samples and release media
etermined by HPLC methods. In all cases except for
ose an Altima C8 5�m, 250 mm× 4.6 mm column (Alltech
elbourne, Australia) was employed. For glucose, a
omenex Luna NH2 column, 250 mm× 4.6 mm, 5�m column
as used (Phenomenex, Melbourne, Australia). PG sam
ere dissolved in an acetonitrile (ACN):chloroform, 80

v/v) mixture, whilst OG and GMO samples were dissolve
n ACN:chloroform:methanol, 45:45:10 mixture prior to d

ion in the starting mobile phase for HPLC. For irinote
ydrochloride and irinotecan base a gradient elution me
as used comprising A: acetonitrile, B: MilliQ water and
8% ACN/62% (50 mM Na2HPO4, 5 mM heptane sulfon
cid, adjusted to pH 3 with 85% orthophosphoric acid) o
s

s

actants, indicating the potential to load therapeutically rele
evels of this compound into these systems. In the conte
hese studies, the solubility values were all sufficient from
nalytical perspective to permit the release studies to be

ormed, in order to compare drug release behaviour from
ifferent lipid matrices.

.2. Phase studies of glycerate surfactants

As illustrated inFig. 2, glycerate-based surfactants w
ound to form a low viscosity L2 phase at low water content, a
reverse hexagonal phase at higher water contents up to
ater at 37◦C. The phase boundaries determined by micros

or the L2 to HII boundary, and Karl Fisher coulometry for
xcess water boundary occurred at similar compositions for
lycerate surfactants, despite the very different molecular s

ure of the hydrophobic tails. In the case of OG, the trans
rom L2 to HII occurred at 7± 1% water, and the excess wa
oundary occurred at 29.9± 1.1%. For PG, the transition fro
2 to HII similarly occurred at 7± 1% (w/w) water, and th
xcess water boundary occurred at 39.0± 2.7% (w/w) water
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Fig. 2. One dimensional partial phase diagrams for OG, PG and GMO at 37◦C
showing water content at phase boundaries for reverse micellar (L2), lamellar
(L�), reverse hexagonal (HII ) and cubic phase (Q). Data in italics are derived
from the published phase diagram as described in the text.

By way of comparison, GMO undergoes an L2 to lamellar (L�)
and L� to Q transitions with increasing water at approximately 5
and 20% (w/w) water, respectively (Clogston et al., 2000). The
excess water boundary (Q to Q + excess H2O) was determined
to be at 34.9± 4.4% (w/w) water, which agrees well with the
reported phase behaviour for Myverol.

Addition of the fatty alcohol to the surfactants induced a
change from HII to L2 at the phase boundary with excess water
for both glycerate surfactants. Using Karl Fisher coulometry,
the water content of samples with increasing ratios of oleyl
alcohol:oleyl glycerate and phytanol:phytanyl glycerate when
equilibrated with excess water were determined, and are plotted
in Fig. 3. The water content in the phase at equilibrium remains
relatively unchanged at very low fatty alcohol levels and the HII
phase structure is maintained. As the alcohol content is increased
closer to a critical value at which L2 phase is formed, the water
content increases dramatically, presumably through swelling of
the matrix in preparation for the transition to reverse micelles,
and the water content drops substantially on addition of further
alcohol to the L2 phase.

3.3. Release of hydrophobic drugs from pre-formed LC
phases

The release of drug from the liquid crystalline matrices
f three
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Fig. 3. The effect of fatty alcohols on the phase behaviour of OG (Panel A) and
PG (Panel B) liquid crystalline matrices. The addition of increasing amounts of
fatty alcohols at 37◦C in both cases led to conversion of the HII phase (closed
symbols) to L2 phase (open symbols), accompanied by significant changes in the
composition of the phase boundary with excess water. Values are mean± S.D.
(n = 3).

nant release mode. The slope of the linear fit for GMO was nearly
2.5 times greater than OG (0.658 and 0.277 h−1/2, respectively),
indicating much faster diffusion of paclitaxel through the cubic
phase matrix compared to the reverse hexagonal phase.

A similar comparison of the rate of drug release from PG
compared to OG is provided inFig. 5. In this case, the plot of
percent released against square root of time indicates that the
release of either irinotecan base and irinotecan hydrochloride
from OG HII phase provide essentially the same release rate
constant, as the slopes are very similar. However, the release of
irinotecan base from PG HII phase is significantly slower than
from OG HII phase (slope = 0.658 and 0.277 h−1/2 for release of
irinotecan base from OG and PG HII phase, respectively). This
is a further indication that not only is the type of mesophase
important, but also the material from which the liquid crystal
phase is prepared.

3.4. Release of hydrophilic drugs from pre-formed LC
phases

Glucose, histidine and octreotide acetate, were used as model
hydrophilic drugs with varying physicochemical properties, i.e.
small uncharged hydrophilic drug, small charged hydrophilic
ormed from OG, PG and GMO was assessed using
ydrophobic drugs, paclitaxel, irinotecan HCl and irinote
ase.Fig. 4A illustrates the difference in release rate of paclita
nd irinotecan hydrochloride from the OG matrix compare
MO. Clearly, the release rate of paclitaxel was more r

rom the GMO matrix, despite the solubility of paclitaxel be
ssentially identical, eliminating partition effects as reaso

he difference under non-sink conditions. Similarly, the G
atrix also provided faster release of irinotecan hydrochlo
owever its lower solubility in GMO may have contributed to
ifference. When the paclitaxel data is plotted as percent rel
ersus square root of time, the data show a linear relation
articularly at early times, indicating that diffusion is the do
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Fig. 4. The difference in release behaviour from reverse hexagonal phase (OG
data) and cubic phase (GMO data) is highlighted, illustrating the more rapid
release from GMO cubic phase. Panel A illustrates the raw release data obtained
for irinotecan hydrochloride (circles, IrHCl) and paclitaxel (inverted triangles)
from the GMO (closed symbols) and OG (open symbols) pre-formed liquid
crystalline matrices. The lines are intended as a visual guide only. The paclitaxel
data is re-plotted against the square root of time in Panel B to illustrate the
dependence of drug release on diffusion. The dashed lines in Panel B are a least
squares linear fit for the data in each case.

Fig. 5. The release of irinotecan base (IrB) from the HII phase formed from
OG (closed circles) is more rapid than from PG (closed triangles). Irinotecan
base and hydrochloride (IrHCl, open circles) are released at very similar rates
from the OG-based HII matrix. With release rate plotted against square root of
time, the release rates are shown to be strongly diffusion dependent. The dashed
lines are a least squares linear fit for the data in each case, with the correlation
coefficient included for each drug/surfactant combination.

Fig. 6. The release of hydrophilic model drugs from the pre-formed liquid crys-
talline matrices prepared from GMO (inverted triangles), OG (filled circles)
and PG (open circles) at 37◦C is shown. Panel A illustrates the release of glu-
cose into PBS at pH 7.4; Panels B and C illustrate the release of histidine and
octreotide into acetate buffer at pH 4.0. The dashed lines are a least squares
linear fit for the data in each case, with the correlation coefficient included for
each drug/surfactant combination.

drug, and larger hydrophilic drug, representative of a peptide,
respectively. The release of each model drug from OG- and PG-
based HII phases is presented inFig. 6A–C, respectively.Fig. 6A
also illustrates glucose release from the cubic phase formed
by GMO for comparison to the results obtained for paclitaxel.
Again, these plots are percent released versus square root of
time, and in each case there is a clear fit with diffusion controlled
release. The issues of sink condition in this case are avoided as
the concentration of model drug in solution at 100% release is
very small compared to the solubility of the model drug in the
release medium.

Table 2summarises the results obtained from these profiles
in the form of slope for each drug/surfactant combination illus-
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Table 2
Slope of release profiles for hydrophilic drugs in liquid crystalline matri-
ces formed from oleyl glycerate (OG), phytanyl glycerate (PG) and glyceryl
monooleate (GMO) presented inFig. 6

Slope of % released vs. release time1/2

OG PG GMO

Glucose 2.10 0.68 6.75
Histidine 4.56 0.19 nd
Octreotide 3.21 0.59 nd

Slope is proportional to apparent diffusion coefficient of the drug in the matrix;
nd: not determined.

trated inFig. 6. In all cases the release from the OG HII phase
was faster than from the PG HII phase. In the case of histidine,
release from the PG HII matrix was over an order of magnitude
slower than from the OG HII phase. Release of glucose was three
times faster from the GMO cubic phase than from the glycerate-
based matrices, as was observed for the hydrophobic drugs. The
linearity of the plots (R2) was generally >0.9 indicating a strong
dependence on diffusion for release of the hydrophilic drugs,
in agreement with previous work on similar systems (Ericsson
et al., 1991). The release of octreotide over approximately one
month in duration further provides evidence of the potential of
these simple systems as new therapeutic drug delivery alterna-
tives.

3.5. Release of hydrophilic drugs from precursor systems

The liquid crystalline matrices, whilst providing promising
release characteristics, are very viscous and improbable can-
didates for a clinically useful dose form. However, the phase
behaviour illustrated inFig. 2for the glycerate-based surfactants
shows that addition of up to 7% water permits the formulation of
an aqueous solution of hydrophilic drug in the surfactant whilst
retaining the low viscosity L2 phase, and on exposure to excess
aqueous solution, for example, in the subcutaneous environment,
would provide in situ formation of the HII phase containing the
hydrophilic drug in the aqueous domains.

of
s sed
p opic
L glyc-

Fig. 8. Release of octreotide from OG and PG-based injectable precursor sys-
tems at 37◦C (closed and open circles, respectively) into pH 4 acetate buffer.
The dashed lines are a least squares linear fit for the data in each case, with the
correlation coefficient included for each drug/surfactant combination.

erate. Penetration of the aqueous medium into the L2 phase on
injection is analogous to moving to the right in the phase diagram
in Fig. 2, and results in the formation of the viscous, birefringent
HII phase almost immediately. Drug is then released from this
matrix. Fig. 8 illustrates the release of octreotide from the L2
phase when prepared using OG and PG. Once again, the release
from OG HII phase was much faster than from the PG HII phase.
However, release from the injected precursor form of OG was
more rapid than from the pre-formed matrix (Fig. 6C), likely
due to the larger surface area from which the drug is released
after dissolution of the capsule. Release from the PG precur-
sor matrix was very similar to that from the pre-formed HII
matrix. From these studies it is not apparent why this should
be the case, but virtually nothing is known about how these
glycerate-based materials swell and the mechanisms of phase
transitions, which may hold some clue as to the differences in
behaviour. Nevertheless, a clear distinction between release rates
from the two lipid matrices is again reflected in these data. The
release of drug from the in situ formed matrices still showed
strong diffusion dependence as before. Importantly, there does
not appear to be a ‘burst release’ event often associated with
injectable depot systems prepared using PLGA (Brodbeck et al.,
1999).
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Fig. 7 illustrates the concept by observation of injection
uch an L2 formulation into water, when viewed through cros
olarisers. The first frame shows the injection of the isotr
2 phase comprising octreotide acetate solution and oleyl

ig. 7. Injection of an OG-based precursor containing octreotide into p
non-birefringent) L2 liquid precursor rises to the surface of the isotropic b
itu formation of the bright, birefringent HII phase from the non-birefringent2
rom which sustained release of octreotide then occurs. The photograph
acetate buffer viewed through crossed polarizing filters. In Frame 1, tisotropic
on injection. Soon thereafter in Frame 2, sufficient water is absorbed to b
e. The bright mass of material in Frame 3 is the reverse hexagonal phas
e taken at approximately 5 s intervals.
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4. Discussion

The liquid crystalline systems studied here provide an oppor-
tunity for a very simple versatile platform delivery system for
hydrophilic and hydrophobic drugs. In principle, hydrophobic
drugs could be dissolved in the lipid and injected directly to
form the sustained release depot in situ. The ability to formu-
late hydrophilic drugs into a sustained release matrix without
the drawbacks associated with the PLGA systems is attractive;
the L2 phase precursor systems described in this report could be
adapted to existing immediate release parenteral formulations.
For example, a lyophilised peptide could be reconstituted in 7
parts aqueous phase and 93 parts surfactant, mixed to form the
homogeneous, low viscosity L2 phase, and injected to form a
sustained release depot in situ.

A similar approach for the formulation of a low viscos-
ity precursor has been investigated for the GMO cubic phase
matrix. Chang and Bodmeier investigated systems containing
chlorpheniramine maleate and propranolol, in which drug or a
solvent were added to the swollen cubic phase to form a lower
viscosity lamellar phase that would facilitate injection (Chang
and Bodmeier, 1998). On injection, initial release of the drug or
solvent from the matrix transformed the matrix to cubic phase
providing a sustained release effect. Combination systems of
GMO/PLGA and solvent have also been proposed (Johansson
et al., 2001). GMO also forms an Lphase at low water contents,
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to the external aqueous solution is also likely to be an impor-
tant factor in drug escape from the matrix. More rapid release
of all of the model drugs from cubic phase compared to HII
phase can be attributed to the differences between the geom-
etry of the aqueous domains. The cubic phase matrix consists
of two aqueous water channels that penetrate throughout the
matrix (Hyde et al., 1984) and provide the principal route of
drug release for both lipophilic and hydrophilic drugs. These
aqueous domains are likely open to the external aqueous phase.
In the case of the HII phase, the aqueous compartments are
closed extended micellar columnar structures (Laughlin, 1994).
Hydrophilic drug that is in these compartments would require
random perturbation/dynamic destruction-reconstruction events
of the reverse micelles to provide for drug release. Hence,
it is understandable that the release of drug from GMO
cubic phase is more rapid than from the glycerate hexagonal
phases.

PLGA releases drug primarily by erosion of the biodegrad-
able polymer matrix, whilst for the liquid crystalline systems
presented in this paper, diffusion of drug from a passive matrix
dominates the release behaviour. This has important therapeu-
tic implications and opportunities, as the rate of drug release
slows over time from the liquid crystalline matrix, whilst the
polymer-based systems are usually tailored to provide a zero
order constant release of drug. In some circumstances, the diffu-
sion controlled release may be beneficial in providing a loading
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One limitation of the precursor system described in this w
s the relatively rapid release, at least in the case of the
recursor illustrated inFig. 8. However, there was a drama
ifference between the OG and PG systems in this confi
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ithin 4 days, drug supply from the PG matrix would not
xhausted until approximately 10,000 h, or over one year
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The release rate is controlled by a number of factors re
o both the drug and the matrix itself. The diffusion coeffic
f the drug is dependent on its hydrodynamic radius, i.e. la
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peutic toxicity profile that can be improved by incorpora
f the drug into a sustained release oily vehicle (Larsen et al.
002). It was shown that it is possible to develop in vitro—
ivo correlations for these types of systems.

The differences in release behaviour between the OG an
atrices, which occurred for the release of all the model d
sed in these studies is less readily explained. Both mat

orm HII phases at similar compositions (Fig. 2), thus differ-
nces in aqueous domain volume is not sufficient to ex

hese differences. There appears to be no explanation th
e drawn directly from these data. Future experiments u
mall angle X-ray scattering, fluorescence anisotropy and
iffusion NMR are being planned to attempt to elucidate
easons for these differences.

The release of drugs with a wide range of physicochem
roperties from GMO cubic phase has been investigated

he matrices have been shown to be potentially useful d
ry vehicles, yet no injectable depot products have progre

nto clinical development. Whilst the reasons for this have
een provided, it is possibly due to the potential for GMO to
egraded to oleic acid by non-specific esterases, which in
ay form calcium oleate deposits in tissue. Calcium oleate
een previously reported to cause tissue necrosis (Appel and
ensen, 1994). In the case of the glycerate esters of this st
he product is the fatty alcohol. The susceptibility of the g
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erates to esterases, and the tolerability and local toxicity of the
degradation products are at this stage unknown, and will need
to be determined.

There is promising potential for glycerate surfactants to pro-
vide a controlled release matrix for administration other than as
a parenteral depot injection. Recently, the utility of cubic phase
for transdermal drug delivery has been explored, as has the use
of cubic phase as an artificial vernix for premature babies (Feuer,
2003; Turchiello et al., 2003). The lack of fatty acids in the glyc-
erates may improve their local tolerability profiles compared to
GMO-based systems. The potential application of these materi-
als in oral drug delivery is also being explored.

It is now well known that materials displaying phase
behaviour similar to that exhibited by these surfactants inFig. 2,
can be dispersed into particle form and employed as a drug car-
rier analogous to liposomes, the so called CubosomesTM and
HexosomesTM. Their preparation is relatively straight forward,
and because the phase prior to dispersion is stable in excess
water, the particles do not dissolve or transform into other
structures on dilution. Thus, it is anticipated that glycerate sur-
factants would form hexosomes at physiological temperature,
and we plan to investigate this possibility further in forthcom-
ing publications. Glycerate surfactants may overcome the issues
associated with GMO cubosomes in terms of toxicity and lower
temperature stability, as the lipid is not based on fatty acids, and
in the case of PG has a melting point below 5◦C.
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Ericsson, B., Eriksson, P.O., Löfroth, J.E., Engstr̈om, S., 1991. Cubic phases
as delivery systems for peptide drugs. In: ACS Symposium Series, pp.
251–265.

Feuer, J., 2003. Cubosome Technology will Benefit Premature Babies. Cincin-
nati Children’s Hospital Medical Centre News Release, September 2003
(online at http://www.cincinnatichildrens.org/about/news/release/2003/9-

H arm.

H cture
ace
logr.

J av-
l-

dy. J.

L 002. In
solu-

–154.
L Aca-

L hem.

M anyl-

M and
ns.

O , S.,
from

Q ur of
cenin.

R factant

S drug

T esco,
plica-
rapy
. Conclusions

In this in vitro study, we have demonstrated the pote
tility of a new class of mesophase-forming surfactants
lycerate headgroups, in providing a sustained release m
hanging the hydrophobe structure of the surfactants has
hown to alter the release characteristics in a consistent
er. The glycerate surfactants, which form reverse hexa
hase in excess water, consistently displayed a slower rele

ncorporated hydrophilic and hydrophobic drugs than glyc
onooleate, which is known to form cubic phase in excess w
he concept of preparing a drug-containing L2 phase precurso

hat forms reverse hexagonal phase on exposure to excess
us solutions has also been demonstrated and sustained
bserved on injection into excess solution, simulating a sub
eous depot delivery scenario. These novel surfactants pr
n alternative material to GMO from which to prepare liq
rystalline sustained release systems for drug delivery.
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