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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 investigate
for their potential to provide sustained release matrices for depot drug delivery. Oleyl glycerate and phytanyl glycerate were used asvepresentati
surfactants of this new class, and their behaviour compared with that of glyceryl monooleate (GMO). The surfactants were found to form reverse
hexagonal phase (bl in excess water, and the matrices were loaded with a series of model hydrophobic and hydrophilic drugs, (paclitaxel,
irinotecan, glucose, histidine and octreotide), and the release kinetics determined. In all cases, the release behaviour obeyed Higweitinkinetics,
linear drug release versus square root of time. The@khses released model drugs slower than the GMO cubic phase matrix. The oleyl glycerate
matrix was found to consistently release drug faster than the phytanyl glycerate matrix, despite both matrices being hasiealsen T further
demonstrate the potential utility of these materials as drug depot delivery systems, an injectable precursor formulation for octreotide was als
prepared and demonstrated to provide controlled release for the peptide. The stability pfithadd to likely in vivo breakdown products was
also assessed.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Parenteral depot formulations; Cubic phase; Hexagonal phase; Glycerate surfactant; In vitro release

1. Introduction systems are less well suited to water soluble drugs, are gener-
ally are often painful on administration leading to poor patient
Sustained release of parenterally administered drug product®mpliance, and such products frequently also suffer from poor
is often a desired therapeutic outcome as it permits fewer injecstability and variable absorption kinetics. Whilst polymer-based
tions, increases patient compliance and may reduce side effectglution or gel-type systems provide sustained release over the
compared to simple solution or intravenous administrationorder of months, they require the drug to be dispersed or dis-
There are a number of platform technologies currently used isolved in the same solvent used to dissolve the polymer for
marketed drug products that provide slow release from the sutadministration (e.gN-methyl pyrrolidone) Brodbeck et al.,
cutaneous, intramuscular and intraperitoneal tissue. Implantabl999.
devices aside, the syringable platform technologies which form Parenteral dosage forms of hormone regulating peptides,
the basis of these products primarily include oily suspenyproteins and antibodies are almost always required as these ther-
sions, polymer-based gels and polymer-based microparticleapeutic agents are often unstable in and/or poorly absorbed from
The polymer-based systems utilise biodegradable poly(lactithe gastrointestinal tract. Sustained release platforms are particu-
acid) or poly (lactide-co-glycolide) copolymers. larly attractive for such agents due principally to their often short
Suspensions and oily solutions have been the mainstay difiological half lives supported by an increasing trend towards
sustained release depot injections for decades, but these deliveényproved sustained release formulations for old drugs.
The polymer-based technologies have provided a number of
currently marketed long acting depot products, including San-
* Corresponding author. Tel.: +61 3 99039112; fax: +61 3 99039583. dostatin LAR® (containing octreotide acetate for acromegaly),
E-mail address: ben.boyd@vcp.monash.edu.au (B.J. Boyd). Risperdal Consf& (containing the antipsychotic, risperidone),
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LHRH) and Nutropit? (containing recombinant human growth
hormone). The major drawback with PLGA-based systems is
the need for either a solvent, suchMsnethyl pyrrolidone to OH
dissolve the polymer and drug, or the need to prepare micro- PG HO\*EO\/\I/\/\I/W
spheres of polymer encapsulating the drug, which can be tech-
nically difficult to manufacture and sterilize, and may cause oH
problems at the time of injection. One alternative formula- guo Ho\)\/o
tion platform to the PLGA systems is the SABERsucrose \g/W\/E/\/\/\/\
acetate isobutryate) technology, however this system also has
the drawback that a solvent is required to disperse the comkig. 1. Chemical structures of the three surfactants used to form liquid crys-
ponents, and it also exhibits significant burst release unlesslline matrices, OG: oleyl glycerate; PG: phytany! glycerate and GMO: glyceryl
appreciable levels of PLA is added to the formulati@kgmu  monooleate.
et al., 2002. Polymeric microsphere suspensions are difficult
to manufacture and sterilise and, anecdotally, polymeric microtemperaturesBarauskas and Landh, 200and has been receiv-
sphere technology, whilst avoiding the use of harsh solvents img more attention recently as it is commercially available, and
the injected product, can be difficult to administer in the clin-with a phytanyl backbone provides important structural differ-
ical setting due to the relatively large particle to needle sizeences to the fatty acid-based materials.
ratio. We recently disclosed a new class of lyotropic liquid crys-
Other lipid-based depot formulations, based on phosphaal forming materials with glycerate headgroudoyd et
lipids, include Supravaf which is particularly suited to poorly al., 2004, 2005 Importantly, it was discovered that oleyl
water soluble drugs and SkyePharma’s DepoFdhranetwork  glycerate (OG, 2,3-dihydroxypropionic acid octadec-9-enyl
of liposome-like compartments which forms the basis ofthe marester) and phytanyl glycerate (PG, 2,3-dihydroxypropionic
keted DepoCyR cytarabine injectable depot produssherman  acid 3,7,11,15-tetramethyl-hexadecyl ester) are able to form
et al., 1998. This product is supplied as an aqueous disperreverse hexagonal phase(Hat physiological temperatures
sion/suspension, and consequently when applied to drugs othier excess water. The structures of OG, PG and GMO are
than cytarabine may encounter stability problems on long-termpresented inFig. 1. The very subtle regio-chemical differ-
storage in an aqueous environment. ence in structure between OG and GMO induces interest-
Itis clear that there are limitations with each of the availableing differences in their self-assembly properties. The discov-
technologies, and that a new platform technology that coulery of these materials has further expanded the pool of sur-
overcome some of these limitations would be desirable. factants known to form cubic and reverse hexagonal phases
It is known that viscous reverse lyotropic liquid crystalline at physiological temperatures, which may subsequently be
phases in excess water, such as reverse hexagonal and bicontitiised as the basis of sustained release delivery systems in
uous cubic phase, can provide a slow release matrix for incomivo.
porated active molecule®fummond and Fong, 1999; Shah et  In this report, we detail the phase behaviour and formula-
al., 200). These materials provide a complex matrix consist-tion aspects of oleyl glycerate and phytanyl glycerate as a liquid
ing of discrete aqueous and lipidic regions. They also possessystal-based depotinjection for both hydrophilic and hydropho-
a high internal interfacial area, estimated to be in excess dfic drugs. Two hydrophobic model drugs were chosen for
400 mt/g (Lawrence, 199% This heterogeneous structure per- these studies: paclitaxel, and irinotecan in base and hydrochlo-
mits incorporation of hydrophilic, lipophilic and amphiphilic ride form (IrB and IrHCI, respectively), and one hydrophilic
materials, or a combination thereof, within the limitation thatdrug, octreotide acetate, a peptide with molecular weight of
their presence does not induce a change in lyotropic phaspproximately 1.5kDa. Glucose and histidine were also stud-
structure Mueller-Goymann and Frank, 1988udicious choice ied as representatives for uncharged and charged, smaller model
of materials to form the liquid crystal system can provide ahydrophilic molecules, respectively. Preparation of injectable
matrix that is stable to dilution on contact with bodily fluids, precursor forms of the mesophases for delivery of hydrophilic
which in principle could form a persistent, sustained releaselrugs has been achieved by the formulation of low viscosity,
depot when administered by any number of routes to thevater-containing precursors of the lyotropic phases, by taking
patient. advantage of their lyotropic phase behaviour. These precursor
Until recently there have been few materials identified thasystems form the liquid crystalline phase in situ, and may pro-
have been capable of forming such liquid crystalline matricesvide a clinically useful controlled release alternative. Stability
in excess aqueous solution; research has primarily utilised glyof the liquid crystalline phase to likely breakdown products of
eryl monooleate (GMO) and mixtures of GMO with other lipids, the lipids in the form of hydrolysed fatty alcohols has also been
or variants on the GMO structur@(i and Caffrey, 1998 assessed through investigations of phase behaviour at various
Minamikawa and Hato have reported glycosides that exhibitevels of added alcohol. Release of the model drugs from the
this type of phase behaviouM{namikawa and Hato, 1997 liquid crystalline matrices and from precursor formulations has
Phytantriol (3,7,11,15-tetramethyl hexadecantriol) also forms &#een determined in vitro and compared to equivalent GMO-
cubic phase (Q) in excess water at ambient and physiologic#lased systems.

Eligard® (containing luteinising hormone releasing hormone or \/ﬁg/
oG HO. O.
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2. Materials and methods crossed polarising filterfosevear, 19§8and a visual decrease
in sample flowability taken to indicate the onset gf phase for-
2.1. Materials mation.

To determine the water content at the excess water bound-
OG and PG were manufactured at CSIRO-Molecularary, Karl Fisher coulometry, conducted on a Metrohm KF 684
Science (Australia) as disclosed previouslgoyd et al., coulometer (Mettler Toledo, Melbourne, Australia) was utilised.
20049 and were (99%) and (96%) pure by reverse phasdriplicate samples of the surfactant or surfactant/lipid mixtures
HPLC, respectively. Myverol 18-9% (Myverol) was obtained  (~400 mg) were intimately mixed with a large excess of water,
from Kerry Bio-Science (Norwich, NY). Myverol has a high by rapidly vortexing for 30s at 80C (where low viscosity
monoglyceride content and is known to have very similarL, phase exists) and immediately cooling back t0G7 The
phase behaviour to pure glyceryl monooleat€lofston heat/vortex/cool cycle was repeated three times and the sample
et al., 2000, most importantly that it forms cubic phase stored at 37C for 100 h before analysis and visually observed
in excess water at physiological temperatures, and therdor uniformity between crossed polarising filters. Prior to anal-
fore is a good model for GMO. Paclitaxel was obtainedysis, the sample was centrifuged and excess water removed.
from Napro Biotherapeutics, Colorado, USA. IrinotecanSmall samples<{20 mg) were removed from different sections
base (§)-4,11-diethyl-3,4,12,14-tetrahydro-4-hydroxy-3,14- of the liquid crystalline matrix, and dissolved in acetonitrile for
dioxo1H-pyrano[34':6,7]-indolizino[1,2-b]quinolin-9-yl- injection into the coulometer. The water content of an equivalent
[1,4bipiperidine]-1-carboxylate) and hydrochloride were volume of blank acetonitrile was subtracted from the measured
obtained from Dabur, India and were used as receivedvalue of the water content, and the weight of the samples used to
Octreotide acetate was obtained from Lipotec, Barcelonagalculate the percentage of water content in the original sample.
Spain. Oleyl alcohol and phytanol were obtained from Sigma
(Sydney, Australia). 2.4. Formulation of precursor and pre-formed liquid
crystalline systems
2.2. Solubility of model drugs in surfactants
Formulations of the pre-formed liquid crystalline phase were
The solubilities of irinotecan base, irinotecan hydrochlorideprepared containing 25% water to ensure minimal water uptake
and paclitaxel in Myverol, PG and OG, were determined by equion immersion in the release medium. The sample was mixed
libration of excess drug in the surfactant in triplicate af@7 and stored at 37C for 100 h prior to use as described in the
centrifuging the samples and removing a sample of the drug-freeoulometry experiments. For the hydrophobic drugs, the drug
supernatant for assessment of drug content by HPLC. Sampl@gs dissolved at saturation levels in the surfactant prior to addi-
were taken over several weeks every three days until there waion of the aqueous phase, whilst the hydrophilic drugs were
less than 5% change in drug content between sampling timesdissolved in the aqueous phase prior to addition to the surfactant.
The injectable precursor solutions were prepared by dissolving
2.3. Phase behaviour studies the hydrophilic drug in the aqueous solution and adding the
agueous solution to the surfactant such that the water content
Phase behaviour studies were conducted to determine (i) theas only 7% (w/w), thereby ensuring the existence of the low
phase progression displayed by the lipid with increasing wateviscosity L, phase.
content, (ii) the water content at the boundary of the lyotropic
liquid crystalline phase in contact with excess water, (iii) what2.5. Drug release from pre-formed liquid crystalline
influence dissolved drug has on the phase progression displayegkzems
by the lipid with increasing water content and (iv) what influ-
ence the corresponding fatty alcohol has on the phase behaviour Drug was loaded into the bulk lyotropic phase by either
as an indicator of in vivo hydrolysis of the glycerate surfac-dissolving the drug in the surfactant or aqueous component,
tant by esterase activity. Phase progressions were determined gpending on whether the drug was lipophilic or hydrophilic,
flooding experiments conducted using crossed polarised opticakspectively. The lipid phase, with or without drug, was placed
microscopy on a Zeiss Axiovert Inverted microscope (Carl Zeissin a sealable glass vial (generath800—-400 mg) and the aque-
Melbourne, Australia), fitted with a Mettler TA3000 hot stage ous phase (with or without drug) was placed on top of the lipid
(Mettler Toledo, Melbourne, Australia). The surfactant, surfacphase (500-1000 mg) to form the lyotropic phase. The sample
tant +fatty alcohol, or surfactant+drug was placed betweemvas agitated at 37C by means of a tube roller for 4 days to
a microscope slide and coverslip and flooded with water aensure equilibration of the bulk lyotropic phase, confirmed by
37°C, and the birefringent textures observed at the excess waterossed polarised optical microscopy.
boundary. In order to determine the water content at the reverse A sample of the bulk lyotropic phase was then removed and
micellar (Lp) to reverse hexagonal phase boundary, required foplaced into a small purpose-built glass microbeaker with approx-
the formulation of low viscosity precursor solutions, samplesmately 500 mg capacity, which was anchored to a large mag-
of increasing water content were prepared and equilibrated agetic stirrer to prevent floating of the microbeaker in the release
detailed below for coulometry measurements, and the appeamedium. The microbeaker was thenimmersed in athermostatted
ance of birefringence when the sample was viewed througheakerat 37C containing the release medium (typically 500 mL
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of MilliQ water), and stirred by means of a digital overhead pro-Table 1
peller stirrer (Eurostar) at 100 rpm (30 mm tri-prop stirrer shaft) Solubility of model drugs in neat liquid crystal-forming surfactants atG7
The release medium was sampled periodically (10pand (values are mea S.D..n =3)
replaced with fresh release medium. The samples were analysed Solubility (mg/g)
for drug content by HPLC. As many of the experiments were Paclitaxel Irinotecan HCl_ Irinotecan base
not conducted strictly under sink conditions, samples were gen
erally taken until a plateau had been achieved to allow relativg:iceryI monooleate  8.&04 212+ 0.01 6.9+02

. vl glycerate 8.4+ 0.2 9.7+ 0.7 35.7+ 1.3
release rates to be compared from the different surfactant—drygytanyi giycerate 5.6 0.7 43+ 04 64.64+ 1.7
combinations.

Drug release has been plotted against the square root of time,
as drug release from mesophase matrices has been shown totime course: 0-2min, B=30%, C=70%; 2—-7 min, 100% C;
primarily controlled by diffusion through the matrix and con- 7-10 min, A=95%, B=5%; 14-16 min, B=30%, C=70%,
sequently can be described by the Higuchi diffusion equationvith flow rate =1 mL/minand UV detection at 370 nm. For pacli-
given by: taxel, the time course used was: 0-5min, A=70%, B =30%;
5.5-9.5min, A=95%, B=5%; 10-12 min, A=70%, B =30%,;

Q =[DmCq(24 = Ca)] 2 with flow rate =1 mL/min and UV detection at 228 nm. Histi-
whereQ is the mass of drug released at timand is propor- dine was analysed using isocratic elution with 20 mM iRy
tional to the apparent diffusion coefficient of the drug in thebuffer (pH 8.0) at 0.8 mL/min, and detection at 208 nm. Glucose
matrix, D, the initial amount of drug in the matri¥ and the  was assayed using isocratic elution with 80%/20% ACN/MilliQ
solubility of the drug in the matrixCq (Higuchi, 1963. The  water, and with refractive index detection (Waters 2414 dRI;
slope of the linear fit to the data from this plot is proportional tosampling rate: 2, sensitivity: 256, filter time: 1.0, temperature:
the apparent diffusion coefficient for the drug in the matrix, and35°C). Octreotide acetate was analysed at 0.8 mL/min with iso-
permits firstly, assessment of diffusion as the primary means afratic elution of 27%/73% ACN/0.1% (v/v) trifluoroacetic acid
drug release from the correlation coefficient for the linear fit,in MilliQ water and detected at 221 nm. The methods were val-
and second, a means to compare the diffusion of a drug from thidated by standard methods for precision and accuracy.
different matrices into the release medium.

3. Results
2.6. Drug release from injectable precursor systems

3.1. Solubility of hydrophobic drugs in liquid crystal

The release of octreotide acetate from the precursor sygerming surfactants

tem was conducted in a 50 mL polypropylene tube. Due to the
propensity of the bk phase to floating, and thereby sticking to ~ The solubility of irinotecan base, irinotecan hydrochloride
the wall of the tube, the £ phase was prepared as describedand paclitaxel in the various neat surfactants are provided in
above and injected into a soft gel capsule. The soft gel capsulBable 1 The solubility of paclitaxel and irinotecan hydrochloride
was then placed into the release medium in the tube on a shawere generally low (<10 mg/g), whilst irinotecan base showed
ing water bath at 37C, where the capsule rapidly dissolved, a moderate degree of solubility in the two glycerate-based sur-
permitting formation of a single mass of lyotropic liquid crys- factants, indicating the potential to load therapeutically relevant
tal. Samples (10f.L) of the release medium were removed andlevels of this compound into these systems. In the context of
analysed for drug by HPLC, and the volume replaced with frestthese studies, the solubility values were all sufficient from an

release medium. analytical perspective to permit the release studies to be per-
formed, in order to compare drug release behaviour from the
2.7. Analytical methods different lipid matrices.

Drug content in surfactant samples and release media waks2. Phase studies of glycerate surfactants
determined by HPLC methods. In all cases except for glu-
cose an Altima C8 fum, 250 mmx 4.6 mm column (Alltech, As illustrated inFig. 2, glycerate-based surfactants were
Melbourne, Australia) was employed. For glucose, a Phefound to form alow viscosity k phase at low water content, and
nomenex Luna Nk column, 250 mnx 4.6 mm, 5um column  areverse hexagonal phase at higher water contents up to excess
was used (Phenomenex, Melbourne, Australia). PG samplesgater at 37 C. The phase boundaries determined by microscopy
were dissolved in an acetonitrile (ACN):chloroform, 80:20 for the Ly to H;; boundary, and Karl Fisher coulometry for the
(v/v) mixture, whilst OG and GMO samples were dissolved inexcess water boundary occurred at similar compositions for both
an ACN:chloroform:methanol, 45:45:10 mixture prior to dilu- glycerate surfactants, despite the very different molecular struc-
tion in the starting mobile phase for HPLC. For irinotecanture of the hydrophobic tails. In the case of OG, the transition
hydrochloride and irinotecan base a gradient elution methofrom L, to H;; occurred at & 1% water, and the excess water
was used comprising A: acetonitrile, B: MilliQ water and C: boundary occurred at 29491.1%. For PG, the transition from
38% ACN/62% (50mM NgHPO4, 5mM heptane sulfonic Ly to Hy similarly occurred at & 1% (w/w) water, and the
acid, adjusted to pH 3 with 85% orthophosphoric acid) overexcess water boundary occurred at 392.7% (w/w) water.
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Surfactant Water
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0 7+1 39.0+2.7 100
GMO . Lo Q
0 5 20 35.0+4.4 100

% water added to surfactant

Fig. 2. One dimensional partial phase diagrams for OG, PG and GMO’& 37
showing water content at phase boundaries for reverse miceligriémellar
(Lo), reverse hexagonal (H 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 antb lamellar (L)

and L, to Q transitions with increasing water at approximately 5

and 20% (w/w) water, respectivelZlogston et al., 2000 The
excess water boundary (Q to Q +exces®©iHwas 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

H, O content of phase (% w/w)

H,O content of phase (% w/w)

change from K to L, at the phase boundary with excess water

for both glycerate surfactants. Using Karl Fisher coulometry
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the water content of samples with increasing ratios of oIeyFig- 3. The effect of fatty alcohols on the phase behaviour of OG (Panel A) and

alcohol:oleyl glycerate and phytanol:phytanyl glycerate wherf

equilibrated with excess water were determined, and are plott

relatively unchanged at very low fatty alcohol levels and the H

G (Panel B) liquid crystalline matrices. The addition of increasing amounts of
tty alcohols at 37C in both cases led to conversion of thg phase (closed

) k : “h : mbols) to Lo phase (open symbols), accompanied by significant changes in the
in Fig. 3. The water content in the phase at equilibrium remainsomposition of the phase boundary with excess water. Values are-rfdn

(n=3).

phase structure is maintained. As the alcohol contentis increased
closer to a critical value at whichplphase is formed, the water nantrelease mode. The slope of the linear fit for GMO was nearly
content increases dramatically, presumably through swelling .5 times greater than OG (0.658 and 0.27¥% respectively),

the matrix in preparation for the transition to reverse micellesjndicating much faster diffusion of paclitaxel through the cubic
and the water content drops substantially on addition of furthephase matrix compared to the reverse hexagonal phase.

A similar comparison of the rate of drug release from PG
compared to OG is provided frig. 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 H, phase provide essentially the same release rate

The release of drug from the liquid crystalline matricesconstant, as the slopes are very similar. However, the release of
formed from OG, PG and GMO was assessed using threinotecan base from PG Hphase is significantly slower than
hydrophobic drugs, paclitaxel, irinotecan HCI and irinotecanfrom OG H phase (slope =0.658 and 0.277 for release of
baseFig. 4A illustrates the difference in release rate of paclitaxelifinotecan base from OG and PG, iphase, respectively). This
and irinotecan hydrochloride from the OG matrix compared tds a further indication that not only is the type of mesophase
GMO. Clearly, the release rate of paclitaxel was more rapidmportant, but also the material from which the liquid crystal
from the GMO matrix, despite the solubility of paclitaxel being phase is prepared.
essentially identical, eliminating partition effects as reason for
the difference under non-sink conditions. Similarly, the GMO3.4. Release of hydrophilic drugs from pre-formed LC
matrix also provided faster release of irinotecan hydrochloridephases

alcohol to the kx phase.

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

however its lower solubility in GMO may have contributed to this

difference. Whenthe paclitaxel datais plotted as percent released Glucose, histidine and octreotide acetate, were used as model
versus square root of time, the data show a linear relationshifydrophilic drugs with varying physicochemical properties, i.e.
particularly at early times, indicating that diffusion is the domi- small uncharged hydrophilic drug, small charged hydrophilic
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dependence of drug release on diffusion. The dashed lines in Panel B are a least

squares linear fit for the data in each case.
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Fig. 5. The release of irinotecan base (IrB) from thg phase formed from
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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 3T 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 K| phases is presentedhiy. 6A—C, respectivelyig. 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

OG (closed circles) is more rapid than from PG (closed triangles). Irinotecaithe concentration of model drug in solution at 100% release is

base and hydrochloride (IrHCI, open circles) are released at very similar rat
from the OG-based fimatrix. With release rate plotted against square root of
time, the release rates are shown to be strongly diffusion dependent. The dashe

Sery small compared to the solubility of the model drug in the

eq—‘)lease medium.

lines are a least squares linear fit for the data in each case, with the correlation Table 2summarises the results obtained from these profiles
coefficient included for each drug/surfactant combination.

in the form of slope for each drug/surfactant combination illus-
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Table 2 100
Slope of release profiles for hydrophilic drugs in liquid crystalline matri-
ces formed from oleyl glycerate (OG), phytanyl glycerate (PG) and glyceryl 02G /,
monooleate (GMO) presentedHig. 6 ] 801 R =0‘99}
w
Slope of % released vs. release tiie g /
© 60 y
0G PG GMO @ /
2 / PG
Glucose 2.10 0.68 6.75 g 401 {0 R%20.972
Histidine 4.56 0.19 nd 8 / 900
Octreotide 3.21 0.59 nd % / s
® 207 P e
Slope is proportional to apparent diffusion coefficient of the drug in the matrix; PR -8
nd: not determined. ol _ﬁ/ﬁ—"""} . : . .
0 5 10 15 20 25 30
trated inFig. 6. In all cases the release from the OG phase [Release time (hrs)]'2

was faster than from the PG Hphase. In the case of histidine, _ i .

. . Fig. 8. Release of octreotide from OG and PG-based injectable precursor sys-
release from the PG Hmatrix was over an order of magthde tems at 37C (closed and open circles, respectively) into pH 4 acetate buffer.
slower than from the OG friphase. Release of glucose was threerne gashed lines are a least squares linear fit for the data in each case, with the
times faster from the GMO cubic phase than from the glycerateeorrelation coefficient included for each drug/surfactant combination.
based matrices, as was observed for the hydrophobic drugs. The
linearity of the plots %) was generally >0.9 indicating a strong
dependence on diffusion for release of the hydrophilic drugsgrate. Penetration of the aqueous medium into thpHase on
in agreement with previous work on similar systerisi¢sson ~ injection is analogous to moving to the rightin the phase diagram
et al., 199). The release of octreotide over approximately onen Fig. 2 and results in the formation of the viscous, birefringent
month in duration further provides evidence of the potential ofHi phase almost immediately. Drug is then released from this
these simple systems as new therapeutic drug delivery alterngratrix. Fig. 8illustrates the release of octreotide from the L

tives. phase when prepared using OG and PG. Once again, the release
from OG H, phase was much faster than from the Pdhase.
3.5. Release of hydrophilic drugs from precursor systems However, release from the injected precursor form of OG was

more rapid than from the pre-formed matrixig. 6C), likely

The liquid crystalline matrices, whilst providing promising due to the larger surface area from which the drug is released
release characteristics, are very viscous and improbable cagfter dissolution of the capsule. Release from the PG precur-
didates for a clinically useful dose form. However, the phasesor matrix was very similar to that from the pre-formeg H
behaviour illustrated iffig. 2for the glycerate-based surfactants matrix. From these studies it is not apparent why this should
shows that addition of up to 7% water permits the formulation ofo€ the case, but virtually nothing is known about how these
an aqueous solution of hydrophilic drug in the surfactant whilsglycerate-based materials swell and the mechanisms of phase
retaining the low viscosity £ phase, and on exposure to excesstransitions, which may hold some clue as to the differences in
aqueous SOlUtiOﬂ, for examp|e, inthe subcutaneous environmeﬂﬁ_?haViOUr. Nevertheless, aclear distinction between release rates
would provide in situ formation of the Hphase containing the from the two lipid matrices is again reflected in these data. The
hydrophilic drug in the aqueous domains. release of drug from the in situ formed matrices still showed

Fig. 7illustrates the concept by observation of injection of strong diffusion dependence as before. Importantly, there does
such an L formulation into water, when viewed through crossednOt appear to be a ‘burst release’ event often associated with
polarisers. The first frame shows the injection of the isotropidnjectable depot systems prepared using PL8(beck et al.,
L, phase comprising octreotide acetate solution and oleyl glyc1999.

Frame 1 - Frame 2 Frame 3

Fig. 7. Injection of an OG-based precursor containing octreotide into pH 4.0 acetate buffer viewed through crossed polarizing filters. In Friso&dpithe
(non-birefringent) L liquid precursor rises to the surface of the isotropic buffer on injection. Soon thereafter in Frame 2, sufficient water is absorbed to begin the in
situ formation of the bright, birefringent,;Hphase from the non-birefringeng lphase. The bright mass of material in Frame 3 is the reverse hexagonal phase matrix
from which sustained release of octreotide then occurs. The photographs were taken at approximately 5s intervals.
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4. Discussion to the external aqueous solution is also likely to be an impor-
tant factor in drug escape from the matrix. More rapid release
The liquid crystalline systems studied here provide an opporef all of the model drugs from cubic phase compared {p H
tunity for a very simple versatile platform delivery system for phase can be attributed to the differences between the geom-
hydrophilic and hydrophobic drugs. In principle, hydrophobicetry of the aqueous domains. The cubic phase matrix consists
drugs could be dissolved in the lipid and injected directly toof two aqueous water channels that penetrate throughout the
form the sustained release depot in situ. The ability to formumatrix (Hyde et al., 198%and provide the principal route of
late hydrophilic drugs into a sustained release matrix withoutlrug release for both lipophilic and hydrophilic drugs. These
the drawbacks associated with the PLGA systems is attractivesqueous domains are likely open to the external aqueous phase.
the L, phase precursor systems described in this report could He the case of the |l phase, the aqueous compartments are
adapted to existing immediate release parenteral formulationslosed extended micellar columnar structutesughlin, 1994.
For example, a lyophilised peptide could be reconstituted in Hydrophilic drug that is in these compartments would require
parts aqueous phase and 93 parts surfactant, mixed to form th@ndom perturbation/dynamic destruction-reconstruction events
homogeneous, low viscosity,Lphase, and injected to form a of the reverse micelles to provide for drug release. Hence,
sustained release depot in situ. it is understandable that the release of drug from GMO
A similar approach for the formulation of a low viscos- cubic phase is more rapid than from the glycerate hexagonal
ity precursor has been investigated for the GMO cubic phasphases.
matrix. Chang and Bodmeier investigated systems containing PLGA releases drug primarily by erosion of the biodegrad-
chlorpheniramine maleate and propranolol, in which drug or able polymer matrix, whilst for the liquid crystalline systems
solvent were added to the swollen cubic phase to form a loweapresented in this paper, diffusion of drug from a passive matrix
viscosity lamellar phase that would facilitate injectid@h@ng dominates the release behaviour. This has important therapeu-
and Bodmeier, 19980n injection, initial release of the drug or tic implications and opportunities, as the rate of drug release
solvent from the matrix transformed the matrix to cubic phaseslows over time from the liquid crystalline matrix, whilst the
providing a sustained release effect. Combination systems gqdolymer-based systems are usually tailored to provide a zero
GMO/PLGA and solvent have also been proposizhénsson order constant release of drug. In some circumstances, the diffu-
etal., 200}). GMO also forms an £ phase at low water contents, sion controlled release may be beneficial in providing a loading
below that required to form the lamellar phase, however Changdose of drug initially, then a slower maintenance at longer times
and Bodmeier chose the above approaches for formulating theefore tailing off below therapeutic levels. Dual or biphasic
injectable systems due to concerns about the possibility of irritarelease kinetics of this kind has potential benefits in a clinical
tion due to uptake of water from surrounding tissues if partiallyscenario where the two ‘release regimes’, i.e. a dual injection
swollen systems were used. In the context of the current studproviding both therapeutic benefits of loading dose and longer
this may be a future limitation of the technology, but would needterm therapeutic maintenance. Often drugs will display a ther-
to be evaluated in vivo. apeutic toxicity profile that can be improved by incorporation
One limitation of the precursor system described in this workof the drug into a sustained release oily vehidlaréen et al.,
is the relatively rapid release, at least in the case of the O@002. It was shown that it is possible to develop in vitro—in
precursor illustrated ifrig. 8 However, there was a dramatic vivo correlations for these types of systems.
difference between the OG and PG systems in this configura- The differences in release behaviour between the OG and PG
tion; whilst the OG matrix was essentially exhausted of drugmatrices, which occurred for the release of all the model drugs
within 4 days, drug supply from the PG matrix would not be used in these studies is less readily explained. Both materials
exhausted until approximately 10,000 h, or over one year if théorm H, phases at similar compositionBig. 2), thus differ-
PG system behaved essentially linearly at much longer timesnces in aqueous domain volume is not sufficient to explain
than those followed in these experiments. In practice, the ratthese differences. There appears to be no explanation that can
of drug release at long times would be so slow that it would beéoe drawn directly from these data. Future experiments using
unable to provide a therapeutically relevant supply of drug tasmall angle X-ray scattering, fluorescence anisotropy and self-
the body and in vivo conditions are likely to result in breakdowndiffusion NMR are being planned to attempt to elucidate the
and/or dispersion of the matrix over time leading to more rapideasons for these differences.
drug release. The increasing number of materials being discov- The release of drugs with a wide range of physicochemical
ered that form Q and jiphases in excess water will lead to a properties from GMO cubic phase has been investigated and
better ability to manipulate the release rates. the matrices have been shown to be potentially useful deliv-
The release rate is controlled by a number of factors relatedry vehicles, yet no injectable depot products have progressed
to both the drug and the matrix itself. The diffusion coefficientinto clinical development. Whilst the reasons for this have not
of the drug is dependent on its hydrodynamic radius, i.e. largelfpeen provided, it is possibly due to the potential for GMO to be
on its molecular weight. Interaction of a hydrophilic drug with degraded to oleic acid by non-specific esterases, which in turn
the lipid matrix through e.g. hydrogen bonding or ion-pairingmay form calcium oleate deposits in tissue. Calcium oleate has
may also alter the release rates by reducing the diffusion coebeen previously reported to cause tissue necr@gipél and
ficient. If drug is transported primarily through the aqueousJensen, 1994In the case of the glycerate esters of this study,
domains of the matrix, then the access of the aqueous domaitise product is the fatty alcohol. The susceptibility of the glyc-
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erates to esterases, and the tolerability and local toxicity of th@sherman, J., Ye, Q., Stevenson, M., Katre, N., 1998. Depofafechnol-

degradation products are at this stage unknown, and will need ogy: an effective vehicle for controlled delivery of proteins and peptides.
to be determined J. Control. Release 25, 503.

Th . . . tential f | t factants t Barauskas, J., Landh, T., 2003. Phase behaviour of the phytantriol/water sys-
ere Is promising potential for glycerate surtactants to pro- Langmuir 19, 9562-9565.

vide a controlled re_legse_matrix for administrg_tion othe_r than agoyd, B.J., Davey, G., Drummond, C.J., Hartley, P., Fong, C., Krodkiewska,
a parenteral depot injection. Recently, the utility of cubic phase 1., Murphy, A., Tait, R., Warr, G., Wells, D., Whittaker, D.V,, Ye, R.,
for transdermal drug delivery has been explored, as has the use 2004. Surfactants and lyotropic phases formed therefrom. International
of cubic phase as an artificial vernix for premature balfesiér, patent WO 2004/022530, March 2004. -
2003; Turchiello et al., 2003The lack of fatty acids in the glyc- 2 B Davey: . Knoo, S-M. Vinitaker, B.V., 2005 compositions

! . N - Yy . gly and methods of delivery of biologically active agents. International patent
erates may improve their local tolerability profiles compared to 02005021046, March 2005.

GMO-based systems. The potential application of these matersrodbeck, K.J., DesNoyer, J.R., McHugh, A.J., 1999. Phase inversion dynam-

als in oral drug delivery is also being explored. ics of PLGA solutions related to drug delivery. Part Il. The role of
It is now well known that materials displaying phase solution thermodynamics and bath-side mass transfer. J. Control. Release
62, 333-344.

behawogr similar t_o that e)fhlblted by these SurfaCtanEgﬂz‘ Chang, C.-M., Bodmeier, R., 1998. Low viscosity monoglyceride-based drug
can be dispersed into particle form and employed as a drug car- gelivery systems transforming into a highly viscous cubic phase. Int. J.

rier analogous to liposomes, the so called Cubosdthemd Pharm. 173, 51-60.

Hexosome8¥. Their preparation is relatively straight forward, Clogston, J., Rathman, J., Tomasko, D., Walker, H., Caffrey, M., 2000. Phase
and because the phase prior to dispersion is stable in eXcessbehaviourofamonoacylglycerol (Myverol 18-99 K)/water system. Chem.

ter. th icles d ¢ dissol ; ; into oth Phys. Lipids 107, 191-220.
water, tne particles do not dissolve or transiform into o erI.Drummond, C.J.,, Fong, C., 1999. Surfactant self-assembly objects as novel

structures on dilution. Thus, it is anticipated that glycerate sur- grug delivery vehicles. Curr. Opin. Colloid Interface Sci. 4, 449—
factants would form hexosomes at physiological temperature, 456.

and we plan to investigate this possibility further in forthcom-Ericsson, B., Eriksson, P.O.dfroth, J.E., Engstim, S., 1991. Cubic phases
ing publications. Glycerate surfactants may overcome the issues S delivery systems for peptide drugs. In: ACS Symposium Series, pp.

. . . . 251-265.
associated with GMO cubosomes in terms of toxicity and IOweifzeuer, J., 2003. Cubosome Technology will Benefit Premature Babies. Cincin-

temperature stability, as the lipid is not based on fatty acids, and nati children's Hospital Medical Centre News Release, September 2003

in the case of PG has a melting point beloW® (online at http://www.cincinnatichildrens.org/about/news/release/2003/9-
cubosome-technology.hjm
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