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The stability of egg phosphatidylcholine (EPC) and cholesterol (Chol) based liposomes and liposomes
with the addition of the tetraether lipid glycerylcaldityl tetraether (GCTE) and the bio-enhancers cholyl-
sarcosine, octadecanethiol and TPGS 1000 in Tris buffer pH 2, sodium taurocholate 10 mM and pancreatin
was compared. At pH 2 all formulations released nearly 100% of the small hydrophilic fluorescent marker
carboxyfluorescein (CF) within the first 10 min, whereas they were mostly stable in size as confirmed by
dynamic light scattering (DLS) measurements. Also leakage of the macromolecule FITC-dextran 70 kDa
ral delivery
iposomes
nhancers
etraether lipids
ynamic light scattering

over 60 min at pH 2 was at most 23.9%. After 20 min in 10 mM sodium taurocholate vesicles without GCTE
showed a release of CF between 84.0% and 89.5%. In contrast, GCTE-stabilised formulations after 90 min
in sodium taurocholate exhibited a CF release between 36.6% and 69.0% depending on the addition of
bio-enhancers. Pancreatin had a minor influence on liposome stability in all assays. It is possible to form
EPC/Chol vesicles containing different types of bio-enhancers and to stabilise them with GCTE against
bile salts. This type of liposomes could be a versatile tool for the oral delivery of drug substances with
poor stability in the GI tract and low permeability.
. Introduction

Soon after their discovery in 1965, liposomes were used for the
ral delivery of peptide and protein drugs (Bangham et al., 1965;
atel and Ryman, 1976; Patel et al., 1982; Chiang and Weiner, 1987;
ricker et al., 2010). Especially for proteins used for the treatment
f chronic diseases, development of an oral dosage form is feasi-
le, but rendered difficult. Common features of many proteins are
heir high molecular weight, hydrophilicity and susceptibility to
egradation by proteases or low pH leading to a low oral bioavail-
bility (Fricker and Drewe, 1996). Liposomes might help to stabilise
roteins in the gastro-intestinal tract (GIT) and to improve their
ermeation through the intestinal mucosa. However, also lipo-
omes show instabilities after oral application, especially against
ot only bile salts but also pancreatic enzymes and the acidic con-
itions in the stomach (Rowland and Woodley, 1980; Iwanaga et al.,
997, 1999). This leads not only to a reduction of intact liposomes

eaching the intestinal mucosa but also to a strong leakage of lipo-
omally encapsulated drugs into the GIT, where they are exposed
o low pH or proteases. Several approaches were made to improve
he stability of liposomes against the harsh conditions in the GIT.
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E-mail address: gert.fricker@uni-hd.de (G. Fricker).
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Vesicles can be coated with polymers such as chitosan, polyethy-
lene glycol or pectin not only to improve the membrane integrity
but also to provide a mucoadhesivity and to prolong the retention
of the formulations in the gut (Takeuchi et al., 1994; Filipović-Grcić
et al., 2001; Werle et al., 2009; Werle and Takeuchi, 2009). Lipo-
somes made with phospholipids with a glass transition above body
temperature or containing other stabilising lipids like gangliosides
can survive the gastro-intestinal tract (Muramatsu et al., 1996; Han
et al., 1997; Taira et al., 2004). Since their first description by Lang-
worthy in 1977 naturally derived tetraether lipids (TELs) were used
in liposomes to improve their stability and also their immunogenic-
ity for vaccine delivery (Langworthy, 1977; Choquet et al., 1994; Fan
et al., 1995; Komatsu and Chong, 1998; Patel and Chen, 2005). TELs
are present in a great variety in both archaeal and bacterial mem-
branes (Lo and Chang, 1990; Schouten et al., 2007). Their unique
properties make them good candidates for the use in liposomes
for oral drug delivery. They are less susceptible to hydrolysis and
oxidation than normal phospholipids. Furthermore, TELs are mem-
brane spanning and thus can stabilise bilayer membranes. Despite
their rigid structure, they have a low glass transition temperature

below 0 ◦C and are therefore easy to handle at room temperature
compared to stabilising phospholipids like disteaorylphosphatidyl-
choline (De Rosa et al., 1986; Gliozzi et al., 1986; Gambacorta et al.,
1995). Commonly, the so called archaeosomes are prepared by the
polar lipid fraction obtained from archae and contain a mixture of

dx.doi.org/10.1016/j.ijpharm.2010.12.005
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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ipolar TELs. In contrast, in the present study, we are the first to use
nly one single structure, the glycerylcaldityl tetraether (GCTE), for
he stabilisation of liposomes. GCTE can be obtained after hydroly-
is of the polar lipid fraction of Sulfurous acidocaldarius, followed
y several purification steps (Lo et al., 1989). The use of a single
hemical entity allows a more target-oriented change of liposo-
al properties and an easier adjustment of their stability in the

ntestine. Furthermore, a single structure has lower demands on
nalytical methods and leads to a higher batch to batch consistency
n an industrial production process.

Even when intact liposomes reach the intestinal mucosa, uptake
f encapsulated protein drugs or vesicles is usually very low
Whitmore and Wheeler, 1979; Rowland and Woodley, 1981a,b,c).
rotection of the encapsulated drug by use of stabilised liposomes
ight not be sufficient for most protein drugs to achieve a rea-

onable bioavailability. Previous attempts to increase the uptake of
iposomal carriers and their encapsulated drugs were among oth-
rs the use of M-cell targeted liposomes or mucoadhesive vesicles
Takeuchi et al., 2005; Werle et al., 2010). Due to their high versatil-
ty concerning composition, liposomes are suitable drug carriers for
he use of bio-enhancers. Chemically defined enhancers represent a
ost effective way of bioavailability improvement and have already
een widely investigated in the literature (Maher et al., 2008). The
imultaneous delivery of enhancer and drug in one vehicle could
llow a reduction of enhancer needed and thus also a reduction
f possible toxic side effects. Unfortunately, most enhancers are
urfactants and can destabilise liposomes making a better under-
tanding of their influence on the stability of liposomes for peroral
elivery desirable. In this study, we tested the stability of egg
hosphatidylcholine (EPC) and cholesterol (Chol) based liposomes
ith and without GCTE and the bio-enhancers d-�-tocopheryl
olyethylene glycol 1000 succinate (TPGS), cholylsarcosine (CS)
nd octadecanethiol (OT). TPGS is a non-ionic surfactant and was
riginally used as a water-soluble vitamin E derivative (Authority,
007). Beside the surfactant characteristics of TPGS, which mostly

mplies also permeation enhancing properties, the PEG chain can
ontribute to stabilisation of liposomes and TPGS is a known
nhibitor of P-glycoprotein (Collnot et al., 2007). The anionic bile
alt derivative CS, the sarcosine (N-methylglycine) conjugate of
holic acid, behaves very similarly to naturally occurring conju-
ated bile acids (Lillienau et al., 1992). Bile salts have been in use
or a long time as permeation enhancers and there have already
een studies with liposomal bile salt formulations (Degim et al.,
004; Song et al., 2005). One advantage compared to taurocholic
cid, which has previously been used as an excipient, is lack
f tumorgenicity of CS. Taurocholic acid may be metabolised by
econjugation and 7-dehydroxylation to deoxycholic acid, which
as been reported to have a certain tumorigenic potential (Hill,
978; Nair and Turjman, 1983; Kandell and Bernstein, 1991; Latta
t al., 1993). However, due to methylation of the amide bond, CS
annot be deconjugated to form deoxycholic acid. In addition, this
ile acid derivative has already been tested in humans with short
owel syndrome in the context of bile acid replacement therapies
Emmett et al., 2003; Kapral et al., 2004).

In contrast to the other two enhancers, OT has no surface active
roperties, but the thiol group shows a certain mucoadhesivity, a
rinciple already successfully used for bioavailability improvement
Takeuchi et al., 2001).

To assure a sufficient protection of encapsulated protein, lipo-
omes should maintain their vesicular form and exhibit no leakage
f the protein. Furthermore, the influx of small molecules through

he lipid bilayer should be minimal to avoid protein denaturation
y protons or high salt concentrations. We tested the liposomal
ormulations for their stability under acidic conditions, in bile salts
nd in pancreatin. Change in size and size distribution was moni-
ored to conclude on the vesicular shape of the particles. In addition,
Pharmaceutics 405 (2011) 210–217 211

leakage of both fluorescein isothiocyanate-dextran (FITC-dextran)
(70 kDa) and carboxyfluorescein (CF) was examined; the first as
model for a large hydrophilic molecule and the latter to investigate
the membrane permeability of small hydrophilic molecules.

2. Materials and methods

2.1. Materials

EPC was provided by Lipoid GmbH (Ludwigshafen, Germany)
and GCTE by Bernina Plus GmbH (Planegg, Germany). TPGS 1000
was supplied by Eastman (Kingsport, TN, USA). Cholylsarcosine was
obtained from Prodotti Chimici e Alimentari S. p. A. (Basaluzzo,
Italy). Cholesterol, FITC-dextran (Mw 70,000 Da), pancreatin from
porcine pancreas (8× U.S.P.), octadecanethiol and sodium tauro-
cholate (minimum 95% TLC) were purchased from Sigma–Aldrich
(Taufkirchen, Germany). 5(6)-Carboxyfluorescein was provided by
Serva (Heidelberg, Germany). All other chemicals were obtained in
the highest purity from the usual commercial sources.

Pancreatin mixture contains non-soluble components, which
could disturb the fluorescence measurements. In order to remove
these impurities, 1.25% (m/m) of pancreatin was dispersed in
phosphate buffered saline (PBS) (NaCl 137 mM, KCl 2.7 mM,
K2HPO4·1.5 mM, Na2HPO4·2H2O 8.1 mM) and centrifuged at
15,000 × g for 1 h at 4 ◦C (Beckman J2-MC, Beckman Instruments
GmbH, München, Germany). Finally, the supernatant was filtrated
using a 0.45 �m sterile filter. The lipase activity was determined
according to the assay described in Ph. Eur. 6.3. using a Dosimat
E 412 (Metrohm Herisan, Metrohm GmbH, Filderstadt, Germany)
for titration and a pH-Meter E 512 (Metrohm Herisan, Metrohm
GmbH, Filderstadt, Germany) for pH measurement. The pancreatin
solution was further diluted with PBS 1:4 to achieve a lipase activity
of 300 U/ml and stored at −80 ◦C until use.

2.2. Preparation of liposomes

The different enhancers were mixed with EPC and cholesterol,
whereby EPC was always 50% (mol/mol) of the lipid mixture and
the enhancers either 10% (CS and OT) or 2.5% (TPGS). The lipo-
somes were prepared by the film method according to Bangham
et al. (1965). Therefore, the lipids were dissolved in chloro-
form/methanol (9:1) and mixed in a 5 ml glass vial in the desired
ratio. The solution was dried under a nitrogen stream and kept
under a high vacuum for 2 h to remove any solvent traces. The
films were either hydrated with CF 50 mM in PBS or FITC-dextran
20 mg/ml in PBS or with PBS without any marker to achieve
a final total lipid concentration of 10 mM (CF and PBS lipo-
somes) or 100 mM (FITC-dextran liposomes). Subsequently the
liposomes were extruded 21 times through a 200 nm polycarbon-
ate membrane using a LiposoFast extruder (Avestin, Ludwigshafen,
Germany). Size and polydispersity were checked by dynamic light
scattering (DLS) using a Zetasizer 3000 HS (Malvern Instruments
GmbH, Herrenberg, Germany) in the intensity mode.

2.3. Dynamic light scattering stability assay

Liposomes were diluted 1:10 with either Tris buffer pH 2 (Tris
50 mM, KCl 2.7 mM and NaCl 120 mM) or pancreatin in PBS or
sodium taurocholate 11.11 mM in PBS – resulting in a final con-
centration of 10.00 mM sodium taurocholate – and incubated at
37 ◦C for 60 min, respectively 90 min. A 1:10 dilution of the lipo-

somes in PBS was used as a control. After 10, 30, 60 and in case of
the pancreatin and sodium taurocholate assay also after 90 min, a
sample was withdrawn, 1:20 diluted and immediately two runs in
the rapid mode were performed in the Zetasizer to determine size
and polydispersity index (PI).
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.4. Carboxyfluorescein release

The non-encapsulated CF was separated from the liposomes by
Sephadex® G50 fine size exclusion chromatography. Release of

he marker was determined at 37 ◦C using a Fluoroskan Ascent®

Thermo Fischer Scientific, Waltham, USA) after injection of the
iposomes in Tris buffer pH 2, pancreatin in PBS or sodium tau-
ocholate 11.11 mM in PBS resulting in a 1:10 dilution of the
ormulations. Increase of fluorescence was measured at 485 nm
xcitation and 520 nm emission wavelength. Because the fluores-
ence of CF is pH-dependent, the samples were neutralised after 2,
0, 30 and 60 min with Tris buffer pH 10 to achieve a final pH of
.4. The emission of the liposomes in the mixture of the two differ-
nt Tris buffers was set as zero release control and the fluorescence
n Triton-X 1% in the Tris buffer mix as 100% release control. The
mission of CF in the other two assays could be measured con-
inuously and the emission in Triton-X 1% in pancreatin solution,
espectively. Triton-X 1% in PBS was set as 100% release. The pan-
reatin solution has a certain quenching effect on the fluorescence,
hus the emission in PBS was only used as a negative control for
he test in sodium taurocholate. As the leakage of CF caused by
ancreatin is an enzymatic reaction, a 0% release of the marker

mmediately after liposome injection can be hypothesized. All tests
ere performed in triplicate in Costar® 24 well plates (Corning,
aiserslautern, Germany). In these type of wells the influence of

he surface tension reduction on the fluorescence by the bile salt
nd Triton-X is less pronounced than in 96 well plates. The leakage
f CF over the time was calculated as follows:

CF release = FE − FE0

FETrit − FE0
× 100%, (1)

here FE is the fluorescence emission at the different time points,
E0 is the emission of negative control and FETrit the emission of
iposomes after destruction with Triton-X 1%.

.5. FITC-dextran release

Liposomes were diluted around 1:4 with PBS and centrifuged
t 150,000 × g for 90 min at 4 ◦C (Himac CS 100FX, Hitachi Koki,
okyo, Japan). Supernatant was removed and liposomes were redis-
ersed in the initial volume of PBS and the centrifugation step was
epeated. Directly before the assay, the pellet was dispersed in PBS
o achieve a lipid concentration of approximately 50 mM. The for-

ulations were incubated in Tris buffer pH 2, pancreatin in PBS
nd sodium taurocholate 11.11 mM in PBS at 37 ◦C for 60 min and
0 min, respectively. Immediately after the incubation the sam-
les were applied on a Sepharose® CL-4B column, eluted with PBS
nd liposomes and free FITC-dextran were collected separately. The
ree marker and the liposomes were diluted 1:10 with Triton-X 1%
n PBS. Untreated liposomes served as a control. After 1:10 dilu-
ion in PBS, they were also separated from any non-encapsulated
ITC-dextran by size exclusion chromatography. To determine the
ecovery rate of the fluorescent marker after the chromatography,
on-columned liposomes were diluted 1:10 with Triton-X 1% after
:10 dilution in PBS. All samples were measured in triplicates in a
lack Costar® 96 well plate (Corning, Kaiserslautern, Germany). The
ercentage of encapsulation (E%) was determined by the following
quation:

% = FElip

FElip + FEfree
× 100%, (2)
here FElip is the fluorescence emission of the liposome fraction
nd FEfree of the free marker fraction after correction of the dilu-
ion. The percentage of FITC-dextran remaining in the liposomes
fter incubation in the different buffers in comparison to untreated
f Pharmaceutics 405 (2011) 210–217

liposomes was calculated by the following equation:

%FITC − dextranremaining = E%treated

E%control
× 100%, (3)

where E%treated is the percentage of encapsulation in the treated
liposomes and E%control in the non-treated liposomes. The recovery
rate (RR) in % was calculated as follows:

%RR = FElip + FEfree

FEuncol
× 100%, (4)

FEuncol is the fluorescence emission of the uncolumned liposomes.
Only samples with a recovery rate between 90% and 110% were
taken into account for statistics.

2.6. Statistics

All values are presented as means ± SEM. Groups were com-
pared by one-way Student’s t-test. Differences were considered
significant at *p < 0.05, **p < 0.01, ***p < 0.001. Plots and statistics
were made using the software Prism® (GraphPad Software, San
Diego, CA, USA).

3. Results

3.1. Liposome stability at pH 2

The majority of the formulations were stable in size and poly-
dispersity over 90 min in Tris buffer pH 2 (Fig. 1A and B). However,
the formulations with EPC/GCTE/Chol and with EPC/GCTE/OT/Chol
showed a strong growth in size over the time going together with
an increase of PI. All formulations showed a nearly 100% release of
CF after just 10 min at pH 2 (Fig. 1C). In contrast, the encapsulation
efficiency of FITC-dextran remained at nearly 100% after 60 min
compared to the control for most formulations (Fig. 1D). Only the
EPC/GCTE/Chol liposomes were slightly less stable than the same
formulation without GCTE.

3.2. Liposome stability in sodium taurocholate 10 mM

After a certain drop in the first minutes, the liposomes were sta-
ble in size in the bile salt solutions (Fig. 2A). Also the PI showed the
biggest change in the first 10 min, whereas the two formulations
without bio-enhancers and the vesicles with GCTE and CS were
stable in their size distribution over the time (Fig. 2B). The least sta-
ble formulation concerning the PI were the EPC/CS/Chol liposomes
with an increase of 3.75-fold. The CF release in bile salts allows a
better discrimination of the vesicle stability (Fig. 2C). All liposomes
without GCTE released nearly 100% CF in the first 10 min. GCTE
vesicles with CS and OT released 67.2% (±4.4) and 69.0% (±1.3),
respectively after 90 min, liposomes with GCTE and TPGS 40.6%
(±9.3) and GCTE vesicles without enhancer 36.6% (±3.3). FITC-
dextran encapsulation exhibited the same inclination of stability,
though the release was always lower compared to CF (Fig. 2D).
GCTE vesicles retained nearly all of the markers and also EPC/Chol
liposomes were remarkably stable containing still 85.3% (±5.2) of
FITC-dextran after 90 min. GCTE formulations with bio-enhancers
were all significantly more stable than the corresponding formula-
tions without the tetraether lipid.

3.3. Liposome stability in pancreatin 0.3% 8× USP
Influence of pancreatin on the stability of the liposomes was
very low in all three assays (Fig. 3A–D). Only the CF release varies
between the formulations. Most vesicles released less than 10% of
the fluorescent dye, only the EPC/GCTE/Chol liposomes were less
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ean ± SEM with n = 4 (A and B) or n = 3 (C and D). Groups with and without GCTE i

table by releasing 18.1% (±0.2) in 90 min, whereas TPGS seemed
o have a certain stabilising effect on the CF release.

. Discussion

In the present study, we compared the effects of the tetraether
ipid glycerylcaldityl tetraether (GCTE) and various bio-enhancers
n the stability of EPC and cholesterol based liposomes. We used a
urified, single type TEL, GCTE, to avoid the disadvantages a mix-
ure of TELs entails. It is likely, that the ratio of the different lipid

omponents of archae membranes varies over the time, making a
omprehensive analysis vital. Furthermore, the properties of lipid
esicles can be more easily adjusted and the amount of the TEL
eeded can be reduced by use of a defined and purified TEL. EPC

iposomes with 50% of cholesterol were chosen as reference for-
lation (D) after 60 min of liposomes in Tris buffer pH 2 at 37 ◦C. Values represent
h D were compared by one-way Student’s t-test with *p < 0.05, p < 0.01, p < 0.001.

mulation since the stability of EPC vesicles increases with higher
amount of cholesterol, whereas the transition temperature remains
below body temperature (Schubert and Schmidt, 1988). Cholesterol
formed crystalline structures in the membrane of EPC liposomes
at a concentration of around 40%, visible in differential scanning
calorimetry scans (data not shown). Thus, a concentration far above
40% is not expected to increase the stability of the vesicles any
further, but will complicate handling of the lipid mixture.

Release of the two hydrophilic markers at pH 2 differed very
significantly with their molecular weight, indicating that the vesi-

cles were not totally destroyed but a leakage of the small molecule
CF through the membrane could occur (see Fig. 1C and D). Also
the DLS data indicate that the vesicles stayed intact over the time
(see Fig. 1A and B). This was already found in previous studies,
where liposomes stayed intact at low pH and leakage of macro-
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ig. 2. Size (A), polydispersity index (B), CF release (C) and FITC-dextran 70 kDa en
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**p < 0.001.

olecules was not very pronounced (Patel et al., 2000; Taira et al.,
004). TELs are known to increase the stability of membranes at low
H, but the EPC/GCTE/Chol formulation showed the highest insta-
ility under those conditions and this effect was reduced by the
ddition of the two surfactant bio-enhancers TPGS and CS (Elferink
t al., 1994). It seems likely, that the high rigidity of GCTE pro-
otes membrane defects at high proton concentrations and that

he fluidising effect by surfactants helps to reduce the leakage of
mall molecules (Cavagnetto et al., 1992; Gabriel and Chong, 2000).
ramaki et al. (1993) found a CF release in pH 2 of around 60% for
ifferent EPC/Chol liposomes. However, the liposomes examined

n Aramaki’s study were multilamellar vesicles (MLV) in contrast
o the extruded, unilamellar vesicles (ULV) used in the present
tudy. MLV can be generally considered as more stable because
he inner aqueous core of the liposomes is protected by multi-

le layers of membrane. The surprisingly high leakage of CF in
his study might be also related to the method used. Before flu-
rescent measurement, the samples had to be neutralised, which
ed temporarily to different proton concentrations inside and out-
ide the liposomes, assuming that the internal pH decreased during
ation (D) after 90 min of liposomes in sodium taurocholate 10 mM at 37 ◦C. Values
CTE in graph D were compared by one-way Student’s t-test with *p < 0.05, p < 0.01,

incubation time. At low pH inside the vesicles CF is non-ionic and
thus better membrane-permeable, leading to a facilitated perme-
ation of the marker to the outside, where the counter permeation
is hindered due to the anionic charge of the fluorescent marker
at neutral pH. This effect may also help to explain the somehow
higher leakage for phospholipid-based vesicles found here com-
pared to previous studies, where hydrophilic non-ionic marker like
sucrose or polyvinylpyrrolidone was used (Rowland and Woodley,
1980; Choquet et al., 1994). Still, the proton gradient can only play
a role in CF leakage, when protons can diffuse into the inner aque-
ous compartment of the vesicles during the incubation in pH 2
buffer. Even if a macromolecule remains inside the liposomes, it
is exposed to a high proton concentration, which could cause for
example denaturation in terms of peptide drugs.

Human bile is described to contain predominantly the 5 bile

salts chenodeoxycholic and cholic acid in equimolar concentration
(40%), deoxycholic acid (15%) and lithocholic and ursodeoxycholic
acid (together 5%). The bile salt concentration in the small intes-
tine remains relatively constant at around 5–20 mM in duodenum
and jejunum and decreases in the ileum due to reabsorption of
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epresent mean ± SEM with n = 4 (A and B) or n = 3 (C and D). Groups with and with
< 0.001.

he bile salts (Borgstrom, 1957; Hofmann, 1989; Kararli, 1995).
o facilitate the assay and to assure that the bile acid is fully dis-
olved, 10 mM sodium taurocholate was used in this study instead
f the physiological mixture. This concentration is above the criti-
al micelle concentration of sodium taurocholate. Thus, it should
nteract rapidly with the liposomes forming mixed vesicles and
nally mixed micelles (Walde et al., 1987). This might cause a total

eakage of CF, which could indeed be observed for the EPC based
iposomes (see Fig. 2C). However, the DLS data did not show any
ndication for the formation of micelles since size of vesicles was
table over the time and only the change in PI revealed some insta-
ility of the liposomes (see Fig. 2A and B). FITC-dextran release
f GCTE-free liposomes suggests either the transient formation of
embrane pores large enough for the macromolecule to pass or the
olubilisation of vesicles into mixed micelles and a continuous dis-
urbance of membrane integrity (see Fig. 2D). Cholesterol is known
o hamper forming of pores and membrane solubilisation, which is
n good agreement with the low FITC-dextran release of EPC/Chol
iposomes (Schubert and Schmidt, 1988). In contrast, surfactants
ulation (D) after 90 min of liposomes in pancreatin 0.3% 8× USP at 37 ◦C. Values
CTE in graph D were compared by one-way Student’s t-test with p < 0.05, p < 0.01,

make the membrane more susceptible to sodium taurocholate. Also
OT, which is not surface active, reduced the membrane stability,
and this may be due to the lower amount of cholesterol in this for-
mulation compared to EPC/Chol liposomes or the low melting point
(24–31 ◦C) of OT. The stabilising effect of GCTE might be related both
to its membrane spanning structure increasing the intermolecular
forces in the membrane and to its rigidity hindering the insertion
of sodium taurocholate into the membrane. Altogether, the sta-
bility results in bile salts suggest, that GCTE-stabilised liposomes
remain with their membrane integrity and are likely to protect
encapsulated drugs from degradation.

Ether lipids are known to be less susceptible against pancreatin,
moreover Burns et al. (1981) described a competitive inhibition
of phospholipase A2 by diether lipids (Choquet et al., 1994). Taira

et al. (2004) found a CF release from conventional EPC/Chol lipo-
somes in pancreatin of around 10% after 90 min, which is in good
agreement with our results. The somewhat higher leakage of the
EPC/GCTE/Chol formulation might be related not only to an enzy-
matic degradation of the lipids but also to protein/membrane
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nteraction causing a destabilisation of the liposomal membrane
see Fig. 3C). The failure to improve stability against pancreatin of
he TEL could be due to the fact that the amount of ester phos-
holipids is still 36% in the formulations giving phospholipase A2
nough targets. The stabilising effect of TPGS on the liposomes is
robably due to sterical hinderance of the pancreatic enzymes by
he PEG chain. Considering the size stability and the very low FITC-
extran release the CF release in pancreatin is likely caused by
mall membrane defects and not by a rupture or total disintegra-
ion of some vesicles. Some of the effects could also be associated
o membrane/protein interactions and not to enzymatic processes.

. Conclusions

Liposomes containing both the stabilising tetraether lipid GCTE
nd bio-enhancers could be a versatile tool for oral delivery of pro-
eins or other drug substances, which have a low oral bioavailability
ue to gastro-intestinal degradation and low permeation. In the
resent study, we could show that GCTE can improve stability of

iposomes against sodium taurocholate and especially could reduce
he destabilising effect of bio-enhancers in the liposomal mem-
rane. However, it has to be clarified in further studies, if GCTE
ight reduce a possible positive effect of bio-enhancers in lipo-

omes on the bioavailability of encapsulated drugs and thus would
iminish its benefit concerning stability increase. This should be
ependent from the mode of action of the respective enhancer.
specially the performance of enhancers, which increase perme-
tion of a drug by fluidising the cell membrane, could be reduced.
he influence of GCTE might be less significant for mucoadhesive
ubstances or those opening tight junctions.

The high release of CF at pH 2 is most likely related to small
embrane damages but not to a disintegration of the liposomes

ndicated by a low FITC-dextran release and size stability. Never-
heless, not only a release of encapsulated drug but also damage
y the high proton concentration during stomach passage has to
e taken into account. To overcome this stability problem a freeze-
rying of liposomes and encapsulation in enteric-coated capsules
ill be investigated in further studies.
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