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Abstract

Isolated subunits of the crystalline cell surface layer (S-layer) protein of Bacillus stearothermophilus PV72/p2 were
recrystallized on positively charged unilamellar liposomes. Liposomes were composed of dipalmitoylphosphatidylcholine
(DPPC), cholesterol and hexadecylamine (HDA) in a molar ratio of 10:5:4 and they were prepared by the dehydration^
rehydration method followed by an extrusion procedure. The S-layer protein to DPPC ratio was 5.7 nmol/Wmol which
approximately corresponds to the theoretical value estimated by using the areas occupied by the S-layer lattice and the lipid
membrane. Coating of the positively charged liposomes with S-layer protein resulted in inversion of the j-potential from
+29.1 mV to 327.1 mV. Covalent crosslinking of the recrystallized S-layer protein was achieved with glutaraldehyde.
Chemical analysis revealed that almost all amino groups (s 95%) from HDA in the liposomal membrane were involved in
the reaction. To study the influence of an S-layer lattice on the stability of the liposomes, the hydrophilic marker
carboxyfluoresceine (CF) was encapsulated and its release was determined for plain and S-layer-coated liposomes in the
course of mechanical and thermal challenges. In comparison to plain liposomes, S-layer-coated liposomes released only half
the amount of enclosed CF upon exposure to shear forces or ultrasonication as mechanical stress factors. Furthermore,
temperature shifts from 25³C to 55³C and vice versa induced considerably less CF release from S-layer-coated than from
plain liposomes. A similar stabilizing effect of the S-layer lattice was observed after glutaraldehyde treatment of plain and
S-layer-coated liposomes. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In many bacteria and archaea, two-dimensional
crystalline arrays of identical protein or glycoprotein
subunits (surface layers; S-layers) represent the out-
ermost cell envelope component [1^3]. S-layers exhib-
it either oblique (p1, p2), square (p4) or hexagonal

(p3, p6) lattice symmetry. Depending on the lattice
type, one morphological unit cell is composed of one
or two, four, three or six identical subunits. The
constituent subunits generally show a molecular
mass ranging from 40 000 to 200 000. In most bacte-
ria, the S-layer subunits interact with each other and
with the supporting cell envelope layer by non-cova-
lent forces including hydrogen bonds, hydrophobic
or charge interactions [1,2,4]. Previous studies have
shown that S-layers from many bacillaceae could be
detached from the underlying cell envelope layer and
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disintegrated into their constituent subunits by treat-
ment with high concentrations of hydrogen-bond-
breaking agents such as 5 M guanidine hydrochlo-
ride. During removal of the disrupting agents (e.g.,
by dialysis) the isolated S-layer subunits frequently
reassemble into the same regularly structured lattices
as are observed on whole bacterial cells. Recrystalli-
zation of the S-layer subunits into closed lattices may
also occur on suitable surfaces such as poly-L-lysine-
coated supports, Langmuir (L) lipid ¢lms or at the
air/water interface [4^7]. Recrystallization and label-
ling experiments have further shown that S-layer lat-
tices from bacillaceae are highly anisotropic struc-
tures with regard to their inner and outer surfaces.
Generally, the outer surface is more hydrophobic
than the inner one. The net charge of the inner sur-
face is usually negative due to an excess of acidic
amino acid residues, whereas the outer surface is
charge neutral due to an equimolar amount of acidic
and basic groups. High-resolution electron micros-
copic studies revealed that the inner surface of the
S-layer subunits binds to positively charged head
groups of L lipid ¢lms, indicating that electrostatic
interactions are primarily involved [5^8]. The stabi-
lizing e¡ect of S-layer protein lattices on lipid ¢lms
was recently demonstrated for both lipid bilayers and
tetraetherlipid monolayers [9,10]. In a previous
study, the recrystallization of the S-layer protein
from Bacillus coagulans E38-66 on liposomes com-
posed of dipalmitoylphosphatidylcholine (DPPC),
cholesterol and HDA was described [11].

In the present study, the S-layer protein from Ba-
cillus stearothermophilus PV72/p2 was used for re-
crystallization on liposomes. The S-layer lattice
shows oblique symmetry and is composed of sub-
units with a molecular mass of 97 000. The lattice
constants are a = 9.7 nm, b = 7.4 nm and Q = 80³.
The gene (sbsB) encoding this S-layer protein has
been cloned and sequenced [12]. According to se-
quence data, the isoelectric point of the mature
S-layer protein is 5.0. To obtain information on a
possible stabilizing e¡ect of an S-layer lattice on lip-
osomes, comparative studies with plain and S-layer-
coated liposomes were performed with regard to
shear forces, energy stress and temperature shifts.

2. Materials and methods

2.1. Preparation of empty and carboxy£uoresceine
(CF)-containing liposomes by the dehydration^
rehydration method

Positively charged liposomes were prepared ac-
cording to a modi¢cation of the dehydration^rehy-
dration method originally described by Kirby and
Gregoriadis [13]. The lipid mixture was composed
of 20 Wmol dipalmitoylphosphatidylcholine (Avanti
Polar Lipids, Alabaster, AL, USA), 10 Wmol choles-
terol (Sigma, St. Louis, MO, USA) and 8 Wmol hex-
adecylamine (Fluka, Buchs, Switzerland). The com-
ponents were dissolved in 2 ml chloroform and
rotary evaporated to a dry ¢lm in a 25-ml round-
bottomed £ask at 60³C under vacuum. The dry lipid
¢lm was hydrated by addition of 1.5 ml distilled
water and loosened from the glass wall during rota-
tion at 60³C for 1 h. The solvent was removed by
lyophilization overnight and preformed liposomes
were stored at 320³C.

For preparing carboxy£uoresceine containing lip-
osomes (CFLs), preformed lyophilized liposomes
were rehydrated with 250 Wl 5 (6)-carboxy£uores-
ceine (CF; Molecular Probes, Eugene, OR, USA)
solution (50 mg/ml distilled water; pH value adjusted
to 7.5 with 1 N NaOH) to form CFLs. After treat-
ment in a bath sonicator (Sonorex RK100, Omega
Instruments, Vienna, Austria) for 1 min, CFLs were
passed 10 times through symmetric polycarbonate
membranes with decreasing pore sizes (400, 200
and 100 nm) using a LiposoFast mini extruder
(Avestin, Ottawa, Canada). Non-entrapped CF was
removed by applying the suspension to a Sephadex
G-25 PD-10 column (Pharmacia, Uppsala, Sweden)
which was equilibrated in 160 mM KCl solution and
presaturated with empty liposomes. Turbid fractions
were pooled and analysed for their liposome concen-
tration by enzymatic determination of cholesterol
[14]. Reference liposomes, termed empty liposomes
(ELs) in the following, were prepared as described
above except that 160 mM KCl solution was used
instead of the CF solution.
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2.2. Bacterial strain, growth conditions and isolation
of the S-layer protein

B. stearothermophilus PV72/p2 was grown in con-
tinuous culture at 57³C under conditions previously
described [15,16]. Cell wall fragments were prepared
according to the procedure of Sleytr and Glauert [17]
and the S-layer protein was extracted with guanidine
hydrochloride solution (GHCl; 5 M in 50 mM Tris^
HCl bu¡er, pH 7.2) at 20³C for 2 h. Subsequently,
the suspension was centrifuged at 40 000Ug for
20 min at 4³C and the supernatant containing the
GHCl-extracted S-layer protein was dialysed against
distilled water at 22³C for 2 h. To separate S-layer
self-assembly products from soluble (monomeric
and/or oligomeric) S-layer protein, the suspension
was centrifuged at 40 000Ug for 20 min at 4³C.
The S-layer protein content of the clear supernatant
was determined by the bicinchoninic acid (BCA,
Pierce, Rockford, IL, USA) protein detection assay
[18].

2.3. Recrystallization of the S-layer protein on
liposomes

For recrystallization of the S-layer protein on
CFLs, 6.25 ml of a solution containing 16 nmol/ml
monomeric and/or oligomeric S-layer protein was
mixed with 2.5 ml liposome suspension containing
4 Wmol/ml DPPC and 500 Wl of 500 mM phthalate
bu¡er, pH 6.0. This mixture was supplemented with
glycerol to achieve a ¢nal concentration of 300 mM
after dilution to 10 ml. Recrystallization of the
S-layer protein was carried out for 2 h at 22³C in a
Test Tube Rotator, Type 3025 (GFL, Burgwedel)
with a rotation speed of 10 min31. Excess of non-
assembled S-layer protein was removed by centrifu-
gation at 20 000Ug at 4³C for 20 min.

2.4. Electron microscopy and determination of
liposome size

Size distribution of liposomes was determined
from micrographs of freeze-fractured preparations
following the method of Hallett et al. [19]. For this
purpose, aliquots of liposome suspensions were cen-
trifuged at 16 000Ug at 4³C for 10 min, resuspended
in glycerol (25%) as cryoprotectant to achieve a ¢nal

lipid concentration of 40 mM and equilibrated for
12 h at 4³C prior to freezing in Freon R22. Samples
were fractured at 3100³C and replicated in a Balzers
BAF-400 freeze-etching unit (Balzers, Liechtenstein)
using techniques described previously [20]. The size
distribution of the liposomes was determined by im-
age measurements of cross-fractured liposomes con-
sidering non-equatorial fractures according to Hallett
et al. [19].

Ultrathin-sectioning and negative-staining of lipo-
somes with uranyl acetate was performed as previ-
ously described [21]. Specimens were examined in a
Philips CM 100 transmission electron microscope
(TEM) at 80 kV using a 30-Wm objective aperture.

2.5. Liposome size analysis and j-potential
measurement by photon correlation spectroscopy

Plain or S-layer-coated ELs were resuspended in
25 mM phthalate bu¡er pH 6.0, containing 300
mM glycerol. The mean particle size and electropho-
retic mobility of these samples was determined with a
Malvern Zetasizer 4 system (Malvern, Malvern, UK)
using a 5-mW helium/neon laser at 25³C. The lip-
osome size distribution was characterized using the
polydispersity index. This index ranges from 0.0 for
entirely monodisperse up to 1.0 for completely poly-
disperse.

2.6. Glutaraldehyde treatment of S-layer-coated ELs

After recrystallization of the S-layer protein on
ELs, the S-layer lattice was crosslinked with gluta-
raldehyde under di¡erent conditions (0.5, 1.5 and
2.5% glutaraldehyde in 100 mM phosphate bu¡er
(pH 7.2) at 22³C for 20 min). The reaction was
stopped by the addition of Tris (¢nal concentration
of 0.5 M in the reaction mixture). After centrifuga-
tion of glutaraldehyde-treated ELs at 16 000Ug at
4³C for 10 min, the pellet was washed with 100
mM phosphate bu¡er, pH 7.2. Crosslinking of the
S-layer lattice was examined by extracting S-layer-
coated ELs with sodium dodecyl sulfate (SDS) (5%
SDS in distilled water; 5 min, 100³C) and by apply-
ing the SDS-extract to SDS^polyacrylamide gel elec-
trophoresis. The extent of the reaction of glutaralde-
hyde with free amino groups of HDA was estimated
by photometric determination of the ethanol extract-
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able amount of HDA before and after the crosslink-
ing reaction. For this purpose aliquots of native and
glutaraldehyde-treated S-layer-coated EL samples
were centrifuged (40 000Ug, for 15 min at 4³C) and
the pellets were extracted three times with 1 ml of
absolute ethanol. Pooled supernatants were dried in
a speed vac concentrator SVC-100H (Savant, NY,
USA) overnight. Dried samples were dissolved in
1 ml absolute ethanol and the amount of unmodi¢ed
HDA was determined by the trinitrobenzenesulfonic
acid (TNBS) test [22] which was modi¢ed to contain
5% Nonidet P-40 (Sigma, St. Louis, MO, USA) in
the borate bu¡er.

2.7. CF release from plain or S-layer-coated CFLs
triggered by temperature shifts

The £uorescence of CF released from di¡erent lip-
osome preparations in the course of temperature
shifts was monitored directly using a Hitachi F-
2000 £uorescence spectrophotometer with an excita-
tion and emission monochromator at 470 nm and
514 nm, respectively. The £uorometer sample cham-
ber was heated and cooled by an external thermostat
and the sample temperature was followed by a ther-
mocouple. Experiments were performed with plain
and S-layer-coated liposomes before and after cross-
linking with 0.5% glutaraldehyde as described before.
Aliquots of all samples containing 15 nmol DPPC
were adjusted to 800 Wl with TBS (50 mM Tris and
140 mM sodium chloride, pH 8.0). The cuvettes with
the samples were placed in the sample chamber and
thermostated to 25³C. Subsequently, the selected
temperature pro¢le was applied and the £uorescence
as well as the sample temperature were monitored
over a period of 90 min. After an isothermal phase
of 10 min at 25³C, liposome preparations were
heated to 55³C twice within 40 min and subsequently
cooled to the initial temperature within 40 min. Fi-
nally, CF remaining entrapped in the liposomes was
released by addition of 50 Wl of Triton X-100 solu-
tion (20% in distilled water) to achieve a ¢nal con-
centration of 1.25%.

2.8. CF release from plain or S-layer-coated CFLs
triggered by shear forces

Aliquots of plain and S-layer-coated CFLs con-

taining 18 nmol DPPC were diluted with TBS to a
volume of 1 ml. The samples were stirred in the
cuvette with a paddle mixer with a £at blade at con-
stant stirring speed of 3000 min31 (corresponding to
Re 4500) for 20 min at 22³C. Fluorescence increase
was determined in stirring time intervals of 1 min
during the ¢rst 10 min and ¢nal measurements
were carried out after 15 min and 20 min. CF re-
maining entrapped in the liposomes was released by
adding 50 Wl of Triton X-100 solution (20% in dis-
tilled water) to achieve a ¢nal concentration of 1%.

2.9. CF release from plain or S-layer-coated CFLs
triggered by ultrasonication

Samples of plain or S-layer-coated CFLs in TBS
containing 18 nmol DPPC/ml were sonicated for
20 min in a bath sonicator Sonorex RK 100 (Bande-
lin, Berlin, Germany) at 35 kHz and at a constant
temperature of 26³C for 20 min. During the ¢rst
5 min of sonication, the £uorescence was measured
in 30 s intervals, during the following 5 min, in 1-min
intervals and during the next 10 min, in 5-min inter-
vals. The remaining CF was released from the lip-
osomes by adding 50 Wl of Triton X-100 solution
(20% in distilled water) to achieve a ¢nal concentra-
tion of 1%.

3. Results

3.1. Characterization of plain liposomes

Electron micrographs of negatively-stained and
freeze-etched preparations were used to characterize
the size, shape and lamellarity of liposomes. To de-
termine the average vesicle diameter, all image radii
from electron micrographs of freeze-fractured lipo-
somes were measured, applying the factor 4/Z to
the mean image radius considering non-equatorial
fractures according to Hallet et al. [19]. The average
diameter of liposomes determined by this method
was 150 nm with a variance for the size distribution
of 390 nm2 (number of measured liposome images
n = 407). Negatively-stained and ultrathin-sectioned
preparations (not shown) con¢rmed that the lipo-
somes were spherical in shape and almost exclusively
unilamellar. Size measurements by photon correla-
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tion spectroscopy using the cumulants method for
analysing auto-correlation functions revealed a z-
average mean size of 180 nm by a polydispersity
index of 0.12. The electrophoretic mobility of the
plain liposomes was +2.29U1038 m2 V31 s31 from
which a j-potential of +29.1 mV was calculated.

3.2. Recrystallization of the S-layer protein from B.
stearothermophilus PV72/p2 on liposomes and
characterization of S-layer-coated liposomes

After dialysis of the GHCl-extracted S-layer pro-
tein against distilled water at 22³C for 2 h and sed-
imentation of S-layer self-assembly products, the
clear supernatant contained 20^25 nmol S-layer pro-
tein/ml. When liposomes were incubated with the
clear supernatant containing the soluble S-layer pro-
tein, a clear correlation was observed between the
extent of recrystallization of the S-layer protein on
liposomes, the formation of self-assembly products
and the molar ratio between the S-layer protein
and DPPC as the major component of the liposomes.
As shown by negative-staining, S-layer self-assembly
products were formed when the S-layer protein was
applied in great excess in comparison to DPPC (e.g.,
molar ratio S-layer protein/DPPC = 1:50). On the
other hand, at a signi¢cantly lower molar ratio
(e.g., S-layer protein/DPPC = 1:400), liposomes
were not completely covered with an S-layer lattice
after the same incubation period. A coherent S-layer
on liposomes was obtained by incubation of 7.5
nmol S-layer protein with 1 Wmol DPPC at 22³C
for 2 h (molar ratio S-layer protein/DPPC = 1:133).
The S-layer protein content of S-layer-coated lipo-
somes was determined to be 5.7 nmol/Wmol DPPC
(S-layer protein/DPPC = 1:175) by the BCA protein
detection assay. Considering that one morphological
unit cell of the S-layer lattice occupies 68.5 nm2, a
total surface area of 0.24 m2/Wmol DPPC was calcu-
lated. Since the outer surface area of unilamellar lip-
osomes containing 1 Wmol DPPC was roughly esti-
mated to be 0.23 m2 by assuming molecular areas of
0.55 nm2, 0.28 nm2 and 0.22 for phosphatidylcholine,
cholesterol and the HDA analogue stearylamine, re-
spectively [23,24], these data were in good agreement
with those from electron microscopic investigations
that liposomes were completely covered with S-layer
protein (Fig. 1). As derived from the roughness of

the S-layer lattice in freeze-etching preparations, the
S-layer subunits had bound with their smooth outer
surface.

As previously demonstrated, recrystallization of
the S-layer protein was achieved only on liposomes
composed of DPPC, cholesterol and HDA (10:5:1).
No S-layer lattice was formed on liposomes de¢cient
of either cholesterol or HDA [25].

Comparative particle size measurements of plain
and S-layer-coated liposomes by photon correlation
spectroscopy indicated a higher z-average mean size
(320 nm) and an increased polydispersity index (0.22)
for S-layer-coated liposomes. Since in freeze-etching
preparations the average diameter of S-layer-coated
liposomes was estimated to be at 150 nm (n = 423),
these data di¡erences can only be explained by the
formation of small clusters of individual liposomes.
The electrophoretic mobility of S-layer-coated lipo-
somes was determined to be 32.13U1038 m2 V31 s31

resulting in a j-potential of 327.1 mV. This indi-
cated that the presence of the S-layer caused an in-
version of the liposome surface charge.

3.3. Crosslinking of the S-layer lattice on
S-layer-coated liposomes with glutaraldehyde

On SDS-gels the S-layer subunits of B. stearother-

Fig. 1. Freeze-etched preparation of an S-layer-coated liposome
which is completely covered with an oblique lattice. Bar = 100
nm.
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mophilus PV72/p2 migrated as a single protein band
with an apparent molecular mass of 97 000. Cross-
linking of the S-layer lattice on liposomes with glu-
taraldehyde was con¢rmed by the absence of a pro-
tein band corresponding to S-layer subunits on SDS
gels. To investigate the amount of amino groups of
HDA involved in the crosslinking reactions, S-layer-
coated liposomes were treated with glutaraldehyde
concentrations of 0.5%, 1.5% and 2.5%, respectively.
Subsequently, the preparations were extracted with
ethanol, and free amino groups were determined by
the TNBS test. After crosslinking with 0.5% gluta-
raldehyde, the portion of extractable unmodi¢ed
HDA was in the range of 5%. Increasing the gluta-
raldehyde concentration to 1.5% reduced the extract-
able unmodi¢ed HDA to 2% of the total amount.
No HDA could be extracted from samples treated
with 2.5% glutaraldehyde.

3.4. Comparison of the thermal and mechanical
stability of plain and S-layer-coated liposomes
determined by CF release

Encapsulation of CF as a hydrophilic marker mol-
ecule was performed by applying the dehydration^
rehydration method [13]. After down-sizing and re-
moval of unentrapped marker from CFLs by gel
permeation chromatography, the concentration in
the pooled fractions was assayed to be approx. 4
Wmol DPPC/ml. The amount of enclosed marker
was determined by £uorescence measurements before
and after the total release of entrapped CF from lip-
osomes by addition of Triton X-100 solutions. Be-
cause of self-quenching of concentrated CF solu-
tions, the entrapped marker did not signi¢cantly
contribute to the £uorescence of samples [26]. Fol-
lowing the addition of Triton X-100, CF release led
to a strong increase in £uorescence intensity which
corresponded to 220 Wg CF/ml or to 55 Wg CF/Wmol
DPPC. These measurements enabled the calculation
of the encapsulation e¤ciency of the marker into
unilamellar liposomes. Considering the applied
amount of CF (12.5 mg) and the lipid yield which
decreased to 60% during the liposome preparation
procedure, the encapsulation e¤ciency was in the
range of 9%. The thermal as well as mechanical
stability of liposome samples was expressed by the
CF release caused by temperature shifts, shear forces

or ultrasonication. The amount of released CF (cal-
culated in percent of the entrapped amount consid-
ering the temperature dependence of CF £uores-
cence) and the actual sample temperature were
plotted against the time of exposure. As shown in
Fig. 2, the measurements revealed a direct correla-
tion between released CF and the applied tempera-
ture pro¢le. During the ¢rst heating cycle native
plain liposomes showed a marker release of 14%
within the temperature range from 25³C to 55³C,
whereas during the same temperature range the CF
release of native S-layer-coated liposomes was only
approx. 4%. During the second heating cycle, the
behaviour of native plain or native S-layer-coated
liposomes closely resembled that of the ¢rst cycle,
with a total release of 24% and 6% CF, respectively.
Under the same conditions, an increased CF release
was observed for liposomes treated with glutaralde-
hyde (Fig. 3). However, after treatment with gluta-
raldehyde, S-layer-coated liposomes showed a lower
marker release during the ¢rst and second heating
cycle (21% and 31%) compared to plain liposomes
(34% and 47%). For all preparations, a continuous

Fig. 2. CF released (given in percent of the entrapped amount)
from S-layer-coated liposomes (R) and plain liposomes (b) was
measured as a function of the applied temperature pro¢le con-
sisting of an initial isothermal phase at 25³C (0^10 min), fol-
lowed by two cycles of heating from 25³C to 55³C (10^30 min;
50^70 min) and cooling to 25³C (30^50 min; 70^90 min). Lipo-
somes were suspended in TBS. Points represent the averages of
three independent measurements. Error bars indicate standard
deviations of the means. In comparison to S-layer-coated lipo-
somes (4% and 2%, respectively), a signi¢cantly higher CF re-
lease was observed for plain liposomes during both heating
cycles (14% and 10%, respectively).
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increase in CF release was observed during the heat-
ing periods without signi¢cant maxima at discrete
temperatures. This was in contrast to the behaviour
of plain or S-layer-coated liposomes with a lower
cholesterol content (7 mol% in comparison to 26
mol% in the standard preparation) in which the per-
meability displayed a pronounced anomaly in the
transition region (data not shown). Furthermore, a
lower standard deviation of the mean was found for
data obtained with native or crosslinked S-layer-
coated liposomes in comparison to data obtained
for the corresponding preparations of plain lipo-
somes.

In Fig. 4 and 5, CF released (in percent of the
entrapped amount) from plain or S-layer-coated lip-
osomes is plotted against duration of mechanical
stress. CF released in the course of stirring resembled
typical saturation curves re£ecting non-steady-state
conditions (Fig. 4). During the whole experiment,
CF released from plain liposomes was about 2.9
times higher than that from S-layer-coated lipo-
somes. The plot of CF released upon sonication of

plain liposomes (versus time) also re£ected a satura-
tion curve, whereas for S-layer-coated liposomes a
slightly sigmoidal curve was observed (Fig. 5). After
20 min sonication, S-layer-coated liposomes released
approximately 50% less CF in comparison to plain
liposomes.

4. Discussion

The possibility to recrystallize S-layer subunits iso-
lated from various bacillaceae on liposomes led to
novel types of liposomes [11]. In their basic structural
principle S-layer-coated liposomes resemble the cell
envelopes of Gram-negative archaea which possess S-
layers as the exclusive cell wall component external
to the plasma membrane [2]. Since most archaea
grow in habitats with extreme environmental condi-
tions with regard to pH, temperature and osmotic
pressure, a general stabilizing e¡ect of S-layer lattices
on lipid membranes was expected [2]. In this study,
the e¡ect of an S-layer coat on liposomes on the
release of entrapped CF under thermal and mechan-
ical stress factors was investigated. Therefore, the
S-layer protein isolated from B. stearothermophilus
PV72/p2 was recrystallized on positively charged lip-
osomes. Since spherical, unilamellar liposomes were
used in the present study, it was assumed that the

Fig. 3. CF released (given in percent of the entrapped amount)
from glutaraldehyde-treated S-layer-coated (R) and plain lipo-
somes (b) was measured as a function of the applied tempera-
ture pro¢le consisting of an initial isothermal phase at 25³C (0^
10 min), followed by two cycles of heating from 25³C to 55³C
(10^30 min; 50^70 min), and cooling to 25³C (30^50 min; 70^
90 min). Liposomes were suspended in TBS. Points represent
the averages of three independent measurements. Error bars in-
dicate standard deviations of the means. In comparison to
S-layer-coated glutaraldehyde-crosslinked liposomes (21% and
10%, respectively), a signi¢cantly higher CF release was ob-
served for crosslinked, plain liposomes (34% and 13%, respec-
tively).

Fig. 4. CF released (given in percent of the entrapped amount)
from S-layer-coated (R) and plain liposomes (b) was measured
during stirring of the suspension at 3000 min31 and 22³C. Lip-
osomes were suspended in TBS. Points represent the averages
of two independent measurements. Error bars indicate standard
deviations of the means.
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release of CF under di¡erent stress factors primarily
depended on the presence or absence of the S-layer
lattice and was not in£uenced by the e¡ects of addi-
tional lipid membranes.

Measurements of particle size distributions by
photon correlation spectroscopy led to larger diam-
eters for S-layer-coated liposomes than those esti-
mated from electron microscopic preparations. On
the other hand, the two techniques showed only rel-
atively small di¡erences in the size distributions of
plain liposomes. These di¡erences may be explained
by the di¡erent types of averages (intensity weighted
and number average, respectively) and a higher un-
certainty of the microscopic estimations using practi-
cable numbers of liposome images in the random
samples. The twofold di¡erence in particle size of
S-layer-coated liposomes as estimated by photon cor-
relation spectroscopy or electron microscopy can fur-
ther be explained by the fact that in micrographs of
freeze-etched preparations, the mean diameter of in-
dividual vesicles is estimated whereas by photon cor-
relation spectroscopy, the average size of particles in
suspension is determined including clusters of lipo-
somes. In fact, a certain proportion of aggregated
S-layer-coated liposomes was always observed in
negatively-stained preparations. Thus, the increased
polydispersity index observed for S-layer-coated lip-
osomes may be attributed to this aggregation.

The coating of positively charged liposomes with
the S-layer lattice was accompanied by inversion of
the vesicle charge. The j-potential changed from
+29.1 mV before to 327.1 mV after recrystallization
of the S-layer protein. This observation was qualita-
tively con¢rmed by phase partitioning experiments in
polyethylene glycol/dextran two-phase systems with
low as well as high electrostatic potential di¡erences
(vi) between the two phases [27]. In the charge-in-
sensitive, low vi system, the plain vesicles accumu-
lated mainly at the interface, whereas S-layer-coated
liposomes partitioned in the dextran-rich, lower
phase. In the charge-sensitive, high vi system, plain
liposomes were in the relatively negative dextran-rich
phase whereas S-layer-coated liposomes were en-
riched at the interface (data not shown). These re-
sults con¢rmed the data from j-potential measure-
ments, showing that surface charge inversion occurs
after coating of the positively charged liposomes with
an approximately 5 nm thick S-layer [28]. The net
negative vesicle charge may arise by a shielding e¡ect
of the S-layer on the HDA charges as well as by the
higher contribution to the j-potential of charges lo-
calized at some distance from the interface.

The crystalline protein lattice on liposomes can be
exploited for a great variety of surface modi¢cations.
As it was shown for both S-layer ultra¢ltration mem-
branes and S-layer carrying cell wall fragments [29],
the physicochemical surface properties of S-layer lat-
tices can be changed by chemical modi¢cation reac-
tions and functional molecules can be covalently at-
tached to S-layer lattices in well-de¢ned position and
orientation [29]. In both cases intermolecular cross-
linking of the S-layer lattice with glutaraldehyde is
required for generating a stable protein matrix. With
S-layer-coated liposomes it had to be assumed that
also amino groups from membrane incorporated
HDA are involved in the crosslinking reaction with
glutaraldehyde [11]. Since crosslinking the S-layer
lattice on S-layer-coated liposomes with glutaralde-
hyde under the selected conditions resulted in the
modi¢cation of nearly all amino groups of HDA, it
was concluded that HDA at the inner lea£et of the
lipid membrane was also involved in the crosslinking
reaction and that glutaraldehyde passed through the
liposomal membrane. Nevertheless, the crosslinking
reaction caused no release of CF and the vesicles
remained intact. The observed high reactivity of ami-

Fig. 5. CF released (given in percent of the entrapped amount)
from S-layer-coated (R) and plain liposomes (b) was measured
as a function of sonication time at 26³C. Liposomes were sus-
pended in TBS. Points represent averages of ¢ve independent
measurements. Error bars indicate standard deviations of the
means.
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no groups from incorporated HDA combined with
the capability of glutaraldehyde to span various dis-
tances due to di¡erent degrees of polymerization sug-
gests that heterologous crosslinking between S-layer
protein and HDA had occurred. Since in the course
of heterologous crosslinking, parts of the membrane
lipids would be ¢xed to discrete positions in the S-
layer lattice, this modi¢cation would signi¢cantly
modulate the lateral di¡usion of free lipid molecules
and consequently the £uidity of the whole membrane
as predicted for the semi£uid membrane model [6].

For studying the in£uence of the S-layer lattice on
the stability properties of liposomes under thermal
and mechanical challenges, the release of the encap-
sulated hydrophilic marker CF was investigated.
During temperature shifts from 25³C to 55³C and
vice versa, plain liposomes released about four times
the amount of CF in comparison to S-layer-coated
liposomes, whereas after chemical ¢xation with glu-
taraldehyde, the release of plain liposomes was only
about 1.5 times higher. Glutaraldehyde-treatment
generally induced an increase in marker release. No
discrete maxima in CF release during temperature
increase were observed. In contrast, liposomes with
a signi¢cantly lower cholesterol content (e.g., 7
mol%) revealed a pronounced anomaly in passive
permeability which is characteristic for main phase
transition. High amounts of cholesterol are well
known to suppress this anomaly [30]. Hence, the ob-
served continuous CF e¥ux during temperature
shifts is attributed to the high cholesterol content
(26 mol%) in standard liposome preparations.

Since S-layers are highly porous structures [2],
their presence at the vesicle surface cannot be a seri-
ous obstacle for the passage of small molecules such
as CF. On the other hand, according to the semi£uid
membrane model, the S-layer lattice may have the
potential to alter the permeability properties and
phase behaviour of the underlying lipid membrane.
As derived from Fourier transform infrared spec-
troscopy and di¡erential scanning microcalorimetry
measurements [31,25], the crystalline S-layer lattice
increases the intermolecular order of the lipids and
induces a tighter lipid packing which results in a
certain degree of inhibition of the £uidity of the lipid
membrane. These phenomena were attributed to spe-
ci¢c interactions of lipid head groups with de¢ned
protein domains, reducing the lateral mobility, there-

by driving the lipid into a phase of higher intrinsic
order [31]. Since the interactions between distinct S-
layer protein domains and lipids are e¡ective over
the whole temperature range, the higher order of
lipids will directly a¡ect the transmembrane perme-
ability which explains the observed decrease in
marker release compared to plain liposomes. As
boundary defects in the interfacial regions between
di¡erent phases are considered to be responsible for
high transmembrane permeability, the increased
marker release in glutaraldehyde-treated liposomes
in which more than 95% of the HDA had reacted
was attributed to phase separation phenomena. This
interpretation is supported by previous di¡erential
scanning microcalorimetry studies in which deconvo-
lution of heat capacity functions indicated that over-
lapping transitions appear after crosslinking with
glutaraldehyde [25].

Liposome preparations were also challenged me-
chanically by applying high speed stirring or ultra-
sonication. Since in the case of stirring the corre-
sponding Re number indicated the beginning of the
laminar to turbulent transition region, shear forces
are thought to be the main stress factor. In a com-
parison of plain and S-layer-coated liposomes CF
release was investigated as a function of stress dura-
tion. As derived from the di¡erences in the initial
slopes (about 0.4^0.5 times lower than those ob-
served for plain liposomes) under both stress factors,
CF release was much lower from S-layer-coated than
from plain liposomes. Higher permeability of lipo-
somes under shear stress is not a consequence of
increased convective mass transfer but is related to
lipid bilayer structure modi¢cations [32]. Application
of £uid force may increase the number of bilayer
packing defects through which passive transport
can occur [32]. Furthermore, especially during soni-
cation, deformations will arise resulting in changes of
vesicle shape, membrane tension and possibly rup-
ture and closure with re-equilibration of internal
and external solutes as well as simply liposome dis-
integration. S-layers represent an additional coherent
layer with considerable rigidity and sti¡ness in com-
parison to the plain lipid bilayers. Consequently,
they stabilize the shape of the vesicles and improve
their resistance against external perturbations. The
observed slight, sigmoidal shaped release dependence
on duration of ultrasonication for S-layer-coated lip-
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osomes indicated a time-cooperative behaviour. Ap-
parently, a threshold of work had to be put into the
system before marker release was signi¢cantly in-
creased. Thus, the behaviour of S-layer lattices under
sonication may re£ect memory e¡ects observed with
a great variety of solids exposed to stress-inducing
pretreatments. The higher reliability of measure-
ments generally observed for S-layer-coated lipo-
somes, as re£ected in lower values for the standard
deviation of the mean, may also indicate a better
de¢ned system which is less sensitive to experimental
deviations.

In conclusion, the recrystallization of the S-layer
protein on liposomes stabilizes the lipid membrane
not only by supporting it mechanically through an
additional layer but also by increasing the intrinsic
order of lipids through interactions between S-layer
protein domains and lipid head groups. S-layer-
coated liposomes were shown to resist temperature
changes as well as mechanical challenges much better
than plain ones. Furthermore, they provide a highly
ordered immobilization matrix for the oriented an-
choring of biologically active macromolecules or li-
gands [33] and a high potential for chemical modi¢-
cations to adapt surface properties for speci¢c
requirements [34]. This is one of the reasons why
S-layer-coated liposomes are expected to be useful
for a broad range of applications [35]. Improved
stability will be a particularly important feature for
liposome technologies, in which the vesicles have to
resist process steps like stirring, pumping or re-sus-
pension. Among medical applications, increased
stability will be particularly important in formula-
tions which have to be administered as aerosols, in
which liposomes will be exposed to heat, shear or
sonication stress through the applied nebulizers,
and for injectable liposome preparations to optimally
withstand the £uid shear forces occurring in the
mammalian vasculature.
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