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Molecular Architecture and Function of Polymeric Oriented Systems: 
Models for the Study of Organization, Surface Recognition, 
and Dynamics of Biomembranes"" 

By Helmut Ringsdorf,* Bernhard Schlarb, and Joachim Venzmer 

The Part and the Whole. The principle of self-organization for the creation of functional 
units is not an invention of modern natural sciences. I t  was already a basic idea of the 
ancient philosophies in Asia and Europe: only the mutuality of the parts creates the whole 
and its ability to function. Translated into the language of chemistry this means: the self- 
organization of molecules leads to supramolecular systems and is responsible for their func- 
tions. Thermotropic and lyotropic liquid crystals are such functional units, formed by self- 
organization. As highly oriented systems, they exhibit new properties. The importance of 
lyotropic liquid crystals for the life sciences has been known for a long time. They are a 
prerequisite for the development of life and the ability of cells to function. In materials 
science this concept offunction through organization led to the development of new liquid- 
crystalline materials. From the point of view of macromolecular chemistry, this review tries 
to combine these two different fields and especially hopes to stimulate their interaction and 
joint treatment. To exemplify this, the molecular architecture of polymeric organized sys- 
tems will be discussed. Polymeric liquid crystals combine the ability to undergo sponta- 
neous self-organization-typical of liquid-crystalline phases-with the polymer-specific 
property of stabilizing these ordered states. As new materials, polymeric liquid crystals have 
already been investigated intensively. As model systems for biomembranes as well as for the 
simulation of biomembrane processes, they so far have been little discussed. The intention 
of this review article is to show that polymer science is able to contribute to the simulation 
of cellular processes such as the stabilization of biomembranes, specific surface recogni- 
tion, or even the "uncorking" of cells. Polymer science, having an old tradition as an inter- 
disciplinary field, can no longer restrict itself to common plastics. Attempts to reach new 
horizons have already begun. The borderland between liquid crystals and cells will certainly 
play an important role. Basic requirements to work in this frontier area between organic 
chemistry, membrane biology, life science, and materials science will be the delight in scien- 
tific adventures as well as the courage to go ahead. The most important prerequisite will be 
the willingness to cooperate with disciplines which so far have not really accepted each 
other. From this point of view, this review does not aim at giving defined answers. I t  wants 
instead to encourage the scientific venture: too often we cling to painfully acquired knowl- 
edge, fearing adventures. 

To the question of what he was up to at the moment, Mr. K .  
answered: "I'm hard at work preparing my next error" 

Bertolt Brecht"] 

1. Introduction: Polymer Science Today- 
Ancient Roots, Young Branches?'" 

1.1. Tradition and Innovation in Science 

Two decisive aspects in  the field of science are tradition 
and innovation. Tradition is the basis, for it is the cumula- 
tion of wisdom in the body of knowledge. To know what a 
subject is all about and to control it creates self-confi- 
dence, thus paving the way for innovations. Innovation is 

[*] Prof. Dr. H .  Ringsdorf, Dipl.-Chem. B. Schlarb, 
Dipl.-Chem. J. Venzmer 
lnstitut fur Organische Chemie der  Universitat 
J.-JLBecher-Weg 18-20, D-6500 Mainz I (FRG) 

[**I The preceding page shows Figure 24. 

the adventure, since with the challenge comes the risk of 
calling into question (or even losing) one's own scientific 
identity, gained through tradition. 

Persisting in tradition without innovation, however, 
soon leads to tiresome routine, to the science of yesterday: 
the longing for new adventures withers and diesf3] On the 
other hand, pure innovation harbors the danger of superfi- 
ciality. The sum of knowledge is immense and growing! 
Tradition and solid, successful work are honored and ad- 
mired. Nevertheless, science can only be justified by a 
challenge, and demands the willingness to give up long- 
held classical or traditional views'41 in the attempt to dis- 
cover new horizons. 

1.2. One Example to Introduce the Topic: 
Order versus Chaos 

Only a few years ago, it was still difficult to bring the 
evolution of life in line with the basic laws of physics. Ac- 
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cording to the principles of classical thermodynamics, dis- 
order in the world was supposed to increase constantly. All 
controlled functional processes should therefore end one 
fine day; all order should dissipate. During the big bang, 
when the world evolved from chaos, there was no order at 
all. So how could organized structures, living organisms, 
develop from this start?"] 

It was a stormy development in the field of nonequi- 
librium phenomena that helped to resolve this dilemma. 
During the last few decades, the term self-organization has 
been synonymous with theories developed in various disci- 
plines that deal with the further development, dynamics, 
and differentiation of systems. On the borderland between 
chemistry and biology, these include, in particular, con- 
cepts for the development of highly complicated organic 
molecules and the role they play in the evolution of biolog- 
ical information in a prebiotic world.[6b1 Even the some- 
what new overlapping discipline of synergetics,"] with its 
concepts of ordered, self-organized, and collective behav- 
ior, had its share in this process. 

The fascinating phenomena of self-organization, which 
can be observed in physical, chemical, and biological sys- 
tems (either near to or far from thermodynamical equili- 
brium), are characterized by great variety and complexity. 
A large number of molecules organize spontaneously, 
eventually exhibiting well-organized behavior on the 
macroscopic scale. The variety of organized states ranges 
from relatively simple spatial or chronological forms of 
organization all the way to the complicated interaction 
between order and function in biological systems. Over 
the last few years, the phenomenon of self-organization 
has developed into a subject of interdisciplinary research 
with overlapping t o p i ~ s . [ ~ . ~ ]  

1.3. From Polymeric Liquid Crystals to 
Functional Biomembrane Models? 

Right from its very beginnings, polymer science was a 
field on the borderland between chemistry and physics, 
i.e., between two classical disciplines. Thus, scientists in 
this field had to dare to make innovations. It was no less a 
man than Hermann Staudinger who experienced this. It is 
highly instructive to observe how at  the height of his cre- 
ativity in the field of organic chemistry, he left his tradi- 
tional field of work to enter the frontier between chemistry 
and physics in order to tackle the problems of macro- 
molecular chemistry."' In the meantime, macromolecular 
chemistry, too, has become a classical discipline, a mature 
science, with all the advantages and handicaps of maturity. 
Harvest is plentiful, the results are abundant-but one has 
to ask: where is the future, where are the adventures? 

Modern materials science once developed out of the in- 
teraction between metallurgy, ceramics, and macromoIecu- 
lar technology, and in the jubilee issue of Angewandre 
Chemie in  honor of the 100th anniversary of Hermann 
Staudinger's birth, the old "Geheimrat" Hermann Mark 
asked the question of what direction polymer science was 
about to take:"] Is it going in the direction of life science? 
Is it possible to reduce polymer science, cell biology, and 
medicine to a common denominator? So from that point of 
view, polymer science finds itself not only on the border- 

land between chemistry and physics, but also between ma 
terials science and life science (Fig. I ) .  

science sc ience 
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Taking self-organization and the molecular architecture 
of macromolecular systems as examples, this article aims 
to show that these fields of science can no longer be dealt 
with separately. In this review, the biological macromole- 
cules of the cell such as polysaccharides or nucleic acids 
are not discussed as such. Molecular biology today is able 
to understand the central role which these polymers play 
in life science. But it has to be pointed out that their func- 
tions are based in all cases on the combination of molecu- 
lar mobility and high order. This is achieved by their incor- 
poration into membranes, by self-organization in solution, 
or by orientation at  cell surfaces. These are combinations 
of properties which are typical of liquid-crystalline behav- 
ior. Thus, liquid crystals are chosen as one principal exam- 
ple of self-organizing systems, which are important for ma- 
terials science as well as for life science (Fig. I). 

It was not by chance that, about 50 years ago, J .  D. Bar- 
nal called the cell itself a natural liquid crystal, based on 
the knowledge of that time.[81 Liquid crystals really feature 
a behavior which is considered to be typical of a living 
cell: they react to a large number of stimulations such as 
light, sound, mechanical pressure, heat, and electric and 
magnetic fields as well as to changes in the chemical en- 
vironment. The significance of cellular liquid crystals has 
been accepted for quite a long time. The significance of 
low-molecular-weight and of polymeric liquid crystals is 
on its way to becoming widely accepted. However, al- 
though the basic principles of self-organization are the 
same for both cellular and technical liquid crystals, only 
on rare occasions have they been looked at together.'"] 

But what about the molecular architecture of the build- 
ing blocks of self-organizing systems such as synthetic and 
biological liquid crystals and what about the structure of 
the resulting highly oriented supramolecular systems? 
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How does the molecular architecture relate to the func- 
tions of these materials? A hint as to possible answers to 
this problem will be given in  an overview in Section 2. The 
goal is to stimulate interest in the overlapping fields of 
synthetic and biological liquid crystals in the broadest 
sense (cf. Fig. 2). In Section 3,  thermotropic and lyotropic 
mesogens will briefly be defined and exemplified. Section 
4 will show that scientists today are learning, step by step, 
what Mother Nature has long since known, namely to sta- 
bilize ultrathin, organized membranes and to functionalize 
them. Sections 5 and 6 will then concentrate on the con- 
nection between structure, function, and organization in 
biomembrane models. Even though the subject is still in its 
infancy, it is fascinating to observe how chemistry, physics, 
and membrane biology have to cooperate in order to 
mimic surface reactions (Section 5 )  and dynamic processes 
of biomembranes (Section 6). 

Endocytosis and exocytosis, patching and capping-for- 
eign words to chemists? Corkscrews for corked lip0 
somes?-a funny, maybe even nonscientific question? 
They originate from biology and are used on the border- 
land of polymer science between liquid crystals and the 
cell, an area of research which is only just beginning. The 
willingness to closely cooperate with adjacent disciplines, 
which hitherto have often been ignorant of one another,[’”’ 
will be a basic requirement to go ahead in this field. From 
that point of view, this article can neither be a perfect sum- 
mary nor a presentation of detailed research results. To 
give definite answers is out of the question. It is simply 
meant to encourage innovations and scientific ventures: 
much too often we cling to our  own knowledge out of the 
fear of new adventures.[”] 

2. Self-organization and Formation of 
Supramolecular Systems 

Order and mobility are two basic principles of Mother 
Nature. On a molecular level two extreme cases can be 
found: the perfect order of crystals, in which the molecules 
exhibit almost no mobility at all, and the disordered state 
in gases and liquids, which exhibit randomness of highly 
mobile molecules. Both principles, order and mobility, are 
combined in liquid-crystalline phases. Although there are 
many possibilities for self-organization, the molecular ba- 
sis is almost always simple: form-anisotropic or amphi- 
philic molecules make up the simplest building blocks. 
These already suffice-as shown in Figure 2-to construct 
a broad range of substances able to form supramolecular 
systems,”’] from therrnotropic and lyotropic liquid crystals 
and the manifold micellar systems up to the highly ordered 
membranes in liposomes and cells. 

In materials science, the significance of liquid crystals 
and micellar systems has long been known; it is based on 
exactly that combination of order and mobility in form- 
anisotropic molecules, leading to anisotropic (i.e., direc- 
tion-dependent) properties of their materials and solu- 
tions. 

From the life sciences we know that no life would be 
possible without the lipids’ self-organization into bilayers 
within the cell membrane. In this case, too, order and mo- 
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and life science. The supramolecular structures range from simple nematic 
liquid crystals to complex biomembranes. 

bility are related to the structure of functional units formed 
by lipids and proteins. In all cases, the functions of such 
supramolecular systems, formed by aggregation, are based 
on their organization. 

The self-organization and the construction of supramo- 
lecular systems i s  an interdisciplinary area which cannot 
be understood without the cooperation of different fields 
of science: chemistry alone does not fulfill that task nor 
does physics or biology. Over the last few years it has been 
possible to observe an increase in the number of studies 
which reveal the connection between synthetic and cellular 
liquid crystals and in which a mutual understanding opens 
up new perspectives. Macromolecular chemistry may play 
an important role in this context. On the one hand, macro- 
molecules can stabilize organized systems without hamper- 
ing their mobility. On the other hand, it is well known in 
macromolecular chemistry that creative curiosity for new 
compounds leads to new properties due to novel struc- 
tures. 

3. Molecular Architecture of Synthetic 
Self-organizing Structures-or How to Attract 
Molecules to Form Supramolecular Systems 

3.1. Structure and Properties of Thermotropic Polymeric 
Liquid Crystals 

Numerous organic compounds with a rigid, rodlike mo- 
lecular geometry (mesogens) d o  not directly go from the 

I16 Anyew Chem Int Ed Enyl 2711988) 113-158 



crystalline into the isotropic state when they melt. Instead, 
they form intermediate liquid-crystalline phases (Fig. 3),'"] 
known as mesophases. These mesophases combine the or- 
der of the crystal with the mobility of the isotropic liquid. 
The parallel orientation of the longitudinal molecular axes 
is common to all mesophases (long-range orientational or- 
der). Two major classes can be distinguished: nematic 
(molecular centers distributed isotropically) and smectic 
(molecular centers organized in layers) phases. The individ- 
ual smectic phases are further ~ u b d i v i d e d " ~ ~  into phases 
with or without tilt of the mesogens in the direction of the 
normal to the smectic layer. The molecules can either be in 
a disordered state within the respective layers or show dif- 
ferent states of order. On the one hand, the driving forces 

f o r m - a n i s o t r o p i c  m o l e c u l e s  

a e.g., 

1 
[ s e l f - o r g a n i z a t i o n  

I 
c r y s t a l  t h e r m o t r o p i c  liquid c r y s t a l  liquid 

s m e c t i c  n e m a t i c  

o r d e r  o r d e r  a n d  mobil i ty  I mobil i ty  

t e m p e r a t u r e  - 
t lg .  3 Structure atid phaar behailor o l  lhcrmotropic liquid cr)5trllb 

for the formation of mesophases are the anisotropic dis- 
persion  interaction^"^] caused by the form-anisotropy of 
the mesogens. On the other hand, there are the steric repul- 
sion forces'16] which are also orientation dependent. 

The mesophases of rod-shaped compounds had been 
known for almost 100 years"'] when, in 1977, the discotic 
liquid-crystalline phases of disc-shaped molecules were 
found by Chandrusekhar et al.[Ix1. One can distinguish be- 
tween a nematic discotic phase and several columnar dis- 
cotic phases.'"] In the latter, molecular discs form stacks 
which, in turn, are organized in a two-dimensional lattice 
(cf. Fig. 5) .  These investigations reopened the game of mo- 
lecular design of liquid-crystalline systems. So, additional 
phases were found: pyrarnidic,'"' phasmidic,'221 
and sanidic[231 phases. However, it still remains uncertain 
whether this is only a funny nomenclature or whether 
these are really new phases. 

The development in the field of polymeric liquid crys- 
ta~sl'41 started with polymers whose stiff main chain as a 
whole functions as the mesogen. Such polymers form liq- 

uid-crystalline phases either in solution['51 or in the melt.l'"' 
At present, they are used as high-tensile-strength fibers 
(e.g., Kevlara) or as thermoplastically processable, self- 
reinforcing plastics (e.g., Xydarm', Vectram', Ultrax@). 

Parallel to these industrial developments, numerous 
studies have been carried out in the area of basic research 
during the last ten years. They have dealt with the incorpo- 
ration of rod-shaped mesogenic groups, known from low- 
molecular-weight liquid crystals, into polymers. This incor- 
poration is either carried out by connecting the mesogenic 
groups via flexible spacers,[271 thus forming semiflexible 
liquid-crystalline (LC) main-chain polymers12K1 (type B, Fig. 
4) or, as in the case of the LC side-group polymers, by f ix-  
ing the mesogens via flexible spacers to the polymer back- 

(type A, Fig. 4). Both types of liquid-crystalline 
polymers were, and still are, intensively investigated. Their 
structure-property relationships are discussed in numer- 
ous monographs1301 and reviews.'"I 

E F / I \  C 

4-4- 
G 3-3 L 

Fig. 4 Molccular architecture of pol)merlc liquld ci-yztal\ .  A )  d c - g r ( i u p  
polymers: B) main-chain polymers; C) discotic side-group polymer5 1321: 
D) discotic main-chain polymers [33]; E) side-group polymers with laterally 
fixed mesogens [34, 351: F) main-chain polymers with laterally linked meso- 
gens [35]:  G, H, I )  combined disc-rod polymers, i.e., combinations of disc- 
and rod-shaped mesogens [23, 36, 371; J ,  K)  combined main-chaidside- 
group polymers (381; L) polymers with laterally and terminally linked meso- 
genic groups; M )  polymers with cross-shaped mesogenic groups [35]. 

From these two "classical" types (A and B), variations 
of the macromolecular architecture of liquid-crystalline 
polymers have recently been carried out. They are illus- 
trated schematically in Figure 4. 

On the one hand, it is possible to realize discotic phases, 
as observed in the case of low-molecular-weight liquid 
crystals, by using ~ide-group"~]  (type C) and main-chainI3'] 
(type D) polymers. On the other hand, it is, of course, also 
possible to incorporate rod-shaped mesogens in  different 
ways than in the two classical types A and B: examples are 
side-group  polymer^'^^.^^] (type E) as well as main-chain 
polymers[351 (type F) with laterally fixed mesogens. These 
strange-looking architectures d o  not prevent the formation 
of liquid-crystalline phases. As far as polymers of  type E 
are concerned, the limited rotation of the mesogenic 
groups around their longitudinal axes leads to the forma- 
tion of biaxial nematic These phases have not 
been observed yet with low-molecular-weight liquid crys- 
tals. The third group of structural variations makes use of a 
well-known principle in polymer chemistry, which is rarely 
used in the field of liquid-crystalline materials: the com- 



binations of different structural elements and different 
building principles to design one macromolecule. This in- 
cludes the different combinations of rod- and disc-shaped 
mesogens[23.36.37] (types C, H, and I) and the combination 
of the structural principles of the two classical types of liq- 
uid-crystalline polymers (types A and B) in the combined 
main-chain/side-group (types J and K). Fur- 
thermore, the polymers with cross-shaped mesogens1351 
(type M) should be mentioned, as well as the idea of com- 
bining laterally and terminally connected mesogenic 
groups (type L), which has not yet been realized. 

Here only two examples are given to illustrate the struc- 
ture-property relationships of such new polymeric liquid 
crystals. Figure 5 shows a discotic main-chain poly- 

of type D. This one features a columnar phase 
which can be mechanically oriented and frozen below the 
glass transition temperature. It is noteworthy that this pol- 
ymer forms a highly ordered Dho phase. Thus, the pol- 
ymer chains d o  not disturb the packing of the discs. 

mer[37.k.h] 

A 

0 - c -(Cti&- c 

OR 

RO 

X 
OR R = (CH2kCH, 

g 50 Dho 220  I 

B I  3.5 A 

A 

C 
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Fig 5. A) Chemical structure and  phase behavior of a discotic main-chain 
polymer with triphenylene moieties as core of the discogen [33a] (g=glassy: 
V,,,, =discotic hexagonal ordered; i = isotropic). B) X-ray scattering diagram 
(j. = 1.54 A) of the polymer (/=scattering intensity, 0 =scattering angle) 
[33b]. The scattering maxima are given by the Bragg spacings and can be 
interpreted in analogy to the values found for low-molecular-weight triphe- 
nylene derivatives [19b] as follows: 17.7 A corresponds to the columnar dis- 
tance in the hexagonal lattice: 4.2 A corresponds to the nonoriented liquid- 
like arrangement of the alkyl chains; 3.5 A corresponds to the constant dis- 
tance of the triphenylene cores in the column. c) Structural model for the 
D),,, phase of the discotic main-chain polymer based on results from X-ray 
measurements of mechanically oriented samples [33b]. The columns are per- 
pendicular to the stretching direction. 

In  Figure 6, a combined main-chaidside-group liquid- 
crystalline polyester of type J (A) is compared to one of 

type K (B). Depending on the point of attachment of the 
mesogenic side group, either mostly smectic (A) or nematic 
(B) mesophases are observed. 

k 129 SC 153 ~ A 1 6 2  n 181 I 

NtN 

OCH3 

A g 41 n 221 i 

Fig. 6. C hrinical struciure, p h w  hcli.i\ !or. .itid \ t I i i L i u i . i l  n i v c i c l ~  ur  the nit'- 
sophase of combined main-chain/side-group liquid-crystal polymers. A) 
The attachment of the mesogenic groups to the flexible spacer of the poly- 
malonate main chain [38a] favors smectic mesophases (5). B) The attachment 
of the mesogenic side groups directly to the polyester main-chain mesogens 
[38b] leads to broad nematic phases (n).  

3.2. Structural Variations in Micellar and Lyotropic 
Liquid-Crystalline Systems 

Contrary to thermotropic ones, lyotropic liquid-crystal- 
line systems always consist of at least two components. 
One of them is a solvent, which plays a crucial role in de- 
termining order and mobility. The state of lyotropic liquid 
crystallinity is not primarily achieved by a change in tem- 
perature, but, as shown in Figure 7, by a change in solvent 

With decreasing solvent content, molecules that are iso- 
tropically dispersed at lower concentrations only form ag- 
gregates. These aggregates organize into nematic phases or 
into the more ordered lamellar (comparable to the thermo- 
tropic smectic phases), columnar, and cubic mesophases. 
Nematic phases differ from the isotropic solution by the 
long-range orientational order of the aggregates only, la- 
mellar and columnar phases additionally by a long-range 
positional order of the aggregate centers in one or two di- 
mensions; cubic phases merely show a long-range posi- 
tional order in  three dimensions. On further decreasing the 
solvent content, solvent-free crystals are formed-often via 
solvent-containing crystals. As typical of amphiphiles, lyo- 
tropic mesogens are composed of soluble (solvatophilic) 
and insoluble (solvatophobic) moieties within one mole- 
cule. Fatty acid salts and long-chain alkyl ammonium salts 
are representatives of this type of structure. In aqueous so- 
lution, they aggregate-if their concentration lies above 
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Fig. 7 Structure and  phase behavior of lyotropic liquid crystals. 

the critical micelle concentration (CMC)-to micelles, 
which may be spherical, cylindrical, or plate-shaped 
(Fig. 8). 

lamellar phase nematic 
N, phase 

\ /  
plate-shaped 

t 

spherical cylindrical 

micelle 

1 

cubic phase nematic columnar 
N, phase phase 

Fig 8 Aggregation ot  inph phi phi lea lo torm micelles o f  various shapes a n d  
the formation o f  lyotropic mesophases from these micelles. 

For spherical micelles, intermicellar interactions lead to 
cubic mesophases; for cylindrical micelles, to nematic Nc 
as well as to columnar mesophases. Plate-shaped micelles 
can form an additional type of nematic phase (NJ  and 
further a lamellar m e ~ o p h a s e . ' ~ ~ ) ~  Thus, the different types 
of lyotropic mesophases are not directly determined by the 

structure of the single molecule (mesogen)-as is the case 
of thermotropic systems-but by the structure of the mi- 
~ e l l e ' ~ ' ~  or the aggregate. The structure of the micelle, how- 
ever, depends on several factors, such as temperature, con- 
centration, and the structure of the amphiphile itself. The 
latter refers, in particular, to the hydrophobic-hydrophilic 
balance between the head group and the alkyl chain as 
well as to  the geometry of the amphiphile.[4z1 Most of the 
amphiphiles form micelles o f  different shapes and thus 
often several types of lyotropic mesophases. 

It is mainly this complexity of the aggregation behavior 
that has stimulated the syntheses of various types of am- 
phiphilic compounds. So as to get to specific supramolecu- 
lar systems, one now tries to influence the shape, size, and 
stability of the aggregates through molecular architecture 
of low-molecular-weight and polymeric amphiphiles. Two 
different approaches have been taken so far (Fig. 9). 

c l a s s & c a l  arnphiphile 

I.--I 
polymer ic  amphiphile multipolar arnphiphile 

Fig. 9. Molecular archilecture 01' polymeric (A, B, C )  and  multipolar amphi-  
philes (D. E). 

The first approach starts from polymeric amphiphiles. 
Although they have long been known, the relationship be- 
tween their structure and mesophase behavior has hardly 
been investigated. As depicted in Figure 9, amphiphiles 
can be synthesized with the polymerizable unit in the head 
group, in the hydrophobic chain, or attached to its end. 
Their polymerization leads to polymers of type A, B, or C,  
with the mobility of the amphiphiles, which are now fixed 
by the polymer, being extremely different from that of the 
monomeric compounds. As a consequence, aggregation 
and mesophase behavior may also change. In view of the 
few examples hardly any changes have been ob- 
served as to the type of  mesophase-not so as to the con- 
centration and temperature ranges which were largely ex- 
tended through polymerization. This is demonstrated by 
the amphiphilic polymer of type C shown in Figure 
1 o,I43d 

Monomer 1 and the respective polymer only form la- 
mellar phases in water. The monomer exhibits lyotropic 
liquid-crystalline behavior within a concentration range of 
65-88 wt%, whereas the polymer exhibits such behavior in 
the range of 37-100 wt%. The maximum clearing tempera- 
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ture of the lyotropic mesophase of the monomer is 87"C, 
that of the lyotropic mesophase of the polymer, however, 
I85 "C. 

100 r I 

t t 

I 

0 . . . . . . . 

0 c I: wt.-% 3 - 100 

t ig.  10. t x i e n m n  of the conc'entrdtion and temperature rangel of the lyo- 
tropic mesophases (hatched) of 1 due to polymerization [43a]. 

The second approach to achieve a specific type of meso- 
phase starts from amphiphiles of novel structure. These 
new structures combine the molecular design of thermo- 
tropic and lyotropic mesogens (see Section 3.3), i.e., the 
form-anisotropy of thermotropic liquid crystals (rod- and 
disc-shaped) with the amphiphilic character of lyotropic l i -  
quid crystals (see Fig. 9, types D and E). Some examples 
are shown in  Figure 1 I .  If, for instance, the alkyl chains of 
rod-shaped thermotropic liquid crystals are replaced by 
hydrophilic ~hains,[4~'- k.441 rod-shaped bipolar amphiphiles 
result (e.g., 2 and 3). In water, compound 2 forms only 
platelike aggregates, which arrange into a lamellar or 
smectic phase in a concentration range of 53-84 wt% at  
temperatures between 8.7"C and 33.5"C.[43'1 As for the rod- 
shaped amphiphiles 2 and 3, disc-shaped multipolar am- 
phiphiles (e.g., 4-7) are obtained by introducing hydro- 
philic chains into discotic molecules such as benzene or 
triphenylene derivatives. The amidation of the triphenylene- 
hexayl hexaester 8 with amino alcohols to form hexaam- 

e.g., 7 (Fig. 12), provides a simple reaction that in- 
volves this transformation of a thermotropic discotic liquid 
crystal to a lyotropic discotic liquid crystal. In this case, 
the structural similarity between the thermotropic discotic 
mesogen and the new lyotropic discotic mesogen is re- 
sponsible for the same type of mesophase, namely, the co- 
lumnar one. The lyotropic mesophase is formed by cylin- 
drical aggregates present in the isotropic solution. 

R = (0-CH2-CH2+OCH, ! 

Fig. I I .  Examples of multipolar amphiph~les (types D and E from Fig. 9) 

therrnotropic discot ic phase  
( k 122 Dho 172 i ) 

1 
ly o t  r opic c olu rn n ar phase  

(," w a t e r )  

Fig. 12. Transformation of a thermotropic dtacotic mewgen 10 d multtpolar 
amphiphile [47] (k =crystalline). Distances between the columns in the ther- 
motropic phase (cf. Fig. 5C) at 140"C, 19.2 A ;  in the aqueous lyotropic phase 
(cf. Fig. 8 )  at 20°C and 60 wt%, 28 A. 
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3.3. Amphotropic Systems- All-round Compounds 

I n  lyotropic mesophases, the combination of order and 
mobility can be achieved by using a solvent. The formation 
of thermotropic liquid-crystalline phases is based on the 
temperature-induced mobility of form-anisotropic mol- 
ecules in  the melt. 

Amphotropic molecules (Greek: ampho= both, in two 
ways; trepein =align, direct) are compounds which can be 
organized according to at least two different principles ow- 
ing to their structural properties. Figure 13 illustrates this 
using an example from the field of liquid crystals. 

[LYOTROPICI I THERMOTROPIC I 
o r d e r  and mobil i ty 

via via 
solvent t e m p e r a t u r e  - 0 
\ /  

amphotrop ic  molecule - 
o r d e r  and mobil i ty 

via 
solvent and t e m p e r a t u r e  

AMPHOTROPIC 

/ I  \ 

lyotropic c rys ta l l ine  t h e r m o t r o p i c  
( lamellar)  (srnwctic) 

I ~g I:. h t i c ~ i i ~ t i i c  rcprcwiic.iltoii o i  clii .iiiiphoirupic h)tetii 

Although the term amphotropic liquid crystal has not 
been used so far, there are many examples of amphotropic 
behavior:["h 43r1.481 some alkylated mono- 
 saccharide^,'^^^.'^ and amphiphilic metal ~ a l t ~ [ ~ ~ ~ . ~ ~ ~ ~  not 
only form lyotropic but also thermotropic mesophases. As 
regards their molecular structure, these molecules are nor- 
mal amphiphiles. However, they reveal amphotropic be- 
havior. 

The range of amphotropic compounds can be considera- 
bly increased by the additional incorporation of typical 
thermotropic liquid-crystal building blocks (rod- or disc- 
shaped) into amphiphiles. Kunitake et al. have investigated 
a large number of amphiphilic substances which contain 
rod-shaped mesogens in the hydrophobic chains (e.g., bi- 
phenyl, azobenzene, diphenylazomethine moieties).[48e1 
Apart from various ordered structures in the aqueous 
phase, thermotropic liquid-crystalline behavior was ob- 
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served for some of these compounds. Moreover, some 
polymers also show amphotropic p r ~ p e r t i e s . ~ ~ " ' . ~ ~ ' . " . ~ ~  For 
example, it is possible to organize modified hydroxycellu- 
lose deri~atives[~'~,g] and various p o t y i ~ o c y a n a t e s , ~ ~ ~ ~ ~  not 
only lyotropically, but also thermotropically. 

As for amphotropic molecules, promising perspectives 
turn up  in the field of Langmuir-Blodgett (LB) multi- 
l a y e r ~ . l ~ ~ . ~ ' ~  A large number of possible technical applica- 
tions of these ordered layer systems are nowadays a focal 
point of discussion. They could be used, for example, as 
electron beam resists["] and photoresists,"*] in nonlinear 
optics (NLO),1531 in the field of reversible information stor- 
age,[541 and in the development of bio- and immunosen- 
sors.[55. 821 

LB multilayers show-owing to the stepwise transfer 
mechanism-a well-defined layer structure in the vertical 
direction. However, within each individual layer, the am- 
phiphiles form two-dimensional lattices with a distinct do- 
main structure (Fig. 14). 

Fig. 14. Structure of LB multilayers: per- 
fectly ordered layers in vertical direction j': 
irregular domain structure in horizontal dt- - 
rection x. x- 

The crystalline packing of the molecules in the individ- 
ual layers and the related severe limitation of the molecu- 
lar mobility have so far not allowed a subsequent, specific 
manipulation of the molecular order. It has not yet been 
possible to obtain homogeneous, domain-free (i.e., uni- 
formly oriented) lipid layers. Indeed, it is possible to in- 
duce a slight mobility of the molecules and thus a minute 
change in orientation by heating the multilayers within a 
certain temperature range. The melting of the layers, how- 
ever, usually leads to the irreversible collapse of order.['"] 
On the one hand, amphotropic molecules are amphiphiles, 
i.e., capable of building up LB multilayers. On the other 
hand, they are thermotropic liquid crystals owing to the 
incorporation of mesogenic building blocks. Thus, ampho- 
tropic molecules could be used as an approach to intro- 
duce mobility within the individual layers, necessary for 
the subsequent manipulation process. The orientation of 
the molecules in the individual layers could then, for ex- 
ample, be carried out by means of electric or magnetic 
fields (Fig. 15). 

Mesogen-containing amphiphiles have already been in- 
vestigated in m ~ l t i l a y e r s . [ ~ ~ ~  The example discussed here 
demonstrates that it is indeed possible to introduce ther- 
mal mobility in multilayers by using amphotropic mole- 
cules. The polymeric malonate 9 contains azobenzene 

U 9 

12 



t o  LB technique 

1. AT 1 2.  H. E 

order w i th in  the  l a y e r s  due t o  
therrnot rop ic  LC behavior I 

t ig.  15. LB multilayers made from amphotropic molecules: orientation 
within the layers by electric ( E )  or magnetic ( H )  fields in the mobile LC 
phase. 

moieties as mesogens and an ethylene glycol main chain as 
the hydrophilic part.[581 In bulk, the polyester 9 is liquid 
crystalline (g - 275 55i). At the gadwater  interface it forms 
a solid-analogous monolayer, which can be transferred 
onto solid substrates by means of the LB technique. The 
organization of the layers has been demonstrated by using 
small angle X-ray scattering (Fig. 16). 

1 
I 

20°C 2 0 Y  2ooc 

S O Y  15OoC 

1 50°C, the multilayer structure reassembles at room tem- 
perature. The incorporation of mesogenic building blocks 
into the amphiphilic system and their fixation to the 
polymer seems to prevent a direct isotropic melting. Al- 
though the layer correlation is lost, the parallel alignment 
of the polymer-fixed mesogenic amphiphiles is maintained 
(cf. Fig. 13). 

The field of molecular engineering of thermotropic and 
lyotropic liquid crystals is broad. The search for com- 
pounds capable of self-organization and formation of spe- 
cific supramolecular structures will lead to numerous new 
classes of substances. The first examples have already been 
d e ~ c r i b e d . ' ~ ~ "  591 

One compound that is capable of self-organization in  
manifold ways-and thus amphotropic-is the cholesterol 
derivative 10. Its different possibilities of orientation are 
described i n  Figire 17.'""' 

10 0 

Owing to its form-anisotropy, this compound forms a 
thermotropic mesophase of the type "bilayer smectic SA" 
between -28°C and 113°C (g -28 S, I13 i). If it is slowly 
cooled, the substance solidifies at - 28°C in the form of an 
anisotropic glass which does not crystallize even after a 
long period of annealing. 

I I - 
lyot r opic I I  LC phase 

thermotrop ic  
LC phase 

I I 

solvent 

m - - - -  
0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  0 1 2 3 4  

2 ("1 + 

\ 

Fig. 16. Temperature-dependent small angle X-ray scattering of 30 layers of 
the polymer 9 on a polyethylene-therephthalate support: layer structure 
reappears at 20°C after melting above 50°C. 

If the temperature is increased to about 50°C, the scat- 
tering reflex in the X-ray diagram disappears. The multi- 
layer melts and the highly ordered structure is lost. It is 
decisive, however, that the capacity to reorientate is main- 
tained: after cooling to 2 0 T ,  the scattering reflex reap- 
pears with its original intensity. Even after heating to 

Fig. 17. Example of an amphotropic zyarem. various ways of self-organiza- 
tion of the cholesterol derivative 10 [60]. 
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Since the cholesterol derivative 10 is also an amphiphile, 
it can form numerous supramolecular structures in aque- 
ous media: lyotropic LC phases, liposomes, micelles, and 
ordered monolayers. A lyotropic lamellar phase can be ob- 
tained by swelling in water or even in absolute diethylene 
glycol. In both media, spherically closed lipid bilayers ( l i -  
posomes) develop spontaneously from the lamellar phase 
after further dilution. The formation of liposomes was de- 
monstrated by means of entrapment of a water-soluble flu- 
orescent marker as well as by phase contrast and electron 
microscopy. In  addition, pH variations lead to the reversi- 
ble formation of micelles. With a value of 1 . 6 ~  mol 
L - '  (pH=9.3), its C M C  is in the range of normal surfac- 
tants. Drying of the aqueous aggregates leads back to the 
thermotropic liquid crystal. 

As vesicle-forming molecules, ethylene oxide cholesterol 
derivatives160.6'1 possess an atypical structure, since the hy- 
drophobic portion of bilayer-forming lipids usually con- 
sists of fatty acid chains. The molecular architecture of 
these "normal" lipids will be dealt with in greater detail in 
the next section. 

3.4. Lipids as Bilayer-Forming Amphiphiles 

Whereas the micelle-forming amphiphiles discussed in 
Section 3.2 still show a rather high solubility in water 
(CMC about mol L-'), it is a lot lower for mem- 
brane-forming lipids (CMC about lo -*  mol L-'). Lipid 
molecules, i.e., double-chain amphiphiles, are the basic 
building blocks of all biological  membrane^.[^*.^^' Their 
self-organization in water i s  the result of the hydrophobic 
effect,[641 as is the case with surfactants, and depends also 
on the relative proportion of hydrophobicity and hydro- 
philicity of the lipid, as well as  on its geometry.'421 

The phase diagram of a mixture of water with a typical 
lecithin lipid such as dipalmitoylphosphatidylcholine 
(DPPC) features the lipid bilayer as  the basic structure 
over a very broad temperature and concentration range.@'' 
Depending on the water content, homogeneous, smectic 
phases of parallel lipid bilayers (lyotropic phases) and het- 
erogeneous dispersions of multilamellar or single-walled 
liposomes can be observed. For low water content and 
high temperature, other lyotropic liquid-crystalline phases 
exist, such as the hexagonal, the cubic, and the ribbon 
phase. 

In accordance with the importance of lipids for the for- 
mation of biomembranes, Nature is equipped with a wide 
range of possibilities in order to vary the molecular archi- 
tecture of its membrane-forming amphiphiles (Scheme 1). 
Most of the natural lipids are zwitterionic (e.g., lecithin 
l l a  or ethanolamine l l b )  or negatively charged (e.g., 
phosphatidic acid l l c  or phosphatidylserine l l d ) .  There 
are also uncharged lipid structures found in Nature (e.g., 
glycolipids1"'I such as 12a). Not only the head-group struc- 
ture but also the hydrophobic region is varied to a large 
extent. Depending on whether rigid or fluid membranes 
are needed, either saturated or unsaturated fatty acid 
chains are incorporated, respectively. Hydrogen bonds be- 
tween the head groups, as, for example, in the case of 
sphingolipids (e.g., 12), lead to an additional stabilization 
of the me~nbrane.'"~' 

@ 
H3C+CH2-);;-COO-CH2 R = CH,-CH,-N(CH,), lla 

H,c+cH,-)~;;COO-CH 0 R = CH,-CH,-NHS llb 

llc 

R = CH2-CH-C00Q 1 Id 

f @ 

I I I  
CH2-0-P-0-R = A@ 

I 
NH? 

0 R = galactosyl 120 11 
H,C+CH,-);;C-NH-CH-CH,-O-R 0 

H,CtCH,*CH=CH-CH-OH R = P-o-cH,-cH,-N(cH,), I I  0 1 

bQ 12b 

H3CtCH2)11 \elCH, 
/ \  N Br@ 13 [69a] 

H3CtCH2),, CH3 

H3C+CH2)160\ QO 
P NaQ 14 [696] 

/ \  
H,c+cH,),,o oo 

0 
I I  

Oo NoQ 

H3CfCH2+C~C-C~C+Hz+O-P-OQ I Na@ 15 [72]  

H3C+CH,,,,00tCH2)2,Q 

H 3 C ~ C H , ~ C O O ~ C H 2 ) 2 - N - C H 3  Bra 16 [73]  
/ 

H3CtCH2-)iTC00tCH2)2 

Scheme I .  Examples of natural and synthetic bilayer-forming amphiphiles. 

Many of the lipids occurring in  Nature have been syn- 
thesized.[681 In 1977, Kuniiake et aI. described fully syn- 
thetic amphiphiles having simple structures, which, just 
like natural lipids, are capable of forming bilayer mem- 
branes. Typical examples are the quaternary ammonium 
salts (e.g., 13) and dialkyl phosphates (e.g., 14) with two 
long chains.169J The idea that even such simple amphiphilic 
structures can form bilayer membranes soon resulted in a 
large arsenal of artificial membrane-forming lipids.""' 
These also include chiral c o m p ~ u n d s , [ ~ ' '  as they usually 
occur in Nature. Apart from the double-chain "classical" 
lipids discussed so far, synthetic bilayer-forming amphi- 
philes with only one (e.g., 15[721) or  three (e.g., 16[73J) hy- 
drophobic alkyl chains also exist. Furthermore, there are 
membrane-spanning lipids ; some of these bipolar amphi- 
philes will be presented in Section 4.7. 

4. Stabilization and Surface Variation of Model 
Membranes 

4.1. The Architecture of Bi~mernbranes"~.'~' 

A decisive step in the development of the early forms of 
life was the self-organization of amphiphiles to form 
plasma membranes. It is unknown which principles led to  
the formation of macromolecules from purines, pyrimi- 
dines, o r  amino acids, but their self-replication would not 
have been possible without the protective shell of the lipid 
membrane. The cell membrane plays an important role in 
all essential biological phenomena. These include prob- 
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lerns related to  biological transport, energy metabolism, 
cell division, and macromolecular synthesis. The cell sur- 
face, in particular, is of significant importance as regards 
many aspects of cell biology, immunology, and cell-cell in- 
teraction as well as cell differentiation and the transforma- 
tion of normal cells into malignant ones. 

The biomembrane can be divided into three layers that 
are connected with one another: glycocalix, protein-lipid 
bilayer, and cytoskeleton (Fig. 18). The middle, protein- 
containing lipid bilayer is the component which indeed 
separates the cell into compartments.[761 Furthermore, it 
functions as an active filter and participates in motion and 
transport processes. 

in tegra l  glycoproteins i o n  c h a n n e l  

glyco- 
c a l i x  

protein 
lipid 

er, natural membranes show a high complexity. Thus, in 
order to study the properties of individual membrane com- 
ponents, it is necessary to concentrate, at first, on simple 
model membranes having a defined chemical cornposi- 
tion. 

4.2. Model Membranes as Supramolecular Systems 

In order to study the structure-property relationships of 
individual membrane components (lipids or proteins) at a 
supramolecular level, one has to rely on model mem- 
branes. On the one hand, they can provide information 
about the physical properties of membranes that only con- 
sist of lipids (pure or in mixture). On the other hand, in 
reconstitution experiments, membrane proteins can be in- 
corporated into a physically and chemically defined sur- 
rounding. Then, the activity of the individual membrane 
proteins can be studied. Figure 19 gives a survey of the 
commonly used model membrane systems. 

I models o f  btornernbranes 1 

Langmuir f i lms  planar lipid m e m b r a n e s  liposomes 

Icytoskeletonl 

monolayer f r e e -  s tan d #  ng bt layer ( BLM ) unilamellar 

polyrner~c skeleton 

Fig. IS. Schematic representation of a biomembrane. The three layers are  the 
glycocalix, the protein-lipid bilayer, and the cytoskeleton. 

Outside, the phospholipid membrane is coated by a car- 
bohydrate-rich layer, the glycocalix. It mainly consists of 
the oligosaccharide head groups of the glycoproteins and 
glycolipids, which are usually incorporated into the mem- 
brane. The glycocalix determines the surface recognition 
of cells: the oligosaccharide side chains, for example, are 
antigenic determinants in reactions of the immune system 
(see Section 5). In the case of plant cells, the glycocalix 
usually occurs as a solid, closed cell wall, in which the sug- 
ar groups (polysaccharides) additionally act as a skeleton 
(see Section 4.8.1). In the case of bacteria, the polysacchar- 
ide chains are cross-linked by oligopeptide chains. Thus, 
they form an extremely stable murein coat which repre- 
sents one single macromolecule. 

In animal cells, the stabilization of the cell membrane is 
mainly achieved by the cyto.skeleton, which is linked to the 
inner side of the central lipid bilayer (see Section 4.8.2). 
From the point of view of polymer science, the cytoskele- 
ton, in particular, as a polymeric network, represents an 
ideal basis for simulation experiments: reversible cross- 
linking, fixing of networks to membranes, dynamical pro- 
cesses in gels-these are all processes the cell constantly 
carries out in manifold ways. 

To get a deeper insight into the structure-function rela- 
tionships of biomembranes, a large number of bioorganic 
investigations are necessary. This is therefore an attractive 
and broad field of activity for synthetic chemists. Howev- 

LB rnulttlayer supported bilayer rnultllarnellar 

t i p  I Y  i onimunlq used model membranes. 

The spreading of a lipid at a gadwater  interface leads to 
the formation of m o n 0 1 a y e r s . [ ~ ’ ~ ~ ~ ~ ~  Formally, they repre- 
sent only one-half of the lipid bilayer of a cell membrane. 
Thus, the monomolecular films-compared with other 
model membranes-seem to be the least similar to bio- 
membranes. Nevertheless, investigations of monolayers 
supply precise information about the molecular packing 
and orientation of amphiphiles which cannot be gained 
from other model membranes. With the help of a film bal- 
ance, monomolecular films can be characterized in the 
form of surface pressure-area diagrams (isotherms). This is 
a very sensitive method which responds to the slightest 
change in the structure of lipids. By means of isotherms, it 
is possible to gain information not only as to the orienta- 
tion behavior of amphiphiles, their mobility in membranes, 
but also as regards the interactions with substances dis- 
solved in the subphase (e.g., proteins; see Sections 5.2 and 
5.3). Furthermore, by using a fluorescence microscope, 
phase-separation processes within the monolayer can be 
v i s ~ a l i z e d . ~ ~ ~ I  

Highly ordered, ultrathin Langmuir-Blodgett (LB) films 
are obtained by transferring monolayers onto solid sub- 
s t r a t e ~ . ’ ~ ’ . ~ ~ . ~ ~ ~  As model membranes, multilayers are less 
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interesting. They seem to be technically more important as 
functional ultrathin films (see Section 3.3). 

Planar lipid bilayers resemble much more the structure 
of biological membranes. They can be prepared either as 
free-standing black lipid membranes or as supported pla- 
nar membranes. Black lipid membranes (BLMs)['"] are 
lipid bilayers which span a hole in a separating wall be- 
tween two aqueous compartments. That is why they are 
ideal to carry out electrical measurements from which con- 
clusions can be drawn as regards membrane capacity, 
thickness, and resistance. Thus, they are often used to  
study transport processes (e.g., of ions) through lipid mem- 
brdnes.fx'' Supported planar membranes permit the use of 
measuring methods that cannot be applied to  other model 
membranes.['21 If, for instance, such a planar membrane is 
fixed on  a quartz substrate, one can detect fluorescence 
probes by means of TIRF spectroscopy (TIRF: total inter- 
nal reflection fluorescence) only when they are close to the 
surface of the lipid bilayer. Therefore, such supported 
membranes are especially suitable for the investigation of  
surface recognition  reaction^.[^'^'^^ 163bl 

Liposomes (vesicles)'841 are spherically closed lipid bi- 
layers, which, in analogy to the cell membrane, enclose an 
aqueous compartment. Vesicles can be prepared by numer- 
ous  method^,^^^^.'^^ which lead to the formation of com- 
pletely different vesicle systems. These differ in diameter 
(between 20 nm and 100 pm) as well as in the number of 
bilayers. The sonication of lipid suspensions in water, for 
example, leads to  small unilamellar vesicles (SUV, 20- 
100 nm). The swelling of lipid films, however, leads to uni- 
or multilamellar vesicles of the size of a cell. Liposomes 
are suitable for a large number of biophysical and bio- 
chemical investigations: e.g., for the measurement of mem- 
brane permeability,[*4"' for the reconstitution of active 
membrane proteins,['61 and for the study of surface recog- 
nition r e a ~ t i o n s ~ ~ ~ " ~ ~  or dynamic membrane p r o c e s ~ e s . ~ ' ~ ~ ~  
Furthermore, the possible use of liposomes as drug carriers 
is also being discussed.'*'. '44a1 

The five following sections (Sections 4.3 to 4.8) mainly 
deal with liposomes as model membranes. Apart from 
their surface variations, strategies for the preparation of 
polymerized liposomes are also discussed. On the one 
hand, these attempts should lead to more stable model 
membranes; on the other hand, they should help to simu- 
late the stabilizing elements of the biomembrane. 

50 

4.3. Surface Variation of Model Membranes 

'. 

In addition to direct variations of the membrane compo- 
nents, chemical surface variations of the cell membrane 
also play an important role in Nature: the generation of 
asymmetrical membranes or variations of the glycocalix 
are important examples. In model membranes, the molecu- 
lar architecture of lipids can subsequently be varied within 
the supramolecular structure by means of chemical reac- 
tions. Such reactions in ordered systems are of interest be- 
cause the highly organized lipid matrix represents a me- 
dium to control them. Differences in the course of these 
reactions, compared with the ones in isotropic solution, 
are caused by the orientation or the local concentration of 

the molecules involved.["] Such reactions can be regarded 
not only as models for the transformation of lipids within 
biomembranes, but also, more generally, as models of en- 
zymatic c a t a l y ~ i s . ~ ~ ~ ]  If vesicles are used as model mem- 
branes, a separation into different reaction (en- 
trapped volume, hydrophobic interior of the membrane, 
membrane surface, aqueous outer volume), i.e., a spatial 
division of reaction partners, has to be considered. Thus, 
vesicles have been used, for example, to study artificial 
photosynthetic Moreover, the formation of 
spherically closed lipid bilayers by using reactive lipid 
molecules allows reactions to be carried out with water- 
soluble agents located only at the outer membrane surface. 
Thus, vesicle membranes with an asymmetrical distribu- 
tion of head groups can be prepared.[7"'~90"1 In  the follow- 
ing examples, some reactions taking place at the surface of 
ordered membranes are illustrated. 

The transformation of a negatively charged membrane 
surface to a positively charged one, under mild conditions, 
has been investigated in mono layer^.[^^' The maleic acid 
monoamide 17 with a carboxylic acid head group was 
used as an anionic reactive lipid. Under acidic conditions, 
the cis carboxyl group of 17 catalyzes the intramolecular 
hydrolysis of the amide bond.1921 In the course of this pro- 
cess, the dioctadecylammonium ion is formed. In order to 
observe the cleavage process, 17 was spread onto an acidic 
subphase. The isotherms of the acid, as well as that of the 
ammonium salt formed by the cleavage of the amide bond, 
are shown in Figure 20. 

0 

\ II 
0 

A [nm'l- 

Fig 70. Vdricllion 01 the hccld-group chJrgc 111 cl Iiioiiolri)ci [ U l l .  A )  I w l h c r m  
of the maleic acid amide 17 ( T =  3 I '. pH of the subphase = 2). 6) Isotherm of 
a monolayer from the amide 17 after head-group cleavage with the forma- 
tion of the corresonding ammonium salt. The cleavage was achieved by leav- 
ing the film for 14 h at 0 mN m - '  and 31°C on the acidic subphase (pH = 2 ) .  
n= surface pressure, A =area per molecule. 

Apart from a liquid-analogous phase, 17 also features a 
solid-analogous phase (curve A). In contrast, the isotherm 
of the product, the ammonium salt, shows only a liquid- 
analogous film (curve B). This behavior is in good agree- 
ment with the isotherm of a reference sample of dioctade- 
cylamine. The formation of this amine in the monolayer 
was also demonstrated by means of thin layer chromato- 
graphy and by mass spectrometry. The intramolecular 
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cleavage of the head group of this compound depends on 
its structure; it does not take place in the case of the ana- 
logous succinic acid monoamide of dioctadecylamine. 

The variation of membrane properties can also be 
achieved photochemically;193V41 some examples are sum- 
marized in Figure 21. The alteration of the membrane per- 

c h a n g e  in m e m b r a n e  s u r f a c e  
v a r i a t i o n  

\ h v  hvf 
p e r m e a b i l i t y  

stabilization 
via 

polymerization 

destabilization 
via head-group 

c leavage  

Fig. 2 1. Possibilities for the photochemical variation of membrane proper- 
ties. 

meability by means of the photochemical cis-trans isomer- 
ization of amphiphilic dyes has already been described.i941 
The stabilization of model membranes via photochemi- 
cally initiated polymerization reactions will be described 
in Section 4.5.1. 

The photochemical variation and destabilization of the 
surface of monolayers and liposomes has been investigated 
by using lipids containing a zwitterionic photoreactive N- 
(1 -pyridinio)amidate head (e.g., 18). 

18 

Upon UV irradiation, these ylides can undergo ring ex- 
pansion to give the isomeric 1,2-diazepines, or their head 
group can be cleaved, thus forming pyridine and an inter- 
mediary r~i t rene. '~~ '  In liposomes composed of 18, the pho- 
toreaction leads to the formation of 1Jdiazepine in high 
yield (Fig. 22). 

Although the hydrophilicity of the diazepine formed in 
the head group is rather low, the vesicles neither aggregate 
nor precipitate during the photoreaction. However, these 
diazepine liposomes are metastable and can therefore be 
destroyed by mechanical stress such as shearing forces. A 

hY 
320 nm 

Fig. 22. Photochemical reaction of N-( I-pyridini0)amidate head groups 
forming diazepines in liposomal membranes: reduction of the head-group 
hydrophilicity [95]. 

subsequent reformation of vesicles from the isolated pho- 
toproduct is not possible. Thus, vesicle membranes com- 
posed of molecules that are not able to form such supra- 
molecular systems by themselves can be generated by 
means of photochemical variation within the supramolecu- 
lar system. 

In a different photoreaction, lipid 19 is destroyed upon 
photolysis of its quaternary benzylammonium head 
group.L971 UV irradiation of 19 in monolayers and lipo- 

somes mainly leads to the formation of the corresponding 
toluene d e r i ~ a t i v e . ~ ~ ~ " ~  The ordered membranes then col- 
lapse and form crystals (Fig. 23). 

x 

big. 2 3 .  Photochrmicdl & \ t i  uciiuii of liposomes made from benzylammon- 
ium ltpids [93a]. 

This process has also been studied in giant liposomes by 
means of phase contrast Upon extended ir- 
radiation (about 40 s) the formation of crystallites is ob- 
served. A short irradiation (about 2 s), which does not re- 
sult in a quantitative conversion of the reactive head 
groups, leads to the detachment of small liposomes from 
the larger ones. This process will again be dealt with 
briefly in Section 6.2 (Fig. 61). 
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4.4. Strategies for the Stabilization of Model Membranes 

In the last few years, numerous methods to stabilize 
model membranes have been developed, mainly by using 
polymeric systems. A survey of the possible molecular ar- 
chitectures of stabilized liposomes is given in Figure 24. 

The polymerization of lipids before or after their orien- 
tation in model membranes has been studied most inten- 
sively (see Section 4.5). As an alternative, the polyconden- 
sation of lipid molecules has also been described (see Sec- 
tion 4.6). Apart from such covalent binding reactions of 
lipid molecules, other possibilities to stabilize lipid bi- 
layers are based on the noncovalent binding of polymers to 
the membrane surface (see Section 4.8). One method to 
achieve stabilization without using polymers involves the 
incorporation of membrane-spanning lipids into the bi- 
layer (see Section 4.7). 

4.5. Ordered Membranes from Monomeric and 
Prepolymerized Amphiphiles 

Two approaches, schematically shown in Figure 25, 
have been used to prepare ordered polymeric model mem- 
branes. On the one hand, polymerizable amphiphiles can 
be used to build up  monomeric model membranes, which 
can then be converted into polymeric ones (approach A). 
On the other hand, the use of oligomeric amphiphiles or  
the incorporation of spacer groups into the polymeric am- 
phiphile to decouple the disordered polymer chain from 
the ordered membrane allows the formation of membranes 
from prepolymerized amphiphiles (approach B).[981 

polyeondensation 

orientation polymerization 

I I 
orlentatton polymerization 

monomeric 
membrane 

polymeric 

amphiphile 
/- 

polymeric membrane 

Fig. 25. Strategies for the preparation of polymeric model membranes. A) 
Orientation of the monomers in model membranes with subsequent polymer- 
ization. B) Polymerization of the monomers in isotropic solution and subse- 
quent orientation of the polymeric amphiphiles. 

4.5. I .  Polymerizable Lipids 

The polymerization behavior of amphiphiles with poly- 
merizable units was first studied in monomolecular 
films.'991 In 1979, the formation of polymerized vesicles by 
using a lipid containing butadiyne units was mentioned for 
the first time.['001 In the meantime, many polymerizable 
groups have been incorporated into various lipid struc- 
tures (see Scheme 2) to  prepare polymerized liposomes. 

_-I 

7y 

- 

hydrophobic 

membrane-spanning 
l ipids 

Fig. 24. Strategies for the stabilization of ltpid bilayer membranes 
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Scheme 3 shows only a few characteristic examples from 
the large number of polymerizable lipids. 

0 A 

coo 1 

\ 
0 O0 No@ 

H 
N 

-so,0 

2 1  
OH 

0 0 

4""- - co- - - 

a- 

Scheme 2. Building blocks of polymerizable lipids: A) lipid structures; B) 
polymerizable groups. 

The game of structural variations of polymerizable am- 
phiphiles (lipids, surfactants) and their use in monolayers, 
liposomes, and multilayers have enriched the monomeric 
and polymeric landscape and given rise to new hopes. 
These compounds and their perspectives of application 
will not be discussed further, since quite a few reviews on 
that topic already 

4.5.2. Model Membranes from Prepolymerized Amphiphiles 

A more recent concept for the preparation of polymeric 
membranes is based on the use of amphiphiles which have 
already been polymerized. At first sight, it seems surprising 
that this approach was taken much later than that via 
monomers. The problem with prepolymerized amphiphiles 
is the two-dimensional orientation of a three-dimensional 
polymer coil: An individual, motile molecule can easily be 
incorporated into a membrane. For a polymer-fixed mole- 
cule, however, its incorporation as a cooperative process is 
more complicated. Two different pathways can be fol- 
lowed to organize the membrane-forming alkyl chains of a 
polymer into ordered mono- or bilayers, despite the unor- 
dered structure of the polymer chain. On the one hand, 
polymers with low degrees of polymerization can be used. On 

the other hand, the incorporation of flexible spacers allows 
the decoupling of the different motion and organization 
processes taking place between the alkyl chains and the 
polymer main chain. Nature commonly uses the spacer 
concept, especially when functional groups with high mo- 
bility have to be kept close together. Already used for 
pharmacologically active polymers," ''I a similar concept 
has also been applied to the synthesis of liquid-crystalline 
 polymer^.[^*.^^^ As regards polymeric amphiphiles, there 
exist three different possibilities as to the incorporation of 
a spacer group (Fig. 26).[''61 

A C 

Fig. 26. Three possible ways to introduce hydrophilic spacer groups into 
polymeric amphiphiles [ I  16aI: A) side-group spacer; B) main-chain spacer; 
C )  main-chain and side-group spacer 

Homopolymers with side-group spacers (A) have been 
synthesized from lipids containing a hydrophilic spacer 
group between the membrane-forming amphiphilic part 
and the polymerizable unit. By means of copolymerization 
of simple lipids with hydrophilic comonomers, amphi- 
philic copolymers with main-chain spacers (B) can be pre- 
pared. The combination of both spacer types (C) can be 
realized by the copolymerization of spacer-containing lip- 
ids with hydrophilic comonomers." ''] The formation of 
polymeric model membranes by using such amphiphilic 
spacer-containing copolymers is illustrated in Figure 27. 

spreading 

ul trasonicat ion 

mono layer 

t r a n s f e r  

l iposome LB multilayer 

Fig. 27. Prepilrsrion of polymeric model membrane:, froin copolymers con- 
taining hydrophiltc comonomers. 

The preparation of vesicles from prepolymerized lipids 
has so far only been described for homopolymers with 

128 Angew. Chem. Inr. Ed. Engl. 27 (1988) 113-158 



CH3 Q 0  I 7 H 3  
H2C=C-COO+CH2)i+OO-CH, :CGN-CH-COO-(-CH~)~ \@,,CH3 

N BrQ 
I 

H , C = C - C O O ~ C H , ~ C O O - C H  0 
CH3 I 0 H3C+H2)1,/ \CH3 

20 [ lo l l  21 [lo21 

HSfCH,+COO-CH, H3C+CH2kC=C-C-CfCH2kCOO-CH, 
I I 

HS+CH,+COO-CH 0 
I I 1  

CH,-O-P-O+CH,+-N(CH,)~ 
I 

H~C(-CH,+-C-C-C=C+CH,%COO-CH 0 

I 

0 I I I  0 
CH,-O-P-O+CH,*N(CH~)~ n = 9, 11. 12 

OQ OQ 

24 [lo51 25 [72,106] 

H 3 C + C H , ~ C ~ C - C = C ~ C H , ~ C O O f C H 2 ) 2 \ o  H H,C+CH,~CH=CH-CH=CH-COO+CH,),\~,CH, 

H~C+CH,+C-C-C=C+CH,~COO+CH,), (cH,++o,@ H,C+CH,+CH=CH-CH=CH-COO+CH,), CH3 

N ar Q 
+/ 
N 

/ \  / \  

26 [ 1060,107] 27 [72.108] 

0 
0 
II 

/ I 

H~C+CH,++-C-C=C+H,%O\ oO H~C+CH,++=C-C=C~CH,), \ 

CH-CH,-P-O-CH,-CH,-N(CH~)~ P 
/ \  

H~C+CH,+C=C-C=C+CH,+O OH H,C+CH,*=C-C=CtCH,), OQ 

28 [106e, f ]  29 [lo91 

31 [ l l l ]  

H3C+CH2kCOO-CH2 
I H3CfCH2)n\@/ CH.3 

CH2-O-P--Ot~H2~F[lfcH,*OOC-C=CH, I I H3CtCH2), (CH2%NH-CO-C=CH2 6rG 
H ~ C + C H , / ~ ~ O O - ~ H  0 I I  CH3 y 3  N y 3  

/ \  

n = 15. 17 

33 [113] 

0 0  CH3 
32 [112] 

Scheme 3. Typical examples of Iiposome-forming polyrnerizable lipids. 

side-group spacers (type A, Fig. 26).['*] In addition, the 
self-organization of a polyionene as a vesicle membrane 
has also been discussed.f98"' 

Fender et a]. described the copolymerization of maleic 
acid derivatives (e.g., 31) with isotropically dissolved acry- 
lonitrile as comonomer.[yO"~'"l Th' ts kind of copolymeriza- 
tion also leads to  the formation of polymers with main- 
chain spacers. 

It is possible to  prepare and investigate highly ordered 
stable monolayers by spreading the prepolymerized lipids 
(Fig. 27). They can also be used for the preparation of 
polymeric LB films via transfer onto solid substrates 
according to the LB technique.["'-' 19] 

Scheme 4 shows some of the monomers from which am- 
phiphilic homo- and copolymers with main-chain, side- 
group, or combined spacers have been synthesized. A fur- 
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ther interesting system consists of alternating copolymers 
made from maleic anhydride (e.g., with long-chain vinyl 
ethers or olefins), which have been investigated, in particu- 
lar, by Hodge et al.l"yl 

A 

H3CfCH,*0-7H, 

H3CfCH,*0-7H y 3  
CH,-OOC-C=CH, 

34 [116a] 

H3C+CH,%0-7H, 

H3CfCH2%0-7H y 3  

CH~-OOC+CH,+-COO+CH~+OOC-C=CH, 

35 [116a] 

H3CfCH,*0-f;H2 

H3CfCH2*O-7H 0 I I  y 3  

CH,-O-P-O+CH,-CH,-O~OC-C=CH, 
I 
Oo Na@ 

n = 1: 36a [116a] 

n = 4: 36b [98b] 

H,N-CO-CH=CH, 

HO+CH,+OOC-CH=CH, 

H3C-CH-CH2-NH-CO-C=CH, 
I I 
OH CH3 

HO-CO-CH=CH2 

Scheme 4. A) Polymerizable lipids; B) hydrophilic comonomers for the syn- 
thesis of spacer-containing amphiphilic copolymers. 

The necessity of introducing a decoupling spacer be- 
comes obvious when looking at the isotherms of the mon- 
omeric and polymerized spacer-free lipid 34 (Fig. 28). The 

P 

f 40 6ol -i M 

0:s 1 :o 1.5 
A Cnm21 -.+ 

Fig. 28. Comparison of the isotherms of the spacer-free monomeric lipid 34 
with its polymers [ I  16aI. M)  Monomeric lipid forms a highly ordered mono- 
layer with a solid-analogous phase. PM) Polymerization in the ordered mono- 
layer leads to a slightly increased stability of the solid-analogous phase. Ps) 
Upon spreading of the polymer after polymerization in isotropic solution, 
only a liquid-analogous phase is formed. ir=surface pressure, A =area per 
molecule. 

monomeric lipid 34 forms a stable film with solid-analo- 
gous packing (curve M). After polymerization in the or- 
dered monolayer, the isotherm exhibits a similar behavior, 
showing a slightly increased stability of the film (curve 
PM). If, however, this spacer-free lipid is polymerized in 
isotropic solution and then spread, it is no longer capable 
of forming a highly ordered solid-analogous film (curve 
Ps). Here, an important role should be played by the mo- 
lecular weight as well as the tacticity:1"8'.1201 The isotherm 
of a lipid polymerized in isotropic solution should show a 
similar behavior to that of a monomeric lipid when a small 
degree of polymerization and a high fraction of syndiotac- 
tic units are used. 

The isotherms in Figure 29 show that it is possible to 
maintain mobility and orientability of the alkyl side chains 
of a copolymer with a main-chain spacer. Whereas the 
monomeric lipid 35 with a short side-group spacer exhibits 
a liquid- and a solid-analogous phase (Fig. 29A), the corre- 
sponding polymer 37, prepolymerized in solution, can 

H3CfCH2,,,0-7H2 I 
H3CtCH2%0-7H y 2  

CH~-OOC~CH~+COO+CH,~OOC-C-CH~ 
I 

37 

H3CtCH2*0-7H2 I 
H3CtCH2%O-CH I 7% 

YH2 

CH,-OOC+CH,+COO+CH~+OOC-C-CH~ 
I 

HO+CH2kOOC-CH 
I 

38 

only form a solid-analogous phase (Fig. 29B). After the po- 
lymerization of the lipid in the head-group region, the mo- 
bility of the alkyl chains is extremely hindered. However, it 
is recovered by incorporating hydrophilic comonomer 
units. Indeed, the introduction of an equimolar amount of 
hydroxyethylacrylate as hydrophilic comonomer (38) al- 
ready suffices to give rise to a liquid-analogous phase (Fig. 
29C). 

In ordered rnultilayers, the polymerization of amphi- 
philesl'Z'l usually leads to the formation of defects.[52. I2'l 

An elegant way to avoid defects induced by polymeriza- 
tion is to prepare LB films from prepolymerized amphi- 
philes. In Figure 30, the example of copolymer 39 illus- 
trates in how far the content of hydrophilic comonomer 
influences the structure of LB multilayers. By means of 
small angle X-ray scattering, it has been shown that the 
spacings between the individual layers increase with in- 
creasing comonomer content."""' Furthermore, an in- 
creased portion of hydroxyethylacrylate allows a higher 
layer correlation. 

I30 Angew. Chem. Int. Ed. Engl 2711988) 113-158 



7c CmNm-'3 f 201 ,oeck , 

0.5 1 . 0  1.5 
A ~ n r n ' l  - 

B 

401 

1 
7c CmNrn 

L4O0C 

-' 3 l_i LO% ' ' 
0.5 1 .o 1.5 

A C n r n ' J  

7c CmNrn-'] 
4OoC 2oL 30%- 0.5 1 .o 1.5 

A Cnm 1 + 

Fig. 29. Isotherms of the monomeric methacrylate 35 and its homo- and co- 
polymers [ I  16aI. A) The monomer 35 with a short side-group spacer forms 
temperature-dependent liquid- and solid-analogous phases. B) The homopo- 
lymeric methacrylate 37 (= (35)") is only capable of forming solid-analo- 
gous phases C )  The statistical I : I  copolymer 38 from lipid 35 with hydroxy- 
ethylacrylate as main-chain spacer forms temperature-dependent liquid- 
and solid-analogous phases. n= surface pressure, A =area per molecule. 

4.6. Polypeptide Liposomes- 
Bilayers from Polyeondensable Lipids 

Considering the interest placed in liposomes as drug 
carrier s y ~ t e m s , [ ~ ' . " ~ ~ ~  the idea of building up  stabilized 
but biologically degradable systems looks exciting. The 
first attempts to prepare biodegradable polymerized lipo- 
somes have been described by Regen et al. They have used 
a reversibly polymerizable d imercapt~lec i th in"~~]  (cf. lipid 
24, Scheme 3). In this context, polypeptide liposomes 
seem to be promising. 

Up to now, only a few papers exist on polycondensation 
reactions in ordered systems. The first one was published 
as early as 1948 by Katchalsky et al. It describes the con- 
densation of octadecyl or hexadecyl esters of glycine and 
alanine in LB m ~ l t i l a y e r s . ~ ' ~ ~ ]  By simply allowing the films 
to stand, the corresponding polypeptides could be ob- 
tained within the films via aminolysis of the esters. In an 
isotropic solution, no reaction takes place under compara- 
ble mild conditions. Thus, the increased reactivity of the 
amphiphiles in the multilayers is presumably due to their 
orientation. Fukuda et al. later resumed these investiga- 
tions.['"' Other attempts to achieve a polycondensation in 

/ 1 
in = 1.2 m = 8.5 

A B 
Fig. 30. Multilayers from the amphiphilic copolymer 39 Schematic represen- 
tation of the layer thickness d and the layer correlation depending on 
comonomer contents [ I16aj. A) Hydroxyethylacrylate content rn = 1.2 (short 
hydrophilic main-chain spacer); small distance between layers, poor layer 
correlation. B) Hydroxyethylacrylate content m = 8.5 (long hydrophilic main- 
chain spacer); larger distance between layers, good layer correlation. 

ordered systems are the cross-linking of long-chain urea 
derivatives with formaldehyde['2s1 and of glycolipids with 
epichlorohydrin or divinylsulfone.['z"l 

The aminolysis of long-chain amino acid esters has also 
been tried in vesicle membranes. However, the transforma- 
tion of free amino groups to amide groups leads to a de- 
crease in the hydrophilicity of the lipid head groups to 
such an extent that the liposomes precipitate."'" If long- 
chain Leuchs anhydrides are used for the polycondensa- 
tion in vesicle membranes, neither educts nor products are 
capable of forming vesicles. Thus, it is necessary to use 
mixed membranes with lipids such as the phosphatidyl- 
choline DPPC.L'281 

To prepare stable polypeptide liposomes, amino dicar- 
boxylic acid lipids have been introduced by Neumann et 
al.[1291 Some examples of polycondensable amino acid and 
amino dicarboxylic acid lipids are the compounds 40 and 
41-45. Liposomes prepared by using the lipids 41 -45 re- 
main in solution after polycondensation, owing to the ad- 
ditional hydrophilic carboxyl group (Fig. 3 I). 

The iipids 40-45 were synthesized by the addition of 
cysteine or homocysteine to maleic acid derivatives. In wa- 
ter, they form vesicles upon ultrasonication. Furthermore, 
giant vesicles can be obtained from the glycerine ether de- 
rivatives 42-45 by means of swelling. The polycondensa- 
tion of liposomes was achieved by sonicating the lipids 
41-45 in the presence of a water-soluble carbodiimide at 
pH = 6.5. The formation of amide bonds, under these con- 
ditions, was confirmed by FTIR spectroscopy. Vapor-pres- 
sure osmometry reveals that oligopeptides with a mean de- 
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gree of polymerization of 4 are formed by the polyconden- 
sation reaction. 

In order to  characterize the permeability of the mono- 
meric and oligomeric amino acid vesicles, the release of 
entrapped markers was The twofold nega- 
tively charged fluorescent dye 6-carboxyfluorescein (6-CF) 
as well as [3H]glucose were used as markers. The mono- 
meric liposomes feature a remarkably small permeability 

*% - 3 %  

- nnzo - 

Fig. 3 I .  Formation 0 1  peptide Iipoaomes. A)  Aminolysis of amino acid esters: 
reduction of the head-group hydrophilicity leads to the precipitation of li- 
posomes [ 1271. B) Polycondensation of aminodicarboxylic acids: owing to 
the additional hydrophilic head group (COOH), such peptide liposomes re- 
main in solution [l291. 

towards these two markers. By using the relatively bulky, 
charged 6-CF, for example, less than 0.1% release is mea- 
sured within 30 h at room temperature. The permeability is 
remarkably higher after polycondensation; however, it is 
still rather low: after 30 h, these vesicles lose about 1.5% of 
6-CF. The diffusion through the membrane is much faster 
for the uncharged marker compared with the charged 6- 
CF. The release behavior of monomeric and polycon- 
densed vesicles from lipid 43 is exemplified in Figure 32. 

As a comparison, the release kinetics of distearoylphos- 
phatidylcholine (DSPC) vesicles is also given. This lipid 
was chosen since, just like the monomeric and condensed 
amino acid lipids, it is in the gel state at room temperature. 

C I 

2 4  14 1 6  
t I: 1 0 0  min 1 - 

Fig. 32. Release of ['H]glucose from amino acid l ipu~onic.~ (24 C ) [ IZYb]. 
A) Liposomes made from the monomeric amino acid lipid 43. B) Peptide 
liposomes made from the lipid 43. C )  Liposomes made from DSPC. 

Figure 32 shows that monomeric amino acid liposomes ex- 
hibit a low permeability even when [3H]glucose is used as a 
marker; their release rate is the lowest found for mono- 
meric vesicles. In this case, too, the permeability is in- 
creased by the polycondensation; Le., the packing density 
of the lipids is impaired by the oligopeptide formation. 
Nevertheless, the release rates of polycondensed liposomes 
are clearly below those of DSPC vesicles. 

By means of sonication, isolated oligopeptides can also 
be used to prepare liposomes, analogously to  the use of 
prepolymerized amphiphiles (see Section 4.5.2). The pep- 
tides of the lipids 42-45, together with cholesterol, are 
even capable of forming giant liposomes. 

4.7. Stabilization by Means of Membrane-Spanning, 
Polymerizable Lipids 

In archebacteria Nature offers an interesting example of 
membranes with high stability. They survive under extreme 
conditions and are therefore able to fill ecological niches. 
Thermophilic archebacteria thrive at temperatures up  to 
1 10°C, acidophilic bacteria at pH values around 1 ,  and ha- 
lophilic ones even in saturated sodium chloride solution. 
Owing to their adaption to unusual habitats, the mem- 
brane components of these microorganisms also exhibit 
unusual structures."301 The most important membrane 
lipid fraction is composed of membrane-spanning bipolar 
lipids (e.g., 46). They consist of two isoprenoid diphytanyl 
(C40) chains which are connected via acid-stable ether link- 
ages to form macrocyclic glycerol tetraethers. 
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An asymmetrical structure of the bacterial membrane 
can be achieved with macrocycles carrying two different 
head groups. Commonly occurring polar head groups are 
phosphatidylglycerol and mono- or oligosaccharides. 
Some representatives of these archebacteria d o  not even 
possess a cell wall. Thus, the cell membrane is the only 
barrier towards the aggressive external environment. 

Synthetic analogues of the membrane-spanning lipids of 
archebacteria have been prepared (e.g., 47-52). 

Okahata and Kunitake succeeded in preparing mono- 
layer vesicle membranes by using a single-chain bipolar 
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ammonium salt like 47.L44J The term "bola amphiphile" 
was used by Fuhrhop et al. to describe numerous vesicle- 
forming bipolar, double-chain (macrocyclic) lipids (e.g., 
48).[13'1 

Polymerizable bipolar amphiphiles containing buta- 
diyne units, such as 49-52, were introduced by Bader et 
al.['3Zl In the presence of cholesterol, the single-chain bipo- 
lar amphiphile 49 forms vesicle membranes which can be 
polymerized by UV irradiation at 0°C.['32"1 By using the 
macrocyclic dicarboxylic acid 52, small unilamellar vesi- 
cles as well as giant liposomes can be obtained. They are in 
the liquid state and exhibit no phase transition to the solid- 
analogous state down to a temperature of 4°C. Since the 
topochemical polymerization of butadiynes takes place 
only in the solid-analogous phase,[1641 it is not possible to 
polymerize vesicles of the macrocycle 52. 

Asymmetrical vesicle membranes can be obtained by us- 
ing the bipolar amphiphiles 48 and 50, bearing head 
groups of different size, since the smaller and bigger head 
groups will preferably point inwards and outwards, respec- 
tively, in small liposomes of asymmetrical amphiphiles 
(Fig. 33). This concept was first used by Fuhrhop et 
aI.1131hI 

Fig. 33. Asymmetrical membranes of small, unililtiiellar ~ e x i ~ l c ,  t i i d e  lrom 
membrane-spanning butadiyne lipids with head groups of different sizes 
[ 132bl. 

From 50, vesicles can be prepared by sonication in the 
presence of 20-30 mol% of an amine (N-methylmorpho- 
line, cyclohexylamine). The packing of 50 meets the re- 
quirements for a topochemical polymerization. Upon UV 
irradiation at O'C, the clear, colorless vesicle solution of 50 
can be polymerized, forming a deep blue The 
bulky trimellitic acid head group is located preferentially 
at the outside of the vesicle. This was proven by NMR ex- 
periments using the line-broadening effect of externally 
added Mn2@ ions on the signals of the aromatic protons. 

Although liposomes made from a single lipid species are 
useful in studying basic membrane properties, those made 
from mixtures of structurally different lipids are a closer 
match to the complexity of natural systems. One can ex- 
pect that mixed membranes prepared with membrane- 
spanning amphiphiles and conventional lipids should 
show a higher stability, as is schematically pointed out in 
Section 4.4 (Fig. 24). This stabilizing effect corresponds to 
that of archebacterial membranes and can also be com- 
pared to that of integral proteins. Indeed, electron micros- 
copy reveals that mixed liposomes, made from the mem- 
brane-spanning macrocyclic amphiphile 52 and dimyris- 
toylphosphatidylcholine (DMPC) ( 1  : I ) ,  have homoge- 
neously mixed r n e m b r a n e ~ . ~ ' ~ ~ ~ ~  Differences as to head 
groups or chain lengths d o  not result in phase separation 
(no DMPC domains can be seen by means of their ripple 
structures; cf. Section 4.8.1, Fig. 39, and Section 6.3.2, Fig. 
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64). Moreover, the thermal stability of these vesicles is in- 
creased by the membrane-spanning component. This has 
been demonstrated by temperature-dependent measure- 
ments of their permeability using 6-CF as an entrapped 
fluorescent marker.[’32h1 

4.8. “Liposomes in a Net”-Stabilization of Model 
Membranes by Polymeric Skeletons 

Whereas model membranes can be stabilized by poly- 
merization or polycondensation, i.e., by connecting the 
lipid molecules covalently, Nature makes use of com- 
pletely different strategies to stabilize its membranes. 
Polymeric frames that are attached to the biomembrane 
provide it with flexibility and stability. Depending on the 
type of cell, these supporting elements differ considerably. 
Usually, they are attached to  only one side of the mem- 
brane. Typical representatives are the cytoskeleton of ery- 
throcytes and the cell walls of plant cells and bacteria. 

Can model membranes be stabilized analogously to 
biomembranes by using polymeric frames? 

polymer 
adsorption 

1 
8 hydrophobic 

anchor groups 

cleavage a f t e r  
polymerization 

polymerization 
of counter ions 

Fig 34. Possible way5 to prepare ”liposomes in a net 

The four ways to bind polymers to liposomal mem- 
branes, shown in Figure 34, which are also common in Na- 
ture, are summarized as follows: 

1. Water-soluble polymers can be adsorbed to vesicle 
membranes by means of hydrophilic or ionic interac- 
tions. Examples are the stabilization of lecithin vesicles 
by the adsorption of carboxymethyl chitin”331 as well as 
the binding of polylysine to negatively charged vesicle 
surfaces.”341 TirreN et al. investigated the interaction be- 
tween synthetic polyelectrolytes and liposomal mem- 
b r a n e ~ . [ ‘ ~ ~ ]  

2 Water-soluble polymers can be hydrophobized by mod- 
ification with fatty acids or  cholesterol. By inserting the 
hydrophobic anchor groups into membranes, these mi- 
cellar, water-soluble, polymeric amphiphiles can be at- 
tached to membrane surfaces. Sunamoto et al. made use 
of this method in order to stabilize liposomes by coating 
them with hydrophobized p o l y s a ~ c h a r i d e s . ~ ’ ~ ~ ~  These 

1 4 

“artificial cell walls” will be dealt with in greater detail 
in Section 4.8. r. 

3. In order to fix polyelectrolytes to membrane surfaces, 
charged monomers can be linked to the membrane- 
forming lipids via ionic forces. The subsequent “matrix 
polymerization” then proceeds at the membrane sur- 
face.11371 The introduction of polymerizable counterions 
only at the inside of vesicles leads to the formation of 
polymeric networks attached to the inner membrane 
surface. Such “artificial cytoskeletons” will be dis- 
cussed in Section 4.8.2. 

4. Liposomes might also be prepared from polymerizable 
lipids which carry a cleavable spacer (X) between the 
lipid part and the polymerizable group. The covalent 
linkage between the liposomal membrane and the en- 
veloping polymer net can be split by the subsequent 
cleavage of that spacer. Such systems have not been re- 
alized yet. 

4.8.1. Artificial Cell Walls or Wigs for Liposomes 

To simulate the cell wall of plants, water-soluble poly- 
mers can be anchored in membranes via hydrophobic resi- 
dues (Fig. 35). The driving force for the insertion of the 
anchor groups is the gain in free energy resulting from the 
transition from a dynamic, micellar system with partially 
solvent-exposed alkyl chains to a system in which the hy- 
drophobic residues lie in the hydrophobic interior of the 
membrane. 

Fig. 35. Schematic drawing 0 1  the interaction of a liposomal membrane with 
a micellar polymer with hydrophobic anchor groups. 

Examples of such interactions between polymers and 
membranes have been known for some time: The adsorp- 
tion of synthetic polymers with hydrophobic anchor 
groups to cell membranes, for example, was described as 
early as 1964.“381 The first experiments with 0-stearoyl 
derivatives of the polysaccharide dextran followed soon 
after.[’391 Worfet al. used similar polymers to study the lat- 
eral diffusion of polymers incorporated or attached to 
BLMs and In 1984 Sunamoto et al. introduced 
polysaccharide-coated liposomes as carrier systems for 

“‘l These are small, uni- or multilamellar vesi- 
cles, coated with palmitoyl- or cholesteryl-derivatized 
polysaccharides (pullulan, amylopectin). These asymmetri- 
cally coated liposomes feature a decreased permeability 
for 6-CF and an increased stability towards enzymatic de- 
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gradation by phospholipase D. Kobuyushi et al. described 
mixed liposomes made from DPPC and synthetic O-octa- 
decyl d e ~ t r a n . " ~ ~ '  

The coating of liposomes with polymers is of interest not 
only as regards the increase in stability, but also as regards 
surface variation. For example, it was demonstrated that a 
polysaccharide coating of liposomes leads to an altered 
distribution in the b ~ d y . " ~ ~ . ' ~ ' .  '431 R ecently, even frag- 
ments of monoclonal antibodies were attached to a poly- 
saccharide in addition to the hydrophobic anchor 
groups."441 In vitro, the resulting "immunoliposomes" are 
bound to specific cells to a higher extent than the corre- 
sponding antibody-free liposomes. 

Hydrophobized polysaccharides interact also with 
BLMs. Indeed, Mollerfeld et al. observed a dramatic in- 
crease in the mechanical stability of BLMs made from 
glycerol m ~ n o l e a t e . [ ' ~ ~ ~  All other membrane properties, 
such as the transport of the lipophilic ion dipicrylamine, 
however, are influenced only slightly by this method of 
stabilization. 

So far, attempts to simulate an artificial cell wall have 
only been made as regards the BLM and small vesicle 
model systems. However, for a direct observation of the 
insertion process of the anchor groups and its consequent 
effects on the membrane (e.g., morphological changes in 
the system), one has to use giant l i p o ~ o m e s " ~ ~ ~  as model 
membranes. These are form-flexible and can be observed 
with a light microscope. For these measurements, a tem- 
perature-controlled flow chamber[14x1 has been con- 
structed, in which giant liposomes (ca. 20 pm in diameter) 
are prepared directly by swelling a lipid film. By using a 
syringe, the medium can be exchanged or additional com- 
ponents can be injected (Fig. 36). 

I 
metal b l o c k  

/ 

Fig. 36. Construction of the flow chamber for the observation of giant lipo- 
somes (schematic cross sectional view). The volume is 2OOpL; the metal 
block is temperature-controlled. With the help of a syringe the medium can 
be gradually exchanged. Observations are carried out by using an inverse 
microscope (phase contrast and epifluorescence). 

A series of amphiphilic polymers consisting of O-palmi- 
toy1 derivatives of the natural, linear polysaccharide dex- 
tran have been synthesized[601 (Fig. 37). 

When a solution of one of those arnphiphilic polymers is 
added to a preparation of giant liposomes, above a critical 
concentration, a significant morphological change can be 
observed: tubelike liposomes become constricted. In the 
course of this process structures resembling strings of 

pearls develop along the original longitudinal axis of the 
liposome (Fig. 38). These morphological changes are due 
to the insertion of the hydrophobic anchor groups into the 
bilayer. On the one hand, the unmodified dextran, without 
hydrophobic residues, shows no effect. On the other hand, 
a clearly membrane-associated fluorescence can be ob- 
served when a hydrophobized and fluorescence-labeled 
dextran is used. The critical concentration, above which 
these "strings of pearls" are formed, decreases with in- 
creasing degree of substitution and increasing molecular 
weight of the dextran derivati~e."~'' The formation of 
structures resembling strings of pearls is shown in Figure 
38 together with a schematic representation of the inser- 
tion process. 

R 

Fig. 37. 0-Palmitoyldextrans [60] with mean molecular weights ranging from 
43000 to 160000 and degrees of substitution between 3 and 6 moI% were 
used for the studies of giant liposomes described in the text. These dextrans 
have 15 to  40 anchor groups per polymer chain. 

Fig. 38. Morphological change of a tubelike liposome owing to the interac- 
tion with a hydrophohized dextran (phase contrast micrograph and sche- 
matic explanation) [60,147]. A) Before injection of the micellar polymer. 
9 )  After the injection. 
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According to these observations, the insertion of the an- 
chor groups only in the outer half of the membrane in- 
duces a curvature (see Section 6.2) which leads to the for- 
mation of the “string of pearls.” This is obviously a case of 
a polymer effect: Unsubstituted dextrans d o  not induce 
this process, whereas it occurs with octyl glucoside only at  
concentrations which are five orders of magnitude higher. 
This polymer effect is based on the fact that the locally 
high concentration of the anchor groups leads to a cooper- 
ative insertion into small membrane regions. 

A similar kind of constriction process plays an impor- 
tant role in Nature in receptor-mediated endocytosis. In 
this case, the attachment of the protein clathrin to the in- 
side of the cell membrane leads to the formation of 
“coated pits” and to the consequent detachment of 
“coated vesicles.” They have an important transport func- 
tion in the uptake of LDL (low-density  lipoprotein^)."^^] 
These types of biomembrane processes will be discussed in 
detail in Section 6.2. 

By means of freeze fracture electron microscopy,[’501 it is 
possible to directly demonstrate the insertion of the hydro- 
phobic anchor groups into the outer membrane of DMPC 
liposomes.[60.’471 By using this method, surface structures 
of membranes can be observed with a transmission elec- 
tron microscope. Upon annealing between the pretransi- 
tion and the main transition, typical ordered structures de- 
velop in liposomes from natural lecithins.”511 Owing to 
their appearance, they are called ripple phases. A liposo- 
ma1 membrane made from pure DMPC exhibits homoge- 
neous ripple spacings of 12 k 2 nm. Small amounts of im- 
purities in the membrane already lead to a significant dis- 
turbance of these ripple structures.[’52’ Figure 39 explicitly 
illustrates the insertion of the hydrophobic anchor groups 
by means of the interaction between a hydrophobized po- 
lyvinylpyrrolidone derivative and DMPC liposomes.[601 
The outer surface of the liposome shows a disturbed and 
widened ripple structure. However, the inner membrane 
surfaces of the multilamellar vesicle, which are made visi- 
ble by the fracture, exhibit the perfect, original ripple 

Fig. 39. Freeze fracture electron micrograph [204] of a multilamellar DMPC 
liposome after the interaction with a hydrophobized polyvinylpyrrolidone 
derivative; widened and disturbed ripple structure in the outer surface; un- 
disturbed ripple structure of pure DMPC in the inner membrane layers 
[601. 

structure of pure DMPC. This demonstrates that the added 
amphiphilic polymers, as schematically shown in Figure 
35, only interact with the outer liposome surface and can- 
not penetrate through the membrane. A further attempt to 
insert amphiphilic compounds into liposomal membranes 
is described in Section 5.4. 

4.8.2. Cytoskeleton Models or the Stabilization from Inside 

In animal cells, the highly structured interior is spanned 
by a three-dimensional protein network, namely, the cyto- 
skeleton. Among other functions, it serves as a static skele- 
ton of the cell, thus maintaining its shape and stabilizing 
the plasma membrane. A typical example for the stabiliz- 
ing function of the cytoskeleton is the spectrin network of 
 erythrocyte^.['"^ Here, the combination of stability and 
flexibility is achieved by a two-dimensional protein net- 
work which is coupled to the lipid/protein bilayer (cf. Fig. 
18). The protein network consists of filamentous spectrin 
molecules. Tetramers of this protein are cross-linked by 
another protein, actin. Some of these actin molecules are 
fixed to the cytoplasmic end of an integral membrane pro- 
tein (Band 111) by an anchor protein, known as ankyrin. A 
similar coupling of the cytoskeleton probably exists to the 
membrane-spanning protein g l y c o p h ~ r i n . ” ~ ~ ’ ~  Further- 
more, it is assumed that the spectrin molecules are bound 
to  negatively charged lipids in the inner-membrane leaflet 
by electrostatic forces.[’541 

Because of the high complexity of the interaction be- 
tween plasma membrane and cytoskeleton, it is hardly pos- 
sible to understand the mechanical and structural proper- 
ties of erythrocyte membranes without parallel model in- 
vestigations. A simple model of an erythrocyte membrane 
was prepared from a mixture of DMPC and the polymeriz- 
able lipid 36b.i’54.155J Here, the polymerizable methacrylate 
unit is kept in the aqueous phase by the hydrophilic tetra- 
ethylene oxide (see Section 4.5.2). 

H 3 C t C H z k 0 - 7 H 2  

H,CtCH,-)iS-O-YH 0 I1 y 3  

CH~-O-P-O+CH,CH,O+OC-C=CH, 
I 
Oo No@ 

36b 

0 O H  y 3  H3CfCH2)17, 1 1  I I  I 

H 3 C t C H z )  17 / \  

N-C+CHz*C-N+CH2)3 ,O,(CHz~OOC-C=CHz 
/ 

N 
H3C (CHz*OOC-C=CHz 

I 
53 B r a  CH3 

The polymerization of such mixed liposomes leads to 
the formation of linear macromolecules at both membrane 
surfaces. By using a mixture of 36b and lipid 53, which 
contains two polymerizable units in the head-group region, 
cross-linked macrolipids are obtained. This leads to the 
formation of polymeric networks at both bilayer leaflets 
(Fig. 40). 

An even better approach to simulate the cytoskeleton of 
the cell is a liposome, in which polymeric networks are 
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only inside the vesicles. It is possible either to attach two- 
dimensional networks to the inner membrane surface or to 
fill the interior of vesicles with three-dimensional cross- 
linked polymeric gels. Such three-dimensional networks, 

Fig. 40. Schciiidtic drawing of a mixed liposome composed of polymerized 
lipids which are embedded in the monomeric lipid matrix. Additionally, the 
polymer chains are connected with one another forming a polymer network 
[ ISS]. 

which span the complete interior of liposomes, are readily 
accessible by the polymerization of liposome-encapsulated 
hydrophilic monomers. By using this method, cross-linked 
polyacrylamide gels in the aqueous interior of liposomes 
have been prepared.['561 After destroying the lipid bilayer 
by addition of a surfactant, the size of the gel particles, as 
determined by light scattering and electron microscopy, re- 
mains nearly unchanged. 

Two-dimensional polymeric networks that are attached 
only to the inner or the outer surface of the vesicle mem- 
brane via electrostatic interactions can be prepared by the 
exchange o f  the counterions at  the outside of SUVS."~'] 
This is shown schematically in Figure 41. 

=@ 

sonicat ion u l t ra -  / \ e x L E i g e  

ion-exchange I 

I h v  J b v  1 

polymer outside polymer inside polymer inside 
and outside 

Fig. 41. Preparation of vesicle memhranes with asymmetrically or  symrnetri- 
cally bound polyelectrolytes from lipids with polymerizable counterions 
[ 1571. GPC =gel permeation chromatography. 

To realize this concept, the salts 54-57, prepared from 
anionic lipids and polymerizable counterions, were 

In the case of 54 and 56, choline methacrylate is 

CH3 y 3  H~C+CH~+COO-CH, 
H~C+CH,+COO-~H I 0 H~C-N+CH,*OOC-C=CH, 01 

II I 
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CH,-O-P-O@ H3C (CHz-)TOOC-C=CH2 I 

CH3 No@ 
57 

bound as a counterion to negatively charged lipids (dihexa- 
decyl phosphate or the anion of dimyristoylphosphatidic 
acid (DMPA)). This leads to linear polymer chains. Addi- 
tionally, the salts 55 and 57, with a counterion bearing two 
polymerizable groups, were used to prepare polymeric net- 
works. The different routes to prepare vesicles with ionic- 
ally linked polymers made with these lipids, as shown in 
Figure 41, are discussed briefly below. 

Polymerizable counterions are introduced to the outer 
surface of unilamellar vesicles by exchanging Na@ against 
alkylammonium ions containing a methacrylate moiety. 
This process can be monitored by UV spectroscopy. Upon 
irradiation with UV light, the counterions can be polymer- 
ized at the outer membrane surface. In order to create ma- 
cromolecules at the inner membrane surface, vesicles with 
polymerizable counterions on both sides of the lipid bi- 
layer have to first be prepared. The polymerizable counter- 
ions at  the outer membrane surface can then be replaced 
by Na@ by means of gel permeation chromatography 
(GPC). The polymerization of this vesicle system leads, in 
the case of lipid 55, to a highly cross-linked polymeric net- 
work which is only attached to the inside of the vesicle 
membrane. 

The phase transition temperature of the lipid bilayers 
strongly depends on the sort of counterion bound to the 
vesicle. Here, DMPA vesicles with a symmetrical distribu- 
tion of the counterions are given as an example. Lipo- 
somes made from 56 with polymerizable counterions exhi- 
bit a phase transition temperature which is decreased to 
31 "C, compared with liposomes made from the corre- 
sponding disodium salt (SOT). By polymerization of the 
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cations of 56 at both membrane surfaces, the phase transi- 
tion temperature is increased Analogous results 
were obtained for dihexadecyl phosphate  vesicle^.^'^^] Fig- 
ure 42 shows a model for the strong influence of the mono- 
meric or the polymeric counterions on the phase transi- 
tion. 

Fig. 42. Schematic drawing of lhe influence of choltne methacrylate counter- 
ions on the packing of lipids in the membrane [ISS]. A) The monomeric 
counterions are partially inserted in the membrane, thus disturbing the pack- 
ing of the lipids. B) The  polymer is not inserted in the membrane, thus allow- 
ing a denser packing of the lipid molecules. 

The monomeric choline methacrylate counterion thus 
leads to a fluidization of the membrane, owing to its par- 
tial insertion into the lipid bilayer. Since the phase transi- 
tion temperature is shifted to higher values after polymeri- 
zation, it can be assumed that the resulting polymer is no 
longer embedded in the membrane, thus allowing a denser 
packing of the lipid molecules. This model is also sup- 
ported by results from permeability measurements.[’581 
Furthermore, comparative investigations of the stability of 
symmetrical vesicles of lipid 54 towards organic solvents 
were carried out using monomeric and polymeric counter- 
ions. Turbidity measurements reveal that the polymeric “li- 
posomes in a net,” in contrast with the unpolymerized 
counterparts, are even stable in 60% methanol. 

A further step in simulating the cytoskeleton of erythro- 
cytes is the additional fixation of an ionically fixed poly- 
meric network to the inner membrane surface via covalently 
bound hydrophobic anchor groups. Such an “artificial cy- 
toskeleton” was built up with vesicles consisting of a mix- 
ture of the lipids 53 and 541’581 (Fig. 43). First, the poly- 
merizable counterions are removed only from the outer 
vesicle surface. Then, the choline methacrylate counter- 
ions, bound to the inner membrane leaflet, are copolymer- 
ized with the cross-linking lipid 53 by means of UV irra- 
diation. Thus, a two-dimensional polyelectrolyte network 
is formed at the inner-membrane surface. In addition to its 
electrostatic bonds, this network is fixed to the lipid bi- 
layer via covalently linked hydrophobic anchor groups. 

Comparative release measurements carried out on 
monomeric and polymerized vesicles using [3H]glucose re- 

v 

Fig. 43. "Artificial cytoskeleton” at the inner surface of vesicle membranes, 
prepared according to the following procedure [158]: ( I )  preparation of li- 
posomes from 90 mol% of 54 (polymerizable counterions) with 10 mol% of 
53 as a cross-linker (covalently bound methacrylate groups); (2) removal of 
the polymerizable countertons from the outer surface of the vestcle mem- 
brane via GPC; (3) copolymerization of the ionically or covalently bound 
methacrylates at the inner surface of the vesicle membrane. 

vealed that such an “artificial cytoskeleton” does not 
change the membrane permeability. Thus, it is the lipid bi- 
layer, and not the polymeric skeleton, which indeed acts as 
the permeability Hence, these polymerized ves- 
icles formally behave like erythrocytes: the polymer con- 
trols their physical stability as well as their shape, whereas 
the lipid bilayer controls their permeability. 

5. The Use of Model Membranes to 
Study Biological Recognition Processes 

The complex molecular processes in biological systems 
can only proceed along ordered paths if they are selec- 
tively controlled. Thus, the development of multicellular 
organisms can hardly be imagined without the capability 
of intercellular communication. The decisive step in such 
an information exchange is the binding of a signal mole- 
cule to a specific receptor which is usually bound to the 
membrane. Analogous recognition reactions are of signifi- 
cant importance for the immune system of vertebrates, too. 
The various responses of the immune system recognize and 
eliminate invading organisms as well as toxic substances 
produced by them. Because immune reactions are destruc- 
tive, it is essential that they be made only in response to 
molecules which are foreign to the host. Without this dis- 
tinction between foreign and autologous molecules, fatal 
autoimmune reactions would result. Therefore, biologists, 
biochemists, and biophysicists place great interest in the 
structure and the function of biological membranes as well 
as their interaction with signal molecules. In the course of 
these investigations, simple model membranes have also 
been used during the last few years.182.’591 In addition, the 
surface recognition of liposomes by target ceIis is of deci- 
sive importance for specific drug delivery.[871 

What kind of substances play a role in the manifold re- 
cognition reactions in Nature? The most important mem- 
brane components for surface recognition are those of the 
glycocalix, the glycoproteins and the glycolipids.[661 In the 
cell membrane, they are responsible for vital functions and 
properties such as cell recognition, antigenicity, histocom- 
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patibility, and lectin affinity. Sections 5.1, 5.3, and 5.4 will 
deal with the recognition of sugar structures in model 
membranes by means of lectins and antibodies. Moreover, 
the most well known and the best-investigated regulated 
process is the replication and transcription of DNA as well 
as  the translation of RNA.[I6" In this case, the recognition 
reaction is the base-coupling of nucleic acids. Model ex- 
periments in which these reactions are applied will be dis- 
cussed in Section 5.2. 

5.1. Reversible Sugar-Lectin Interaction 
with Polymerized Liposomes 

Sugar structures attached to membranes can be recog- 
nized by lectins. These proteins, originally only found in 
plants, possess specific binding sites for certain sugars.[1611 
A well-studied representative is concanavalin A (Con A) 
which can bind a-glucopyranosides and a-mannopyrano- 
sides. It is a tetrameric protein where each subunit carries 
one binding site. The saturation of these binding sites with 
the low-molecular-weight sugars does not lead to  aggrega- 
tion of Con A. If, however, several of those sugar units are 
components of a supramolecular system such as a cell, ag- 
glutination and precipitation occurs after lectin addition. 
This process is reversible since the addition of a large 
amount of one of those pyranosides leads to the dissolu- 
tion of the precipitate, thus reforming the original cell dis- 
persion.[I6*' 

Two principles can be used to carry out such biological 
recognition reactions with polymerized membrane systems. 
On the one hand, natural lipids with recognizable struc- 
tures can be incorporated into polymeric membranes. On 
the other hand, polymerizable lipids with a recognizable 
head group can be synthesized. 

Several polymerizable glycolipids with different sugar 
head groups were prepared a few years These 
carry a butadiyne unit as the polymerizable group in the 
hydrophobic chain. 

CH,OH 
H O W o \  

HO O+CH~+C=C-C=C+-CH,-)~-~-CH~ 
HO 

58 

The interaction between the glucose derivative 58 and 
Con A has been investigated in r n ~ n o l a y e r s [ ' ~ ~ ~  and lipo- 
somes.[1'4".h1 Liposomes of 58 can be polymerized by UV 
irradiation, exhibiting a color change from colorless via 
blue to red, which is typical for butadiyne deriva- 
t i v e ~ . ~ ' ~ .  The experiment with Con A and sugar-bearing 
polymerized liposomes is schematically shown in Figure 
44. 

After adding Con A to a deep red solution of polymer- 
ized liposomes prepared from 58, agglutination occurs 
within a few seconds: a red precipitate is formed, the su- 
pernatant becoming colorless. If, however, a-methylman- 
nopyranoside, which binds much stronger to  ConA, is 
then added, the precipitate is redispersed, thus leading to  
the original clear red solution of the liposomes. So the re- 

glyco l ip id  l iposome l e c t i n  Con A 

I clear red  solution 

a g g l u t i n a t i o n  

r e d  Precipitate + colorless supernatant 

0 I - 

clear red  solution N - 
Fig. 44. Schematic representation of the reversible interaction of concanav- 
alin A with polymerized glycolipid liposomes made from 58 [ 114bl. 0 = su- 
gar 

sult is a competitive replacement of the liposomal-bound 
sugar groups by the soluble sugar. 

From simple qualitative experiments of this kind, one 
can proceed to investigations using synthetic and biologi- 
cally relevant sugar s t r ~ c t u r e s ~ ' ~ ~ ~  or  natural glycolipids. 
Such model investigations gain increasing significance, for 
example, as regards the simulation of immunological phe- 
nomena and their medical application (affinity chemo- 
therapy['661). 

5.2. Nucleofipid-Nucleobase Interaction in Monolayers 

Another recognition reaction that occurs in Nature is the 
base-pairing in DNA. To learn more about the base-base 
interaction and the relation between structure and func- 
tion, a large number of polynucleotide analogues have 
been ~ynthes ized ."~~]  The most common models are linear, 
uncharged polymers with nucleobases as side groups. With 
these polymers, specific interactions have been ob- 
~erved . [ '~ ' , '~*]  In none of these investigations were the nu- 
cleobases in an oriented state. In order to use the specific 
base-pairing in surface recognition reactions, nucleolipid 
monolayers and their interaction with nucleobases, dis- 
solved in the subphase, were also recently in~es t iga ted ."~~ '  
Kornberg et al. used such ordered nucleolipid monolayers 
to show that certain proteins, such as the B1 subunit of 
ribonucleotide reductase, are specifically bound in the 
form of a two-dimensional crystal.["01 

Compounds 59-62 are examples of new, uncharged nu- 
cleolipids, which form ordered structures like monolayers 
and l i p o ~ o m e s . [ ' ~ ~ ~ ,  l 7 I 1  Despite their consistently big and 
only weakly hydrophilic head group, these nucleolipids 
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form stable, solid-analogous monolayers, with the nucleo- 
base head groups dipping into the subphase. Their iso- 
therms should be affected by the interaction of these nu- 
cleolipids with nucleobases as substratum in the aqueous 
phase. Figure 45 exhibits the surface-pressure behavior of 
the uridine lipid 62 to  exemplify the influence of a mono- 
meric nucleobase dissolved in the subphase. 

T C r n N m - l I  
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Fig 45. Isotherms of the uridine lipid 62 on different subphases (20°C) 
[169bI: A) water; B) 0.01 M adenine (complementary) ( r ) ;  C) 0.01 M thy- 
mine (noncomplementary) ( A  j. n=surface pressure, A=area per molecule. 

The characteristic phase behavior of the nucleolipid 62 
(curve A) is basically not changed by the dissolved nucleo- 
bases. Liquid-analogous as well as solid-analogous phases 

are observed, and the molecular area is slightly increased 
after addition of the bases. The influence of adenine (curve 
B), which is complementary to the nucleolipid, is slightly 
stronger than that of thymine (curve C). 

The interaction between a nucleolipid monolayer and 
polymeric nucleotide bases is illustrated by means of the 
adenosine lipid 61 (Fig. 46). The two polynucleotides re- 

0.5 1.0 1.5 
A Cnrn'J - 

Fig. 46. Isotherms of the adenosine lipid 61 [ I69bj jaubphase PBS (= phos- 
phate-buffered saline) buffer. pH 7.3, 1 5 x lo- '  M ) :  A) in the absence of a 
polymeric nucleobase; B) 1 Sx 10.' mol base L - '  poly(U) (complementa- 
ry); C j  1 . 5 ~  lo-' mol base L - '  poly(A) (noncomplementary). n=surface 
pressure, A = area per molecule. 

veal a noticeably different influence on the isotherms of 61 
if the surface pressure exceeds 15 m N  m -  '. As regards the 
noncomplementary polyadenine nucleotide poly (A), i t  is 
already expelled from the head-group region at  a surface 
pressure of 40-50 mN m-I.  Thus it loses all influence on 
the solid-analogous packing of the monolayer (curve C). In 
contrast, the poly(U) base, which is complementary to the 
lipid head group, exhibits a considerable interaction with 
the monolayer (curve B) even at high surface pressures. 

In the case of liposomes made with nucleolipids and the 
phosphatidylcholine DPPC (3 : I), no clear interaction with 
monomeric nucleobases can be demonstrated. Neverthe- 
less, a significant interaction between liposomes and 
polymeric nucleobases was observed. However, the hypo- 
chromicity effects (decrease of the extinction coefficient 
after base-coupling) display no significant difference be- 
tween specific and nonspecific interaction."69b1 This may 
be due to the fact that the stronger ionic interaction (see 
Section 4.8) of the polynucleotides with DPPC is superim- 
posed on the weaker base-base interaction. 

5.3. Model Investigations of the Interaction between 
Bacteria and the Complement System 

In humoral immune reactions, the outer membrane of 
gram-negative bacteria is damaged by the complement sys- 
tem. The resulting hydrophilic pores lead to the death of 
the bacterium. The complement cascade (C) consists of at  
least 14 serum proteins which are activated in a specific 
order.["'' The classical pathway of C-activation is initiated 
by the adsorption of the first component C1 to the surface 
of the bacterium. This involves the binding of the C1 sub- 
component Clq to the lipid A (63) of the outer mem- 
brar~e.["~] This first step of the complement cascade can 
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also be investigated by using model membrane systems. In- 
deed, 63, the lipid anchor of the lipopolysaccharide (LPS), 
has already been incorporated into model  membrane^."'^] 
In cooperation with the group of Loos, the interaction be- 
tween the complement component C l q  and 63 was stud- 
ied in monolayers and l i p o s o m e ~ . [ ' ~ ~ ~  Lipid A (63)  consists 
of seven hydrophobic alkyl chains of different lengths and 
one hydrophilic head group made up  of glucosamine units 
as well as phosphate and ammonium groups."761 C l q  is 
built up of six collagen-like triple-stranded helices which 
are linked together at one end (Fig. 47). The free ends 
carry globular head groups that function as recognition 
sites. The C l q  molecule has a molecular weight of 410000 
and consists of 18 polypeptide 

E 
globular head group 

- central unit 

5 nm 

Fig 47 A)  Electron micrograph; B) schematic representation of the comple- 
ment component C l q  [177]. 

Figure 48 shows the isotherms of the purified oligomer- 
like 63 at different temperatures. The monolayers exhibit 
liquid- and solid-analogous phases and have a remarkable 
stability up to a temperature of 37°C. The molecular area 
of about 1.3 nm2 per molecule in the solid-analogous 
phase is within the range expected for a lipid with seven 
alkyl chains. 

In order to investigate the interaction between 63 and 
C l q ,  the lipid A monolayer was kept under constant pres- 
sure while C l q  was injected into the subphase. After the 
injection of C l q ,  one can clearly see a strong increase in 
molecular area if the monolayer is kept at a pressure of 
2 mN m - ' ,  i.e., in the liquid-analogous state (Fig. 49). If, 
however, a higher surface pressure (20 mN m-I) is ap- 
plied, no change in the area per molecule is observed. In 
the solid-analogous state, the lipid A molecules are evi- 
dently so densely packed that the C l q  head groups cannot 
penetrate the monolayer. For a recognition reaction to take 
place, not only does the specificity of the recognizable 

63 

::I 
T 3 0  

4 
I 

1 2 
A Cnrn'l -+ 

Fig. 48. Isotherms of 63 at 10, 20, 30, 37°C (subphase: water). n=surfdce 
pressure, A =area per molecule. 
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I I 

1 2 
t Chl- 

Fig. 49. Interaction of the protein Clq ( I  pg m L - ' )  with lipid A monolayers 
(20°C): Injection of C l q  (----) into the subphase at  a constant pressure of 
20 mN m - '  (solid-analogous phase) and 2 mN m - '  (liquid-analogous 
phase); strong interaction (expansion of the monolayer) only in the fluid 
state. A =area per molecule. 

groups seem to be important, but also the existence of a 
liquid-analogous phase, common in biological mem- 
b r a n e ~ . ~ " ~ ~  

The binding of C l q  to lipid A monolayers was con- 
firmed by investigations with a fluorescein-labeled anti- 
C l q  antibody. These experiments were carried out with a 
film balance which was combined with a fluorescence mi- 
croscopef'801 (Fig. 50). Mixing diagrams of 63 and DPPC 
exhibit a complete miscibility of both components. How- 
ever, these experiments d o  not give evidence as to  whether 
the phase separation, which can be seen in Figure 50 (see 
also Section 6.1), already occurs owing to the adsorption 
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5.4.' Induction of Membrane Processes by Recognition 
Reactions at the Surface of Vesicles 

AcHN 
OH 

A further example of a recognition reaction at the mem- 
brane surface is the binding of a specific antibody to its 
corresponding antigen at the membrane. Together with the 
group of Bitfer-Suermunn,['*'] the polysaccharide K1 (64) 
from E. coli was used as a model system to investigate such 
surface 

K1 consists of a-(2-8)-linked sialic acid units["*] which 
are connected to a lipid residue. It belongs to the group of 
acidic capsular polysaccharides of the outer bacterial 
membrane. They are supposed to play a role in the serum 
and phagocytosis resistance of gram-negative 
To prove the incorporation of 64 into model membranes, 
giant liposomes of the phosphatidylcholine DMPC were 
used. A micellar solution of 64 is injected into the cham- 
ber, shown in Figure 36, containing such a liposome pre- 

into the liposomal membrane (Fig. 52B, see also Section 
4.8.1), the fluorescence-labeled anti-K1 antibody[I8lb1 is ad- 
ded. The recognition between antigen and antibody (Fig. 
52C) can be shown by means of fluorescence microscopy: 

Fig. SO. Epifluorescence micrograph to show the binding of Clq to a mono- 
layer formed from lipid A and DPPC (]  :4) (cf. Fig. 51). Injection of a fluo- paration (Fig. 52A). After the Of the lipid anchors 
rescein-labeled antibody against Clq (anti-Clq FITC IgG [1791, FITC=fluo- 
rescein isothiocyanate) into the subphase of the monolayer with bound Clq,  
resulted in the appearance of a fluorescence due to binding of the FITC an- 
tibody to the membrane-fixed Clq-lipid A complex. 

of C l q  to the lipid A monolayer, or if it is caused later by 
the Clq-antibody interaction. 

As is known from other studies, C l q  binds to 63 via its 
globular head-group structures. Therefore, the simplified 
model shown in Figure 51 can be postulated to explain the 
monolayer results described above. 

1 

n = 100-200 

Fig. 51. Schematic representation of the adsorption of Clq to a monolayer 
formed from lipid A and DPPC and the binding of the fluorescein-labeled 
antibody. F stands for fluorescein isothiocyanate. 

By making use of giant liposomes, it was also possible to 
demonstrate the interaction between C l q  and 63 using 
FITC-labeled antibodies (for this method see Section 5.4). 
Here, too, it was found that, after the addition of Clq,  only 
those liposomes containing 63 are made visible in the 
fluorescence microscope by the antibody. 

OH 64 

'0-k-O-CH, , o I I  HC-OOC+CH,*CH, I 
H,C-OOC+CH,~CH~ I 

the originally diffuse fluorescence of the dissolved anti- 
body becomes concentrated on the liposome surface. 

The comparison of a phase-contrast micrograph (Fig. 
53A) with the corresponding epifluorescence one (Fig. 

,., 

f l u o r s r c s n c s -  
B 

Fig. 52. Schematic representation of the experiment to prove [he insertion of 
the capsular polysaccharide K l  (64) into liposomal membranes by using im- 
munofluorescence 1601. A) Addition of a micellar solution of KI to a lipo- 
some preparation. B) Insertion of the lipid anchor groups into the lipid bi- 
layers; addition of the fluorescein-labeled anti-K1 antibody. C) Binding of 
the antibody and induction of a phase separation due to cross-linking of the 
KI molecules (patching). 

142 Angew. Chem. Ini. Ed. Engl. 27(1988) 113-158 



Exocytosis  

Endocytos is  

Fig. 53. Proof for the incorporation of 64 into DMPC liposomes [60]. 
A) Phase-contrast micrograph; B) epifluorescence micrograph of the same 
liposome (patching according to schematic drawing in Fig. 52C). 

53B) clearly shows that the fluorescence of the antibody is 
associated with the membrane; i.e., 64 is detected at the 
membrane surface. Furthermore, it becomes evident that 
the fluorescence, dependent on time and concentration, is 
no longer distributed homogeneously in the membrane: 
patching[1831 can be observed. It is caused by the reaction 
between the multivalent antigen, which is capable of lat- 
eral diffusion within the membrane, and the bivalent anti- 
body, thus leading to a phase separation. This process 
might be compared to a precipitation reaction in two di- 
mensions. Therefore, this experiment is not only a n  exam- 
ple of a recognition reaction between antigen and anti- 
body; the final result, the clustering of one membrane 
component, also represents a simple membrane process 
(see Section 6.1). 

6. Simulation of the Dynamics of Biomembranes 

The dynamics of biomembranes (shape fluctuations, 
membrane instabilities), which is responsible for motion 
and transport processes, is fascinating and of great biolog- 
ical importance. It is a challenging task to explain cellular 
processes by phenomenological physical properties of the 
plasma membrane.[’s5a1 The plasma membrane with its 
manifold fmctions is much more than just a passive per- 
meability barrier which encloses cytosol from the sur- 
rounding medium. On the one hand, membrane transport 
proteins or  ion carriers provide for a “local,” ordered ex- 
change of substances in both directions. On the other 
hand, dynamic processes are responsible for the important 
“bulky” transport through the membrane. Examples of 
these uptake and release processes of the cell are illus- 
trated in Figure 54. 

Cells ingest macromolecules and particles by a process 
called endocytosis: the substances are progressively en- 
closed by a small portion of the plasma membrane, which 
first invaginates and then pinches off to form an intracellu- 
lar vesicle containing the ingested material.[’851 Analogous 
mechanisms exist for the release of substances from the 
cell : as regards exocytosis, the intracellular vesicles, con- 
taining the substance to be released, fuse with the plasma 
membrane and open to the extracellular space. In the case 
of budding, bulges of the membrane to the outside are de- 
tached, whereby the substances given off remain enclosed 
by a lipid bilayer. This process plays a role when, for ex- 
ample, a virus leaves its host cell. 

Budding 

Fig. 54. Schematic drabring of  three Important trmbport processes 01’ hlolog- 
ical membranes [184]: exocytosis, endocytosis, and budding. 

All these events require dynamic processes within the 
membrane, including the possibility of forming local do- 
mains in the membrane (patching and capping). In mem- 
brane biology, the mechanism of such dynamic cell pro- 
cesses is habitually described as extremely complex, 
usually involving proteins and being energy-consuming. 
Phase-separation phenomena, however, can be triggered 
off in lipid bilayers depending on counterions or tempera- 
ture.[1861 Simplified model membranes thus help to answer 
the question of what minimum requirements are necessary 
in a given system for a certain process to take place at all. 
The following sections illustrate how dynamic processes 
can be induced in purely synthetic, polymeric model sys- 
tems in such a way that they correspond, a t  least formally, 
to  biomembrane processes. 

6.1. Patching and Capping in Polymerized Mixed 
Liposomes 

Patching and capping are simple dynamic processes of 
the biomembrane caused by lateral diffusion. They are 
triggered off at the cell surface by antigen-antibody inter- 
actions and can be observed directly with a light micro- 
scope by using a fluorescence-labeled antibody.[lx3- 
This is schematically shown in Figure 55. The fluores- 
cence-labeled antibodies bind to the antigens at the cell 
surface (Fig. 55A) and a diffuse fluorescence, which is ho- 
mogeneously distributed over the whole cell membrane, 
can be observed. Since the antibody molecules are biva- 
lent, they are able to cross-link with the antigens. This 
soon leads to a phase separation within the membrane and 
thus to the fluorescent patches (Fig. 55B). An example of 
such a patching process in a vesicle membrane has already 
been described in Section 5.4. In the cell, the individual 
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Fig. 5 5 .  Schematic drawing of the aggregation of membrane receptors in- 
duced by the binding of bifunctional fluorescence-labeled antibodies. 
A) Diffuse fluorescence of the homogeneously bound antibody. B) Clustering 
of the receptors forming fluorescent domains (patching). C)  Aggregation of 
the domains forming a single fluorescent area (capping). 

domains move, within a few minutes, to one certain area of 
the membrane, thus forming a cap (Fig. 55C). Whereas 
patching only requires lateral diffusion, it is assumed that 
the subsequent aggregation to one single cap is an energy- 
promoted process.[1s3. ’*’] 

In mixed membranes of unsaturated and natural lipids, 
a phase separation can be induced via polymerization. 
This domain formation resembles the immunologically im- 
portant processes of patching and capping.[’881 Such ex- 
periments have been carried out with mixed giant lipo- 
somes made from the polymerizable lipid 27 (Scheme 3 )  
and DMPC ( 1  : 1). Their membrane dynamics are made 
visible by the addition of a small amount of a fluorescent 
lipid. The liposomes composed of the monomeric compo- 
nents reveal complete miscibility of both lipids and the in- 
corporated fluorescent dye, as can be seen by the diffuse 
fluorescence of the giant liposomes. After photopofymeri- 
zation of 27 at 40°C (diffuse fluorescence still observable, 
Fig. 56A) and cooling down of these partially polymerized 
liposomes below the phase transition of the polymeric lip- 
id, isolated areas of intense fluorescence occur (Fig. 56B). 

These natural biomembrane processes can thus be mim- 
icked with striking similarity using polymeric model sys- 
tems. The initiating mechanisms are, however, completely 
different. Nevertheless, such experiments may contribute 
to the understanding of the biological phenomenon. It is 
generally assumed that the process of capping is actively 
driven, thus requiring ATP. However, the results reported 
here provide the first experimental evidence that such a 
cap formation can take place passively without energy 
consumption. 

6.2. Morphological Changes of Giant Liposomes 

The transport mechanisms of endocytosis and budding 
involve a local bulge either to the inside or to the outside 
of the membrane with the subsequent detachment of a 
small vesicle (cf. Fig. 54). The first step of this two-stage 
process is a local reversible change in the spontaneous cur- 
vature of the membrane. In  contrast, the second step, the 
detachment of the vesicle, is irreversible. Figure 57 sche- 
matically illustrates how this process is triggered off in Na- 
ture by taking erythrocytes as an example. Here a local 
change in the spontaneous curvature of the membrane oc- 
curs, probably due to a lateral contraction of the cytoskel- 
e t ~ n . ‘ ” ~ ]  

Fig. 56. Simulation of patching and capping in polymerized giant liposomes: 
epifluorescence micrographs of a giant liposome made from a mixture of the 
butadiene derivative 27 and DMPC (1 : I )  (0.1 mol% fluorescent lipid as 
marker) [188a]. A) Homogeneous fluorescence in the polymerized liposome 
at 40°C (above the phase transition of the polymer). B) Phase separation 
forming fluorescent domains in the same liposome immediately after lower- 
ing the temperature to 28°C (below the phase transition of the polymer). 
C) Formation of a single fluorescent cap in  the same liposome after a few 
minutes. 

This is caused by the immiscibility between the polymeric 
lipid, which is in the crystalline state, and the other mem- 
brane components, which are still in the fluid state. After a 
few minutes, the visible patches “flow” together, thus 
forming one single membrane cap (Fig. 56C). The time 
scale and appearance of these processes are completely 
analogous to the patching and capping observed on cell 
surfaces during their interaction with bivalent antibodies. 

Fig. 57. Proposed pathway of triggering of endocytosis in an erythrocyte; by 
a local lateral contraction of the cytoskeleton, the removal of the network is 
expected to lead to a local change in the spontaneous curvature [154]. 

Protrusions caused by lateral phase separation can also 
occur in synthetic model systems. Figure 58A shows a 
giant liposome composed of a mixture of DMPC and the 
polymerizable spacer lipid 36b (Scheme 4). Upon UV po- 
lymerization under a light microscope, clearly visible pro- 
trusions (Fig. 58B) develop out of the initially smooth sur- 
face. They continue to grow even after the UV light has 
been turned off, and their number increases with increas- 
ing amount of polymerizable lipid. This leads to the con- 
clusion that a phase separation between the formed poly- 
meric lipid and DMPC takes place, as shown schemati- 
cally in Figure 58C. 

Fairly well known examples of reversible transitions be- 
tween different cell morphologies are the shape changes of 
erythrocytes. These can be achieved by different environ- 
mental changes such as changes in pH, temperature, and 
ionic strength or by the addition of In the last 
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Fig. 58. Polymerization-induced protrusions in a giant liposome made from 
DMPC and 36b ( I  : 1) [154]. A) Phase-contrast micrograph of monomeric 
giant liposomes. B) After UV polymerization (100 s). C) Schematic represen- 
tation of the microstructure of the bilayer after polymerization; lateral phase 
separation leads to domains of the polymeric lipid exhibiting a higher spon- 
taneous curvature than the monomeric lipid matrix. 

few years, a series of theoretical studies have been pub- 
lished in order to explain the stability of the different cell 
shapes In this context, the model of Suetina 
and Zeks must be mentioned in particular.1190d1 This model 
explains the stability of the different cell morphologies 
without any assumption as to the structure of the cell 
membrane. It is based on the idea that both leaflets of the 
lipid bilayer can expand and contract independently of 
one another. If, however, the changes in area of the two 
bilayer halves differ, the result is a change in the sponta- 
neous curvature and thus a morphological change of the 
cell. 

This concept has been confirmed by the observation of 
giant unilamellar l i p o s ~ m e s . [ ' ~ ~ ~ ]  Figure 59 shows a series 
of reversible morphological changes of a giant vesicle 
made from the ammonium lipid 27. These processes are 
temperature dependent and occur near the phase transi- 
tion temperature (42°C). At a temperature of 42"C, the 
vesicle has a discoid shape (A). When the temperature is 
raised to 43 "C, the vesicle constricts (C) via a bulge (B) to 
the outside. If, however, the temperature is lowered to 
4I0C, the opposite, i.e., a bulge to the inside, can be ob- 
served (D, E). Formally, these processes resemble budding 
and endocytosis and are compIetely reversible. By using 
the model of Suetina and Zeks, they can be explained in 
terms of a difference in the electric surface potential be- 
tween the inner and outer membrane 

An additional example of an invagination involving a 
giant vesicle made from DMPC and the spacer lipid 36b 
(4 :  1) is shown in Figure 60. In this case, however, the 
process is not triggered off by changing the temperature, 

Fig. 59. Phase-contrast micrographs of temperature-induced, reversible mor- 
phology changes of a giant liposome made from the ammonium lipid 27 
[155b]. A-B-C: Constriction of a discoid liposome at increasing temperature, 
reminiscent of exocytosis (cf. Fig. 54). A-D-E: Invagination in the same dis- 
coid liposome at  decreasing temperature, reminiscent of endocytosis (cf. Fig. 
54). A) 42°C; B) 42.5"C: C) 43°C: D) 41 5°C;  E) 41°C. 

- 
1 0  vm 

Fig. 60. Endocytosis-like shape change of a giant liposome made from 
DMPC and 36b (4 :  I )  caused by UV polymerization [155a]. A) Monomeric 
liposome at 29°C. 5, C) Transformation occurring after 2 min of UV irradia- 
tion. D) Possible explanation for the shape transition in terms of a larger 
reduction of the area per lipid molecule in the outer monolayer compared 
with the inner leaflet. This might be due to an asymmetric distribution of 366 
which is probably preferentially distributed in the outer leaflet because of its 
large head group. 
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but by UV polymerization of one membrane component. 
This experiment does not lead to the protrusions of phase- 
separated polymer (cf. Fig. 5 8 ) ,  because the portion of the 
polymerizable lipid is only 20 mol%. The membrane pro- 
cess observed is a bulge of the membrane to the inside, 
analogous to endocytosis. This can also be explained by 
the model of Suetzna and Zeks: It can be assumed that the 
concentration of the spacer lipid 36b is slightly higher in 
the outer membrane half than in the inner one, owing to its 
large head group. The polymerization going hand in hand 
with a decrease in area per molecule then leads to a reduc- 
tion in area of the outer leaflet of the membrane, thus 
causing the in~agina t ion . [ '~~" '  

The experiments described show that even slight 
changes in the membrane or  its environment may cause the 
morphological changes which are important for transport 
processes in biological systems. The second step of these 
processes, the irreversible detachment of smaller vesicles, 
however, requires more than only a change in curvature. In 
Section 4.3, a photoreactive system has already been pre- 
sented which allows the realization of this process in 
model membranes. Upon short-term irradiation of inter- 
connected, giant vesicles of the benzylammonium lipid 19 

Fig. 61. Photochemically induced separation of interconnected giant lipo- 
somes made from the benzylammonium lipid 19 (cf. Fig. 23) [155b, 1911: 
A) before irradiation; B) after 2 s of UV irradiation. 

(Fig. 61A), which resemble strings of pearls, the individual 
vesicles undergo separation via a photoinduced phase-sep- 
aration process (Fig. 61 B).[155b.19'1 

6.3. Selective Opening of Phase-Separated Liposomes 

6.3.1. Death of a Tumor Cell- Is Simulation Possible? 

The great variety of biomembrane processes and the in- 
teraction of molecular and cellular events is reflected in a 
rather fascinating way in the death of a tumor cell that 
cannot escape from the immune system (Fig. 62).['921 The 
scanning electron micrograph shows the attack of an acti- 
vated macrophage on a tumor cell (Fig. 62A). 

Fig. 62. Scanning electron micrograph of a tumor cell attacked by an acti- 
vated macrophage 11921. A) Close contact between tumor cell (upper part) 
and activated macrophage (lower part). B) Holes in the membrane of the 
tumor cell after the attack. 

On a molecular level, via antigen-antibody interaction, 
the macrophage recognizes the target cell and establishes a 
close membrane contact. Then, on a cellular level, a patch- 
ing of the antigen-antibody complexes presumably takes 
place. In the subsequent membrane processes, which are 
not yet completely understood, the defense cell is able to 
drill holes in the originally stable membrane of the tumor 
cell. As a result, the cytoplasmic interior leaks out, which 
causes the death of the cell. What remains is a ghost cell 
(Fig. 62B). 

Can this process be simulated? And if so, what is needed 
to d o  so? On the one hand, it is surprising that the lipid- 
protein bilayer does not collapse despite the visible holes. 
This gives evidence for its stability, the simulation of 
which has been discussed several times in this article. On 
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the other hand, the question of how these holes are created 
comes up. Conceivably, this occurs by means of a local 
process in the phase-separated membrane. One possibility 
could be that the macrophage tears open the tumor cell’s 
membrane by means of a local endocytosis process of its 
own membrane. Another possibility is that the opening 
process is triggered by the macrophage and is accom- 
plished by the cytoskeleton of the tumor cell. A further 
possible approach would be the lysis of membrane do- 
mains by enzymatic cleavage of the phospholipids, form- 
ing water-soluble lysophospholipids. The real course of 
this process is unknown. 

The following sections describe the formal simulation of 
this process using. the simple model of phase-separated 
polymerized liposomes. 

6.3.2. Formation of Domains in Vesicle Membranes 

Phase-separated liposomes can be used to simulate the 
hole formation process of the cell. In order to  avoid a com- 
plete destruction of these liposomes by “uncorking,” it is 
important that they are composed of a polymerized lipid 
matrix surrounding the hbi le  domains of cleavable or  non- 
polymerizable lipids (Fig. 63). 

polymeric  lipid matr ix  

domain of  nonpolymerizable  l ipids 

Fig. 63. Schematic drawing of a phase-separated liposome; the polymerized 
lipids form the stable matrix, surrounding the domains of nonpolymerizable 
lipids. 

The induction of such a phase separation via polymeriza- 
tion has already been described in Section 6.1. Alternative- 
ly, thk formation of domains can be predetermined by 
choosing suitable, incompatible lipid mixtures. Examples 
are mixtures of hydrocarbon and fluorocarbon lipids.[’931 
Mixed liposomes made from DMPC and the fluorocarbon 
amine 65 feature two phase transitions, e.g., in differential 

scanning calorimetry (DSC) measurements. This observa- 
tion clearly demonstrates that these two lipids are immisci- 
ble since these phase transition temperatures are identical 
with those of the corresponding pure Freeze 
fracture electron micrographs reveal that, indeed, phase- 
separated liposomes with domains of the individual lipids 

are formed from the lipid mixture instead of two different 
liposome populations. Thus, domain formation in mixed 
membranes prepared from DMPC and 65 (95 : 5 )  can be 
made directly visible (Fig. 64) by means of the ripple struc- 
ture typical of lecithin liposomes (see Section 4.8.1). 

Fig. 64. Freeze fracture electron micrograph OF a phase-separated liposomal 
membrane (95 mol% DMPC and 5 mol% fluorinated lipid 65). The ripple 
structure shows the parts of the membrane composed of DMPC, surrounding 
a domain of the fluorinated lipid (smooth surface) [193a, 2041. 

To obtain a stable polymeric matrix needed for uncork- 
ing experiments of mixed liposomes, the polymerizable 
lipids 66 and 67 with hydrocarbon and fluorocarbon 
chains, respectively, have been used. 

HSCfCH2-)Zj-CH=CH-CH=CH-COO~CH,),,~~H 
N 

/ \  
H~C~CH,~CH=CH-CH=CH-COO+CH,), ( C H ~ ~ S O ?  

66 

H+CF,+~CH~OOC-CH=CH-CH=CH-COO+CH,),\~,H 
N 

H+CF,+~,OOC-CH=CH-CH=CH-COO+CH,), / \  ( C H , ~ S @  

67 

Small unilamellar liposomes can be prepared from both 
lipids by means of sonication. The tightness of the poly- 
meric matrix of vesicles formed by lipid 66 was demon- 
strated by time-dependent release measurements using eo- 
sin as a fluorescent marker. Figure 65 shows a comparison 
of the eosin release of monomeric and polymeric vesicles 

100 
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r C h l  - 
Fig. 65. Release R of eosin from vesicles (SUV) made from 66 [200]: 
A) monomeric; 9) polymerized ( 5  mol% azobisisobutyronitrile, 6 0 T ,  12 h). 
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made from the lipid 66. The monomeric vesicles release 
half of the dye within 5 h, whereas the polymeric ones 
have lost only about 10% of their contents after 30 h. 

6.3.3. Corkscrews for Corked Lipos~rnes”~~’ 

Numerous works proposing various mechanisms to de- 
stabilize membranes of liposomes have already been pub- 
lished. These include photochemicalfy41 as well as tempera- 
t u r e - i n d u ~ e d [ ’ ~ ~ ]  increases in permeability or the use of 
pH-sensitive l i p o ~ o m e s . [ ’ ~ ~ ~  These investigations have ex- 
clusively been carried out with liposomes made from non- 
polymerizable lipids. 

In order to simulate the attack on a tumor cell by a mac- 
rophage, as shown in Figure 62, it is important not to de- 
stroy the whole liposome by membrane-destabilizing pro- 

or by using organic solvents (e.g., acetone or ethanol). On 
the other hand, lipid cleavage through enzymatic or chem- 
ical reactions can be carried out. The enzymatic hydrolysis 
of phospholipids, forming lysophospholipids, by means of 
phospholipase Az (cf. Fig. 75) is the method Nature uses to 
synthesize and decompose Several years 
ago, Biischl et al. already succeeded in transferring these 
reactions to polymeric model systems.[’yy1 

The simulation of such lipid cleavage reactions by 
means of chemical processes offers a great number of syn- 
thetic ways to  locally open the lab~le  lipid domains in po- 
lymerized liposomes. Two principles are shown in Figure 
66: head-group cleavage of double-chain lipids or chain 
cleavage of membrane-spanning lipids, each of them form- 
ing two surfactant molecules. To realize this concept by 
chemical reactlons, a series of double-chain (68, 69) or 
membrane-spanning (70) lipids with a disulfide group as 

F,C+CF,-~~-CH,-CO-NH-CH-COOH 
I 7% 
T 

F,C+CF,+CH,-CO-NH-CH-COOH 
I 

SH 
7% 

I 

I - CH2-CH-CH-CHz + (4 

7% SH 
I 

I I l l  68 S 
I SH OH OH SH 

F,C+CF,-~~-CH,-CO-NH-CH-COOH 
F,C+CF,+CH,-CO-NH-CH-COOH 

cesses. Only labile domains within a stable lipid matrix 
should be selectively dissolved.“971 Figure 66 shows differ- 
ent processes that result in selective opening of such stabi- 
lized, phase-separated liposomes. 

The polymeric components of these mixed liposomes 
form the stabilizing, shape-maintaining matrix. In order to 
destroy the labile domains, at least two methods are con- 
ceivable: dissolving or cleavage of the lipids. On the one 
hand, it is possible to dissolve the lipids of those domains 
with surfactants (detergents), thus forming mixed micelles, 
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Fig. 66. Methods to uncork phase-separated liposomes composed of a stable polymeric matrix with labile domains 
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cleavable unit have been The reductive 
cleavage of  the water-insoluble disulfides-for example, 
with dithiothreitol (DTT-leads to the formation of the 
corresponding partially water-soluble, single-chain thiols 

The cystine lipids 68 and 69 are capable of forming li- 
posomes by sonication. The membrane-destruction process 
was followed by fluorescence spectroscopy using lipo- 
somes (made from 68) containing eosin (Fig. 67). The 

[Eq. (all. 

:k.o 1 2 3 4 5  

f C h l  

Fig. 67. Release R of eosin from vesicles (SUV) made from the fluorinated 
cystine derivative 68 at p H = 9  [200]. A) Cleavage of the disulfide bond by 
using 0.1 M Na2S03. B) Cleavage by using dithiothreitol (DTT) (2 mg mL-') .  
C )  In the absence of a cleaving reagent. 

cleavage process of the disulfide bonds within the cystine- 
lipid liposomes is much faster with DTT compared with 
sodium sulfite. Thus, DTT was used as a corkscrew['"] for 
all further opening reactions. 

6.3.4. Chemical and Enzymatic Opening 
of Polymerized Mixed Liposomes 

The combination of polymerizable taurine lipids (66 
and 67) with cork-forming amphiphiles (68-70) results in 
stable polymeric liposomes with cleavable "cork" do- 
mains, as discussed in Section 6.3.3. Evidence for the 
opening of the labile domains in mixed liposomes was pro- 
vided by electron microscopy as well as by the release of 
entrapped eosin.[Z021 Figure 68 schematically illustrates the 
opening process. 

A E 

Fig. 68. Proof of the hole formation in polymerized vesicles containing labile 
domains. A) N o  fluorescence of the entrapped marker owing to self-quench- 
ing. B) Fluorescence of the released and therefore diluted marker after the 
hole formation in the membrane. 

Head-group cleavage of lipids: In order to  confirm the 
effect of phase separation on the release behavior of en- 
trapped markers, liposomes with a homogeneous distribu- 
tion of the cork component (i.e., not phase-separated) were 

studied as a comparison. Therefore, mixed liposomes from 
the polymerizable lipid 66 and the cystine lipid 69 (9: l), 
which form a homogeneous mixture, were used (Fig. 69). 
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Fig. 69. Release R of eosin from domain-free vesides (SUV) (90 mol'is 66, 10 
mol% 69, pH=9) [200]. A) Polymerized vesicles in the absence of a cleaving 
reagent. B) Monomeric vesicles in the absence of a cleaving reagent. C )  Po- 
lymerized vesicles after addition of DTT (I mg mL- ' ) .  D) Monomeric vesi- 
cles after addition of DTT (1 mg mL- '). 

In the absence of Dm as a cleavage reagent for the disul- 
fide group of 69, the release rates of the monomeric (curve 
B) and the polymerized liposomes (curve A) differ only 
very little. After the addition of DTT, the cleavage of the 
lipids does not lead to the formation of holes, because the 
cleavable lipids are distributed homogeneously within the 
membrane. The compatible lysolipids, formed during that 
process, cannot be pushed out of the membrane. Thus, 
after a short period of time, the release rates (curves C and 
D) are comparable to those measured without DTT (curves 
A and B). 

A dramatic change in release behavior occurs if phase- 
separated liposomes from the same polymerizable lipid 66 
and the domain-forming "fluorocarbon cork" 68 (9 : 1) are 
used (Fig. 70). 

C 100- 

80 - 

T 60: 
R C % l  - 

40 - 

20 - 

0 e n ,  I I , ,  
1 2 3 4 5 

t L h l  - 
Fig. 70. Release R of eosin from phase-separated, domain-containing vesicles 
(SUV) (90 mol% 66, 10 mol% 68, pH=9)  [2001. A) Polymerized vesicles in 
the absence of cleaving reagent. B) Monomeric vesicles after addition of 
DTT ( 1  mg mL-') .  C )  Polymerized vesicles after addition of DTT 
( 1  mg mL- '). 

In this case, the domains of 68 are rapidly destroyed by 
D T r  during the disulfide cleavage in unpolymerized lipo- 
somes. However, owing to the lateral diffusion of the 
monomeric lipids, the membrane defects are healed rather 
quickly. After cleavage of the whole cork component 
(about 1 h), the release rate (curve B) decreases to that 
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without DTT (curve A). After addition of DTT to the poly- 
merized liposomes, the stiff polymeric matrix is uncorked 
and eosin is rapidly and almost completely released (curve 

Is the hole formation in these experiments really similar 
to that which occurs in a cell (cf. Fig. 62)? It was possible 
to confirm this using two electron microscopy techniques. 
Figure 71 shows a scanning electron micrograph of a 
phase-separated polymeric liposome made from the tau- 
rine lipid 66 and the cleavable cystine lipid 68 before and 
after the destruction of the labile domains. As can be seen, 

C). 

Fig. 72. Freeze fracture electron micrograph of phase-separated, polymerized 
liposomes [200,204] (see caption to Fig. 71). 

the bipolar disulfide amphiphile 70. The release of eosin 
from phase-separated liposomes containing this cleavable 
lipid and the fluorinated muconic acid derivative 67 is 
shown in Figure 73. 

Fig. 7 I. Scanning electron micrograph of phase-separated, polymerized li- 
posomes (90 mol% 66, 10 mol% 68) [ZOO, 2031. A) Liposome before the 
cleavage reaction. 8 )  Perforated membrane after the cleavage reaction (un- 
corked liposome!). 

the lipid bilayers d o  not collapse. The function of the cyto- 
skeleton of the cell, i.e., the stabilization of the membrane, 
is thus fulfilled by the polymeric matrix of the liposomes. 
The pore formation observed is not an artifact of the pre- 
paration technique for the scanning electron micrograph. 
This was proven by means of freeze fracture electron mi- 
croscopy (Fig. 72). Figure 72A shows the smooth, unstruc- 
tured surface of the polymeric mixed liposome before it is 
uncorked. In Figure 72B the membrane again features 
clearly visible holes after the cleavage has been carried out. 
The different diameters of the holes in the uncorked lipo- 
somes (Figs. 71B and 72B) are due to varying domain sizes, 
caused by different annealing times of the mixed lipo- 
somes before their polymerization. 

Chain cleavage of lipids: All experiments discussed so far 
have been carried out with the cystine derivative 68 as the 
lipid cork. An analogous behavior has been observed with 

100- 
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t C h l -  
Fig. 73.  Release R of eosin from phase-separated, domain-containing vesicles 
(SUV) (90 mol% muconic acid derivative 67, 10 mol% disulfide 70, p H = 9 )  
[ZOO]. A) Polymerized vesicles in the absence of a cleaving reagent. B) Poly- 
merized vesicles after addition of D R ( I  mg mL-') .  

Polymerized vesicles with 10 mol% of the supposedly 
membrane-spanning cork 70 again exhibit only minor eo- 
sin release before cleavage (curve A). In this case, also, the 
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addition of DTT leads to a rapid release of the fluorescent 
marker, even though the rate is slower than that observed 
in the cleavage experiments with the cystine lipid 68. This 
is quite understandable since the cleavage reagent does not 
attack the head groups; it first needs to diffuse into the 
membrane. However, no difference can be seen by electron 
microscopy between the double-chain and membrane- 
spanning cleavable lipid systems (Fig. 74). 

f a t t y  a c i d  

\ 
lysolecithin 

/ 
water-soluble 

Fig. 75. Enzymatic cleavage of the C-2 ester bond of a lecithin by phospho- 
lipase A*; the products (fatty acid and lysolecithin) are water-soluble surfac- 
tants. 

membranes of the polymerizable lecithin 71 and DPPC 
(1 : 1) were used. Here, DPPC acts as the cork, cleavable by 

H,C~CH,~CH=CH-CH=CH-COO-CH, 
I 

H,C+CH,*CH=CH-CH=CH-COO-CH 0 
I It 

CH,-O-P-O+CH j N - C H ,  
73 

71 A@ CH3 

enzymes. The liposomes formed from these two lipids d o  
not show domains since they are homogeneously miscible. 
Polymerization, however, induces a phase separation. It 
has to  be pointed out that the highly specific phospholi- 
pase A2 attacks the ester group of the dienoyl lecithin 

Fig. 74. Scanning eleclron micrograph of phase-heparared, domain-conlain- 
ing liposomes (90 mol% 67, 10 mol% 70); hole formation after addition of 
DTT [200, 2031. 

neither in the monomeric nor in the polymeric form. In- 
deed, liposomes prepared only from the dienoyl lecithin 
71 remain tight and d o  not release eosin after addition of 
the enzyme. Thus, the release of 6-CF from mixed lipo- 
somes (Fig. 76) is clearly due only to the cleavage of the 
saturated lecithin (DPPC). 

Dissolving the cork without cleavage: As already illus- 
trated schematically (Fig. 66), apart from a cleavage reac- 
tion, even the simple dissolving of the labile domains out 
of a polymeric matrix can lead to the formation of pores in 
a vesicle membrane.[z0o1 This concept is based on the well- 
known fact that polymerized vesicles exhibit a higher sta- 
bility towards surfactants or solvents than their monomeric 
a n a l o g ~ e s . [ ’ ~ . ~ ~ ~ ]  

To carry out a n  opening reaction by using solvents, 
mixed membranes made from the cationic polymerizable 
ammonium lipid 27 with the fluorinated amine 65 (9 : 1) 
were prepared. The dissolving of the domains formed by 
the fluorocarbon lipid after the addition of acetone to  the 
solution of polymerized vesicles (1 : 1) was demonstrated 
by scanning electron microscopy. Here, too, holes are 
formed in the vesicle. In the course of this process, the 
polymerized lipid matrix again maintains its shape. In 
the meantime, Tsuchida et al. have also reported similar 
experiments.Izo61 

Enzymatic uncorking:[2071 The opening reactions dis- 
cussed so far proceed under nonphysiological conditions 
and with a relatively high concentration of cleavage rea- 
gent. The biochemical opening, in contrast, uses phospho- 
lipases and allows the process to take place under physio- 
logical conditions. Phospholipase A2 specifically catalyzes 
the hydrolysis of the ester bond at the C-2 position of 
L-a-glycerophospholipids (Fig. 75). 

This enzymatic reaction can be transferred to model 
membranes composed of polymerized and natural lipids. 
This was demonstrated first by using m ~ n o I a y e r s . [ ’ ~ ~ ~  To 
investigate this cleavage reaction in liposomes,‘z08J mixed 
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Fig. 76. Release R of 6-CF from monomeric and polymerized mixed vesicles 
(SUV) (50 mol% 71, 50 mol% DPPC) 12081. A) Monomeric and polymerized 
vesicles in the absence of the enzyme. B) Polymerized vesicles after addition 
of phospholipase Az (30 pg mL-’). C) Monomeric vesicles after addition of 
phospholipase A2 (30 pg mL-’). 

In the absence of the enzyme, the release rate of 6-CF 
for the monomeric as well as the polymeric liposomes re- 
mains below 1% (curve A) during the experiment. After the 
addition of phospholipase AZ, a dramatic change in the re- 
lease behavior occurs. The polymerized, phase-separated 
vesicles very rapidly lose the entrapped marker: already 
after 10 min, 90% of the vesicle contents are released 
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(curve B). In contrast, the analogous monomeric system 
exhibits an “incubation time” of about 40min. In this 
case, too, a fast and almost complete release of the marker 
subsequently takes place within a few minutes (curve C). 
How can these different release rates be explained? 

At first the 6-CF marker is only slowly released from the 
homogeneously mixed membrane of the monomeric lipo- 
somes. This is due to the fact that the lysolipids formed 
dissolve in the membrane, thus disturbing it only slowly. 
Since the ratio of cleavable to noncleavable lipid is 1 : I ,  
the membrane reaches such a high content of lysolipids 
and fatty acids after a certain incubation time (40 min) that 
the liposomes spontaneously decay, forming mixed mi- 
celles. The difference between the monomeric and the po- 
lymerized mixed system can be explained by the polymeri- 
zation-induced phase separation. Experiments with mono- 
layers of analogous systems also revealed that phospholi- 
pase A2 attacks phase-separated membranes much faster 
than the corresponding homogeneous mixtures.[’y91 Due to 
phase separation, the lysolipid- and fatty-acid-rich do- 
mains are rapidly dissolved. However, the formation of a 
stable polymeric matrix may be impossible in these sys- 
tems owing to the high contents (50 mol%) of DPPC. Thus, 
the polymerized tiposomal membrane, too, is completely 
destabilized during the cleavage reaction with the forma- 
tion of mixed micelles. 

These concepts are supported by release measurements 
with mixed liposomes of the same composition but with 
different extents of polymerization (conversion).[2081 As can 
be seen in Figure 77, the incubation time for the sponta- 
neous destabilization depends on the amount of polymer 
in the membrane. Due to the polymerization-induced 
phase separation, the portion of cleavable lipid within the 
monomeric areas increases with increasing polymerization. 
Therefore, the time needed to reach the critical concentra- 
tion of water-soluble products in the monomeric domains, 
i.e., the incubation time, depends on the extent of polymer- 
ization. 
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Fig. 77. Enzymatic release or 6-CF from partially polymerized vesicles (SUV) 
(50 mol% 71,50 mol% DPPC, 30 Kg m L - ’  phospholipase A,) [ZOS]. Depend- 
ence of the release kinetics 011 the extent of polymerization: A)  0%; B) 15%; 
C) 45%; D) 85%. 

Synthetic corkscrews for cells? The experiments discussed 
so far show that it is indeed possible to formally simulate 
the biological process of local cell membrane opening by 
using phase-separated, partially polymerized liposomes. 

However, one is still miles away from the natural process. 
Figure 78 leads back to biological processes and does not 
merely show an additional polymerized liposome before 
and after it has been uncorked. 

Fig. 78. Scanning electron micrograph of the hole formarion in leukemia cells 
[209e] A) Untreated leukemia cell B) Leukemia cell after treatment with 0- 
methyllysolecithin. 

This scanning electron micrograph shows leukemia cells 
of a cell culture before (A) and after (B) treatment with 
special surfactants, namely, methyl ether derivatives of ly- 
sophospholipids which are, at present, also considered as 
anti-tumor agents.[20v.68-” The result of the uncorking pro- 
cess of the cell by the synthetic lysolipid can clearly be 
seen. In whatever form the natural process of uncorking 
cells by activated macrophages (cf. Fig. 62) may proceed, it 
can at least be simulated in cells by using surfactants. 

7. Outlook or Where to Go? 

Many parts of this review are certainly incomplete. This 
is due partly to a lack of sufficient insight, partly to insuf- 
ficient data. The reader should therefore not look at this 
contribution as a crystal-clear definition of facts and prob- 
lems, but rather as an impulse for possible developments. 
This review represents an attempt, using the concept of 
self-organization, to jointly discuss the molecular architec- 
ture of supramolecular systems such as liquid crystals, mi- 
celles, liposomes, and biomembranes as a problem of mu- 
tual interest.[*’(’I 

The attempt to review different areas, which have tradi- 
tionally been separate, is always a risky enterprise. It is im- 
possible without generalizations and one thus, and rightly 
so, has to accept the eventuality of becoming superfi- 
cial.c2’ ’1 

On the other hand, Georg Christoph Lichtenberg, already 
200 years ago, stated clearly: “He who understands noth- 
ing but chemistry doesn’t even understand chemistry.” 
Originally discussed in a more philosophical context, it 
nowadays (in times of rapidly increasing specialization) 
certainly holds true even for the natural sciences alone. 
Additionally, one has to accept that, owing to modern 
methods of measurements and sophisticated computer 
techniques, it is possible to measure to high precision and 
to evaluate more and more exactly: to measure and to ver- 
ify is intensively taught and studied, but, too often, intui- 
tive thinking is Interdisciplinary research, 
however, is one way to stimulate intuition. I n  a refresh- 
ingly encouraging contribution, which recently appeared 
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in this journal, Roald Hoffmann describes “How Chemis- 
try and Physics Meet in the Solid He stresses 
intuition as a strength of chemists. This frontier area of 
solid-state chemistry and physics can also only be tackled 
jointly and, like the formation and investigation of func- 
tional supramolecular systems, represents a fascinating 
chapter of modern materials science. 

The fascination evoked in human beings by biological 
processes is old. The fascination of simulating these pro- 
cesses and transferring them into technical dimensions 
has just begun. The field is open and modern chemistry 
can offer essential contributions to it. Where to go? At 
present, materials science certainly can profit more from 
life science than vice versa. A technical analogue for bio- 
logical membranes mimicking the specificity of their re- 
cognition and translocation processes has not yet been 
found-despite the countless varieties of synthetic poly- 
mer membranes already known. There have been many 
attempts to mimic the natural prototype and a few exam- 
ples have been mentioned in this contribution. The break- 
throughs are still missing: the knowledge is available, but 
innovation is a long time coming. Especially with respect 
to the next generation of technical membranes-switch- 
able, functional, asymmetric, and suitable for specific and 
selective transport-the chemist should not leave the field 
of oriented supramolecular systems to the physicist and 
biologist alone. The physicists tend to like “too simplified” 
models, while biologists tend to reject all approaches 
which are not in accord with the “too complicated” proto- 
types of Mother Nature. Thus organic chemistry and ma- 
cromolecular chemistry can play the important role of a 
mediator. One hint that this might work is given in the con- 
tribution by J. -M.  Lehn in this issue.[’2d1 Molecular recog- 
nition processes for organic and inorganic compounds are 
a first step towards simulating highly specific recognition 
reactions common in b i ~ l o g y . “ ~ ‘ ~ ~ ’ ~ ~  It will also be exciting 
to see what possibilities will be opened by the synthesis of 
glycolipids and glycoproteins representing tumor-specific 
antigens. They might be a bridge between organic chemis- 
try and i r n r n ~ n o l o g y . [ ~ ’ ~ ~  

The art of synthesizing exceedingly complex molecules 
and characterizing them perfectly has reached dizzying 
heights and opens fascinating opportunities in the area of 
molecular engineering. But what is it good for? This art 
certainly will remarkably increase our chemical knowl- 
edge-but is this enough? It is not unlikely that, indepen- 
dent of the enormously increasing number of new syn- 
thetic compounds, the number of true innovations or  in- 
novative compounds has constantly decreased during the 
last few decades. In his aggressively but optimistically 
written contribution on “Chemical Needs and Possibilities 
at the End of the C. Frejacques points out 
the importance of chemical systems based on self-organi- 
zation. He stresses that, above and beyond the chemistry of 
covalent bonds, a chemistry of supramolecular systems is 
now emerging. 

This review on the molecular architecture and function 
of polymeric oriented systems intends to show that such 
chemical systems, like their natural prototypes, may lead 
to functional units which can contribute to the understand- 
ing of biological processes and to the development of new 

materials. Both tradition and innovation are needed for 
that. On the borderland between the different disciplines 
of science, adventures are waiting. Neither uncritical op- 
timism nor obstructive pessimism are justified. The excite- 
ment and the courage to set out for new frontiers and the 
willingness for close cooperation are basic prerequisites 
for this adventure of science. All the knowledge is availa- 
ble, we only have to learn to use it. 

We are grateful to the Deutsche Forschungsgemeinschaft, 
the Bundesministerium fur Forschung und Technologie, and 
the Fonds der Chemischen Industrie for  support of our work. 
And what about thanks to the coworkers? See Ref- [216]! 
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In  this contribution the term supramolecular systems is not only used 
for small molecular complexes of single molecules, such a s  substrate- 
receptor complexes. I t  is also applied to large molecular aggregates 
(high aggregation numbers), the function of which is again based on  
their organization. The ideal system to exemplify this definition is the 
biomembrane. 

1131 a) H. Kelker, R. Hatz: Handbook of Liqurd Crystals, Verlag Chemie, 
Weinheim 1980; b) D. Demus, H. Demus, H. Zaschke: Flus.vge Kris- 
tulle in Tabellen, Band I/Band 2, VEB Verlag fur Grundstoffindustrie, 
Leipzig 1974/1984. 

1141 H. Sackmann, Prog. Colloid Polym. Sci. 69 (1984) 73. 
1151 W. Maier, A. Saupe, 2. Nafurforsch. A 14 (1959) 882; ibid. 15 (1960) 287. 
1161 P. J. Flory, G. Ronca, Mol. Cryst Liq Cryst. 54 (1979) 31 I .  
1171 F. Reinitzer, Monatsh. Chem. 9 (1888) 421. 
[I81 S. Chandrasekhar, B. K. Sadashiva, K. A. Suresh, Pramana 9 (1977) 

471; Chem. Absfr 88 (1978) 3 0 5 6 6 ~ .  
[I91 a) C. Destrade, P. Foucher, H. Gasparoux, Nguyen Huu Tinh, A.-M. 

Levelut, J. Malthite, Mol. Cry.st. Liq. Crysf. 106 (1984) 121; A.-M. Lev- 
elut, J. Phys. Lett. 40 (1979) L 8 I 

[20] J.-M. Lehn, J. MalthEte, A.-M. Levelut, J.  Chem. Soc. Chem. Commun. 
1985. 1794. 

[21] a) H. Zimmermann, R. Poupko, Z. Luz, J. Billard, 2. NaturJorsch. A40  
(1985) 149; b) J. Malthite, A. Collet, Nouu. J. Chim. 9 (1985) 151. 

1221 a) J. Malthite, A.-M. Levelut, Nguyen Huu Tinh, J Phys. Lett. 46 
(1985) L875; b) Nguyen Huu Tinh, C. Destrade, A.-M. Levelut, J. Mal- 
thite, J.  Phys. 47 (1986) 553. 

[23] a) 0. Herrmann-Schonherr, J. H. Wendorff, H. Ringsdorf, P. Tschirner, 
Makromol. Chem. Rapid Commun. 7 (1986) 791; b) H. Ringsdorf, P. 
Tschirner, 0. Herrmann-Schonherr, J. H. Wendorff, Makromol. Chem. 
188 (1987) 1431; c) M. Ballauff, G. F. Schmidt, Makromol Chem. 
Rapid Commun. 8 (1987) 93. 

[24] a) J. L. White, J. Appl. Polym. Scr. Appl. Polym. Symp. 41 (1985) 3; b) E. 
T. Samulski, Faraday Discuss. Chem. SOC. 79 (1985) 7. 

1251 a) C. Robinson, Trans. Faradoy SOC. 52 (1956) 571; b) P. W. Morgan, 
Macromolecules I0 (1977) 1381; c) S. L. Kwolek, P. W. Morgan, J. R. 
Schaefgen, L. W. Gulrich, ibid I0 (1977) 1390: d) T. 1. Bair, P. W. Mor- 
gan, F. L. Killian, ibid. 10 (1977) 1396; e) M. Panar, L. F. Beste, rbrd. 10 
(1977) 1401. 

1261 a) W. J. Jackson, H. F. Kuhfuss, J. Polym. Sci. Polym. Chem. Ed. 14 
(1976) 2043; b) W. J. Jackson, Br. Polym. J. 12 (1980) 154. 

1271 P. G. de Gennes, C. R. Hebd. Seances Acad. Sci. Ser. B 28l (1975) 101. 
[28] A. Roviello, A. Sirigu, J .  Po[vm. Sci. Polym. Left .  Ed. 13 (1975) 455. 
1291 a)  H Finkelmann, H. Ringsdorf, J. H. Wendorff, Makromol. Chem. 179 

(1978) 273; b) V. P. Shibaev, N. A. Plate, Ya. S. Freidzon, J .  Polvm. Sci. 
Polym. Chem. Ed. 17(1979) 1655. 
a) A. Ciferri, W. R. Krigbaum, R. B. Meyer (Eds.): Polymer Liquid 
Crjatals. Academic Press, New York 1982; b j  M. Gordon, N. A. Plate 
(Eds.): Liquid Crystal Polymers Vol. 1-111 (Ado. Polym. Sci. 59/60-61 
(1984)); c) A Blumstein (Ed.): Polymer Liqurd Crystals, Plenum, New 
York 1985. 
a) A. Blumstein, J. Asrar, R. B. Blumstein in  A. C.  Griffin, J. F. John- 
son (Eds.): Liquid Crystals and Ordered Fluids, Vol. 4. Plenum, New 
York 1984, p. 311; b) H. Finkelmann, Angew. Chem. 99 (1987) 840; 
Angew. Chem. Int. Ed. Engl. 26 (1987) 816; c) S. K. Varshney, J .  Macro- 
mol. Sci. Rev. Macromol. Chem. Phys. C26 (1986) 55 I 
W. Kreuder, H. Ringsdorf, Makromol. Chem. Rapid Commun. 4 (1983) 
807. 
a) W. Kreuder, H. Ringsdorf, P. Tschirner, Makromol. Chem. Rapid 
Commun. 6 (1985) 367; b) 0. Herrmann-Schonherr, J. H. Wendorff, W. 
Kreuder, H. Ringsdorf, ibid. 7 (1986) 97; c) G. Wenz, ibid 6 (1985) 
577. 
a) F. Hessel, H. Finkelmann. Polym. Bull. 14 (1985) 375; b) ibid. I S  
(1986) 349; c) F. Hessel, R.-P. Herr, H. Finkelmann, Makromol. Chem. 
188 (1987) 1597; d) Q. Zhou, H. Li, X. Feng, Macromolecules 20 (1987) 
233. 
S. Berg, V. Krone, H. Ringsdorf, Makromol. Chem. Rapid Commun. 7 
(1986) 381. 
W. Kreuder, H. Ringsdorf, 0. Herrmann-Schonherr, J. H. Wendorff, 
4ngew. Chem. 99 (1987) 1300; Angew. Chem. Inf. Ed. Engl. 26 (1987) 
1249. 
a) M. Ballauff, Macromolecules 19 (1986) 1366; b) Makromol. Chem. 
Rapid Commun. 7 (1986) 407. 
a) B. Reck, H. Ringsdorf, Makromol. Chem. Rapid Commun. 6 (1985) 
291; b) ibid. 711986) 389. 
a) G. W. Gray, P. A. Winsor (Eds.): Liquid Crystals and Plasfic Crystals. 
Vol. I ,  I I .  Ellis Horwood, Chichester 1974; b) G. J. T. Tiddy, Phys. Rep. 
57(1980) I ;  c) B. J. Forrest, L. W. Reeves, Chem. Rev. 81 (1981) I .  
H. Hoffmann, Ber. Bunsenges. Phys. Chem. 88 (1984) 1078, and refer- 
ences cited therein. 

1411 P. Fromherz, Ber. Bunsenges. Phys. Chem. 85 (1981) 891. 
1421 a) J .  N. Israelachvili, S. MarEelja, R. G. Horn, Q. Reu. Biophys. 13 

(1980) 121; b) J. N. Israelachvili in  V. Degiorgio, M. Corti (Eds.): Phy- 
sics of Amphiphiles: Micelles. Vesicles and Microemulsions. North-Hol- 
land Physics Publishing, Amsterdam 1985, p. 24; c) D. F. Evans, B. W. 
Ninham, J Phys. Chem. 90 (1986) 226. 

[43] a) H. Finkelmann, M. A. Schafheutle, Colloid Polym. Sci. 264 (1986) 
786; b) E. Jahns, H. Finkelmann, rbid. 265 (1987) 304; c) B. Liihmann, 
H. Finkelmann, G. Rehage, Angew. Makromol Chem. 123/124 (1984) 
217: d)  J. Hem, F. Reiss-Husson, P. Rempp, V Luzzati, J. Polym. Sci. 

154 Angew. Chem. Int. Ed. Engl. 27(1988) 113-158 



Part C4 (1964) 1275; e) A. Schmitt, R. Varoqui, A. Skoulios, C. R. 
Hebd Seancer Acad. Sci. Ser C268 (1969) 1469; 0 R. Thundathil, J. 0. 
Stoffer, S. E. Friberg, J. Polym. Sci. Chem. Ed. 18 (1980) 2629; g) R. 
Keller. Diplomarbeit. Universitat Maim 1982; h) S. M. Hamid, D. C .  
Sherrington, Polymer 28 (1987) 332; i) H. Finkelmann, M. A. Schaf- 
heutle. 17th Arbeitstagung Flussigkristalle. Freiburg, April 8- 10, 
1987, Ahstr.; J)  8. Luhrnann, H. Finkelmann, Colloid Polym. Sci. 265 
(1987) S06: k) M. Wibbing, Diplomarbeit. Universitat Mainz 1986. 

[44] Y .  Okahata, T. Kunitake, J. Am.  Chem. Sac. I01 (1979) 5231. 
[45] R. Keller-Griffith, H. Ringsdorf, A. Vierengel, Colloid Polym. Sci. 264 

(1986) 924. 
[46] N. Boden, R. J. Bushby, L. Ferris, C. Hardy, F. Sixl, Liq. Cryst. I (1986) 

109. 
[47] a) H. Ringsdorf, R. Wustefeld, Int .  Conf. Liq. Cryst. Polym.. Bordeaux, 

July 20-24, 1987, Abstr.; b) R. Wiistefeld, Diplomarbeit. Universitat 
Mainz 1986. 

[48] a) D. Chapman in [39a], Vol. I ,  p. 288; b) G. A. Jeffrey, Acc. Chem. Res. 
19 (1986) 168; c )  M. A. Marcus, P. L. Finn, Mol. Cryst. Liq. Cryst. Lett. 
Sect. 2 (1985) 159: d) D. W. Bruce, D. A. Dunmur, E. Lalinde, P. M. 
Maitlis, P. Styring, Nature (London) 323 (1986) 791 ; e) T. Kunitake, Y. 
Okahata, M. Shimomura, S. I .  Yasunami, K. Takarabe, J. Am. Chem. 
Soc. 103 (1981) 5401; f )  S. L. Tseng, A. Valente, D. G. Gray, Mucromo- 
lecules 14 (1981) 715; g) G. V. Laivins, P. Sixou, D. G. Gray, J. Polym. 
Sci. Polvm. Phyr. Ed. 24 (1986) 2779: h) S .  M. Aharoni, Macromolecules 
I2 (1979) 94. 

[49] a) I .  Langmuir, Trans. Faraday SOC. I5 (1920) 62; b) K. B. Blodgett, J. 
Am. Chem. Sac. 87 (1935) 1007: c) G. L. Gaines: Insoluble Monolayers 
at  Liquid-Gas Interfaces. Wiley Interscience, New York 1966; d) G. G. 
Roberts, Adu. Phys. 34 (1985) 475; e) M. Sugi, J. Mol. Electron. 1 (1985) 
3. 

[50] Thin Solid Films 132-134 (1985): ibid. 99 (1983); ibid. 68 (1980). 
[Sl] R. Jones, C. S. Winter, R. H. Tredgold, P. Hodge, A. Hoorfar, Polymer 

[52] A. Barraud, Thin Solid Frlms 99 (1983) 317. 
1531 a) J. Zyss, J Mol. Electron. I (1985) 25; b) D. Lupo, W. Prass, U. 

Scheunemann, A. Laschewsky, H. Ringsdorf, I. Ledoux, J. Opt. Soc. 
Am.  B Opt. Ph-vs., in press. 

[54] M. Eich, J. H. Wendorff, B. Reck, H. Ringsdorf, Makromol. Chem. 
Rapid Commun. 8 (1987) 59. 

1551 a) M G. McNamee, E. L. M. Ochoa, Neuroscience 7 (1982) 2305; b) T. 
M. Ginnai, Ind. Eng. Chem. Prod. Res. Deu. 24 (1985) 188. 

1561 a) J. P. Rabe, J. D. Swalen, J. F. Rabolt, J. Chem. Phys. 86 (1987) 1601; 
b) D. D Saperstein, J. Phys. Chem. 90 (1986) 1408. 

[57] a) A. J. Vickers, R. H. Tredgold, P. Hodge, E. Khoshdel, I. Girling, Thin 
Solid Films 134 (1985) 43; b) R. Jones, R. H. Tredgold, A. Hoorfar, R. 
A. Allen, P. Hodge, ibid. 134 (1985) 57. 

28 (1987) 1619. 

[58] A. Schuster, Diplomarbeit, Universitat Mainz 1986. 
[59] a) N. Boden, R. J. Bushby, C. Hardy, J. Phys. Lett. 46 (1985) L325; b) 

J.-H Fuhrhop, D. Fritsch, B. Tesche, H. Schmiady, J. Am. Chem. SOC. 
106 (1984) 1998. 

[60] G. Decher, Dissertation. Universitat Mainz 1986. 
[61] a) K. R. Patel, M. P. Li, J. R. Schuh, J. D. Baldeschwieler, Biochim. 

Biopliys. Acta 814 (1985) 256; b) ibid. 797 (1984) 20. 
1621 M. S Bretscher, Spektrum Wiss. 1985. No. 12, p. 90; Scientific American 

283 (1985) No. 10, p. 86. 
1631 a) H. Hauser, Chimra 39 (1985) 252; b) P. R. Cullis, M. J. Hope, B. d e  

Kruijff, A. J. Verkleij, C. P. S. Tilcock in J. F. Kuo (Ed.): Phospholipids 
and Cellular Regulation, Vol. I .  CRC Press, Boca Raton, FL, USA 
1985, p. 1 :  c) J. N. Hawthorne, G. B. Ansell (Eds.): Phospholipids (New 
Compr. Biochem. 4 (1982)). 

[64] C. Tdnford: 7'he Hydrophobic Effect, 2nd ed., Wiley, New York 1980. 
1651 a) E. Sackmann, Ber. Bunsenges. Phys. Chem. 78 (1974) 929; b)  ibid. 82 

(1978) 891. 
[661 a) H. Wiegandt (Ed.): Glycolipids (New Compr. Biochem. I0 (1985)); b) 

J. N. Kanfer, S .  Hakomori (Eds.): Sphingolipid Biochemistry (Handbook 
of Lipid Research. Vol. 111). Plenum, New York 1983. 

1671 a) I .  Pascher, Biochim. Biophys. Acta 455 (1976) 433; b) W. Curatolo, A. 
Bali, C .  M. Gupta, J. Pharm. Sci. 74 (1985) 1255: c) T. Kunitake, N. 
Yamada, N. Fukunaga, Chem. Lett. 1984, 1089; d)  Y. Murakami, A. 
Nakano, A. Yoshimatsu, K. Uchitomi, Y. Matsuda, J. Am.  Chem. SOC. 
106 (1984) 3613; e) Y. Murakami, J. Kikuchi, T. Takaki, Bull. Chem. 
SOC. Jpn. 59 (1986) 3145. 

1681 a) H. Eibl, Angew. Chem. 96 (1984) 247; Angew. Chem. Int. Ed. Engl. 23 
(1984) 257; b) M. Kates in E. D. Korn (Ed.): Methods in Membrane 
Biologv. Val. 8. Plenum, New York 1977, p. 219. 

[69] a) T. Kunitake, Y. Okahata, J. Am.  Chem. SOC. 99 (1977) 3860; b) Bull. 
Chem. SOC. Jpn. 51 (1978) 1877. 

1701 a )  T. Kunitake, J .  Macromol. Sci. Chem. A 13 (1979) 587; b) J. H. 
Fendler: Membrane Mimetic Chemistry. Wiley, New York 1982; c) JLH. 
Fuhrhop, J. Mathieu, Angew. Chem. 96 (1984) 124; Angew. Chem. Int .  
Ed Engl. 23 (1984) 100. 

1711 a) D. Marr-Leisy, R. Neumann, H. Ringsdorf, Colloid Polym. Sci. 263 
(1985) 791 : b) J:H. Fuhrhop, P. Schnieder, J. Rosenberg, E. Boekema, 

J. Am. Chem. Soc. I09 (1987) 3387; c) T. Kunitake, N. Nakashima, M. 
Shimomura, Y. Okahata, K. Kano, T. Ogawa, ibid. I02 (1980) 6642. 
B. Hupfer, H. Ringsdorf, H. Schupp, Chem. Phys. Lipids 33 (1983) 
355. 
T. Kunitake, N. Kimizuka, N. Higashi, N. Nakashima, J. Am. Chem. 
SOC. I06 (1984) 1978. 
B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts, J. D. Watson: Mo- 
lecular Biology o f the  Cell. Garland, New York 1983; Molekularbiologie 
der Zelle, VCH Verlagsgesellschaft, Weinheim 1986. 
a) G. Benga (Ed.): Structure and Properties of Cell Membranes. Vol I -  
I l l .  CRC Press, Boca Raton, FL, USA 1985; b) J. B. Finean, R. H. 
Michell (Eds.): Membrane Structure (New Compr. Biochem. I (1981)); 
c) D. Chapman (Ed.): Biological Membranes. Vol. 4 ,  Academic Press, 
London 1982; d)  Biomembrane Structure and Function, Verlag Chemie, 
Weinheim 1984. 
S. J. Singer, G. L. Nicolson, Science (Washington) 175 (1972) 720. 
D. A. Cadenhead in [75a], Vol. 111, p. 21. 
a) M. Losche, E. Sackmann, H. Mohwald, Ber. Bunsenges. Phys. Chem. 
87 (1983) 848; b) V. von Tscharner, H. M. McConnell, Biophvs. J. 36 
(1981) 409; c) P. Meller, Dissertation. Technische Universitat Munchen 
1985; d) K. Beck in J. Bereiter-Hahn, 0. R. Anderson, W.-E. Reif 
(Eds.): Cytomechanics. Springer, Berlin 1987, p. 79. 
H. Kuhn, D. Mobius, Angew. Chem. 83 (1971) 672; Angew. Chem. Int. 
Ed. Engl. 10 (1971) 620. 
a) P. M. Vassilev, H. Ti Tien in [75a], Vol. 111, p. 63: b) H. Ti Tien: 
Biomolecular Lipid Membranes. Theory and Practice. Dekker, New 
York 1974; c) M. K. Jain: The Bimolecular Lipid Membrane: A System, 
Van Nostrand, New York 1972: d) R. Latorre, 0. Alvarez, X. Cecchi, 
C. Vergara, Annu. Rev. Biophys. Biophys. Chem. 14 (1985) 79. 

[81] P. Lauger, Angew. Chem. 97 (1985) 939; Angew. Chem. I n t .  Ed. Engl. 24 
(1985) 905. 

[82] H. M. McConnell, T. H. Watts, R. M. Weis, A. A. Brian, Biochim. Bio- 
phys. Acta 864 (1986) 95. 

[83] V. Hlady, R. A. van Wagenen, J. D. Andrade in J. D. Andrade (Ed.): 
Surface and Interfacial Aspects of Biomedical Polymers, Vol. 2, Plenum, 
New York 1985, p. 81 

[84] a) A. D. Bangham, M. W. Hill, N. G. A. Miller in E. D. Korn (Ed.): 
Methods in Membrane Biology, Vol. I. Plenum, New York 1974, p. I ;  b) 
D. W. Deamer, P. Uster in [75a], Vol. 111, p. 103; c) A. D. Bangham 
(Ed.): Liposome Letters. Academic Press, London 1983; d) M. J. Ostro 
(Ed.): Liposomes. Dekker, New York 1983; e) Liposomes: From Biophy- 
sics to Therapeutics. Dekker, New York 1987; 9 G. Gregoriadis, A. C. 
Allison (Eds.): Liposomes in Biological Systems, Wiley, Chichester 
1980: g) C. G. Knight (Ed.): Liposomes: From Physical Structure to 
Therapeutic Applications. Elsevier, Amsterdam 198 I : h) G. Gregoriadis 
(Ed.): Liposome Technology, Val. 1-111. CRC Press, Boca Raton, FL, 
USA 1984. 

1851 F. Szoka, D. Papahadjopoulos, Annu. Reu. Biophys. Bioeng. 9 (1980) 
467. 

[86] Z. 1. Cabantchik, A. Darmon in [75a], Vol. I l l ,  p. 123. 
[87] a) D. A. Tirrell, L. G. Donaruma, A. B. Turek (Eds.): Macromolecules 

as Drugs and as  Carriers for Biologically Actiue Materials (Ann. NY 
Acad. Sci. 446 (1985)); b) T.  N. Palmer, H. M .  Patel, L. E. Readings 
(Eds.): Use of Liposomes in Medicine (Biochem. SOC. Trans. 12 (1984) 
331): c) G. Poste, Biol. Cell 47 (1983) 19; d) see also [84], especially 
d)-g) and h), Vol. 111. 

[88] a) N. J. Turro, G. S. Cox, M. A. Paczkowski, Top. Curr. Chem. 129 
(1985) 57; b) V. Ramamurthy, Tetrahedron 42 (1986) 5753; c) D. G. 
Whitten, Angew. Chem. 91 (1979) 472; Angew. Chem. Int .  Ed. Engl. 18 
(1979) 440; d)  H. Koch, A. Laschewsky, H. Ringsdorf, K.  Teng, Makro- 
mol. Chem. 187 (1986) 1843; e) [70b], p. 293. 

1891 a) T. Kunitake, S .  Shinkai, Ado. Phys. Org. Chem. 17 (1980) 435; b) 
[70b], p. 235. 

[90] a) P. Tundo, K. Kurihara, D. J. Kippenberger, M. Politi, J .  H. Fendler, 
Angew. Chem. 94 (1982) 73; Angew. Chem. h i .  Ed. Engl. 21 (1982) 81; 
b)  [70b], p. 492; c) D. H. P. Thompson, W. C. Barrette, J. K. Hurst, J. 
Am.  Chem. SOC. 109 (1987) 2003; d) Y.-M. Tricot, J. H. Fendler, ibid. 
I06 (1984) 2475. 

[91] B. Schlarb, Diplomarbeit. Universitat Mainz 1983. 
[92] a) M. L. Bender, J. Am. Chem. Sac. 79 (1957) 1258; b)  W.-C. Shen, H. 

J:P. Ryser, Biochem. Biophys. Res. Commun. 102 (1981) 1048; c) P. J. 
G. Butler, J. 1. Harris, B. S. Hartley, R. Leberman, Biochem. J. 103 
(1967) 78 p. 

[93] a) M. Haubs, H. Ringsdorf, Noun. J. Chim. I I  (1987) 151; b) D. A. 
Holden, H. Ringsdorf, V. Deblauwe, G. Smets, J. Phys. Chem. 88 
(1984) 716; c) D. A. Holden, H. Ringsdorf, M. Haubs, J. Am.  Chem. 
Sac. 106 (1984) 453 I .  

[94] a) D. F. OBrien, Photochem. Photobiol. 29 (1979) 679: b)  K. Kano, Y. 
Tanaka, T. Ogawa, M. Shimomura, T. Kunitake, ibid. 34 (1981) 323; c) 
C. Pidgeon, C. A. Hunt, ibid. 37 (1983) 491. 

[95] M. Haubs, H. Ringsdorf, Angew. Chem. 97 (1985) 880; Angew. Chem. 
Int .  Ed. Engl. 24 (1985) 882. 

Angew. Cliem. Int .  Ed. Engl. 27(1988) 113-188 155 



[961 J. Streith, J:M. Cassal, Angew. Chem. 80 (1968) 117: Angew. Chem. In / .  

1971 M. A. Ratcliff, J. K. Kochi, J. Org. Chem. 36 (1971) 3112. 
I981 a )  T. Kunitake, N. Nakashima, K. Tdkarabe, M. Nagai, A. Tsuge, H. 

Yanagi, J. Am.  Chem. SOC. 103 (1981) 5945; b) R. Elbert, A. Laschews- 
ky, H. Ringsdorf, rbrd. 107 (1985) 4134. 

1991 a) G. Gee, Trans. Faraday Soc. 32 (1936) 187; b) A. Cemel, T. Fort, J. 
B. Lando, J. Potvm. Sci. Part A-1 10 (1972) 2061; c) R. Ackermann, 0. 
Inacker, H. Ringsdorf, Kolloid-2. 2. Polym. 249 (1971) 1118; d) G. 
Scheibe, H. Schuller, Z .  Elekrrochem. 59 (1955) 861. 

Ed. Engl. 7 (1968) 129. 

[I001 D Day, H:H. Hub, H. Ringsdorf, Isr. J. Chem. 18 (1979) 325. 
[loll S. L. Regen, A. Singh, G. Oehme, M. Singh, J. Am. Chem. SOC. I04 

( 1982) 79 I 
[I021 M. F. M. Roks, R. S. Dezentje, V. E. M. Kaats-Richters, W. Drenth, A. 

J. Verkleij, R. J. M. Nolte, Macromolecules 20 (1987) 920. 
[I031 W. Reed, L. Guterman, P. Tundo, J. H. Fendler, J .  Am. Chem. SOC. 106 

(1984) 1897. 
[I041 a) E. Hasegawa, Y. Matsushita, K. Eshima, N. Nishide, E. Tsuchida, 

Makromol. Chem. Rapid Commun. 5 (1984) 779; b) Y. Matsushita, E. 
Hasegawa, K. Eshima, H. Ohno, E. Tsuchida, ibid. 8 (1987) I .  

[I051 N. K. P. Samuel, M. Singh, K. Yamaguchi, S. L. Regen, J .  Am. Chem. 
SOC 107 (1985) 42. 

11061 a) H:H. Hub, B. Hupfer, H. Koch, H. Ringsdorf, Angew. Chem. 92 
(1980) 962: Angew. Chem. Inr .  Ed. Engl. 19 (1980) 938: b) B. Hupfer, 
H. Ringsdorf, Chem. Phys. Lipids 33 (1983) 263; c) J. Leaver, A. Alon- 
so, A. A. Durrani, D. Chapman, Biochim. Biophys. Acta 732 (1983) 210: 
d) D. S. Johnston, S. Sanghera, M. Pons, D. Chapman, ibid. 602 (1980) 
57; e) E. Lopez, D. F. O’Brien, T. H. Whitesides, ibid. 693 (1982) 437; f )  
J. Am. Chem. Soc. 104 (1982) 305. 

[I071 a) H. Koch, H. Ringsdorf, Makromol. Chem. 182 (1981) 255; b) N. 
Wagner, K. Dose, H. Koch, H. Ringsdorf, FEBS Lerr. 132 (1981) 313; 
c) R. Pabst, H. Ringsdorf, H. Koch, K. Dose, ibid. 154 (1983) 5 .  

[ 1081 A. Akimoto, K. Dorn, L. Gros, H. Ringsdorf, H. Schupp, Angew Chem. 
93 (1981) 108; Angew. Chem. I n i .  Ed. Engl. 20 (1981) 90. 

[I091 B. Ostermayer, 0. Albrecht, W. Vogt, Chem. Phys. Lipids 4 1  (1986) 
265. 

[ I  101 D. Babilis, P. Dais, L. H. Margaritis, C .  M. Paleos, J. Polym. Scr. Polym. 
Chem. Ed. 23 (1985) 1089. 

[ I  1 I ]  P. Tundo, D. J. Kippenberger, M. J. Politi, P. Klahn, J. H. Fendler, J. 
Am. Chem. SOC. 104 (1982) 5352. 

11121 A. Kusumi, M. Singh, D. A. Tirrell. G. Oehme, A. Singh, N. K. P. Sa- 
muel, J. S. Hyde, S. L. Regen, J. Am. chem. Soc. Iff5 (1983) 2975. 

[ 1131 a) K. Dorn, E. V. Patton, R. T. Klingbiel, D. F. O’Brien, H. Ringsdorf, 
Makromol. Chem. Rapid Commun. 4 (1983) 513; b) K. Dorn, R. T. 
Klingbiel, D. P. Specht, P. N. Tyminski, H. Ringsdori, D. F. O’Brien, J. 
Am. Chem. SOC. 106 (1984) 1627; c) R. Ebelhauser, H. W. Spies ,  Ma- 
kromol. Chem. Rapid Commun. 5 (1984) 403; d) Ber. Bunsenges. Phys. 
Chem. 89 (1985) 1208. 

[ I  141 a) L. Gros, H. Ringsdorf, H. Schupp, Angew. Chem. 93 (1981) 31 I ;  An- 
gew. Chem. I n / .  Ed. Engl. 20 (1981) 305; b) H. Bader, K. Dorn, B. 
Hupfer, H. Ringsdorf, Adu. Polym. Sci. 64 (1985) I ;  c) J. H. Fendler, 
Science (Washingron) 223 (1984) 888; d) J .  H. Fendler, P. Tundo, Ace. 
Chem. Res. 17 (1984) 3; e) D. F. OBrien, R. T. Klingbiel, D. P. Specht, 
P. N. Tyminski, Ann. IVY Acad. Scr. 446 (1985) 282; f )  S. L. Regen in 
[84e], p. 73. 

[I151 a) H. P. Kim, S. M. Byum, Y. T. Ylom, S. W. Kim, J. Pharm. Scr. 72 
(1983) 225; b) H. Ringsdorf, J. Polym. Sci. Polym. Symp. 51 (1975) 135: 
c) J. B. Lloyd, R. Duncan, J. KopeCek, Biochem. Sci. Trans. 14 (1986) 391. 

[I161 a) A. Laschewsky, H. Ringsdorf, G. Schmidt, J. Schneider, 3. Am. 
Chem. SOC. 109-(1987) 788; b) A. Laschewsky, H. Ringsdorf, J. 
Schneider. Angew. Makromol. Chem. 145/146 (1986) I ; c) W. Frey, J. 
Schneider, H. Ringsdorf, E. Sackmann, Macromolecules 20 (1987) 13 12; 
d) H. Ringsdorf, G. Schmidt, J. Schneider, Thin Solid Films 152 (1987) 207. 

[ I  171 E. Orthmann, G. Wegner, Angew. Chem. 98 (1986) I 114; Angew. Chem. 
Inr .  Ed Engl. 25 (1986) 1105. 

[ I  181 a) T. Kawaguchi, H. Nakahara, K. Fukuda, Thin Solid Films 133 (1985) 
29; b) S. J. Mumby, J. D. Swalen, J. F. Rabolt, Macromolecules 19 
(1986) 1054; c) G. Duda, A. J. Schouten, T. Arndt, G. Lieser, G. F. 
Schmidt, C. Bubeck, G. Wegner, Thin Solid Films, in  press. 

[I191 a) P. Hodge, E. Khoshdel, R. H. Tredgold, A. J. Vickers, C. S. Winter, 
Br. Polym. J. 17 (1985) 368: b) R. H. Tredgold, A. J. Vickers, A. Hoor- 
far, P. Hodge, E. Khoshdel, J. Phys. D Appl. Phys. 18 (1985) 1139. 

[I201 a) N. Beredjick, H. E. Ries, J .  Polym. Sci. 62 (1962) S64; b) D. Naegele, 
H. Ringsdorf in H. G. Elias (Ed.): Polymerization of Organrred Systems 
(Mid/ .  Mocromol. Monogr. 3 (1977) 79). 

[I211 a) M. Breton, J. Macromol. Sci. Rev. Macromol. Chem. C21 (1981) 61; 
b)  B. Tieke, Adu. Polym. Sci. 71 (1985) 79. 

[I221 a) D. Naegele, J. B. Lando, H. Ringsdorf, Macromolecules 10 (1977) 
1339: b) 0. Albrecht, A. Laschewsky, H. Ringsdori, ibid. 17(1984) 937: 
c) J. Membr. Scr. 22 (1985) 187: d) A. Laschewsky, H. Ringsdorf, G. 
Schmidt, Thin Solid Alms 134 (1985) 153; e) H. Cackovic, H.-P. 
Schwengers, J. Springer, A. Laschewsky, H. Ringsdorf, J. Membr. Scr. 
26 (1986) 63; f )  F. Grunfeld, C. W. Pitt, Thin Solid Films 99 (1983) 249: 

g) B. Tieke, G. Lieser, K. Weiss, ibrd. 99 (1983) 95: h) J. P. Rabe, J. F. 
Rabolt, C. A. Brown, J. D. Swalen. J. Chem. Ph.vs. 84 (1986) 4096. 

[I231 A. Baniel, M. Frankel, 1. Friedrich, A. Katchalsky, J Org. Chem 13 
(1948) 791. 

[I241 a) K. Fukuda, Y. Shibasaki, H. Nakahara, J. Macromol. Sci. Chem. A 15 
(1981) 999; b) Thin Solid Films 99 (1983) 87; c) ibid. 113 (1985) 39. 

[ 1251 a) A. Barraud, A. Ruaudel-Teixier, C. Rosilio, Ann. Chim. I f f  (1975) 
195; b) C. Rosilio, A. Ruaudel-Teixier, J .  Polym. Sci. Po/ym. Chem. Ed. 
13 (1975) 2459; c) A. Barraud, C. Rosilio, A. Ruaudel-Teixier. Thin 
Solid Films 68 (1980) 7. 

11261 W. N. Emmerling, B. Pfannemiiller, Colloid Polym. Sci. 261 (1983) 
677. 

[I271 T. Folda, L. Gros, H. Ringsdorf, Makromof Chem. Rapid Commun. 3 
(1982) 167. 

[I281 A. Shibata, S. Yamashita, Y. Ito, T. Yamashita, Biochim. Biophys. Aria 
854 (1986) 147. 

[I291 a) R. Neumann, H. Ringsdorf, J Am. Chem. SOC. 108 (1986) 487. b) R. 
Neumann, H. Ringsdorf, E. V. Patton, D. F. OBrien, Biochim. Brophys. 
Acta 898 (1987) 338. 

[I301 a) S. C. Kushwaha, M. Kates, G. D. Sprott, I. C .  P. Smith, Science 
(Washrngton) 211 (1981) 1163; b) T. A. Langworthy, Curr. Top. Membr. 
Transp 17 (1982) 45. 

[I311 a) J.-H. Fuhrhop, K. Ellermann, H. H. David, J. Mathieu, Angew. 
Chem. 94 (1982) 444: Angew. Chem. In t .  Ed. Engl. 21 (1982) 440; An- 
gew. Chem. Suppl. 1982. 980: b) J.-H. Fuhrhop, J. Mathieu, J. Chem. 
SOC. Chem. Commun. 1983, 144; c) J.-H. Fuhrhop, H. H. David, J. 
Mathieu, U. Limann, H.-J. Winter, E. Boekema, J .  Am. Chem. SOC. 108 
(1986) 1785: d) J.-H. Fuhrhop, D. Fritsch, Acc. Chem. Res. 19 (1986) 
130. 

[I321 a)  H. Bader, H. Ringsdorf, J. Polym. Sci. Po!vm. Chem. Ed. 20 (1982) 
1623; b) Faraday Discuss. Chem. SOC. 81 (1986) 329. 

[I331 a)  A. Kato, M. Arakawa, T. Kondo, J. Microencapsulation I (1984) 105: 
b) H. Izawa, M. Arakawa, T. Kondo, Biochim. Biophys Acra 855 (1986) 
243. 

[I341 a)  W. Hartmann, H.-J. Galla, E. Sackmann, FEBS Lerr. 78 (1977) 169: 
b) W. Hartmann, H.-J. Galla, Biochim. Biophys. Acta 509 (1978) 474; c) 
B. de  Kruijff, A. Rietveld, N. Telders, B. Vaandrager, ibrd. 820 (1985) 
295; d) D. Carrier, J. Dufourcq, J.-F. Faucon, M. Pezolet, ibid. 820 
(1985) 131: e) D. Carrier, M. Pezolet, Biochemistry25(1986)4167: f)  A. 
Walter. C. J. Steer, R. Blumenthal, Biochrm. Biophys. Acia 861 (1986) 
319; g) A. E. Gad, G. Elyashiv, N. Rosenberg, ibid. 860 (1986) 314. 

[I351 a) K. A. Borden, K. M. Eum, K. H. Langley, D. A. Tirrell, Macromole- 
cules 20 (1987) 454: b) D. A. Tirrell, A. B. Turek, D. A. Wilkinson, T. J. 
Mclntosh, ibrd. 18 (1985) 1512; c) K. Seki, D. A. Tirrell, rbrd. 17 (1984) 
1692; d) D. Y. Takigawa, D. A. Tirrell, Makromol. Chem. Rapid Com- 
mun. 6 (1985) 653. 

11361 M. Takada, T. Yuzuriha, K. Katayama, K. Iwamoto, J. Sunamoto, Bio- 
chim. Biophys. Acta 802 (1984) 237. 

[I371 a) K. V. Aliev, H. Ringsdorf, B. Schlarb, K.-H. Leister, Makromol. 
Chem. Rapid Commun. 5 (1984) 345: b) S. L. Regen, J.-S. Shin, K. Ya- 
maguchi. J. Am. Chem. SOC. 106 (1984) 2446; c) S. L. Regen, J.-S. Shin, 
J. F. Hainfeld, J. S.  Wall, ibid. 106 (1984) 5756; d)  H. Fukuda, T. Diem, 
J. Steiely, F. J. Kezdy, S. L. Regen, ibrd. 108 (1986) 2321: e) J. E. Brady, 
D. F. Evans, B. Kachar, B. W Ninham, ibrd. 106 (1984) 4279. 

[I381 T. Tsumita, M. Ohashi, J. Exp. Med 119 (1964) 1017. 
U. Hammerling, 0. Westphal, Eur. J .  Biochem. I (1967) 46. 
a) D. E. Wolf, J. Schlessinger, E. L Elson, W. W. Webb, R. Blumen- 
thal, P. Henkart, Biochemistry 16 (1977) 3476; b) D. E. Wolf, P. Hen- 
kart, W. W. Webb, ibrd. 19 (1980) 3893. 
J. Sunamoto, K. Iwamoto, M. Takada, T. Yuzuriha, K. Katayama in E. 
Chiellini. P. Giusti (Eds.): Polymers in Medrcine. Plenum, New York 
1984, p 157. 
K. Kobayashi, H. Sumitomo, H. Ichikawa, Macromolecules 19 (1986) 
529. 
1. Sunamoto, M. Goto, T. lida, K. Hara, A. Saito, A. Tomonaga in G. 
Gregoriadis, G. Poste, J. Senior, A. Trouet (Eds.): Receptor-Mediated 
Targeting ofDrugs.  Plenum, New York 1985, p. 359. 
J. Sunamoto, T. Sato, M. Hirota, K. Fukushima, K. Hiratani, K. Hara, 
Biochim. Biophys. Acra 898 (1987) 323. 
J. Mollerfeld, W. Prass, H. Ringsdorf, H. Hamazaki, J. Sunamoto, Bio- 
chrm. Biophys. Acra 857 (1986) 265. 
J .  P. Reeves, R. M. Dowben, J Gel( Physiol. 73 (1968) 49. 
E .  Kuchinka, Diplomarbert, Universitat Mainz 1986. 
Analogous construction: K. Fricke, E. Sackmann, Biochim. Biophys. 
Acta 803 (1984) 145. 
See [74], pp. 307 ff. (338 ff). 
R. Krbecek, C .  Gebhardt, H. Gruler, E. Sackmann, Biochim. Biophys. 
Acra 554 (1979) I .  
a) C. Gebhardt, H. Gruler, E. Sackmann, Z .  Naturforsch. C32 (1977) 
581: b) E. J. Luna, H. M. McConnell. Biochim. Biophys. Acta 466 (1977) 
381. 

156 Angew. Chem. I n / .  Ed. Engl. 2711988) 113-158 



[ 1521 a)  E. Sdckmann, D. Riippel, C. Gebhardt. Springer Ser. Chem. Phys. 11 
(1980) 309; b) D. Riippel, E. Sackmann, J. Ph-vs. (Les Ulis Fr.) 44  (1983) 
I025 

[I531 a) J Darnell, H. Lodish, D. Baltimore: Molecular Cell Biology. Scien- 
tific American Books, Freeman, New York 1986, p. 592ff; b) K. Weber, 
M. Osborn, Spektrum Wiss. 1985. No. 12, p. 102; Scientific American 
253 (1985) No. 10, p. 92; c) V. T. Marcbesi, J. Membr. Biol. 51 (1979) 
101: d )  D. Branton, C. M. Cohen, J. Tyler, Cell 24 (1981) 24; e) C. 
Koszka, Chem. Unserer Zeif 20 (1986) 19. 

[I541 E. Sackmann, P. Eggl, C. Fahn, H. Bader, H. Ringsdorf, M. Scholl- 
meier, Ber Bunsenges. Phys. Chem. 89 (1985) 1198. 

[I551 a)  E Sackmann. H.-P. Duwe, H. Engelhardt, Faraday Discuss. Chem. 
Soc. X I  (1986) 28 1; b) E. Sackmann, H.-P. Duwe, K. Zeman, A. Zilker 
in E. C‘lementi, S. Chin (Eds.): Slructure and Dynamics ofNucleic Acids. 
Proreins. and Membranes. Plenum, New York 1986, p. 251. 

11561 V. P. Torchilin, A. L. Klibanov, N. N. Ivanov, H. Ringsdorf, B. Schlarb, 
Makromol. Chem. Rapid Commun. 8 (1987) 457. 

11571 a) H. Ringsdorf, B. Schlarb, Polym. Prepr. (Am. Chem. Soc. Diu. Polym. 
Chem.)  27 (2 )  (1986) 195; b) Makromol. Chem., in press. 

[IS81 H. Ringsdorf. B. Schlarb, P. N. Tyminski, D. F. OBrien, Macromole- 
cules. in  press. 

11591 L. B. Margolis. Biochim. Biophys. Acra 779 (1984) 161. 
[I601 Cf. 1741, pp- 98ff.. 199Ef. and 105ff.. 217ff. 
[ 1611 M. Monsigny, C. Kieda, A.-C. Roche, Biol. Cell 47 (1983) 95. 
11621 R. R. Rando, J. S. Slama, F. W. Bangerter, Proc. Natl. Acad. Sci. USA 

77(1Y80) 2510. 
11631 a) H. Bader, H. Ringsdorf, J. Skura, Angew. Chem. 93 (1981) 109; An- 

yew. Chem. Int. Ed. Engl. 20 (1981) 91; b) H. Bader, R. van Wagenen, 
J. D. Andrade, H. Ringsdorf, J. Colloid lnter/ace Sci. I01 (1984) 246. 

11641 B. Tieke, G. Lieser, G. Wegner, J. Polym. Sci. Polym. Chem. Ed. 17 
(1979) 1631. 

[I651 a) R R. Schmidt, Angew. Chem. 98 (1986) 213; Angew. Chem. I n / .  Ed. 
Engt. 25 (1986) 212; b) H. Kunz, ibid. 99 (1987) 297 and 26 (1987) 
294. 

11661 M. Wilchek, Makromol. Chem. Suppl 2 (1979) 207. 
[I671 K. Takemoto in C. G. Gebelein, C. E. Carraher (Eds.): Bioactiue Poly- 

meric S.vstems. Plenum, New York 1985, p. 417. 
[I681 a) C. G Overberger, Y. Inaki, J. Polym. Sci. Polym. Chem. Ed. 17 

(1979) 1739; b) J. Pitha, M. Akashi, M. Draminski in P. Goldberg, A. 
Nakajima (Eds.): Biomedrcal Polymers. Academic Press, New York 
1980, p. 271. 

(1691 a) H. Kitano, H. Ringsdorf, Bull. Chem. Soc. Jpn. 58 (1985) 2826; b) M. 
Ahlers, Diplomarbeit, Universitat Mainz 1985. 

[I701 a) H. 0 Ribi, P. Reichard, R. D. Kornberg, Biochemistry 26 (1987) 7974; 
b) see also E E. Uzgiris, R. D. Kornberg, Nature (London) 301 (1983) 
125. 

[I711 a) H. Rosemeyer, M. Ahlers, B. Schmidt, F. Seela, Angew. Chem. 97 
(1985) 500; Angew. Chem. Int. Ed. Engl. 24 (1985) 501; b) synthesis of 
the head groups: F. Seela, F. Cramer, Chem. Ber. 108 (1975) 1329. 

[I721 M. Loos, Curr. Top. Microbiol. Immunol. 102 (1983) I .  
[I731 a) M. Loos. D. Bitter-Suermann. M. P. Dierich, J .  Immunol. 112 (1974) 

935: h )  F. Clas, M. Loos, In/ect. Immun. 31 (1981) 1138. 
11741 a) M. Ivanova, 1. Panaiotov, M. Eshkenazy, R. Tekelieva, R. Ivanova, 

Colloidr Su$ 17 (1986) 159; b) C. R. Alving, S. Shichijo, 1. Mattsby- 
Baltzer in [84h], Vol. 11, p. 157; c) B. Banerji, C. R. Alving, J.  Immunol. 
126 (1981) 1080. 

1751 M. Loos, M. Latsch, M. Ahlers, R. Nagata, H. Ringsdorf, unpublished 
results. 

1761 a) E. T. Rietschel, H. Mayer, H.-W. Wollenweber, U. Zahringer, 0. Lu- 
deritz, 0. Westphal, H. Brade in J. Y. Homma (Ed): Bacterial Endotox- 
in. Verlag Chemie, Weinheim 1984, p. 16: b) H.-W. Wollenweber, K. 
W. Broady, 0. Luderitz, E. T. Rietschel, Eur. J. Biochem. 124 (1982) 
19 I .  

1771 a) K. B. M. Reid, R. Porter, Biochem. J .  I55 (1976) 19; b) H. R. Knobel, 
W. Vtlliger, H. Isliker, Eur. J .  Immunol. 5 (1975) 78. 

[I781 Cf. 1741, pp. 256ff. (278ff). 
11791 F. Stemmer, M. Loos, J.  Immunol. Methods 74 (1984) 9. 
[I801 P. Meller, H. Ringsdorf, unpublished. 
[I811 a)  K. N. Timmis, G. J. Boulnois, D. Bitter-Suermann, F. C. Cabello, 

Curr. nip. Microbiol. Immunol. 118 (1985) 197; b) M. Frosch, 1. Gorg- 
en, G .  J .  Boulnois, K. N. Timmis, D. Bitter-Suermann, Proc. Natl. Acad. 
Scr. USA 82 (1985) 1194. 

[I821 E. J. McGuire, S .  B. Binkley, Biochemistry 3 (1964) 247. 
11831 Cf. [74], pp. 276ff. (302ff). 
[I841 Cf. [74], p. 303 (332). 
[I851 a) D. J .  Morre in [75a], Vol. 11, p. 181: b) J. Aggeler, Z. Werb, J. Cell 

Brol Y4 (1982) 613; c) M. K. Pratten, J .  B. Lloyd, G. Horpel, H. Rings- 
dorf, Makromol Chem. 186 (1985) 725. 

[I861 a) E. Sackmann in W. Hoppe, W. Lohmann, H. Markl, H. Ziegler 
(Eds.): Bwphwik. 2nd ed., Springer, Berlin 1982, p. 439; b) H. Hauser, 
M. C Phillips in D. A. Cadenhead, J. F. Danielli (Eds.): Progress in 
Surface and Membrane Science. Academic Press, New York 1979. p. 
297. 

[I871 G. Lenaz. G. P. Castelli in  [75a], Vol. I ,  pp. 93ff., 124. 
[I881 a) H. Gaub, E. Sackmann, R. Biischl, H. Ringsdorf, Biophys. J .  45 

(1984) 725; b) H. Gaub, R. Biischl, H. Ringsdorf, E. Sackmann. Chem. 
Phys. Lipids 37 (1985) 19. 

[I891 M. Bessis: Living Blood Cells and their Ul/rastructure. Springer, Berlin 
1973. 

[I901 a) E. A. Evans, Biophys. J. 14 (1974) 923; b) H. J. Deuling, W. Helfrich, 
ibid. 16 (1976) 861; c) M. P. Sheetz, S. J. Singer, Proc. Natl. Acad. Sci. 
USA 71 (1974) 4457; d) S. Svetina, B. Zeks, Biomed. Biochim. Acta 42 
(1983) 86. 

[I911 M. Haubs, Dissertation, Universitat Mainz 1986. 
[I921 a) W. E. Fleming (Upjohn Company, USA), private communication; b) 

see also Der Spiegel 35 (1981) No. 7, p. 201. 
[I931 a) R. Elbert, T. Folda, H. Ringsdorf, J .  Am. Chem. SOC. 106 (1984) 

7687; b) T. Kunitake, S. Tawaki, N. Nakashima, Bull. Chem. Soc. Jpn. 
56 (1983) 3235. 

[I941 a)  The abundance of methods to open stabilized liposomes selectively 
can only be surpassed by the number of techniques to uncork a bottle 
of wine. This also holds true for the manifold concepts used to ap- 
proach scientific problems and is certainly influenced by the personal 
and national character of the bon vivants. So, how d o  the Germans 
open a bottle of wine? b) Taken from: R. Searle: Something in the Cel- 
lar .. Wonderful World of Wine, Souvenir Press. London 1986): 

[I951 a) J. N. Weinstein, R. L. Magin, M. B. Yatvin, D. S. Zdharko, Science 
(Washington) 204 (1979) 188; b) S. M. Sullivan, L. Huang. Brochim. 
Biophys. Acta 812 (1985) 116. 

[I961 a) M. B. Yatvin, W. Kreutz, B. A. Horwitz, M. Shinitzky, Science 
(Washington) 210 (1980) 1253; b) R. Nayar, A. J. Schroit, Biochemisrry 
24 (1985) 5967; c) D. A. Tirrell, D. Y. Takigawa, K. Seki, Ann N Y  
Acad. Sci. 446 (1985) 237; d) B. P. Devlin, D. A. Tirrell, Macromolecules 
19 (1986) 2465; e) 0. 0. Petrukhina, N. N. Ivanov, M. M. Feldstein, A. 
E. Vasil’ev, N. A. Plate, V. P. Torchilin, J. Controlled Release 3 (1986) 
137; 9 J.-H. Fuhrhop, U. Liman, H. H. David, Angew. Chem. Y7 (1985) 
337; Angew. Chem. Int .  Ed. Engl. 24 (1985) 339. 

[I971 a) R. Buschl, T. Folda, H. Ringsdorf, Makromol. Chem. Suppl. 6 (1984) 
245; b) H. Bader, H. Ringsdorf, B. Schmidt, Angew. Makromol. Chem. 
123//24 (1984) 457. 

[I981 M. Butler, L G. Abood, J. Membrane Biol 66 (1982) I. 
11991 R. Biischl, B. Hupfer, H. Ringsdorf, Makromol. Chem. Rapid Commun. 

I2001 T. Folda, Dissertation, Universitat Mainz 1984. 
[201] A pretty rapid method to uncork a bottle is the so-called “Sicilian 

opening” also known in  chess and from time to time applied in  science 
too (see 1194bl): 

3 (1982) 589. 

Anyen,. Cheni In,.  Ed. Engl. 27(1988) 113-158 157 



12021 For the use of fluorescent dyes to measure the permeability of liposo- 
ma1 membranes see: a) J. N. Weinstein, S. Yoshikami, P. Henkart, R. 
Blumenthal, W. A. Hagins, Science (Washingron) 195 (1977) 489; b) J. 
N. Weinstein, E. Ralston, L. D. Leserman, R. D. Klausner, P. Dragsten, 
P. Henkart, R. Blumenthal in 184h1, Vol. 111, p. 183. 

[203] The sanning electron micrographs were taken at Case Western Reserve 
University, Cleveland, Ohio, USA (Prof. J.  E. Lando). 

(2041 The freeze fracture electron micrographs were taken by C. Fahn at the 
Physics Department of the Technische Universitat Miinchen (Prof. E.  
Sackmann). 

[205] a) W. F. Reed, L. R. Guterman, J .  Radial. Curing 1986, 18; b) R. L. 
Juliano, M. J. Hsu, S .  L. Regen, M. Singh, Eiochim. Eiophys. Acfa 770 
(1984) 109. 

(2061 H. Ohno, S. Takeoka, E. Tsuchida, Polym. Bull. 14 (1985) 487. 
[207] Enzymatic processes are common in the wine business. To uncork bot- 

tles, however, physical methods are usually preferred. As far as ele- 
gance is concerned, the Swiss variant can hardly be surpassed (see 
[ 194bl): 

12081 R. Biischl, Dissertation, Universitat Mainz 1984. 
1209) a) P. G. Munder, M. Modolell, W. Bausert, H. F. Oettgen, 0. Westphal, 

Prog. Cancer Res. 77ier. 16 (198 I )  41 1 ; b) R. Andreesen, A. Schulz, U. 
Costabel, P. G. Munder, Immunobiology 163 (1982) 335; c) M. Modo- 
lell, R. Andreesen, W. Pahlke, U. Brugger, P. G. Munder, Cancer Res. 
39 (1979) 4681; d )  M. H. Runge, R. Andreesen, A. Pfleiderer, P. G. 
Munder, JNCl  J.  Nafl. Cancer Insf. 64 (1980) 1301; e )  R. Andreesen, 
M. Modolell, G. H. F. Oepke, P. G. Munder, Exp. Hematol. (NY) I 1  
(1983) 564. 

[ZlO) “ I t  is jnst like someone dragging a stone and claiming: i’m building a 
Gothic cathedral.” 

[ Z I I ]  a) R. Hoffmann, Angew. Chem 99 (1987) 871; Angew. Chem. Int. Ed. 
Engl. 26 (1987) 846; b) Roald Hoffmann-certainly one of the last ones 
to be reproached for superficiality-defines the problem of generaliza- 
tion saying: “Typologies and generalizations often point not so much 
to reality as to the weakness of the mind that proposes them.” This 
has to be accepted! 

[212] Georg Christoph Lichfenberg in his “Aphorisms”:“The wit is the finder 
and the intelligence the observer”. “ I t  is really necessary to seriously 
investigate why most inventions have to be made by chance. The main 
reason might be the fact that people tend to accept the views of their 
teachers and their environment. It thus might be beneficial to develop 
instructions how to systematically deviate from rules.” Aphorismen. In- 
seltaschenbuch Suhrkamp, Frankfurt am Main, 1979, p. 202 and 204. 

[213] a) F. Vogtle, H.-G. Lohr, J. Franke, D. Worsch, Angew. Chem. 97 (1985) 
721; Angew. Chem. Inf. Ed. Engl. 24 (1985) 727; b) F. Vogtle, E. Weber 
(Eds.): Host Guest Complex Chemistry 1-111, Top. Curr. Chem. 98 
(1981), I01 (1982), 12’1 (1984); c) F. Vogtle, E. Weber (Eds.): Biomimefic 
and Eioorganic Chemistry 1-111, Top. Curr. Chem. 128 (1985). 132 
(1986), 136 (1986); d) D. J. Cram, Angew. Chem. 98 (1986) 1041: An- 
gew. Chem. I n f .  Ed. Engl. 25 (1986) 1039. 

12141 See [I651 and references cited therein. 
[215] C. Frejacques, Chem. Ind. (London) 1985, 780. 
[216] Thanks to all the coworkers for their diligent and devoted ... ! 

However, one really should remember that the Chinese already knew 
2000 years ago: you learn a lot from your teachers. you learn more 
from your friends but you learn most from your students. (Picture 
taken from [3bl, p. 101.) 

158 Angew. Chem. Inr. Ed. Engl. 27/1988) 113-158 




