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Abstract. Amphiphiles bearing polar heads with the property to form hydrogen bond(s) exhibit
unique organizational and aggregational behaviour. Thus appropriate amphiphilic molecules as-
semble and form liposomes, which further interact through hydrogen bonding with complementary
molecules or liposomal counterparts affording larger and more elaborated aggregates. A number
of examples are demonstrating the interaction mode of liposomes and of associated phenomena as
related to the structural features of the supramolecular aggregates obtained. The recognition between
cells incorporating recognizable amphiphiles in their membranes has shown similarities to the ana-
logous interactions between liposomes. Thus molecular recognition between liposomes can be used
in modeling recognitions occurring between cells. Designed experiments in this area can support the
Lipid World Model proposed for the origin of life.

Keywords: amphiphiles, hydrogen bonding, molecular recognition, liposomes, origin of life,
supramolecular structure

1. Introduction

Spontaneous enhancement of molecular complexity coupled with self-organization
and specificity seem to form the basis from which life originated (Luisi et al.,
1999; Miller, 2002). Specifically, amphiphilic boundary structures are believed
to have contributed to the emergence of life (Segré et al., 2001; Ourisson and
Nakatani, 1996; Lyubarev and Kurganov, 1997; Norris and Raine, 1998), as this
is supported by the fact that abiotically and spontaneously formed bilayer mem-
branes have similar structures with contemporary cells. In addition, the same
amphiphilic systems form microenvironments in which small and large molecules
can be compartmentalized which is another key requirement for living systems.
In this connection liposomes and especially the giant ones (Käs and Sackmann,
1991; Decher et al., 1990; Menger and Lee, 1995; Bradley, 1997), primarily formed
from double-chain amphiphiles and exhibiting solubilization and interaction spe-
cificity, are considered as the closest analogs of biological cells primitively sharing
their structure and function. The last property of functional reactivity is of ex-
treme significance and is being governed by molecular recognition (Lichtenthaler,
1994; Koshland, 1994; Rebek, 1996). The principle of molecular recognition was
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introduced by Emil Fischer as early as in 1894 and proved very fruitful in non-
covalent synthesis (Whitesides et al., 1995; MacDonald and Whitesides, 1994;
Fyfe and Stoddart, 1997; Prins et al., 2001) primarily involving hydrogen bonding
interactions between complementary molecules.

A significant consequence of self-organization of amphiphiles to supramolecu-
lar aggregates including liposomes and micelles is the enhanced binding efficiency
of functional moieties located at their surface (Kawasaki et al., 2001; Berti et al.,
1997, 2000). Specifically, the binding efficiency is increasing by a factor of 102–
104 each time one proceeds from isotropic to organized media i.e. from the bulk
water to microscopic interfaces of micelles or liposomes and finally to air-water
macroscopic interfaces which exhibit the highest organization (Onda et al., 1996).
In addition, cooperative and multivalency effects (Mammen et al., 1998) are also
operating, due to which the functional groups at the liposomal interface interact
more effectively compared to isotropic media. Even under the disrupting action of
water (Lemieux, 1996) on hydrogen bonds, amphiphilic molecules bearing hydro-
gen bonding moieties can form supramolecular aggregates exhibiting elaborated
structures in certain cases (Paleos and Tsiourvas, 1997 and references therein;
Ariga and Kunitake, 1998 and references therein). This process can be illustrated
by the initial formation of complementary liposomes which further interact via
hydrogen bonding at a second-stage, simulating in a way cell-cell or cell-liposome
recognition (Paleos et al., 2001). In fact the receptors in biological cells are located
at their surface at fixed spatial arrangements, facilitating interaction and adhesion
with other cells (Cooper, 1997).

In this short review the role of functional groups, which render liposomes re-
cognizable through hydrogen bonding will be established with reference to selected
examples in an attempt to mimic analogous interactions occurring between cells.
In the cited examples the functionalization of the external surface of liposomes is
achieved at their preparation stage employing established methods (New, 1990).
Parameters affecting molecular recognition of liposomes will be investigated in
conjunction with the obtained supramolecular structures. Finally, in order to illus-
trate the approximate resemblance of liposomes to cells, the interaction of the latter
will be discussed following incorporation of a synthetic recognizable amphiphile
in cell membranes.

2. Interaction of Liposomes with Molecules Dissolved in Water through
Hydrogen Bonding

Liposomes, which are rendered recognizable by the incorporation of amphiphiles
with hydrogen bond forming groups at their polar heads, are susceptible to interact
with complementary molecules dissolved in water. Molecules bearing at least two
recognizable moieties can act as a ‘molecular glue’, binding liposomes together.
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Figure 1. Interaction of biotin with the tetrameric protein streptavidin or avidin.

Typical interactions of recognizable liposomal dispersions with complementary
molecules dissolved in water are discussed.

The recognizable pair of biotin (vitamin H) and streptavidin or avidin has ex-
tensively been investigated (Ahlers et al., 1990) for assembling liposomes. Biotin
is recognized by four identical subunits of streptavidin as shown in Figure 1, which
is supported by crystallographic data (Rosano et al., 1999; Freitag et al., 1999;
Schief et al., 1999). This recognition reaction has an exceptionally high binding
constant, 1015 M−1 that corresponds to a binding energy of the order of a covalent
bond.

In an early example (Chiruvolu et al., 1994) prepared mixed unilamellar lipo-
somes based on dilauroylphosphatidylcholine and incorporating dipalmitoylphos-
phatidylethanolamine-conjugated biotin as a recognizable amphiphile. When strep-
tavidin was added to the biotinylated liposomal dispersion, aggregation occurred
followed by precipitation. The so-obtained liposomal aggregates were studied by
cryoelectron microscopy, which showed that only minimal changes in liposome
shape and size occurred. Most of the liposomes formed large aggregates while only
few free liposomes were observed. The aggregates were bound strongly, withstand-
ing breakage even during the relatively large shears exerted in preparing samples
for cryoelectron microscopy.

Extending this work the surface of liposomes was structurally elaborated in an
attempt to approximately mimic the functional behaviour of cells. Thus mixed lipo-
somes were prepared (Noppl-Simson and Needham, 1996) by introducing biotin
through the incorporation of biotin-(CH2)n-hexadecylphosphatidylethanolamine
amphiphile while a repulsive steric barrier of poly(ethyleneglycol) with molecular
weight 750 (PEG750) was linked at the head group of another component of the
liposomes, i.e., of distearoylphosphatidylethanolamine (Figure 2).

It should be noted that PEG750 prevented non-specific van der Walls adhe-
sion between the two liposomes in the absence of biotin-avidin-biotin cross-
bridges. Avidin-coated liposomes interacted with biotinylated liposomes leading
to liposome-liposome adhesion. It was found that the rate of avidin absorption
when 2 mol % PEG750 was introduced was four times less compared to unmodified
surface while 10 mol % PEG750 completely suppressed binding of avidin to biotin.
Also the rate of cross-bridges accumulation was consistent with the diffusion of the
lipid-linked ‘receptors’ into the contact zone. PEG750 did not influence the mech-
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Figure 2. Schematic representation of the aggregation of biotinylated liposomes induced by the
tetrameric streptavidin protein.

anical equilibrium established between the bilayers because it was not compressed
in the contact zone but on the contrary PEG performed an important function by
eliminating non-specific adhesion.

In a recent work (Sideratou et al., 2002a) liposomes with recognizable groups
were allowed to interact with dendrimers, which bear at their external surface com-
plementary groups to liposomes. Thus, liposomes based on phosphatidylcholine
and cholesterol and also incorporating dihexadecyl hydrogen phosphate as a re-
cognizable lipid interacted with partially guanidinylated poly(propylene imine)
dendrimers of the fourth and fifth generation as shown schematically in Figure 3.
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Figure 3. Schematic representation of the aggregation of phosphatidylcholine liposomes, contain-
ing various amounts of cholesterol (CHOL) and incorporating a recognizable moiety, induced by
complementary dendrimers.

It should be noted that the diameter of the dendrimers employed is approxim-
ately the same with the thickness of the bilayer membrane (Sayed-Sweet et al.,
1997). The main results of the study are the following. (a) The higher generation
dendrimeric derivative proved more effective in its interaction with liposomes. This
behaviour was attributed to multivalent effects (Onda et al., 1996), which are more
pronounced for this dendrimeric derivative. Thus under an equal concentration of
functional moieties the reactivity is favoured when the groups are located in a
smaller number of particles. (b) The process is reversible since redispersion of the
resulting aggregates was achieved by the addition of a phosphate buffer. (c) The
liposomes were not disrupted during the collapse and redispersion processes as
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assessed by the calcein fluorescence method, TEM and AFM (Sideratou et al.,
2002a).

The interaction of liposomes leading to the formation of tethered liposomes
(bound liposomes preserving their size and shape) and/or large aggregates can-
not however be generalized. Depending on the type of the interacting species
transformation to other type of aggregates may occur. Thus by the interaction of
dihexadecyl hydrogen phosphate liposomes with aqueous solutions of guanidinium
cations (C(NH2)

+
3 ) and its derivatives, the size of liposomes decreases and the

aggregates are finally transformed into micelles at 1:1 molar concentration of the
interacting moieties (Paleos et al., 1999). In this case the guanidinium counterions
are bound to the phosphate groups by combined electrostatic and hydrogen bonding
forces resulting in an increase of the headgroup area. In this way and in analogy
with simple ionic counterions, the known surfactant parameter requirement (Evans
and Ninham, 1986), υ/α� < 1/3 is fulfilled for the formation of micelles where υ

is the volume per hydrocarbon chain, or of the hydrophobic region of the surfactant,
� is an optimal hydrocarbon chain length related to the maximum extended length
and α is the head group area.

3. Liposome-Liposome Interactions through Hydrogen Bonding

The introduction of complementary functional groups to a pair of liposomes, with
the property of forming hydrogen bonds, can lead to the formation of large aggreg-
ates. During this process the following steps are involved (Cevc and Richardsen,
1999). (a) Adhesion in which the liposomes are simply conjoined but retain intact
their inner compartments and (b) fusion in which the liposomes merge sharing a
common inner compartment. In this second stage a sequence of processes occurs
giving rise to the mixing of the aqueous content of liposomes with or without
leakage or rupturing of the fused vesicles. Concerning the mechanism of mem-
brane fusion (Cevc and Richardsen, 1999) two processes have been investigated,
i.e. the conventional one involving the non-lamellar fusion and the second method
proceeding through restructuring and ultimately merging of the membrane on a
less ordered basis. It is supported that both mechanisms are energetically favorable
at least for small-scale fusion. It has however to be noted that small liposomes,
e.g. with diameters of about 45 nm comprising of less than 10,000 molecules, do
not have sufficient number of amphiphiles to form a non-lamellar phase without
disintegrating; these liposomes are however known to fuse extensively, apparently
through membrane restructuring (Cevc and Richardsen, 1999). Taking into con-
sideration the above mentioned associative mechanisms and processes such as the
exchange of amphiphiles or the effect of liposomal size on the efficiency of their
interaction the cited examples will be discussed.

In an early preliminary experiment (Paleos et al., 1996) the amphiphiles
5,5-didodecylbarbituric acid, 1, and 9-hexadecyladenine, 2, were incorporated
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Figure 4. Images obtained with AFM microscopy of simple vesicles derived from 3 (A), mixed
vesicles of 3 with 1 (B) or 2 (C) respectively, and vesicles (D) obtained after the interaction of B and
C liposomes (Taken from Paleos et al., 1996).

separately at an approximately 1/7 molar ratio to liposomes based on didodecyl-
dimethylammonium bromide, 3. Following liposomal interaction the aggregates
obtained were larger than the original ones as revealed by Phase Contrast Optical
and Atomic Force microscopies (Figure 4). It is interesting to note that these mixed
molecular recognizable liposomes exhibit excellent stability and one has to add
more than about 40% alcohol in order to be destructed.

Extending the previous work, the same recognizable amphiphiles 1 and 2, were
now incorporated in liposomes based on neutral lipids consisting of hydrogen-
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ated soybean phosphatidylcholine (PC) and cholesterol (CHOL) in a PC:CHOL
2:1 molar ratio. Relatively high molar content of the recognizable molecules 1
or 2 (1:4 with respect to PC) was needed for quantitatively assessing liposomes
recognition properties and obtaining measurable thermodynamic parameters. At
these high concentrations of recognizable molecules incorporated in the PC and
the PC-cholesterol based liposomes, the bilayer order may be severely affected
and merited investigation. Thus, for the PC:CHOL unilamellar liposomes the high
molar concentration of 1 and 2 relative to PC enforces a considerable degree of
lateral heterogeneity in the bilayer and the lipids are not in the liquid-ordered phase
but instead in the solid-ordered/liquid-ordered phase coexistence region (Sideratou
et al., 2002b).

Molecular recognition of liposomes becomes most effective at 1:1 molar ratio of
the recognizable molecules as deduced from turbidity studies. In addition the incor-
poration of cholesterol in the bilayer of these liposomes enhanced their molecular
recognition effectiveness, a result that will be further discussed with other types
of liposomes. In addition AFM microscopy proved the interaction since liposomes
with diameters 50 to 140 nm was transformed to aggregates with sizes between
300 to 450 nm. Furthermore, the initially collapsing and aggregating particles were
relatively stable since no detectable disruption of the liposomes was observed as
judged by calcein experiments.
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Quantitative investigation of the recognition of this pair of liposomes was per-
formed with isothermal titration microcalorimetry (ITC). It has been found that
one-to-one binding between adenine and barbituric acid in the lipid/water/lipid
interface occurs. However at T = 58 ◦C, above the main lipid phase transition,
the situation is different and no liposomal binding can be detected. This is mainly
due to the molecular disorder within the bilayer (liquid-disordered/liquid ordered
phase coexistence) that limits the capacity of complementary moieties to bind, due
to the weakening of the hydrogen bonds at these high temperatures.

The recognition of a complementary pair of liposomes based on lecithin and
containing amphiphilic derivatives of barbituric acid, 4, and triaminopyrimidine,
5, respectively up to 10% molar ratio was thoroughly investigated by Lehn’s
group (Marchi-Artzner et al., 1997, 2001). In the first preliminary experiments
(Marchi-Artzner et al., 1997), it was established that the complementary liposomes
aggregate and fuse generating larger aggregates by employing freeze-fracture
electron microscopy.

Recently the same complementary pair was employed and the consequence
of the recognition features on aggregation, adhesion and fusion were extensively
investigated (Marchi-Artzner et al., 1997) identifying the physicochemical para-
meters that participate in these processes. The main conclusions of this study are
summarized in the following. (a) Rapid aggregation (in less than 30 s) occurs
between the complementary liposomes, followed by lipid exchange (within 30 min
after mixing). The lipid exchange, which takes place when the membranes are in
contact, results either in fusion or, if fusion does not occur, to a redispersion of
the liposomes within 17 hours. (b) The aggregation can be weakened by decreas-
ing the ionic strength, through the addition of a soluble barbituric competitor or
by decreasing the concentration of the recognizable amphiphiles. The effect of
ionic strength underlines the basic role of electrostatic interaction in the initial
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aggregation step. In addition the effect of the concentration of the recognizable
amphiphiles supports the view that the recognizable system stabilizes the adhesion
state. (c) The fusion process as observed by electron microscopy remained at a
low level not resulting in an intermixing of the aqueous pools of the liposomes in
significant proportion. (d) The size of the liposomes affects crucially the recogni-
tion phenomena. Thus aggregation was not observed when giant liposomes were
employed. A rapid adhesion however occurs between complementary large and
giant unilamellar liposomes.

Cholesterol, which is a basic constituent of cell membranes, affects their prop-
erties (Cooper, 1997) and therefore experiments with liposomes incorporating
cholesterol may simulate its function in cell membranes and recognition. For this
reason a pair of liposomes was prepared (Sideratou et al., 2000) from PC and
various amounts of cholesterol. These liposomes also incorporate di-n-hexadecyl
hydrogen phosphate, 6, and 1-(4-(dihexadecylcarbamoyl)butyl)guanidinium p-
toluenesulfonate, 7, as recognizable molecules, the guanidinium and phosphate
groups of which interact strongly due to combined action of electrostatic forces and
hydrogen bonding. The initially prepared small complementary liposomes, which
were not possible to be observed by optical microscopy, became visible following
their mixing and subsequent interaction. The initially formed aggregates, due to
available reactive moieties further interact leading to even larger aggregates, which
in certain cases encapsulate smaller liposomes as shown in Figure 5. The latter
structures exhibit a kind of primitive compartmentalization reminiscent to that of
biological cells.

Furthermore it was established that cholesterol incorporated in these liposomes
significantly enhances their molecular recognition effectiveness. The molecular
recognition enhancement, observed at cholesterol concentration levels of 10%–
50% molar with respect to PC, can be attributed to the structural features of
lipid-cholesterol bilayers. Membrane structure, at these levels of cholesterol con-
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Figure 5. Phase-contrast optical microscopy images after mixing phosphatidylcholine-cholesterol
based liposomes bearing the complementary guanidinium and phosphate moieties (Taken from
Sideratou et al., 2000).

centration, contributes to a favourable exposure of the complementary groups of
the lipids and the interaction is thus more efficient. As discussed (Sideratou et
al., 2000) this is in agreement with the effect of cholesterol upon the molecular
order of the lipid bilayer membrane according to a widely accepted phase diagram
(Ipsen et al., 1987; Thewalt and Bloom, 1992; Vist and Davis, 1990; Trandum
et al., 2000). According to this diagram, at the temperatures employed and with
cholesterol in amounts higher than 25% molar concentration, the so-called liquid-
ordered phase is obtained. The bilayer is in a fluid form from the point of view of
lateral disorder and diffusion and therefore it affects the mobility of membrane-
incorporated compounds. Since the incorporated recognizable lipids are at low
concentrations (1:19 molar ratio), their presence do not appreciably perturb the
molecular order of the PC-cholesterol bilayer and therefore the interacting moieties
would most likely encounter the previously described organized environment. It is
thus possible to tune the recognition efficiency of liposomes by changing the incor-
porated amounts of cholesterol in the liposomal bilayer. Based on these findings,
model liposomal systems may be produced for exploring the role of cholesterol in
molecular recognition in cell membranes.

The inhibitory role of the polyethylene glycol (PEG) coating on molecu-
lar recognition was assessed by employing complementary liposomes based on
PC and cholesterol (Pantos et al., 2002). These liposomes contained as recog-
nizable lipids either octadecylguanidine hydrochloride, 8, or N-[3-(N,N dioct-
adecylamino)propyl] guanidine hydrochloride, 9, and di-n-hexadecyl hydrogen
phosphate, 6, respectively. PEG (molecular weight 5000) coating at the interface
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of liposomes was introduced by incorporating varying amounts of PEGylated cho-
lesterol, 10. This derivative was anchored inside the membrane by its cholesteryl
moiety. Segments of the interacting complementary particles are shown in Figure 6.

The interaction effectiveness between liposomes with the above mentioned re-
cognizable pair of lipids was assessed by turbidimetry. A number of PEGylated
cholesterol concentrations were tested in order to determine the optimum con-
centration at which both the interaction ability and the protection of liposomes
is secured. As shown by turbidimetry (Figure 7), interaction between liposomes is
significant at a 5% molar incorporation of PEGylated cholesterol, i.e., at a concen-
tration in which effective protection is achieved in biological systems. Furthermore
analogous results were obtained when 8 was replaced by 9, i.e. a double chain
amphiphile with the recognizable group attached through a spacer at the end of the
lipophilic moiety. The interaction between liposomes incorporating 9 is rather more
effective compared to liposomes incorporating 8. Larger aggregates were obtained
resulting in more turbid dispersions. This may be due to a better arrangement of
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Figure 6. Schematic representation of molecular recognition between phosphatidyl-
choline-cholesterol based liposomes protected with PEG and bearing the complementary
guanidinium and phosphate moieties respectively.

the double-chain amphiphile within the bilayer coupled with the presence of the
spacer, which makes the recognizable group to protrude from the external surface
of the bilayer. The same enhanced recognition was also observed for liposomes
incorporating PEGylated cholesterol and 9 (Figure 7). In this case even with a
15% molar content of PEGylated cholesterol, interaction was effective while for
liposomes containing 8 (Figure 7), 15% PEGylated derivative almost completely
suppressed liposomes ability for interaction. Analogous results were also obtained
microscopically since interactions occurred spontaneously and large aggregates
were formed. These particles interact further giving rise to even larger aggregates,
which in certain cases encapsulate smaller aggregates; in this manner compart-
mentalization is observed for the large aggregates. Association of the liposomes
via the guanidinium-phosphate pair did not lead to disruption. As deduced from
weak calcein fluorescence, self-quenching occurs since calcein remains entrapped
at high concentrations in the interior of the liposomes (Komatsu and Okada, 1997;
Osanai and Nakamura, 2000). Thus at these concentrations of the recognizable
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Figure 7. Turbidity change during interaction experiments between PC-CHOL-DHP and
PC-CHOL-ODG (A) or PC-CHOL-DODG (B) liposomes. Both liposome dispersions incorporate
PEGylated cholesterol at various concentrations. X axis represents the percent concentration of
liposomes based on DHP in the aqueous dispersion: (�) 0%, (O) 1%, (�) 5%, (�) 8%, (�) 15%
PEG-Cholesterol (Taken from Pantos et al., 2002).

and protective functional moieties, a liposomal system was prepared that exhibited
significant stability together with targeting.

4. Liposome-Cell Interactions through Complementary Moieties Located at
their External Surface

In order to closer simulate the behaviour of biological cells, liposome-cell and cell-
cell systems were studied, in the bilayer of which recognizable synthetic molecules
were incorporated. The framework for these interactions (Lee et al., 1992) has
been set by employing two mammalian cell lines, i.e. CV1 and J774. It was finally
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concluded that the rate of liposome uptake is not only controlled by the negative
charge on the liposome surface but also by the specificity of the head group of the
lipid.

On analogous manner the lipopeptide RGD-C4A2, 11, was anchored with
its lipophilic moieties in phospatidylcholine liposomes prepared by the well-
established film method (New, 1990). These surface modified liposomes were
found to bind to the membrane of NIH3H3l cells by intermolecular interactions
(Yagi et al., 1999).

In this context, the last example although it involves relevant processes to the
ones between liposomes it however refers to cell-cell interaction. The surfaces of
these cells became recognizable through the incorporation of appropriate synthetic
amphiphiles in their bilayer by incubation. In this case the aggregation of the cells
was achieved by functionalized poly(ethyleneoxides), 12 (PEGs) (Meier, 2000)
bearing at one end a hydrophobic cholesteryl group and at the other end a hydro-
philic biotin group. These PEGs were anchored in the membrane of SubT1 cells
(a human CD4 expressing T-lymphoblastoil cell line) via their cholesteryl group.
The length of the PEG chain must be such as to protrude the glycocalyx of the cell
in order to be accessible for interaction with the streptavidin added in the medium.
Thus the molecular weight of PEG spacer chain was varied between 2000 and
35000 g mol−1, i.e., its root-mean-square end-to-end distance being approximately
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6 to 20 nm. It is interesting to note that this aggregation is reversed by the addition
in the cell dispersion a large excess of free biotin. It is therefore reasonable to
assume that the biotinylated polymer has a significantly lower binding affinity
for streptavidin compared to free biotin. As claimed streptavidin aggregation is
not only shared by lymphoblastoid cells but it can also occur with hepatocytes or
bacteria.

5. Concluding Remarks and Future Prospects

The incorporation in the liposomal bilayer membrane of amphiphiles bearing polar
groups, which are capable of forming hydrogen bond(s), induces their interac-
tion with complementary molecules or liposomes. The supramolecular aggregates
obtained usually exhibit more elaborated structures compared to their interacting
counterparts. Complementarity of the functional groups and a favorable interplay
(Yagi et al., 1999) of entropic and enthalpic effects are the driving forces for the
formation of these aggregational-based biomaterials, which in certain cases exhibit
multi-compartmental properties. Although the building of tissue-like materials is
an ultimate goal of this research only the first steps towards this end have been
done; intensification of the effort together with the design of ingenious experi-
ments are required for accomplishing this goal. In addition, such studies contribute
to further establishing the ‘Lipid World’ scenario (Segré et al., 2001; Ourisson
and Nakatani, 1996; Lyubarev and Kurganov, 1997; Norris and Raine, 1998) pro-
posed as an early evolutionary step in the emergence of cell life on earth. Lastly
these investigations substantially contribute in tackling current research problems
associated with liposomal drug delivery.
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