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Abstract 
 
 
 We study in this work the interaction of some amphiphilic molecules of natural origin with 

membranes. Two groups of amphiphiles (saponins and lipopeptides) have been selected because they 

showed interesting activities towards cancer cells and are known to interact with lipid membranes.  

 Saponins possess a hydrophilic sugar moiety and a hydrophobic triterpenoid or steroid ring 

structure. They are mainly extracted from plants but can also be found in holotorians and star fish and 

would constitute defensive molecules. We investigated the membrane interactions of α-hederin, a 

monodesmosidic pentacyclic triterpenoid saponin, as a representative member of saponins because it has 

shown some selectivity towards cancer cells (Swamy and Huat, 2003). We also investigated the effects of 

its aglycone hederagenin, a triterpenic acid, to point out the importance of the sugar chain.  

 Lipopeptides are composed of a polar polypeptide ring and an apolar acyl chain. They are 

produced mainly by prokaryotes of the Bacillus species. We investigated the effect of surfactin since it has 

a strong amphiphilic character, is known to induce membrane lysis and to be active on cancer cells.       

  

 Membrane interactions of amphiphiles were investigated by several membrane models and 

complementary techniques. Large unilamellar (LUV) and multilamellar vesicles (MLV) were used to obtain 

quantifiable results of the effects induced with regard to the amphiphile/lipid ratio and incubation time. 

They were used to study binding (ANS affinity), permeabilization (calcein release), membrane order 

(Laurdan fluorescence), phase separation (Laurdan fluorescence and Förster resonance energy transfer) 

and formation of new lipid mesophases (31P-NMR, dynamic light scattering). To visualize the effects on a 

microscopic scale, giant unilamellar vesicles (GUV) were investigated by fluorescence/confocal 

microscopy. Supported planar bilayers (SPB) were analyzed by atomic force microscopy (AFM) to give 

information about the effects at a nanoscopic scale. In parallel to the use of membrane models, we also 

investigated apoptosis and non-apoptotic cell death on cells derived from monocytic leukemiae. 

  

 α-hederin was able to interact with sterols in aqueous solution and to form mixed aggregates. In 

LUV, when no cholesterol was present in the membrane, the molecule inhibited phase separation most 

probably by a linactant effect. In the presence of cholesterol, α-hederin induced membrane 

permeabilization and an increase of phospholipid mobility. This was associated with the formation of a 

non-bilayer mesophase as confirmed by AFM on SPB, and local separation of phospholipids and sterols. 

In GUV, the effect depended on the critical micellar concentration of the saponin. In its monomeric form, 

the molecule induced mainly budding, the formation of worm shaped domains and a gradual 

permeabilization. Above the CMC (critical micellar concentration), budding and domain formation were 

less important but we observed the appearance of macroscopic pores and instantaneous permeabilization. 

The presence of a sugar chain at C3 on the triterpenoid ring structure was important for domain formation 

and rapid permeabilization. We confirmed on cancer cells the cholesterol dependence of cytotoxicity. α-
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hederin and hederagenin induced apoptosis and non-apoptotic cell death most probably by formation of 

membrane defects or induction of the extrinsic apoptotic pathway and activity on lipid rafts.  

 Surfactin activity was also CMC dependent. In SPB and LUV, at concentrations below its CMC, 

the molecule inserted at the boundary between gel and fluid lipid domains, inhibited phase separation and 

stiffened the bilayer. It also induced transient defects and permeabilization of LUV without global 

morphological changes. At concentrations close to the CMC, surfactin solubilized the fluid phospholipid 

phase and increased order in the remaining lipid bilayer. At higher concentrations, all bilayer structures 

were dissolved and transformed most probably into micelles. 

  

 On the basis of these results, we develop a new interaction mechanism for α-hederin and 

hederagenin with lipid membranes which may be applied to other saponins and triterpenic acids as well. 

We also compare the effects of surfactin, α-hederin and hederagenin on membrane models and discuss 

possible consequences regarding their effect on cancer cells. Finally, we give some short term 

perspectives about ongoing and future experiments and explore long term perspectives about the 

possibility of further pharmacological use of the molecules we used in this work. 
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List of abbreviations 
 
ANS 6-Anilinonaphthalene 
AFM Atomic force microscopy 
ATG5, 7 Autophagy protein 5, 7 
BAM Brewster angle microscopy 
CMC Critical micellar concentration 
Cryo-TEM Cryogenic transmission electron microscopy 
DHE Dehydroergosterol 
DLS Dynamic light scattering 
DMAPP Dimethylallylpyrophosphate 
DMPC Dimyristoylphosphatidylcholine 
DOPC Dioleoylphosphatidylcholine 
DOPE Dioleoylphosphatidylethanolamine 
DPH Diphenylhexatriene 
DPH-PC Diphenylhexatriene-Phosphatidylcholine 
DPPC Dipalmitoylphosphatidylcholine 
EM Electron microscopy 
EPR Electron paramagnetic resonance 
FPP Farnesylpyrophosphate 
FRAP Fluorescence recovery after photobleaching 
FRET Förster resonance energy transfert 
GFP-LC3 Green fluorescent protein-LC3  
GM1 Oligosaccharide composed of 5 sugars 
GPI Glycophosphatidylinositol 
GPL Glycerophospholipids 
GPP Geranylpyrophosphate 
GSL Glycosphingolipids 
GUV Giant unilamellar vesicles 
HPLC High performance liquid chromatography 
IPP Isopentenylpyrophosphate 
ISCOMS® Immunostimulating complex (nanoparticles) 
Laurdan 6-Dodecanoyl-2-dimethyl-aminonaphthalene 
LC3 wild-type human microtubule-associated protein 1 light chain 3; I= cytosolic form; II=membrane bound form 
LDH Lactate deshydrogenase 
LUV Large unilamellar vesicles 
MEP Methylerythritol phosphate pathway 
MLV Multilamellar vesicles 
MMP Matrix metalloproteinase 
MOMP Mitochondrial outer membrane permeabilization 
MPT Mitochondrial permeability transition 
MVA Mevalonate pathway 
NMR Nuclear magnetic resonance 
OMM Outer mitochondrial membrane 
PC Phosphatidylcholine 
POPC Phosphatidyl-oleoyl-phosphatidylcholine 
POPG Phosphatidyl-oleoyl-phosphatidylglycerol 
Quil-A Saponin extract of Quillaja saponaria Molina. 
QSAR Quantitative structure activity relationship 
RIP1, 2 Receptor interacting protein 1, 2  
ROS Reactive oxygen species 
SAR Structure activity relationship 
SM Sphingomyelin 
SPB Supported planar bilayers 
SUV Small unilamellar vesicles 
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TEM Transmission electron microscopy 
Th1, Th2 T-helper cell 1, 2 
TM Transmembrane proteins 
TMA-DPH Trimethylamino-DPH 
 

Lipid phases  
 
Lα,Ld Liquid crystalline/Liquid disordered phase 
Lβ,So,G Gel/solid ordered phase 
Lo Liquid ordered phase  
Pβ Rippled phase 
H Hexagonal phase (followed by I = normal phase, II = inverse or reverse phase) 
Q, C Cubic phase (followed by I = normal phase, II = inverse or reverse phase) 
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 The word “Amphiphile” has its origine in the greek words “αµφις” or “amphis”, which 

means “double” and “ϕιλία” or “philia”, meaning “love” or “affinity”. Chemically, it describes a 

molecule that possesses an amphiphilic character and is composed of both a lipophilic and a 

hydrophilic part. This amphiphilic character contributes to many interesting physical and 

chemical properties. Amphiphilic compounds adsorb at interfaces between phases of different 

polarity and are able to self-aggregate or aggregate with other types of molecules. Self-

aggregation of amphiphiles can lead to the formation of a new phase, called mesophase (because 

it possesses intermediate properties between a solid and a liquid phase). It is often described as 

fluid-like or “soft” (Israelachvili, 2011). Fluid-like structures are very common in nature and 

famous examples are lipid membranes. They are composed of self-aggregated phospholipids 

which form a lamellar mesophase. Because of their amphiphilic nature, membranes are very 

susceptible to interact with other amphiphiles in the surrounding solution and thought models, 

illustrating the different types of interactions, have been put forward (Dennis, 1986;Lichtenberg 

et al., 1983;Bechinger and Lohner, 2006). Especially, the effect of detergents on membranes has 

drawn much attention because of their capacity to isolate membrane proteins or lipid “rafts” 

(Kragh-Hansen et al., 1998;London, 2005).  

  

 The effects of amphiphiles on membranes are various and include permeabilization, phase 

changes, induction or disruption of phase separation, changes in membrane dynamics and more. 

They depend on the nature of the amphiphile, its concentration, the environment and last but not 

least, the membrane type. Amphiphiles, displaying a certain level of specificity against a special 

type of membrane are very interesting compounds and ideal candidates for the development of 

new membrane active drugs. Compounds which act only on the membranes of pathogens and 

leaving the host cells unchanged would present important antimicrobial potency (Lohner, 2009). 

Molecules acting selectively on cancer cells or a special type of organelles could provide new 

pharmacophores for chemotherapy (Riedl et al., 2011). Amphiphiles which act specifically on 

functional lateral domains (called lipid “rafts”) (Figure 1) could activate membrane receptors in 

an unspecific way, without acting directly on the protein but rather on the lipid environment.  
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FIGURE 1 

Lo-phase L
α
-phase

 

Lipid rafts in biological membranes and the cholesterol enriched 
associated lamellar organized phase (Lo) and the lamellar crystalline 

phase (Lα). (Lingwood and Simons, 2010) 
 

  

Two interesting groups of naturally occurring amphiphiles, which have shown some selectivity 

towards certain types of membranes are saponins and lipopeptides (Shai et al., 2006;Francis et al., 

2002). The aim of this study is to investigate the membrane activity of a representative member 

of each group: α-hederin, a triterpenoid saponin and surfactin, a cyclic lipopeptide (Figure 2). 

Both molecules have shown a certain selectivity towards cancer cells and were able to induce 

membrane lysis and apoptosis (Gauthier et al., 2009;Swamy and Huat, 2003;Cao et al., 

2011;Heerklotz and Seelig, 2007). Surfactin has, in addition, antibacterial properties (Carrillo et 

al., 2003). We will analyze several aspects of their membrane activity towards different 

membrane models. For α-hederin, we will also investigate the activity of its natural precursor, the 

triterpenic acid hederagenin (Figure 2), lacking the sugar chain of the saponin and investigate the 

activity of both compounds against cancer cells in vitro and establish a model which will explain 

the activity of α-hederin against biological membranes.                      
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  The thesis will be divided into 4 main parts. In the first part, we will introduce notions 

about physico-chemical properties of amphiphiles, lipid membranes and interactions of 

amphiphiles with membranes. We will then review what is known in literature about interactions 

of saponins with different membrane models and cell membranes and their biological 

consequences. We will also present shortly the molecules whose effects have been analyzed in 

this thesis: α-hederin, its precursors and surfactin. The second part regroups all results obtained 

regarding membrane interactions and activities on cancer cells for all compounds. In the third 

part, we will inteprete these results and develop a mechanism for membrane interaction for each 

compound. We will also discuss influences of the membrane model and the molecular structure 

on their activity, the effects on cancer cells and highlight the differences and similarities between 

surfactin, α-hederin and hederagenin membrane interactions. In the last part we will give some 

short term perspectives about future and ongoing experiments. We also explore long term 

perspectives about the possibility of further pharmacological use of the analyzed substances and 

general lessons which can be taken from this study about further investigations of amphiphiles. 

 

FIGURE 2 

 

The amphiphilic structures of surfactin, α-hederin and hederagenin 
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2.1. Physico-chemical properties of amphiphiles 

 
 To understand the activities of amphiphiles on membranes, we first have to describe their 

physico-chemical properties. Amphiphilic molecules, due to their hydrophilic and lipophilic 

properties adsorb at interfaces of two immiscible phases of different polarity (Rosen, 1978) and 

thereby reduce the interfacial energy (or interfacial tension) of both phases (Mehta et al., 2010). 

The interfacial energy (or tension) is the free energy change which arises from increasing the 

separating surface by unit area. Mathematically it is expressed in the Dupré equation,   

122112 W−+= γγγ  (Equation 1) 

whereby γ1 and γ2 are the changes in surface tension (or energy) of media 1 and 2 when both 

surfaces have been increased by unit area and W12 is the adhesion energy between both surfaces. 

The adhesion energy is the free energy change (or work) when separating two surfaces from 

contact to infinity in vacuum (Israelachvili, 2011).  

The miscibility of two phases depends on the interfacial energy. By reducing the interfacial 

energy, we increase the miscibility of both phases. Because of this ability, amphiphiles facilitate 

the formation of foams (liquid-gaseous), emulsions (liquid-liquid) and suspensions (solid-liquid).       

 

2.1.1. Amphiphiles at the air-water interface 

 

 The most commonly studied interface is the air-water interface (or water surface). 

Amphiphiles adsorb at the air-water interface with their hydrophilic part pointing to the water 

side and the hydrophobic part pointing to the air side. This behaviour will lead to a reduction of 

surface energy, defined as energy necessary to increase the surface by unit area (J/m²) or surface 

tension (γ), defined as force per unit length (mN/m or dyn/cm). The reduction of surface tension 

at the air-water interface is mainly due to the rupture of hydrogen bonds between water molecules.  

If amphiphiles are not soluble in water, they will only occupy the air-water interface. This surface 

can be compared to a two-dimensional reservoir and maybe considered as analogue to a three-

dimensional gaz reservoir. It can be described by the two-dimensional Van der Waals equation of 

state:                                 kTbAAa =−+Π ))(/( 2
 (Equation 2) 
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Π  is called the surface pressure of a monolayer and has the same units than the surface tension γ 

of a liquid, but in contrary is not constant. It is also the difference between the surface tension of 

the air water surface (γ0) without and with amphiphiles adsorbed (γa ) (Π=γ0-γa). A is the area 

occupied by the amphiphiles, k is the Boltzmann constant and T the absolute temperature. a and b 

are constants and depend on the amphiphiles (Pallas and Pethica, 1985;Pallas and Pethica, 1987). 

Similar to a three-dimensional system (gaz), the formula allows us to elaborate a phase diagram 

of the non-soluble monolayer (Figure 3). We will observe a gaseous state at small amphiphile 

density (or a high surface area). By increasing the density, we will pass trough a liquid expanded 

(LE), a liquid compressed or ordered (LC) and a solid state. In several systems, it is possible to 

observe coexistence of different phases (Knobler and Desai, 1992;Lösche, 1983).  

If the amphiphiles are soluble in the solution, they will be submitted to an equilibrium between 

monomers in the solution and molecules at the air-water interface without changing the surface 

pressure (Figure 4) (Chang and Franses, 1995;Israelachvili, 2011;Vollhardt and Fainerman, 2006).  

 
FIGURE 3 
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Diagram of surface pressure versus area isotherm 

 

2.1.2. Self-aggregation of amphiphiles  

 

 Self-aggregation is one of the most striking properties of amphiphiles. As an example, 

detergent activity is based on the property to form micelles and mixed micelles in aqueous 

solution and the formation of bilayers depends on self-aggregation of phospholipids. To 
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understand the interaction between amphiphiles and bilayers, we have to understand why and 

how amphiphilic molecules are able to aggregate. 

 Self-aggregation of amphiphiles leads to the formation of special aggregates and in many 

cases to the formation of mesophases. Mesophases or “fluid-like” structures are structures which 

possess intermediate properties between solid and liquid phases. This is simply due to weak 

intermolecular binding forces between amphiphiles in aggregates which are mostly Van der 

Waals, hydrophobic, hydrogen bonding and screened electrostatic interactions (Israelachvili, 

2011;Israelachvili, 1976;Israelachvili et al., 1977). 

 In terms of solubility, there exist two types of aggregates. Soluble aggregates have finite 

sizes (mostly in the nm range) and insoluble aggregates are of infinite size and become visible. 

Here, the shape of the amphiphile plays an important role (see 2.1.2.3.). Spherical micelles have a 

finite size (or aggregation number N) and can be considered as soluble (Israelachvili, 2011).  

 Formation of these aggregates depends on the concentration of the amphiphile in the 

solution. When it increases above the critical micellar concentration (CMC), monomers will 

begin to self-aggregate (Figure 4 and Figure 5) and an equilibrium between monomeric 

amphiphiles and aggregates appears.  

 Other common mesophases are the hexagonal (HI), the hexagonal inverted (HII), normal 

cubic (QI), inverted cubic (QII), or lamellar phases. Besides these “classical” arrangements there 

exist many other types of aggregates (see 2.1.2.3.) (Israelachvili, 2011).  

 

FIGURE 4 

water

air
(A) Adsorption on the water-air interface

(C) Formation of aggregates (micelles)

(B) Monomers in solution

 
Behaviour of amphiphiles at interfaces (A), 

in aqueous solution as monomers (B) and aggregates (C) 
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2.1.2.1.Thermodynamics of self-aggregation 

 To understand the nature of the self-aggregation process in a solution, we have to 

understand the thermodynamics of the process. Because entropy would lead the system to the 

formation of many small aggregates or monomers, the interactions between amphiphiles 

counteract this process. The pioneering work regarding thermodynamics of self-aggregation has 

been done by Israelacchvili and coworkers. They studied conditions for aggregate formation, the 

solubility of the aggregate and its CMC.  

 

2.1.2.1.1. Conditions for the aggregate formation 

 When molecules form aggregates in solution, the chemical potential of all identical 

molecules in different aggregates has to be equal. It can be expressed as: 








+=
N

X

N

kT
µµ N

N log0
= constant (Equation 3) 

FIGURE 5 

 

Formation of aggregates (micelles) above the critical micellar concentration 
(CMC) with increasing concentration of surfactant monomers (X1). 

XN represents the molar fraction of surfactant molecules in aggregates. N is 
the aggregation number (Ruckenstein and Bhakta, 1994). 
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N is the number of molecules in an aggregate (the aggregation number), µ the chemical potential, 

0
Nµ  the mean chemical potential (mean interaction free energy per molecule) of an aggregate of 

aggregation number N, k is the Boltzmann constant, T the temperature and XN is the activity 

(expressed in volume fraction or mole fraction) of molecules in aggregates of N  molecules 

(Israelachvili, 2011). 

 We can also formulate that the mole or volume fraction of an aggregate of aggregation 

number N, XN is equal to : 

N
NN kTµµXNX ]}/)exp[(.{ 00

11 −=  (Equation 4) 

In this equation, X1 is the mole fraction of the monomer in solution and 0
1µ  the chemical potential 

of the monomer. All other parameters have been presented in equation 3. 

 The condition required to form an aggregate of aggregation number N is 0
Nµ  < 0

1µ . In 

other terms, the free energy of the amphiphiles in the aggregate composed of N amphiphiles has 

to be smaller than that of the monomer.  

 

2.1.2.1.2. Solubility of aggregates (finite vs. infinite size) and mean aggregation 

number (M)  

 The question of aggregate solubility depends very much on the shape of the aggregate.  

If we consider that αkT is the binding energy in the aggregate relative to the isolated monomers, 

we can express 0Nµ  as :  

pN
N

kT
µµ

α+= ∞
00

 (Equation 5) 

α is a positive constant depending on importance of amphiphile interaction, p describes the shape 

or dimensionality of the aggregate (p=1 for rod-like aggregates (one-dimensional), p=1/2 for 

discs (two-dimensional) an p=1/3 for spheres (three-dimensional)). 0
∞µ  is the mean chemical 

potential for an aggregate of infinite size.  

 For rod-like (chain like) or cylinder-like aggregates (p=1), the mean aggregation number 

M depends strongly on the concentration of the amphiphile and very polydisperse aggregates of 

different sizes can be observed.   
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 For disc or spheres p < 1 an aggregate of infinite size appears when 0
Nµ  decreases upon 

the aggregation number. In these conditions, we will observe a macroscopic phase separation. 

Hence, for most amphiphiles, 0Nµ  reaches a minimum value at a mean aggregation value M and 

therefore spherical aggregates like micelles have monodisperse Gaussian distribution around the 

mean aggregation number (M) and are of finite size (Israelachvili, 1976).     

 

2.1.2.1.3. The critical micellar concentration (CMC) 

 The concentration which is needed for aggregate formation (CMC) can be expressed in 

the following manner. 

By combining equation 4 and 5, we can find that  

[ ]N

N eXNX α
1=  (Equation 6) 

Since XN can never exceed unity (it is a molar or volume ratio), X1 will never exceed 1/exp[(0
1µ -

0
Nµ )/kT] (equation 4) or exp[-( 0

1µ - 0
Nµ )/kT]. Similarly in equation 6, X1 can never exceed e-α. 

This concentration is the maximum concentration a monomer can reach and is equal to the 

critical micellar concentration (CMC) (Israelachvili, 2011;Israelachvili et al., 1977;Israelachvili, 

1976) and we can write :  α−= eCMC  

 

2.1.2.2.Equilibrium between monomeric amphiphiles and aggregates 

 Amphiphiles in micelles (or other types of aggregates or mesophases) can be considered 

to be in a permanent equilibrium with their corresponding monomers in the bulk solution. This 

exchange of molecules can be characterized by the law of mass action and the constants of 

dissociation (kD) and association (kA) of the micelle.  

               kA  
N x monomer         micelleN 

               kD 

[ ]
[ ] ]/)(exp[ 0

1
0 kTµµN

monomer

micelle

k

k
K NN

D

A −−===   (Equation 7) 

 
We can deduce the mean lifetime (or residence time) (τR) of a molecule in an aggregate according 

to its CMC.  
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CMCe kTE
R /55/ 0

/
0 τττ ≈= ∆−

 (Equation 8) 

0τ  is the typical motional correlation time in an amphiphilic aggregate and is in the range of 10-9-

10-7 s. ∆E is the activation energy which has to be surmounted by an amphiphile to leave the 

aggregate.  

 The CMC (Figure 5) determines therefore the mean lifetime of an amphiphilic molecule 

in its micelle or mesophase. For bilayer forming amphiphiles, the CMC is smaller (10-6-10-10 M) 

than for micelle forming amphiphiles (10-2-10-5 M) and residence time is therefore higher in 

bilayers (104s) than in micelles (10-4s) (Israelachvili, 2011). 

 

2.1.2.3.The molecular shape of amphiphiles and their polymorphic phase behaviour 

 The resulting form of the aggregate (or mesophase) depends on the molecular shape of the 

amphiphile, its molecular self-interaction and the environment (Israelachvili, 2011). Several 

attempts have been made to predict the resulting form of the aggregate by the molecular 

amphiphilic shape (Marsh, 1996;Kumar, 1991;Israelachvili, 1976). For amphiphiles composed of 

a lipophilic hydrocarbon chain and a hydrophilic head, Israelachvili et al. defined a molecular 

packing parameter (Figure 6)  

S = V /a0.lc  (Equation 9), 
 
where V is the hydrocarbon or lipophilic chain volume, lc is the critical chain length (corresponds 

to the fully extended hydrocarbon chain) and a0 is the optimal headgroup area (corresponding to 

the area when repulsion and interfacial tension or hydrophobic attraction at the hydrophobic-

hydrophilic interface are at equilibrium) (Figure 6,A) (Israelachvili, 1976). This packing 

parameter is proportional to the Hydrophile-Lipophile Balance (HLB), which designates if 

amphiphiles form oil in water micelles (O/W, normal) or water in oil micelles (W/O, inverse) in a 

water-oil-amphiphile mixture (Becher, 1983). According to the self-assembling theory, we 

consider that amphiphiles presenting a packing parameter smaller than unity possess a cone-

shape. In other words, the base of the cone corresponds to a0.  

 The packing parameter depends on the charge and the size of the headgroup, the volume 

of the hydrocarbon chain, the pH, the ionic force and the temperature of the solution (Figure 6,A). 

It is therefore not astonishing that the same amphiphile can aggregate into different structures in 

function of the environment. This special character is called polymorphism of amphiphiles. For 
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example, an anionic amphiphile will rather aggregate into micelles at high pH, because the size of 

its headgroup (and therefore a0) increases when ionized. Amphiphiles with packing parameters 

smaller than one form normal structures in water (Figure 6,B). This means they point their 

hydrophilic head to the external aqueous phase. Inverse aggregates points their hydrophobic 

queue to the outside.  

 The concept of the packing parameter can only be applied to amphiphiles composed of a 

hydrophobic acyl chain and a hydrophilic head such as phospholipids. For other amphiphilic 

structures like peptides or lipopeptides, interactions become much more complex because the 

ternary structure (three dimensional shape) of the peptides is influenced by intrinsic interactions 

between aminoacids.  

 The polymorphism of amphiphiles can lead to the formation of numerous different 

structures of different dimensionality. Rod or cylinder-like structures (one-dimensional), disc-like 

(or lamellar) structures (two-dimensional) and three-dimensional structures. We summarize there 

under the most common phases observed.  

 

 

FIGURE 6 
(A)                                                                         (B) 

 
(A) Effect of various factors influencing the molecular packing parameter and the 

resulting molecular shape of the amphiphilic aggregate 
(B) Different phases formed by amphiphiles in function of their molecular packing 

parameter or hydrophilic-lipophilic balance. 
(Israelachvili, 2011) 
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2.1.2.3.1. Micellar phases 

 We can observe the formation of inverse or normal micelles (Figure 6,B). Micellar phases 

are optically isotropic. Normal micelles are favored by cone-shaped and inverse micelles by 

inverse cone-shaped amphiphiles. Micelles can be spherical or present other forms and are 

characterized by a small residence time of amphiphiles (10-2-10-5 s) (Israelachvili, 1976). This 

small residence time makes them “dynamic” structures. The packing parameter of amphiphiles 

forming spherical micelles has to be smaller than 1/3 (Figure 6,B). 

 

2.1.2.3.2. Lamellar phases or bilayers 

 Association of amphiphiles with cylindrical shape leads to the formation of lamellar 

phases or bilayers. There exist several states of lamellar phases. This issue will be discussed in 

the chapter regarding membrane dynamics. The diffusion of amphiphiles between monolayers 

(flip-flop) is often in the same range than the residence time of a bilayer (see 2.1.2.2.) 

(Israelachvili, 2011). Bilayer forming amphiphiles present a packing parameter close to unity 

(Figure 6,B).  

 

2.1.2.3.3. Hexagonal phases 

 Hexagonal phases are characterized by long tubular associations of amphiphiles (Figure 

7). The normal hexagonal phase is called HI phase and the inverse phase HII (Seddon, 1990). 

Transitions between lamellar and hexagonal phases are thought to play an important role in 

membrane permeabilization (Lα � HI transitions) and membrane fusion (Lα� HII transitions) 

(Seddon, 1990;Hallock et al., 2003). A lot of amphiphilic peptides or proteins are known to 

promote the HII state when they interact with membrane lipids (Haney et al., 2010). Lipid 

amphiphiles forming preferentially a hexagonal phase possess a packing parameter in the range 

of 1/3 till 1/2 (Figure 6,B).  

 

 

 



Introduction 

 
25 

 

 

2.1.2.3.4.  Cubic phases 

 Cubic phases can present different types of molecular three dimensional arrangements 

(Figure 7). They can be micellar or bicontinuous. If they are bicontinuous, they are characterized 

by a space group which defines its three-dimensional arrangements in a cube (for example Pn3m 

or In3m). They are optically isotropic. They can exist as normal (QI or C) or inverse phase (QII or 

CII). On a phase diagram, they most often exist between other phase transitions (for example 

between the hexagonal and lamellar state) (Figure 6,B) (Fontell, 1992;Siegel, 1986). They are 

favored in systems composed of more than one amphiphile. Cubic phases are thought to be 

intermediates when fusion promoting peptides act on membrane (Luzzati, 1997).  

 

FIGURE 7 

 
Polymorphism of amphiphiles 

Upper left: Inverse hexagonal phase (HII), upper right: micellar or normal cubic phase, lower left: 
bicontinuous cubic phase of type In3m; lower right: bicontinuous cubic phase of type Pn3m 
(Seddon, 1990) 
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2.2. Lipid membranes 

 
 From a cellular point of view, a membrane is the natural delimitation of a cell. It separates 

the cells’ interior from its exterior and confers therefore protection to the cell. It is also the site of 

exchange of the cell with its environment. In eukaryotic cells, membranes define also distinct 

compartments, the organelles.  

 To discover how different amphiphiles interact with membranes, we have to understand 

critical membrane properties. We have seen that membranes or bilayers are aggregates of 

amphiphilic cylinder shaped molecules. However, there exists a big difference between simple 

bilayer structures composed of some lipids and biological membranes. Biological membranes are 

composed of hundreds to thousands different lipid species and contain proteins (van Meer, 2005). 

Moreover, the complete membrane structure is supported by a cytoskeleton, which is very 

important to the shape of the cell. This complexity confers some interesting properties to the 

membrane.  

 

2.2.1. Different lipid species in cellular membranes 

 

 The variety of lipid species in a cell membrane is enormous. A typical biomembrane 

contains hundreds to thousand different species of lipids (van Meer, 2005). Three main classes of 

lipids exist: glycerophospholipids (or phospholipids), sphingolipids, cyclic (sterols) and linear 

isoprenoids. Glycolipids can be considered as a separate class (van Meer, 2005).  

 

2.2.1.1.Fatty acids 

 In membranes, free fatty acids are rare. They are mostly esterified. Generally, they 

possess 10 to 24 carbons and can have one or more insaturations. Their biosynthetic pathway 

includes the condensation of Acetyl CoA units. That’s why natural fatty acids possess only pair 

numbers of carbons. Dehydration leads to unsaturated fatty acids. In nature, unsaturated fatty 

acids contain only double bonds in the cis configuration. This cis configuration introduces a kink 

in the chain. Saturated fatty acids have the property that all carbon-carbon bonds (except the sp2 

bond of the carboxylic acid) can freely rotate. The chain is fully extended, when all the torsion 

angles are 180°. This preferred conformer is called trans or anti. The second most observed form 
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is the gauche conformer which has a torsion angle of 60°. Free rotation passes through these 

conformations. The nomenclature of fatty acids implicates most often trivial names. From 12 to 

18 carbons the names are: lauric, myristic, palmitic and stearic acid.  

 

2.2.1.2.Phospholipids or glycerophospholipids 

 The backbone of glycerophospholipids is its glycerol molecule. Two fatty acids (except 

cardiolipin which contains 4) are bound at the same side of the molecule through an ester linkage 

at C1 and C2. A phosphatidyl residue is bound to the C3 and points to the opposite side of the 

acyl chains (sn-configuration) (Figure 8,A). If the phospholipid possesses only one acyl chain, it 

is called lysophospholipid. Glycerophospholipids are the most common lipids in eukaryotic 

plasmic membranes (van Meer, 2005). Saturated phospholipids are enriched in lipid rafts and in 

the Lo phase (Figure 10). They have generally a high melting temperature (Tm). Unsaturated 

phospholipids do not participate in raft formation and have generally a low melting point. Most 

natural phospholipids possess one saturated and one unsaturated acyl chain. 

2.2.1.3.Sphingolipids 

 Sphingolipids are built of sphingosine, a long chain aminoalcohol bound to a fatty acid by 

an amide linkage (Figure 8,B). Most of them are sphingomyelins : sphingophospholipids with a 

phosphocholine or phosphoethanolamine headgroup. Their fatty acids are mostly saturated, 

which allows them to be closely packed together and to be enriched in lipid rafts (Figure 10).  
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2.2.1.4.Linear isoprenoids and sterols (terpenes) 

 Biosynthesis of linear isoprenoids, sterols and triterpenoids is based on the acetate-

mevalonate pathway (Figure 9, black panel). First, mevalonate is synthesized via the 

condensation of three acetyl-CoA units and further reduction of mevalonate-CoA by the enzyme 

hydroxymethylglutaryl-CoA reductase. Addition of two phosphates and decarboxylation leads to 

isopentenylpyrophosphate (IPP), a 5 carbon containing molecule. IPP is isomerized into 

dimethylallylpyrophosphate (DMAPP), a highly reactive molecule. Plants and some parasites 

have the ability to synthesize IPP and DMAPP by an alternative pathway, the 

methylerythritolphosphate pathway, in their plastids (Figure 9, green panel) (Lichtenthaler, 1999).  

Both pathways lead to the addition of IPP on DMAPP to form geranylpyrophosphate (GPP), 

which contains 10 carbons. Further addition of another IPP unit on GPP leads to 

farnesylpyrophosphate (FPP) and condensation of two FPP leads to the formation of squalene. Its 

FIGURE 8 
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cyclization via epoxysqualene leads to the formation of triterpenoids (30 carbons). The further 

loss of 3 carbon atoms leads to sterols which are composed of 4 rigid cycles and 27 carbons 

(Figure 8,C) (Nes, 2011;Tchen and Bloch, 1957).  

 Sterols are only present in eukaryotic cell membranes with exception of some bacterias 

which might have acquired synthetic capabilities by horizontal gene transfer from eucaryotes 

(Desmond and Gribaldo, 2009). Vertebrates contain mainly cholesterol, land plants stigmasterol, 

campesterol and sitosterol and fungi ergosterol. Some eucaryotes like insects have lost the ability 

to synthesize sterols. For detailed review about the presence of sterols in membranes of living 

cells, excellent papers have been published (Desmond and Gribaldo, 2009;Nes, 2011). Sterols 

influence to a large extent the properties of membranes and especially its dynamic and elastic 

properties (see 2.2.4.) and are a major component of lipid rafts (Figure 10).
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FIGURE 9 
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2.2.1.5.Glycolipids 

 They are composed of an oligosaccharide and a glycerophospholipid or sphingolipid. 

Ganglioside GM2 for example is composed of a sphingolipid and several sugar moieties. 

Gangliosides are part of lipid rafts (Figure 10). They can also have other functions. Rhamnolipids, 

glycolipids of Pseudomonas are important for quorum sensing and biofilm formation (Desai and 

Banat, 1997).  

 
 

2.2.2.  Main organization of biological membranes 

  
 The understanding of the composition and three-dimensional form of biological 

membranes was and is a challenging research. In the 20th and 21st century, several scientists 

developed membrane models describing the reality with accordance to their technical advances. 

 

2.2.2.1.A phospholipid bilayer with “floating” proteins 

 In 1925, Gorter and Grendel first proposed that erythrocytes would have a membrane in 

form of a bimolecular leaflet composed of lipids (Gorter and Grendel, 1925). On this basis, the 

Davson-Danielli model, which suggested that proteins cover the membrane surface, was 

established (Danielli and Davson, 1935). After numerous findings regarding mainly membrane 

proteins, the fluid mosaic model was evolved by Singer and Nicolson (Singer and Nicolson, 

1972). It assumes that globular proteins can diffuse (“float”) freely in a fluid-like phospholipid 

bilayer. Further studies revealed the existence of different degrees of protein diffusion 

(Ramadurai et al., 2009).  

 

2.2.2.2.Lateral heterogeneity of mammal membranes, membrane rafts 

 Already in the eighties, self-association of cholesterol in model membranes (Lentz et al., 

1980) and the presence of detergent resistant membranes (Brown and Rose, 1992) led to the 

assumption that some proteins reside in membrane domains with lower diffusibility. Simons and 

Ikonen postulated that these domains would form functional “rafts”, enriched with cholesterol 

and sphingolipids (Simons and Ikonen, 1997). Different studies have revealed that rafts have a 

size between 10-200 nm, a lifetime ranging in the subsecond scale and are enriched with 
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cholesterol, sphingolipids, glycosylated lipids and GPI-anchored proteins (Figure 10) (Jacobson 

et al., 2007;London, 2005;Lingwood and Simons, 2010). Rafts should be imagined as lateral 

nanoscaled domains existing in the subsecond range and which can fuse into a larger, more stable 

raft phase due to protein-lipid, protein-protein and lipid-lipid interactions (Lingwood et al., 

2008;Friedrichson and Kurzchalia, 1998).  

 By inhibiting interactions of the actin cytoskeleton with the membrane, phase separation 

into microscopic domains can be observed, which suggest, that the cytoskeleton is able to 

influence the microheterogeneity (Lenne et al., 2006;Suzuki et al., 2005;Lingwood and Simons, 

2010). Questions, as how important lipid interactions influence membrane heterogeneity in cells, 

have been intensively discussed (Leslie, 2011).  

 
FIGURE 10 

Lo-phase Lα-phase

 
Membrane model showing the formation of raft-platforms in cellular membranes (Lingwood and 

Simons, 2010). 
Rafts are associated with the Lo-phase and are composed of mainly saturated 
glycerophospholipids (GPL), cholesterol, glycosphingolipids and sphingomyelin (GSL/SM), 
Glycophosphatidylinositol (GPI) anchored and transmembrane (TM) proteins.  
 

2.2.2.3.Membrane domains in bacteria  

 Another type of lateral membrane heterogeneity is found in prokaryotic membranes. 

Liquid/liquid phase coexistence leads to the formation of cardiolipin and 

phosphatidylethanolamine rich domains. Bacterial membranes do not contain sterols and other 

types of interactions have to lead to domain formation. Lipid phase separation would here be 
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guided by hydrogen bonds, Van der Waals and electrostatic interactions (Matsumoto et al., 2006). 

The domain formation would have a considerable impact on the activitites of antibacterial 

peptides and especially polycationic peptides (Epand and Epand, 2009;Epand et al., 2008).      

 

2.2.3. Membrane dynamics and lamellar phases 

 

 We have seen that membranes are “fluid”-like structures (mesophases) and their 

components are in constant movement and exchange with the environment. Phospholipids can 

undergo several types of movements in a membrane which includes rotational and lateral 

diffusion, flip-flop, protrusion, bond oscillations and trans-gauche isomerizations (Gawrisch, 

2005). The membrane itself undergoes undulations (Figure 11). All these oscillations have 

different correlation times (time periods). We have to be aware that techniques allowing to get 

informations about lipid “order” like NMR, EPR or fluorescence studies only reflect the order in 

the time-scales they acquire their information.   

 

FIGURE 11 

Lateral diffusion (10-7s)

Protrusion (10-9s)

Flip-flop 
(10-3-104s)

Rotational diffusion (10-8s)

Trans-gauche isomerization
(10-12s)

Bond oscillations (10-12s)

Undulations (10-6-1s)  

Approximate correlation times of lipid motion in membranes (Gawrisch, 2005). 

 
 According to the dynamic state of the membrane, we can distinguish different lamellar 

phases. At low temperatures, the membrane is in the solid ordered or gel phase state (Lβ or So). 

When the temperature is raised beyond its transition temperature the membrane undergoes a 

phase transition and become fluid crystalline (Lα or Ld). Some membranes composed of pure 

phospholipids can present intermediate states which are the rippled phase Pβ, the 

pseudocrystalline phase or phases where the chains are tilted (Lβ´ and Pβ´).  
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 The gel state is characterized by a high lipid packing and an increased order. When 

temperature increases, the probability of gauche conformers is raised and at transition 

temperature (Tm), chain melting occurs. Beyond this temperature, the bilayer will pass into a 

liquid crystalline state. The membrane in the Lα state is characterized by higher diffusion rates, an 

increase of the cross-sectional area of each lipid and a thinning of the membrane. Melting 

temperature decreases with shorter acyl chains and the number of unsaturations. It depends also 

of the position of the insaturation, the pH, the ionic strength and the size of the headgroup (Lewis 

and McElhaney, 2005).  

 
 

2.2.4. The effect of cholesterol on dynamics and the formation of a liquid 

ordered phase (Lo) 

 

 Cholesterol, due to its rigid ring structure inhibits trans-gauche isomerization of acyl 

chains and favors the trans-conformers in membranes of the liquid crystalline phase (Lα). This 

leads to an ordering effect of cholesterol. Forcing the acyl chains into a linear conformation leads 

to thickening and lateral condensing of the membrane. In the gel phase, cholesterol increases the 

area per lipid molecule and so reduces order because the β-side of the sterol possesses methyl 

residues which “pushes” phospholipids away (London, 2005;Rog et al., 2009). In other terms, 

cholesterol rigidifies the liquid crystalline phase and renders the gel phase more liquid. In 

erythrocytes and most eukaryotic cells which present a high cholesterol concentration,  lipid 

phase transition between the gel and liquid crystalline phase is abolished (Ladbrooke et al., 

1968;Parasassi et al., 1993). 

 If a certain amount of cholesterol in the membrane is reached, we will observe the 

formation of a new phase, the liquid ordered phase (Lo). The Lo phase will be enriched in 

saturated phospholipids, sphingomyelin and cholesterol but not in unsaturated lipids. The kink in 

their acyl chain (because of the cis configuration of the double bond) makes aggregation with 

cholesterol less favorable and so these lipids will constitute the Lα-phase (London, 2005).  
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2.2.5. Coexistence of lamellar phases in membranes 

 

  In defined conditions, different lamellar phases can coexist in model membranes.  

 

2.2.5.1.The liquid/liquid Lo/Lα phase co-existence 

 Liquid/liquid phase separation is favored by the line tension which develops at the phase 

boundaries and inhibited by electrostatic interactions between different domains. Line tension is 

defined as energy per unit length. To reduce the free energy at the boundary, domains in liquid 

phase separation are circular (Israelachvili, 2011).  

 The co-existence between Lo and Lα phases is observed at critical lipid compositions. 

Most important is the amount of cholesterol in the membrane. In model membranes, this 

coexistence is thought to mimic the presence of lipid rafts in biological membranes. But on the 

contrary to lipid rafts, which are unstable structures, Lo/Ld phase coexistence in model 

membranes is stable upon time (Lingwood and Simons, 2010;London, 2005). The development 

of phase diagrams allows to define critical lipid compositions and temperatures (Figure 12)  

(Heberle et al., 2010). The co-existence between Lo/Lα phases in model membranes is mostly 

observed in ternary systems composed of one unsaturated phospholipid, a saturated phospholipid 

or sphingomyelin and cholesterol (de Almeida et al., 2003). Nanoscopic domains exist also in 

binary mixtures of phosphatidylcholines and cholesterol as have shown FRET (Förster energy 

resonance transfer) and NMR studies (Loura et al., 2001;Heberle et al., 2010).  

 If a coexistence between Lo and Lα is real, differential scanning calorimetry (DSC) will 

show the superimposition of two components in the phase transition. A sharp and a broad 

component reflects the sterol poor and enriched domains respectively (McMullen et al., 1995).  
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FIGURE 12 
 

 
 

Phase coexistence between liquid crystalline (Lα or Ld), liquid ordered (Lo) and 
gel phase (G or SO) at different compositions of a high Tm lipid, cholesterol 
(Chol) and a low Tm lipid. The striped part represents cholesterol crystals 

(London, 2005) 

 

2.2.5.2.The solid/liquid (gel/liquid) G,So/Ld phase coexistence 

 In solid/liquid (or gel/liquid) phase separation, domains can have several shapes 

(Bagatolli et al., 2010). This type of phase coexistence is observed when the membrane is 

composed of a binary system containing two different lipids, one with a low and another with a 

high transition temperature (Deleu et al., 2013). It is inhibited at high sterol concentrations 

(because sterols favor the Lo phase) and is therefore not thought to take place in eukaryotic 

membranes. This does not exclude that this type of phase coexistence does not happen in other 

membrane types like bacterias.  

 

2.2.5.3.Cholesterol-phospholipid superlattices in lamellar phases 

 Other models of lateral heterogeneity in lipid membranes have been put forward. The 

superlattice model supposes a regular distribution of phospholipid molecules around the sterol. 
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The arrangement of molecules changes at critical sterol concentrations (Figure 13,A) (Virtanen et 

al., 1995;Chong, 1994). A new statistical mechanical model, combining superlattices, phase 

diagrams and condensed complexes of phospholipids and cholesterol describes the membrane as 

a sludge-like mixture of fluid phase and aggregates of rigid clusters, forming the superlattice 

(Figure 13,B) (Sugar and Chong, 2012). The superlattice model explains a lot of physical 

behaviours typical of mixtures between sterols and phospholipids. This model has not been 

applied to many biological membranes. However, lipid composition of erythrocytes and the 

platelet plasma membranes could be predicted by the superlattice model (Virtanen et al., 1998). 

The energy minima observed with the superlattice model and the discrete number of allowed 

compositions could help to maintain organelle identity in the interests of rapid inter-organelle 

membrane traffic (Somerharju et al., 2009). 

 

 

 

2.2.6. Spontaneous curvature  

 

 According to the shape hypothesis of amphiphiles, aggregation can lead to different 

phases of different forms (see 2.1.2.3.). Membranes should be mostly composed of cylinder 

FIGURE 13 
(A)                                                                                        (B) 

 
(A) The superlattice model at two different cholesterol concentrations (Chong, 1994) 

(B) Sludge-like superlattice  (Virtanen et al., 1995) 
Green : rigid clusters of phospholipids and cholesterol (black points) 
White : Sludge-like mixture of fluid phase (LG1) 
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shaped amphiphiles which favor the formation of lamellar phases or bilayers. This is an 

oversimplification because in natural membranes a lot of lipids which do not possess a cylinder 

shape exist (van Meer, 2005). Aggregation of several lipids in lateral membrane domains will 

also change the local contribution to the membrane form and a flat membrane may develop into a 

curved structure (Israelachvili, 2011). It is therefore of major importance to understand and 

quantify the implications of amphiphilic composition to the membrane curvature. 

 

2.2.6.1.Monolayers 

 The effects of amphiphile composition on a membrane can be most easily understood in a 

monolayer. The geometric curvature in a point (J) of the monolayer can be defined as the sum of 

both curvatures C1 and C2 (or the inverse radii R1 and R2) obtained by the dissection of the layer 

with two perpendicular planes (Figure 14,A). 

J = C1 + C2  = (1/ R1 + 1/ R2) (Equation 10) 

 The Gaussian curvature (K) is the product of both curvatures and depends on the 

molecular characteristics of the monolayer (Zimmerberg and Kozlov, 2006). 

K = C1.C2  (Equation 11) 

The spontaneous curvature of a monolayer (Js) is the curvature that it tends to adopt if there are 

no other constraints (pressure, protein activity). It depends on the composition of lipids or 

amphiphiles (Xi=molar ratio of amphiphiles in the membrane) and their corresponding intrinsic 

molecular curvature (ςi).     

   Js = Σ Xiςi    (Equation 12) 

 The concept of intrinsic molecular curvature is very close to the packing parameter 

defined by the theory of self assembly (Israelachvili et al., 1977). In contrast to the packing 

parameter, the intrinsic molecular curvature of an amphiphile is measurable. It is identic to the 

curvature of a monolayer composed of this amphiphile. The spontaneous curvature of this layer 

would correspond to the intrinsic molecular curvature of the amphiphile (Figure 14,B). We 

consider that amphiphiles presenting positive intrinsic molecular curvature possess a cone-shape. 

In other words, the hydrophilic head presents the base of the cone (Israelachvili, 2011). 

Unfortunately, there is no mutual agreement about the terms cone or inverse cone-shape. 
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2.2.6.2.Bilayers  

 We have always to keep in mind that a membrane is composed of two monolayers. The 

induction of positive curvature on one monolayer will have the opposite effect on the other. This 

is because both monolayers are coupled (Sheetz and Singer, 1974). The shape of a membrane will 

therefore depend on the spontaneous curvature of the inner and outer monolayer. If we consider a 

membrane of a vesicle (or a cell) with an outer and inner monolayer of equal bending rigidities 

(see 2.2.6.1.) we can write: 

2/)( in
S

out
S

B
S JJJ −=   (Equation 13) 

where B
SJ  is the curvature of the bilayer, out

SJ  the spontaneous curvature of the outer monolayer 

and in
SJ  the spontaneous curvature of the inner layer. The bilayer has a positive curvature when 

the intrinsic spontaneous curvature of the outer monolayer is larger than that of the inner one 

(Zimmerberg and Kozlov, 2006). 

 
 

FIGURE 14 
  A     B  

         

0     0     0 - - -+   +    +

Js > 0 Js = 0 Js < 0

 

(A) Total (J) and Gaussian (K) curvature in a point of the membrane 
J = C1 + C2  = (1/ R1 + 1/ R2) and K = C1.C2 (Zimmerberg and Kozlov, 2006) 

 
(B) Spontaneous curvature in a monolayer. 

Aggregation of cone-shaped amphiphiles promotes positive spontaneous curvature (Js>0), 
Cylinder shaped amphiphiles induce no spontaneous curvature (Js=0) and inverse cone-shaped 
amphiphiles aggregate into layers of negative spontaneous curvature  
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2.2.7. Mechanical properties of a membrane   

 

 If forces are applied on a membrane, resistance against its deformation will raise, due to 

the elasticity of the membrane. According to Helfrich, there exist three different kinds of 

membrane elasticity: the shear, the stretching and the bending elasticity (Helfrich, 1973).  

 The shear elasticity can be in most cases negligible except in membrane-cytoskeleton 

interactions (Evans and Needham, 1986).  

 The stretching elasticity opposes the increase or decrease of the membrane surface. It can 

be quantified by the stretching modulus (Γ) and is approximately 200 mN/m for bilayers. This 

high value makes the membrane quasi non-compressible and non-stretchable (Meleard et al., 

1997;Zimmerberg and Kozlov, 2006).    

 The third mechanical property of a membrane is its bending resistance (rigidity). This 

resistance can be quantified by the bending modulus of a membrane (κM). In a monolayer, the 

deviation of curvature from the spontaneous curvature (J-JS) requires energy. This energy is 

defined by the Helfrich equation (Helfrich, 1973) for a certain surface area dA,  

∫ +−= KJJdAE mSm .)(
2

1 2 κκ  (Equation 14) 

whereby mκ  is the Gaussian bending modulus and K the Gaussian curvature. In membranes 

composed of DMPC and cholesterol, it has been shown, that increasing amounts of cholesterol 

increase the bending modulus. Normally, values are found in the order of 10-19 J (Meleard et al., 

1997). The membrane composition influences therefore the rigidity. It depends also strongly on 

the monolayer thickness (d) (κM~d3) (Zimmerberg and Kozlov, 2006). 

 

 

2.3. Interactions between membranes and amphiphiles  

 
 After having introduced some concepts regarding membrane properties, we will now 

discuss the general effects that can have amphiphiles on membranes. Interactions between 

membranes and amphiphiles are numerous and depend on the physico-chemical properties of the 

amphiphile, its shape, the environment and the membrane itself.  
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2.3.1. Effect of amphiphiles on membrane dynamics 

 
 Many studies treat the effects of amphiphiles (especially surfactants) on membrane order 

(Schroeder et al., 1998) which depends on the amphiphilic structure, its concentration and on the 

membrane’s composition. We have to be aware that different investigation techniques may show 

different results regarding the membrane order (see 2.4.5.2.3.).      

 An interesting study was led by Nazari and coll. who proposed a classification of 

amphiphiles depending on their perturbing activity on membrane order using DPH anisotropy. 

They showed that detergents like octyl glycoside, SDS and lauryl maltoside initiated membrane 

lysis only after reaching a critical amount of disordering. Other types of amphiphiles including 

lipopeptides and saponins would disrupt the membrane by inducing local effects without general 

disordering (Nazari et al., 2012).   

 

2.3.2. Induction of membrane curvature by amphiphiles 

 

 The induction of membrane curvature in bilayers can be induced by two principal ways.  

 First, when amphiphiles presenting an intrinsic molecular curvature insert into the outer 

monolayer, the spontaneous curvature (Js) of the membrane will be changed because the total 

composition of one monolayer has changed. The spontaneous curvature of the bilayer depends on 

the molecular composition of both monolayers (equations 12,13). Cone shaped amphiphiles 

which insert into the outer monolayer will therefore bend the membrane and induce a positive 

curvature.     

 Second, because of the quasi incompressibility of a monolayer, the insertion of high 

amounts of amphiphiles into the outer monolayer will create an area difference between the outer 

and inner monolayer (Aout-Ain), if no flip-flop occurs. This will lead to the bending of the bilayer. 

The bilayer spontaneous curvature B
SJ  created by this asymmetry depends inversely on the 

monolayer thickness (d).      

inout

inout
B
S AA

AA

d
J

+
−= .

1
 (Equation 15) 

Normally, the curvature induction produced by the area difference is much more effective than 

the change of spontaneous curvatures of the monolayers. Hence, when only a small amount of 
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amphiphiles enters the membrane, and when aggregation of amphiphiles in some spots of the 

membrane occurs, the contribution of the spontaneous curvature is more important (Zimmerberg 

and Kozlov, 2006;Sheetz and Singer, 1974). 

 Beyond these two possibilities of amphiphiles to induce curvature strain in membranes, it 

is important to be aware about other possible mechanisms. Changes of pH or the ionic force of 

the solution can influence the size of the headgroup of ionisable phospholipids (or amphiphiles) 

and therefore change the molecular intrinsic curvature (or the molecular packing parameter). 

Electrostatic interactions between ionized phospholipids and/or bivalent cations or other charged 

molecules can also influence the intrinsic curvature of a membrane (Yaghmur et al., 2011;Lewis 

and McElhaney, 2000). In addition, since an increase in temperature favours trans-gauche 

isomerizations and increases the molecular volume of the hydrophobic tail of a lipid, this will 

induces negative curvature in a monolayer (Lafleur et al., 1996).  

 Large amphiphilic molecules such as peptides or proteins are known to induce curvature 

strain on the membrane by multiple mechanisms (Riedl et al., 2011;Mizuno et al., 2012). Some 

proteins are known to regulate membrane curvature in cells. As an example, proteins posseding a 

BAR-domain (Bin, Amphiphysin, Rvs) wrap around membranes and provide scaffolds for 

cylindrical curvature. These proteins have a banana shape, coat the membrane and bend it. 

Amphipathic moities insert between polar headgroups of the membrane and serve as anchors 

(Zimmerberg and Kozlov, 2006). One other example is dynamin, which is involved in exocytosis 

by inducing membrane curvature on a GTP (guanisine triphosphate) dependent mechanism 

(Bashkirov et al., 2008).  

 

2.3.2.1.Bilayer/non-bilayer phase transitions induced by amphiphiles 

 The changes in spontaneous curvature of a membrane can lead to the formation of a new 

phase (micellar, hexagonal,…) composed of the amphiphile and membrane lipids or the 

formation of other curved structures within the membrane such as membrane pores. The 

induction of positive curvature strain has been associated with the formation of normal phases 

and the induction of negative curvature with the formation of inverse phases (Van Echteld et al., 

1981;Cullis and de Kruijff, 1978). Upon the concentration of the different components (lipids, 

amphiphiles, solvent), we can establish phase diagrams, which indicate which lipid phase will be 

observed at a certain amphiphilic/lipid/solvent composition and temperature (Figure 15,A and B) 
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(Almgren, 2000). An important aspect to consider is the kinetic of the transformation. Metastable 

structures can coexist with stable phases and their transformation may take several weeks or more, 

which complicates the construction of a phase diagram (Demana et al., 2004;Almgren, 2000). 

Another important factor is the ability of the amphiphile to flip from the outer to the inner 

monolayer. This capacity is reduced if the molecule is charged and the size of the headgroup 

increased (Sudbrack et al., 2011).   

2.3.2.1.1. Transitions due to positive curvature induction 

 Intensive research has been done regarding the interactions between detergents and 

membranes (Kragh-Hansen et al., 1998;Lichtenberg et al., 1983). Simple phase diagrams trying 

to explain the solubilization of lipid vesicles by cone-shaped amphiphiles which do not 

preferentially interact with one or several lipids have been put forward (Figure 15,A). For a given 

lipid concentration, there exist an amphiphilic concentration ([amphiphilic]/[lipid] ratio), where 

solubilization of the vesicle begins (Re(sat)). We will observe the formation of mixed micelles 

composed of lipid and amphiphile molecules. Beyond this ratio, we observe a coexistence of 

bilayer and micelles until the ratio (Re(sol)) where complete transformation of all vesicles into 

mixed micelles is observed.      

 

FIGURE 15 
A           B      
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(A) Binary phase diagram showing the vesicle micelle transition (Lichtenberg et al., 2000). 
(B) Ternary phase diagram showing the formation of different phases and coexistence of phases 

at different egg-phosphatidylcholine (EPC), dodecyl-trimethylammonium chloride (C12TAC), 
NaCl compositions. 

(I1 = ; L1 = micellar phase; H1 = normal hexagonal phase; Lα = liquid crystalline phase;  c = NaCl 
concentration critical for H1 formation ;d = EPC/C12TAC composition at phase transition 
between lamellar and hexagonal/micellar phase) (Almgren, 2000) 
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 This simplified model implies that only the ratio between amphiphiles and lipids (the 

slope of the two straight lines) is important for the phase change (Kragh-Hansen et al., 

1998;Lichtenberg et al., 1983). This is not entirely true because the phase behaviour depends also 

on the absolute concentration of both components and the partition coefficient of the amphiphile 

(Lichtenberg et al., 2000). The form and temporal stability of the mixed aggregates between 

surfactant amphiphiles and lipids is very variable. Rod-like, thread-like, lace-like and disk-like 

aggregates have all been observed along with other phases (Almgren, 2000). The formation of 

these kind of structures depends on the new molecular arrangements and on the intrinsic 

curvature of lipids (or packing parameter) and amphiphiles (Stuart and Boekema, 2007).  

 Formation of the normal HI phase is observed with mixtures of egg-phosphatidylcholine 

(EPC) and dodecyl-trimethylammonium chloride (C12TAC) at different salt concentrations and 

coexistence could be observed at several amphiphiles/lipid ratios (Figure 15,C) (Almgren, 2000). 

The transformation into normal cubic phases has also been observed. Sometimes vesicles 

transform first into cubic and later into hexagonal or micellar phases (Van Echteld et al., 

1981;Siegel, 1986). Cubic and hexagonal phases are especially induced by amphiphilic peptides 

(Haney et al., 2010).        

The induction of positive curvature on one side on the membrane can also lead to budding and 

the formation of smaller vesicles (Staneva et al., 2005). In complex biological membrane systems, 

the transformation depends on the lipid composition and on the presence of proteins (Kragh-

Hansen et al., 1998). 

2.3.2.1.2. Transitions due to negative curvature induction 

 The transition mechanisms between lamellar and non-bilayer phases have mainly been 

focused on the bilayer/HII phase transition. The transition into an HII state has been associated 

with the induction of negative curvature on the membrane and plays an important role in 

membrane fusion (Rappolt et al., 2003). This negative curvature can be induced by increasing 

temperatures (see 2.1.2.3.). If kinetics allow it, the transition may be accompagnied by the 

formation of a bicontinuus cubic phase (QII) (Erbes et al., 1996). Coexistence of both lamellar 

and hexagonal phases has been observed for different systems. The transition is supposed to 

occur through line defects in the lamellar plane (Siegel and Epand, 1997;Siegel, 1999). A 

cooperative chain reaction at the transition midpoint was mainly driven by minimizing the 
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interstitial region and could be explained by the presence of intermediate structures in the 

membrane (Figure 16) (Rappolt et al., 2003). Typical phospholipids which promote the formation 

of inverted phases are lipids with negative intrinsic curvature such as ceramides and 

phosphatidylethanolamines (Kumar, 1991). 

 
FIGURE 16   
     

       
      
Intermediate between lamellar and hexagonal (HII) phase in a multilamellar vesicle (Rappolt et 

al., 2003) 
 

2.3.3. Permeabilization of membranes by amphiphiles 

 
 Amphiphiles have different ways to permeabilize membranes. It depends mainly on the 

amphiphilic shape and of its interaction with membrane components. We will summarize the 

most common mechanisms encountered. 

 

2.3.3.1.Detergent-like mechanism 

 The detergent like mechanism applies for amphiphiles having a hydrophilic head and a 

lipophilic tail, displaying positive intrinsic curvature, integrating into the membrane and showing 

no preferred interaction with one of the membrane constituents. For these amphiphiles, 

permeabilization of lipid vesicles and erythrocytes occurs often at subsolubilizing concentrations 

(Ahyayauch et al., 2010;Heerklotz, 2001;Kragh-Hansen et al., 1998). The permeabilization at 

subsolubilizing concentrations can be due to the formation of nanoscopic transient pores or 

defects in the membrane. These temporally unstable defects depend on the ability of an 

amphiphile to diffuse (flip-flop) to the inner monolayer.  

 If the flip-flop rate of the amphiphile is high (Figure 17,A), the formation of defects 

would only occur at concentrations where solubilization begins (Sudbrack et al., 2011). 

If the flip-flop rate of the amphiphile is low (Figure 17,B), the curvature induced (because of 

area-asymmetry) between the outer and inner leaflet increases with increasing insertion of the 
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amphiphile. When a certain amphiphile/lipid ratio is reached, the formation of transient pore is 

favored. This transient “pore” allows the amphiphile to diffuse from the outer to the inner leaflet 

and releases the curvature strain (Heerklotz, 2001;Sudbrack et al., 2011).  

 For some detergents it was shown that the induction of flip-flop, permeabilization and 

solubilization were different events and occured at different amphiphile/lipid ratios. The model, 

linking permeabilization to the solubilization of vesicles by amphiphiles cannot explain this 

behaviour (Ahyayauch et al., 2010). 
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FIGURE 17 
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Different models of membrane permeabilization by amphiphiles 

 
(A) Pore formation due to transformation into micelles or other normal structures (solubilization) 

by detergent with small amphiphilic head and high flip-flop rate (Sudbrack et al., 2011). (B) 
Transient defects due to the accumulation of an amphiphile with large hydrophilic head on the 

outer monolayer and subsequent diffusion to the inner monolayer and release of curvature strain 
(area difference) (Heerklotz, 2001;Sudbrack et al., 2011). (C) Toroidal pore formation due to 

preferential aggregation with one lipid. Pore showing positive curvature in a transbilayer 
direction and negative curvature in the membrane plane (Valcarcel et al., 2001). (D) Phase 

separation due to preferential aggregation of an amphiphile with a lipid. The membrane shows 
defects at the phase boundaries (arrow) due to packing defects (John et al., 2002). (E) 

Intermediate structure supposed to exist during the Lα-inverse phase transition and which could 
increase permeability (Rappolt et al., 2003;Haney et al., 2010). 
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2.3.3.2.Permeabilization and phase separation 

 If the amphiphile is able to create domains due to auto-aggregation or aggregation with a 

membrane component, permeabilization can happen at lower concentrations. This is 

accompagnied by a lower effect on membrane general order compared to “detergents” showing 

no preffered interaction for which transition into micelles and permeabilization occurs at the 

same concentration (see 2.2.3.) (Nazari et al., 2012). 

 Self-aggregation or aggregation with other lipid components of amphiphiles in 2D 

monolayers leads to the formation of domains which can be considered as 2D micelles or mixed-

micelles respectively (Ruckenstein and Li, 1995;Israelachvili, 2011). This can happen at smaller 

concentrations than in 3D systems because the CMC at interfaces is generally lower than in the 

bulk solution (Israelachvili, 2011).  

 Formation of stable toroidal pores in membranes can be observed when the amphiphile 

forms separate domains (Figure 17,C) or interacts with one lipid component. Cone-shaped lipids 

in GUVs and MLVs separated from cylinder shaped lipids and formed stable toroidal pores 

(Sakuma et al., 2010;Sandstrom et al., 2005). Toroidal pores display positive intrinsic curvature 

in a transbilayer direction and negative curvature in the direction of a membrane plane (Valcarcel 

et al., 2001). Stability depends therefore on the amphiphile composition of a pore and on the three 

dimensional arrangement of the lipids and amphiphiles. It is therefore understandable that the 

formation of this kind of pore depends very strongly on the lipid composition of the membrane. 

Cone-shaped amphiphiles which accumulate at the rim of the pore reduce additionally the line-

tension and thereby increase the lifetime of a pore considerably. Inverse cone-shaped amphiphiles 

would increase line tension and inhibit pore formation (Karatekin et al., 2003).    

 Selective interaction of the amphiphile with one lipid component (Figure 17,D) can lead 

to phase separation and packing defects. TRITON-X100 showed unfavourable interaction with 

cholesterol. This led in multicomponent membranes to the separation of palmitoyl-oleanoyl-

phosphocholine/TritonX-100 enriched domains from sphingomyelin/cholesterol domains 

(Tsamaloukas et al., 2006). The formation of domains can induce packing defects at the phase 

boundaries which would favor increased permeation and lipid diffusion across the membrane 

(John et al., 2002).   
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2.3.3.3.Transitions into non-bilayer phases 

 The solubilization of vesicles can be understood as the transition of a bilayer into another 

mesophase (mostly micelles). When this transformation is accompagnied by leakage of the inner 

medium, we have a permeabilization of the vesicle. Permeabilization of vesicles has in general 

been associated with the transformation into normal phases like the hexagonal (HI) or cubic (QI) 

phase (Hallock et al., 2003;Teixeira et al., 2012), but the implication of inverse structures should 

not be excluded. Toroidal pores have also an inverse component in the membrane plane (Figure 

17,C) (Prenner et al., 1997).  

 Permeabilization was mostly observed at concentrations below the phase transitions. This 

can be due to transient defects induced by the positive curvature strain (see 2.3.3.1.) or 

intermediate structures (Figure 17,E) created during the phase transitions from bilayer to non 

bilayer phases (Haney et al., 2010;Prenner et al., 1997). 

 

2.3.3.4.Permeabilizing activity of peptides 

 Due to their complex structures, peptides can exhibit several mechanisms to permeabilize 

membranes or form pores. These can be multiple for one type of peptide but can also depend on 

the membrane. For example, mellitin induced a detergent-like (solubilization) permeabilization in 

liposomes composed of POPG (Phosphatidyl-oleoyl-phosphatidylglycerol) 

but formed stable pores (barrel slave aggregates, Figure 18,A) in POPC vesicles (Phosphatidyl-

oleoyl-phosphatidylcholine) (Ladokhin and White, 2001). 

 All models of permeabilization which have been evoqued for amphiphiles having a 

lipophilic tail and a hydrophilic head can be applied to peptides having a similar structure (f.ex. 

lipopeptides). Other types of peptides will not integrate into the bilayer because they are to 

hydrophilic and the concept that the intrinsic molecular curvature of the amphiphile influences 

the total membrane curvature cannot be applied. Because we didn’t use such kind of peptides in 

our study we will only evoke the different permeabilization modes in Figure 18. For further 

explanations see following reviews (Bechinger and Lohner, 2006;Lohner, 2009;Teixeira et al., 

2012).  
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FIGURE 18 

 
Different models for membrane permeabilization by antimicrobial peptides (Teixeira et al., 

2012). 
The blue part of the peptide is hydrophobic and the red part of the peptide is hydrophilic. 
(A) A barrel slave pore formation, (B) Detergent-like solubilization of the bilayer by the carpet 
model, (C) the toroidal pore formation, (D) The molecular electroporation model, (E) The sinking 
raft model  
 
 
 
 After having reviewed the physico-chemical properties of amphiphiles, lipid membranes 

and the interaction between amphiphiles and lipid membranes in general, we will focus in the 

next chapters on main properties of the amphiphilic compounds we selected in this thesis: 

saponin and α-hederin as well as lipopeptides and surfactin. 
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2.4. Saponins – amphiphiles of natural origin (arti cle submitted as review) 

 

 Saponins originate from plants and some other organisms and have many 

pharmacological activities (Williams and Gong, 2007). Their name is originated from latin 

“sapo” (soap) and describes the surfactant character and the ability to form foam. A lot of plants 

containing saponins have therefore been used traditionally as soaps (Bruneton, 2009). Their role 

in plants is not always clear but they would mainly serve as defensive molecules (Papadopoulou 

et al., 1999). It has been shown that a lot of saponins are toxic to insects, fish, fungi, bacterias, 

plants, parasites and mammals (Nielsen et al., 2010;Tadros et al., 2008;Wang et al., 2010;Van 

Dyck et al., 2011;Okunade et al., 2004;Williams and Gong, 2007;Coleman et al., 2010;Francis et 

al., 2002). In holothurians and star fish, saponins are repulsive or toxic to predators (Van Dyck et 

al., 2011;Williams and Gong, 2007).  

 The term “saponin” is often used in literature and may lead to confusion. It can be used 

for a specific saponin (for example α-hederin) or it describes a mixture of saponins extracted 

from a plant. The commercial Merck saponin (saponin pure white, Saponinum album) is a crude 

saponin fraction obtained from roots and rhizomes of Gypsophyla paniculata L. Different 

providers of “saponin” use different plants to extract the saponin fraction and therefore caution 

has to be taken into account regarding the comparison of results. To prevent confusion we will 

use the term “saponin®“ to designate crude extracts from different providers and the term 

“saponin” or “saponins” if we refer to one or more different molecules. Quillaja saponins isolated 

from the Quillaja saponaria Molina. bark can be obtained in different degrees of purity. “Quil-

A” is a purified aqueous extract of the bark (Myschik et al., 2006;Sun et al., 2009). Other 

fractions with higher saponin content exist. For example, QS-21 is a fraction of Quil-A, purified 

by reverse phase chromatography (Pillion et al., 1996). We will refer to all different types of 

extracts as “Quillaja saponins”.  
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2.4.1. Their amphiphilic structure 

 

 Structurally, saponins are amphiphilic compounds composed of one or more hydrophilic 

sugar parts and a lipophilic steroidal or triterpenic part (sapogenin) (Figure 19). Some substances 

which are structurally closely related to them such as cardiotonic heterosides or glycoalkaloids 

are sometimes referred to as saponins and will be treated equally because of their similar 

structures and effects on membranes. Saponins can be classified into monodesmosidic, 

bidesmosidic or polydesmosidic saponins, whether they possess one, two or more sugar chains. A 

large structural variety can be found in nature, due to the presence of different sugars, sugar 

branchings and sapogenins. The most common sugars are : D-glucose, L-rhamnose, D-galactose, 

D-glucuronic acid, L-arabinose, D-xylose or D-fucose. 

 

 FIGURE 19 
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On the left, a steroid pentacyclic saponin (furostanol type) and on the right, a triterpenoid 
pentacyclic saponin (oleanane type). The saponin will be monodesmosidic or bidesmosidic 
depending on the number of sugar chains, one or two respectively. R1 and R2 are most often 

ramified sugars, binded via ether or ester link.  

 

2.4.2. Biosynthesis of saponins 

 
 Biosynthesis of saponins follows the same pathway than the synthesis of sterols (see 

2.2.1.4). The genin is synthesized via the mevalonate route or the pyruvate 

phosphoglyceraldehyde pathway, an alternative pathway present in plants (Lichtenthaler, 1999). 

The isoprenoid will further be modified by several enzymes (oxidases, hydroxylases etc.) and 
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finally a glucosyltransferase will add a sugar moiety via an ether linkage (Bruneton, 2009). For 

detailed biosynthesis of α-hederin (see 2.5.2.)   

 

2.4.3. Behaviour of saponins at hydrophobic-hydrophilic interfaces  

 
 Knowing the structural features of saponins and their amphiphilic character, we will now 

discuss the physical consequences and the behaviour of these molecules at interfaces.   

 

2.4.3.1.Accumulation at hydrophobic/hydrophilic interfaces 

 Saponins, like other amphiphiles are able to accumulate at hydrophobic-hydrophilic 

interfaces and reduce the interfacial tension (see 2.1.). The most common 

hydrophobic/hydrophilic interface is the air/water interface. The polar sugar part of the saponins 

makes saponins often soluble in water. According to their solubility, some of them will therefore 

be dissolved in the solution as monomers and some of them will accumulate at the air/water 

interface with their hydrophilic part oriented to the water side and their hydrophobic part oriented 

to the air side (see 2.1.1.). This leads to surfactant activity and the reduction of the surface tension 

of water. A lot of saponins are known to reduce the surface tension of water (Romussi et al., 

1980;Mazzucchelli et al., 2008;Xiong et al., 2008;Pillion et al., 1996;Jian et al., 2011;Bottger et 

al., 2012). Quillaja saponins were able to build a highly elastic monolayer with its hydrophobic 

triterpenic part pointing to the air-side (Stanimirova et al., 2011). The effect of saponins on lipid 

monolayers adsorbed at the air-water interface will be discussed in a later chapter (see 2.4.5.1.). 

 

2.4.3.2.Saponins as surface-active agents  

 Because of their “biosurfactant” ability, saponins are often used in pharmaceutical, 

cosmetic or food industry. They are able to stabilize emulsions (emulsifiers) due to their ability to 

reduce interfacial energy between the different phases (hydrophobic-hydrophilic). Many 

cosmetics contain saponins as emulsifier (in cremes, lotions, milks…) (Tanaka et al., 

1996;Stanimirova et al., 2011). In soaps or shampooings, saponins are used to reduce the surface 

tension of water and stabilize therefore the formation of foam (Balakrishnan et al., 2006).  
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 Nanosuspensions or –emulsions contain droplets of very small size and which do not 

exceed 100 nm. They have many interesting pharmacological and pharmaceutical properties. A  

nanosuspension composed of acetylated aescin was less hemolytic than the original (de Ven et al., 

2010). A ginseng based nanoemulsion was able to amplify the immune response towards antigens 

(Cao et al., 2010).  

 

2.4.4. Formation of amphiphilic aggregates (micelles and other types of 

nanoscaled objects) 

 
 Above their critical micellar concentration (CMC), saponins will form aggregates in 

solution which stay in equilibrium with monomers whose concentration will not increase further. 

The complexity of aggregated structures is favored by the number of different amphiphilic 

species (Israelachvili, 2011). All these structures can be reffered to as nanoobjects as they present 

a maximum size of 1-100 nm in one or more dimensions. ISCOMS®  and micelles are 

nanoparticles because they are nanoscaled in all three dimensions according to the British 

standard commission (British standard institute, 2011).   

 The research on nanoparticles and nanoobjects has become a challenge in pharmaceutical 

industry and healthcare due to their wide field of applications in cardiovascular diseases, cancer, 

musculoskeletal, neuro-degenerative and psychiatric disorders, diabetes mellitus and bacterial 

and viral infections (Raffa et al., 2010). Their shape and chemical composition can be voluntary 

modified in order to enhance pharmacokinetic and/or -dynamic properties of drugs or imaging 

agents. They allow the increase of drug concentrations in targeted cells or tissues and thereby 

enhance efficacy (Schroeder et al., 2012) or reduce toxicity by inhibiting interaction with 

sensitive tissues (Chu and Sadullah, 2009). Furthermore, an increase of  immunogenic responses 

can also be achieved (Mahapatro and Singh, 2011). The self-aggregating properties of saponins 

present therefore a most interesting topic and could lead to the formation of completely new 

nano-objects or -particles. 

 

2.4.4.1.Self-aggregation of saponins 

 Formation of micelles has been shown for many saponins (Mitra and Dungan, 

2001;Sarnthein-Graf and La Mesa, 2004;Balakrishnan et al., 2006;Mitra and Dungan, 2000;Mitra 
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and Dungan, 1997;Xiong et al., 2008;Bottger et al., 2012;Dai et al., 2013) for example micelles 

composed of a highly purified fraction of Quillaja saponins have an aggregation number of 65 

and form spherical micelles of 3-7 nm of diameter. The CMC increased with temperature and 

ionic strength and the size of micelles increased with temperature (Sarnthein-Graf and La Mesa, 

2004;Mitra and Dungan, 2001;Song et al., 2008;Mitra and Dungan, 2000;Mitra and Dungan, 

1997). Other saponins like ginsenoside Ro was able to form vesicles of 30-50 nm and 

ginsenoside Rb1 and Rg1 formed large interaggregate species between micelles because of the 

hydrophobicity of the sugar chains. Mixtures of saikosaponins and ginsenoside Rb1 induced the 

formation of worm-like micelles (Dai et al., 2013). 

 

2.4.4.2.Aggregation of saponins with sterols  

2.4.4.2.1. Formation of soluble mixed micelles 

 Mixed molecular aggregates of finite size and composed of more than one amphiphilic 

species are mostly mixed micelles. These aggregates are soluble in solution. Some saponins and 

sterols are known to aggregate and form mixed micelles. Quillaja saponins are able to form 

mixed-micelles with cholesterol and therefore enhance the solubility of the sterol by a factor of 

1000. These micelles are bigger in size (10 nm versus 7 nm) than the pure saponin micelles and 

have a higher aggregation number and CMC. Cholesterol is part of the lipid compartment of the 

micelle (Mitra and Dungan, 2001;Mitra and Dungan, 2000;Mitra and Dungan, 1997). Demana et 

al. also observed the formation of worm-like micelles at different saponin/cholesterol proportions 

(Demana et al., 2004). Saponins of Saponaria officinalis L., Quillaja saponaria Molina. and 

Glycine max L. are also able to form micelles of rod-, worm- or spherical shape with bile acids 

(Sidhu and Oakenfull, 1986).  

 

2.4.4.2.2. Formation of insoluble complexes  

 On the contrary to soluble mixed micelles, insoluble complexes composed of sterols and 

saponins have also been described. A complex is a molecular entity formed by loose association 

involving two or more molecular entities (ionic or uncharged). The bonding between components 

is normally weaker than in a covalent bond. Sterols are able to form water insoluble complexes 

with digitonin called digitonides. In general, they are stable in ethanol solutions and stability 
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depends on the sterol structure (Ioffe, 1986;Haslewood, 1947;Haslam and Klyne, 1953). α-

tomatine and the α-chaconine/α-solanine mixture were able to form insoluble complexes with 

sterol. α-tomatine had the ability to form complexes somehow similar to that of digitonides. The 

formation did not occur with the aglycone tomatidine (Roddick, 1979). Alfalfa saponins 

(extracted from Medicago sativa L.) formed complexes with cholesterol which were dissociable 

in pyridine (Assa et al., 1973).  

 

2.4.4.2.3. Mixed micelles vs. insoluble complexes 

 The molecular interactions between components of insoluble complexes and mixed 

aggregates (micelles) of finite sizes are similar (weak forces). The “solubility” of aggregates 

depends mainly on their size. If intermolecular forces between both molecules lead to aggregates 

of infinite size, we will observe a phase separation (precipitation) of the aggregates from the 

solution (see 2.1.2.1.2.). If the system favors formation of aggregates of finite size and 

aggregation number, we will observe the formation of mixed micelles. Whether amphiphiles 

form finite or infinite aggregates depends mainly on the molecular shapes, but the formation of 

interaggregate species may play an important role towards phase separation (Israelachvili, 

2011;Israelachvili, 1976;Israelachvili et al., 1977). The formation of rod-like micelles has been 

observed with saponins. The polydispersity of such systems is often high because aggregates of 

different sizes are favored (Israelachvili, 2011). Authors treating with saponin/sterol aggregates 

should be aware of the nature of the aggregate formed. 

 

2.4.4.2.4. From the formation of saponin/sterol aggregates to the use of saponins as 

hypocholesterolemiants 

 Direct interaction of saponins with cholesterol and further 

complexation or formation of micelles could be interesting for developing drugs against 

hypercholesterolemia. Hypercholesterolemia increases the risk of cardiovascular diseases. 

Because of their amphiphilic character, they should be able to influence micelle formation 

between sterols and bile acids which is necessary to sterol absorption. Digitonin, alfalfa saponins 

or Quillaja saponins (Bruneton, 2009) could form insoluble complexes with cholesterol in the 

intestinal lumen and therefore reduce cholesterol absorption. Karaya root saponins interacted 
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preferentially with bile salts necessary for micelle formation and reduced therefore cholesterol 

absorption (Afrose et al., 2009). Some saponins should also be able to transform into phytosterols 

by hydrolytic enzymes in the lumen. They could therefore act as prodrugs for phytosterols which 

are well known to reduce cholesterol absorption (Lin et al., 2009;Jones et al., 1997). Tiqueside or 

pamaqueside would inhibit the active transport of cholesterol from lumen trough the enterocyte 

brush border membrane (Detmers et al., 2000;Morehouse et al., 1999).  

 

2.4.4.3.Simultaneous aggregation of saponins with sterols and phospholipids  

 By increasing the number of components of an amphiphilic system, it is possible to obtain 

large structural varieties of aggregates (nanoobjects or -particles). This is observed when some 

saponins are incubated simultaneously with phosphatidylcholine and cholesterol. Nanoobjects or 

-particles appear at special molar ratios and concentrations of the 3 components. The driving 

forces to obtain these particles are the molecular interactions between these components but their 

formation depends also on the preparation mode used. Some structures seem to be metastable and 

transform into other particles after some time (Demana et al., 2007;Demana et al., 2004;Myschik 

et al., 2006). Repulsive or attractive interactions between aggregates can lead to the formation of 

ordered nano-structures (Israelachvili, 2011). Because of the multitude of saponins and lipid 

molecules present in some extracts (especially for Quillaja saponins) used to prepare the 

nanoparticles, it is not always clear which molecules are present in these 3D structures and what 

are the interactions between them (Demana et al., 2004;Kersten and Crommelin, 1995;Myschik et 

al., 2006;Ozel et al., 1989;Sun et al., 2009).  

 

2.4.4.3.1. Examples of nanoparticles enhancing immunogenicity, increasing 

apoptotic responses and decreasing hemolysis  

 
 When Quillaja saponins, phospholipids and cholesterol are used in different proportions 

they form multiple types of micelles and nanoparticles: ring-like micelles, worm-like micelles, 

helices, double-helices, lipid layered structures and ISCOMS® (Figure 20). They can be prepared 

by the lipid film hydration method (a lipid film is incubated with a saponin solution). Different 

proportions of reagents used give rise to different nanoparticles (Demana et al., 2007). 

ISCOMS® are cage-like complexes of 40 nm of diameter. They have a shelf-life of several years 



Introduction 

 
58 

(Hu et al., 2010). Some models have been used to describe the formation of ISCOM. Some seem 

to derive from multilamellar vesicles (MLV) composed of phospholipids and cholesterol when 

they are incubated with Quillaja saponins. When particles are prepared by the lipid film 

hydration method, it seems that ring-like micelles aggregate into ISCOMS®. On the other hand, 

worm-like micelles seem to transform into ring-like micelles. On this basis, Kersten and 

Crommelin proposed their model for the ISCOM® structure where one building element is equal 

to one ring-like structure. Helices seem to be formed out of ISCOMS® when they are diluted 

(Kersten and Crommelin, 1995;Myschik et al., 2006;Demana et al., 2007;Ozel et al., 1989). All 

structures formed are therefore metastable. 

 

FIGURE 20 

 
Transmission electron microscopy (negative staining) of cage-like ISCOM matrices (solid 

arrow), helices (dashed arrow) and double helices 
(Myschik et al., 2006) (straight line =100 nm) 

 
 
 Modified ISCOMS® (Posintro™) containing DC-Cholesterol (dimethylaminoethane-

carbamoyl-cholesterol) in place of cholesterol have a reduced negative particle charge and have 

been shown to pass through the skin. They could be used to immunize the organism by applying 

a transdermal patch on the skin (Madsen et al., 2009). Some mannosylated saponins based on 

oleanolic and glycyrrhizic acids were also able to form nanoparticles. Transmission electron 

microscopy (TEM) showed the formation of ring-like micelles, rod-like tubular structures, helical 

and thread-like micelles (Daines et al., 2009). Cucumarioside A2 from marine macrophytes 

formed tubular nanoparticles (which they called “tubular ISCOMS”) which enhanced 

immunogenicity by a factor of 4 (Kostetsky et al., 2011). Ginsomes were formed of an ethanol 

red ginseng root extract incubated with cholesterol and phosphatidylcholine. Spherical 
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nanoparticles had a diameter of 70-107 nm and were formed of ginsenosides Rb2, Rc, Rb1 and 

Rd. They were able to enhance the immune response mediated by Th1 and Th2 (Zhang et al., 

2012;Song et al., 2009).  

 Nanoparticles from Quillaja saponins induced preferentially apoptosis in cancer cells and 

less hemolysis compared to the pure extracts (Hu et al., 2010). 

 

2.4.5. Effects on artificial membrane models 

 

 We described above how saponins interact with different membrane components in an 

hydrophilic environment. Membranes provide an amphiphilic environment which can be 

described by a hydrophobic gradient, which increases from the hydrophilic interfacial domain 

through the hydrophobic core. The studies of the effects of saponins on artificial membrane 

models has given a lot of interesting data on how these molecules are able to interact with 

different membrane components in an amphiphilic environment and give clues about the 

mechanism of membrane lysis or other types of interactions. Saponins have been tested on 

different models of different complexity regarding membrane composition and organization.   

2.4.5.1.Interaction with supported monolayers 

 One of the most common ways to investigate the interactions between exogeneous 

compounds with lipid membranes is to use supported monolayers (Langmuir-Blodget films). A 

monolayer is a liquid film of water insoluble lipids floating on a water surface pointing their 

hydrophobic tails to the air side and their hydrophilic heads to the water side (see 2.1.1.). 

Monolayers are good models to demonstrate integration of saponins and the effect on phase 

separation or the formation of domains.     

 

2.4.5.1.1. Integration of saponins into monolayers 

 Some saponins (Table 1) were able to integrate into different types of monolayers when 

cholesterol was absent (Gogelein and Huby, 1984;Armah et al., 1999;Muhr et al., 1996). In 

contrast, for α-tomatine, integration into a binary monolayer composed of a saturated 

phospholipid and cholesterol was only observed in the presence of cholesterol (Stine et al., 2006). 

This integration was most effective when the hydroxyl function in position 3 of the sterols in the 
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monolayers was in β (Stine et al., 2006). Surface pressure increased less when pH was low 

because the protonation of the nitrogen provoques a dissolution in the aqueous phase or a less 

good integration into the monolayer (Walker et al., 2008). For glycyrrhizin, integration depended 

upon the surface pressure of the monolayer. Above a critical value (CMC), the saponin 

accumulated below the monolayer formed (Sakamoto et al., 2013). 

 
 

2.4.5.1.2. Formation of domains in monolayers containing cholesterol 

 After integration, formation of domains has been revealed by Brewster angle microscopy 

in monolayers composed of a binary mixture of a phosphatidylcholine (DMPC) and selected 

sterols incubated with α-tomatine (Stine et al., 2006;Walker et al., 2008). The authors suggest 

that these domains are mainly composed of sterol-glycoalkaloid complexes. Domains in 

monolayers can be considered as 2D micelles but the CMC for domain formation in monolayers 

would be reduced by a factor of 10 compared to the CMC to form micelles in solution 

(Ruckenstein and Li, 1995;Israelachvili, 2011). The formation of saponin-sterol aggregates (or 

even self-aggregation) could therefore be facilitated in a lipid environment.  

 

2.4.5.1.3. Interaction with a raft model 

 A ternary monolayer raft model composed of DOPC/Palmitoylsphingomyelin/Cholesterol 

(1:1:1, molar ratio) was used to investigate the effects of glycyrrhizin on macroscopic phase 

separation. At concentrations below its CMC, glycyrrhizin diminished the size of raft domains. 

Above the CMC, the appearance of striped regions deprived of phospholipids was observed 

suggesting the formation of defects in membranes which could be responsible for their 

permeabilization (Sakamoto et al., 2013).   

 

2.4.5.2.Interaction with bilayer models 

 Bilayer models are used to mimic the effects of saponins in a biological relevant model 

(Singer and Nicolson, 1972). Several artificial models of bilayers exist, and saponins have been 

tested on: supported planar bilayers (SPB), black lipid membranes, liposomes (multilamellar 
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vesicles [MLV], large unilamellar vesicles [LUV], giant unilamellar vesicles [GUV] and small 

unilamellar vesicles [SUV]). 

 

2.4.5.2.1. Binding to membranes composed of only phospholipids  

 Regarding the interaction between saponins and bilayers composed of only phospholipids, 

a few studies were performed. Digitonin or desglucodigitonin may be bound to membranes by 

equilibrium binding (no complete integration into the membrane) in membranes composed of 

only egg yolk phosphatidylcholine (Nishikawa et al., 1984).  

 

2.4.5.2.2. Binding to membranes containing cholesterol  

 In a model composed of egg yolk phosphatidylcholine and cholesterol, the formation of 

an equimolar complex would permanently integrate the saponin into the membrane (Nishikawa et 

al., 1984). A three step model how digitonin binds to membranes containing cholesterol was 

proposed in a similar model. With increasing digitonin/cholesterol ratio, digitonin and cholesterol 

would first form “aggregated” species in the membrane. Second, at higher molar ratio, an 

intermediate complex would be composed of a mixture of equimolecular complexes and 

aggregated species. Third, an equimolecular complex in the bilayer would be formed (Akiyama et 

al., 1980). Glycoalkaloids only bound to membranes when cholesterol was present. Results also 

suggested the formation of an equimolecular complex between sterols and glycoalkaloids 

(Keukens et al., 1995). 

 

2.4.5.2.3. Effect on dynamic properties and lipid motion  

 All phospholipids of a membrane are in constant motion (see 2.2.3. and Figure 11). 

Therefore, by using 2H-NMR, EPR or fluorescence spectroscopy, it is possible to gather 

information about lipid mobility (order) because these techniques acquire data at different time-

scales. Cholesterol has a well known influence on lipid dynamics because of its rigid ring 

structure (see 2.2.4.). If interaction of saponins with cholesterol in membranes occurs, it should 

influence the dynamic parameters of a membrane considerably. The saponin itself should also 

have a significant effect on the membrane without the presence of cholesterol, because the 

aglycone is mostly composed of a rigid ring structure. In this introduction, we will only mention 
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studies which have been carried out at temperatures where membranes are in the liquid 

crystalline state because all mammal membranes are to be considered as “fluid” (Gawrisch, 2005). 

 When no cholesterol was present in the membranes, a slight reduction of lateral diffusion 

of  fluorescent phosphatidylethanolamine (Armah et al., 1999), an increase of the EPR order 

parameter of phospholipids (Akiyama et al., 1980;Nishikawa et al., 1984;Fukuda et al., 1987) and 

a decrease of the 2H-NMR order parameter of marked phospholipids when vesicles have been 

incubated with different saponins was observed (Akiyama et al., 1980).   

 In the presence of cholesterol, the anisotropy of fluorescently labeled lipids and the EPR 

and the 2H-NMR order parameter of labeled phospholipids and cholesterol were generally 

reduced (Akiyama et al., 1980;Nishikawa et al., 1984).    

 The differences obtained by EPR or fluorescence spectroscopy and NMR can be 

explained by the time-scale difference by which the three methods work (Figure 11). EPR and 

fluorescence spectroscopy work at 10-9-10-8 s. On this time-scale we observe especially gauche-

trans isomerization (10-10s) and rotational diffusion (10-8s), which are obviously reduced by 

saponins when no cholesterol is present, and increased by saponins when cholesterol is present. 

The ordering effect of cholesterol seems to be inhibited by saponins. 2H-NMR works at 10-5s. A 

reduction of the order parameter means that lipid motions corresponding to correlation times 

form 10 ns-10 µs are increased independent of the cholesterol content.  

 

2.4.5.2.4. Effect on lateral organization of membrane lipids 

 Lateral organization of lipids into domains has become a founded concept in cell 

membrane biology and depends mainly on the presence of sterols in eukaryotic cells (see 

2.2.2.2.) (Lingwood and Simons, 2010). Because some saponins are able to form aggregates with 

cholesterol in 3D and 2D systems (see 2.4.5.1.2. and 2.4.5.2.2.), it seems evident that they act on 

lateral organization of the membrane. Saponin allowed the solubilization of alkaline phosphatase, 

a protein known to be present in domains, by Triton X-100 in liposomes enriched with 

cholesterol but not in liposomes enriched with sphingolipid, which is an indication of cholesterol 

domain disruption (Schroeder et al., 1998). The cofactor for acrosome reaction-inducing 

substance (Co-ARIS), a steroidal monodesmosidic saponin, was able to co-localize and provoque 

expansion of ganglioside-GM1 clusters (Naruse et al., 2010).   
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2.4.5.2.5. Permeabilizing activity 

 As previously described, saponins were able to interact with phospholipids and/or 

cholesterol. In parallel, numerous studies showed that cholesterol is a key factor for membrane 

permeabilization induced by saponins. For most saponins (Table 1) it was an enhancing or 

necessary factor for permeabilization (Armah et al., 1999;Li et al., 2005;Gogelein and Huby, 

1984;Keukens et al., 1995;Nishikawa et al., 1984). However, for some saponins (Table 1), 

especially bidesmosides, cholesterol presented an inhibiting or a not necessary factor for 

membrane permeabilization (Hu et al., 1996;Li et al., 2005). We can therefore assume that 

different saponins may permeabilize by different ways. Regarding the different mode of action 

between monodesmosidic and bidesmosidic saponins, the data published can be summarized as 

follows. 

2.4.5.2.5.1.Models of permeabilization by saponins 

 A first model of permeabilization was established in 1962. Bangham et al. observed the 

hexagonal structures only in cholesterol containing planar membranes (lecithin/cholesterol) 

incubated with saponin®. They proposed a micellar arrangement of saponins and cholesterol in 

the membrane which would lead to the formation of a pore and correspond to the hexagonal 

structures observed (Figure 21) (Bangham et al., 1962).  

 

FIGURE 21 

 
Micellar rearrangement of saponin with cholesterol in the membrane as proposed by Bangham et 

al. Cholesterol ( ), saponin ( ). The central speckled area represents the pore 
(Bangham et al., 1962) 

 

 A model for monodesmosidic glycoalkaloids (presenting sugar residues at C3) was 

proposed. Interaction with sterols would lead to equimolecular complexes in the membrane. 
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When these complexes reach a certain density, hydrophilic interactions between sugars would 

induce the formation of a stable new lipid phase and the three-dimensional shape of the 

sterol/glycoalkaloid complex would be determinant for the formation of spherical buds or tubules. 

The rearangement of the membrane would have as consequence its disruption (Keukens et al., 

1995). Tubular aggregates with glycoalkaloids have also been observed by others (Elias et al., 

1979). 

 A different model for avenacin A1, a monodesmosidic triterpenoid saponin, was 

established (Figure 22) in a POPC:DOPE:Chol model.  Hydrophilic interaction between the sugar 

moieties and interaction with cholesterol would lead first to aggregation of these compounds and 

further to the formation of pores (Armah et al., 1999).  

 
 

FIGURE 22  

 
    Pore formation by Avenacin A1 proposed by (Armah et al., 1999) 

 

 For avicin G, a bidesmosidic saponin, the formed pores showed a certain selectivity 

regarding the charge of ions and were stable (~1.1 nm). This selectivity was dependent on the 

phospholipids present in the membranes. Cholesterol was not thought to be necessary for 

membrane permeabilization, which suggests, that for this saponin, interaction with phospholipids 

induces pore formation. The hydrophobic side chain of avicin G could probably play an 

important role in pore formation (Li et al., 2005).  
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2.4.5.2.5.2.Structure-activity relationships (SAR) studies 

 It is difficult to establish a structure-activity relationship of the membrane permeabilizing 

activity of saponins because of their different modes of action (see previous paragraph). Most of 

SAR studies describe hemolysis and the lytic effect on living cells.  

 For monodesmosidic saponins, interaction with sterols was crucial for their 

permeabilizing activity. This was not true for bidesmosidic saponins. It seems also, that for 

monodesmosidic saponins, a special headgroup in C3 is necessary to induce curvature and 

consequent pore formation. Regarding the membrane sterol, some SAR studies regarding the 

important structural features for membrane permeabilization induced by monodesmosidic 

saponins have been made. Several chemical functions are important for membrane 

permeabilisation for at least three different monodesmosidic saponins (Table 1). The hydroxyl 

function at position C3 in beta, the alkene function in C5,6  and the side chain at C17, until a 

limited number of carbons, enhanced the membrane permeabilizing activity (Keukens et al., 

1995;Popov, 2003).  

 

2.4.5.3.From membrane interacting compounds to therapeutic agents 

 We have seen, that saponins exert various activities on artificial membrane models. Their 

interaction with membrane dynamics and lateral organization could lead to the activation of 

membrane receptors or proteins known to be influenced by their lipophilic environment 

(Legembre et al., 2005;Naruse et al., 2010;Liu et al., 2011).  

 Cholesterol dependent permeabilization of membranes may be interesting in cancer 

therapy because some resistant cancers have shown increased amounts of cholesterol in 

membranes and especially in the outer mitochondrial membrane (see 2.4.8.3.4.1.) (Montero et al., 

2008).  

 SAR studies could lead to the development of saponins which would interact with specific 

sterols. Ergosterol is mainly present in funghi (Desmond and Gribaldo, 2009). Saponins 

interacting specifically with this sterol would be good candidates for antimycotic treatment. 
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 Some bidesmosidic saponins would probably be interesting compounds for antibacterial 

activity as some of them specifically permeabilize membranes without cholesterol and 

prokaryotic membranes do not contain sterols.  

 The concentration dependent switch in the permeabilizing ability, which has been 

observed between aggregated and non-aggregated α-hederin could lead to some interesting 

molecules which are able to induce phase separation without membrane permeabilization. These 

molecules could have many interesting effects on biological membranes.    

 

2.4.6. In silico models of saponin/cholesterol and saponin/membrane 

interactions 

 
 In silico models are very interesting approaches to study molecular interactions and 

effects on membranes. Several studies try to point out the interactions of saponins with sterols 

(Keukens et al., 1995;Oftedal et al., 2012), whereby other studies focus on saponin membrane 

interactions (Lin and Wang, 2010).  

 Dioscin, a monodesmosidic saponin, would bind preferentially to cholesterol in a 

hydrophobic environment. Extraction of cholesterol from the membrane seems therefore unlikely 

with dioscin. The most probable interaction was between the hydroxyl of cholesterol and the 

sugar of dioscin, but a “head to tail” interaction could not be excluded (Lin and Wang, 2010). 

 Aggregation was most likely by superposing hydrophobic rings of saponin and cholesterol 

(Keukens et al., 1995;Oftedal et al., 2012). A ternary structure of phospholipids, saponin and 

cholesterol was suggested for glycoalkaloids (Keukens et al., 1995).  

 Molecular dynamics simulation showed that dioscin preferentially binds to membrane 

rafts and increases the curvature of these. This curvature would be the reason for the membrane 

disruption (Lin and Wang, 2010).  

 

2.4.7. Effects on red blood cells 

 
 Taking into account the critical role of cholesterol for membrane permeabilization, red 

blood cells present an ideal model since they are characterized by a high cholesterol amount in 
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the plasma membrane (Ashworth and Green, 1966;Heiner et al., 2008). They are further deprived 

of a nucleus and other organelles and are therefore simpler models than other eukaryotic cells.  

 Many saponins are known for their hemolytic effect and a high amount of studies 

regarding the lysis of red blood cells was made (Assa et al., 1973;Arias et al., 2010;Chwalek et 

al., 2006;Baumann et al., 2000;Hase et al., 1981;Levin and Korenstein, 1991;Lin and Wang, 

2010;Meyer Bodansky, 1929;Liu et al., 2002;Muhr et al., 1996;Ponder, 1953;Romussi et al., 

1980;Seeman et al., 1973;Segal et al., 1966;Seeman, 1967;Segal et al., 1974;Segal et al., 

1977;Segal and Milo-Goldzweig, 1978;Takechi et al., 1992;Takechi and Tanaka, 1995;Takechi et 

al., 1996;Voutquenne et al., 2002;Gauthier et al., 2009;Wang et al., 2007c;Segal and Milo-

Goldzweig, 1975;Segal and Schlosser, 1975).  

 

2.4.7.1.Saponin induced hemolysis 

 Some issues of saponin induced hemolysis are still unanswered despite the number of 

studies available. We give here a morphological description of saponin hemolysis and some 

controversial topics open to discussion. 

 

2.4.7.1.1. Morphological features of hemolysis 

 Morphological description of saponin induced hemolysis is often lacking, which is a pity 

because it could give information about saponins activity. Levin and Korenstein described that 

erythrocytes treated with saponin® transformed into “ghost” cells. These erythrocytes lost their 

biconcave shape and became spherical. This process could not be reversed by adenosyl 

triphosphate (ATP) (Levin and Korenstein, 1991). This irreversible transformation of shape, 

which was not accompanied by important changes in membrane elasticity, could be due to a 

disturbance of membrane cytoskeleton interactions (Sleep et al., 1999;Baumann et al., 2000).  

At a nanoscopic level, transmission electron microscopy revealed the presence of long-lasting 

holes or pits in red blood cells incubated with saponins and the formation of multilamellar stacks, 

composed of crystallized lipids out of the membrane (Baumann et al., 2000;Shany et al., 1974). 

Pits were uniformly distributed and possessed a diameter of 4-5 nm. The authors suggest the 

consequent developpment of bigger “holes” or larger defects  (Seeman et al., 1973). Larger pores 
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would be consistent with the release of proteins from the cytoplasm induced by saponins 

(Baumann et al., 2000;Seeman, 1967).  

 

2.4.7.1.2. Correlation with surfactant activity  

 Many studies showed that for some saponins a correlation between their surfactant and 

hemolytic activities exist (Bottger et al., 2012). Nevertheless, no clear correlation could be 

established (Romussi et al., 1980;Segal et al., 1966;Hase et al., 1981;Voutquenne et al., 2002), 

which excludes that hemolysis is driven only by a detergent-like mechanism.  

 

2.4.7.1.3. Aggregation with cholesterol  

 The importance of cholesterol for hemolysis is subject to discussion. Some studies 

showed indirectly that saponins aggregate with cholesterol. Several amphipaths would be able to 

displace cholesterol from phospholipids and therefore increase the hemolytic potency of Quillaja 

saponins (Lange et al., 2009;Lange et al., 2005). Cholesterol was able to inhibit hemolysis when 

added to the media (Takechi et al., 1992). However, this was not in agreement with studies led by 

Segal et al. who proposed that cholesterol does not serve as specific binding site for saponins 

because no clear relationship between cholesterol amount in cells and hemolysis was established 

(Segal and Milo-Goldzweig, 1978;Segal and Milo-Goldzweig, 1975). 

 

2.4.7.1.4. Activation through membrane glycosidases  

 Segal et al. found for monodesmosidic saponins containing a glucose residue, that the 

aglycones had similar hemolytic activity as their corresponding saponin. They concluded that the 

saponins are firstly cleaved into their sapogenin by glycosidases (glucosidases or galactosidases) 

before getting effective (Segal et al., 1974). Conversely to these results, some sapogenins 

(oleanolic acid, gitogenin, hederagenin and others) had no hemolytic effect. In fact, preincubation 

of red blood cells with sapogenins inhibited even saponin induced hemolysis. Inhibition of 

saponin induced hemolysis could also be achieved when erythrocytes were preincubated with 

other non-hemolytic saponins (Chwalek et al., 2006;Gauthier et al., 2009;Wang et al., 

2007c;Takechi et al., 1996;Hase et al., 1981).  
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 Some sapogenins are able to disrupt the membrane, but it is not likely that glycosidases 

are needed to “activate” the hemolytic power of all saponins. It should be kept in mind that for 

monodesmosidic saponins, the sugar residues were a prerequisite for their permeabilizing activity 

in model membranes, erythrocytes and cancer cells (Keukens et al., 1995;Chwalek et al., 

2006;Gauthier et al., 2009). 

 

2.4.7.1.5. Structure activity relationships 

 There exist many SAR studies on hemolytic activity of saponins but unfortunately 

different protocols or different types of erythrocytes are used. So it is tricky to compare the 

activities of different studies. We summarized some studies which tested a huge number of 

saponins under the same conditions. Results for monodesmosidic saponins are shown in Figure 

23. Some studies comparing the activities of steroid versus triterpenoid saponins showed that 

steroid saponins induced a faster hemolysis (Takechi and Tanaka, 1995).  
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FIGURE 23 
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SAR studies on hemolytic activity of monodesmosidic saponins  

(Please be aware that some chemical functions exclude the presence of others.) 
Magenta : structural features which enhance hemolytic activity 
Blue: inhibit hemolytic activity 
R1:  Sugars are necessary for hemolytic activity,  
       The residue (α-L-Rha(1�2)-α-L-Ara) is very active  
       For some genins, activity rises with number of sugars (n) 
       Activity changes, when sugar branching changes  
       If the number of sugars = constant � α-L-Rha � β-D-Glc (1�2), (1�4) and (1�6) is   
       more active than (1�3) 
R2:   Triterpenoid saponins (-OH enhances activity) 
       Steroid saponins, diosgenin (-OH and alcane chains reduce activity, except -COC5)  
R3:  Triterpenoid saponins (-COOH enhances activity, esterification of COOH also enhances 
        activity)  
(Voutquenne et al., 2002;Gauthier et al., 2009;Chwalek et al., 2006;Wang et al., 2007c;Takechi et 
al., 1996) 

  

 Bidesmosidic (residue at C3 and C28) triterpenoid or steroid saponins were in most cases 

less hemolytic than monodesmosidic saponins, even if the surfactant activity increased (Romussi 

et al., 1980;Hase et al., 1981;Wang et al., 2007c;Voutquenne et al., 2002). Some general 

enhancing properties are summarized in Figure 24. 
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FIGURE 24 
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SAR studies on hemolytic activity of bidesmosidic saponins 

 
Magenta : structure features which enhances hemolytic activity 
- R1 = at least 1 sugar (needed) 
- R2 = COOH, CH2OH (needed) 
- R3 = if 1 sugar � R1 = at least 3 sugars 
           Best activity � 4 sugars and R1 = 1 sugar 
(Voutquenne et al., 2002;Wang et al., 2007c) 

 

2.4.7.2.Pharmacological implications of hemolysis 

 Excessive hemolyis induced by saponins can lead to anemia and further death (Stohlman 

and Smith, 1934). Saponins can only be used pharmacologically if they don’t induce important 

hemolysis or if they do not pass into the blood stream. The synthesis or research of saponins 

which are not hemolytic is therefore very challenging. The understanding of the mechanisms 

involved in saponin hemolysis and implications of molecular structural features can lead to 

synthesis of compounds which will have a high activity and low toxicity. Gauthier et al. showed 

that lupane saponins have a very low tendency to induce hemolysis, but an increased ability to 

induce apoptosis in cancer cells compared to the oleanane type saponins (Gauthier et al., 2009). 

As seen before (see 2.4.4.3.1.), the formation of saponin nanoparticles can also be an interesting 

approach to reduce the hemolytic activity of saponins by keeping or increasing their activity 

towards cancer cells. The effect of saponins on cancer cells will be developed in the next chapter. 
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2.4.8. Effect on cancer cells 

 
 Compared to red blood cells, other eucaryotic cells possess a nucleus and different types 

of organelles. These cellular compartments are separated from the cytoplasm by membranes 

which have different compositions in lipids and proteins. The cholesterol content of different 

organelles is very variable (van Meer, 2005;Wassler et al., 1987) so the activity on eukaryotic 

cells is much more complex as a saponin could act specifically on a certain type of organelle. As 

we have shown in (2.4.5.), the effects of saponins are not only restricted to membrane lysis. They 

can influence the dynamics of the membrane or their lateral organization. All these effects can 

lead to activation or inhibition of membrane proteins or even cascades which lead to programmed 

cell death (Chaigne-Delalande et al., 2008;George and Wu, 2012;Legembre et al., 2005;Li et al., 

2006;Xu et al., 2009;Park et al., 2010;Yi et al., 2009). 

 

2.4.8.1.Effect on dynamic properties of the membrane 

 We already discussed the effects of saponins on the dynamic properties of artificial 

membrane models and the corresponding time-scales of these effects. Cellular membranes of 

mammals are always in a fluid state (Gawrisch, 2005). Results on membrane dynamics should be 

therefore comparable to the effect of saponins on artificial membranes in the liquid crystalline (or 

liquid ordered) state. Furthermore, the modulation of dynamic membrane properties in cells can 

have multiple effects on membrane proteins and cell metabolism (Kwon et al., 2008;Ishida et al., 

1993;Harada, 2005).  

 The effects of saponins on dynamic properties of artificial membranes often depended on 

the cholesterol content. As cholesterol content varies a lot between cell types or organelles, 

modulation of order parameters may vary from one cell type to another. As an example, 

ginsenoside Rg3 reduced the fluorescence anisotropy of DPH and TMA-DPH only in multidrug 

resistant cells. This decrease was correlated to a decrease of resistance towards adriamycin 

(Kwon et al., 2008). Other saponins increased or decreased different order parameters in different 

cell types independently of their lytic potential (Harada, 2005;Ishida et al., 1993;Ota et al., 

1987;Jiang et al., 2010). Ginsenoside Re significantly reduced microviscosity (DPH) in 

mitochondria isolated from rat brain. This could probably explain its protective effect against 
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cerebral-ischemia injury as mitochondria play an important role in ROS production and 

subsequent lipid peroxidation (Zhou et al., 2006).  

 

2.4.8.2.Effect on lateral organization (interaction with rafts) 

 We have seen that rafts in cell membranes are nanoscopic functional lateral domains (see 

2.2.2.2.). Their disruption or aggregation may induce pathways leading to programmed cell death 

or have other effects (Jacobson et al., 2007;Lingwood and Simons, 2010).  

 An earlier technique to prove association of proteins with rafts is based on the fact that 

these domains were resistant to triton X-100 extraction (Lingwood and Simons, 2010). This 

technique is obsolete because association with detergent resitant membranes might result from an 

artifact due to the treatment with Triton-X (McMullen et al., 2004). Nevertheless, some saponins 

were able to render proteins known to be insensible to triton X-100 extraction soluble, meaning 

that the rafts were disrupted by saponin treatment. This disruption would have various effects on 

cell membranes like receptor activation or changing ion channel permeability  (Ilangumaran and 

Hoessli, 1998;Heffer-Lauc et al., 2007;Taverna et al., 2004;Nanjundan and Possmayer, 

2001;Cerneus et al., 1993;Schroeder et al., 1998;Becher et al., 2001;Sehgal et al., 2002;Zhuang et 

al., 2002). Using confocal or biphoton microscopy, other studies showed the translocation of 

some receptors or membrane proteins from rafts or the disruption of rafts upon treatment with 

different saponins. Ginsenoside Rh2 and Avicin D proved such an effect which would lead to the 

activation of apoptosis by the extrinsic pathway (Figure 28, blue pathway) (Yi et al., 2009;Xu et 

al., 2009;Jiang et al., 2010;Park et al., 2010).  

 

2.4.8.3.Cell death induced by saponins 

 Different kinds of cell death have been induced by saponins including cell lysis, necrosis, 

apoptosis and autophagy. Cell lysis and necrosis both include the destruction of the plasma 

membrane. Apoptosis and autophagy are both programmed cell deaths and are induced via 

various stimuli and executed trough specific pathways. It is of major importance to describe 

morphological changes and provide biochemical evidence to classify the induced cell deaths by 

saponins (Galluzzi et al., 2012;Kroemer et al., 2009).  
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2.4.8.3.1. Morphological features of saponin induced cell death 

 Ehrlich ascites tumor cells showed various manifestations when treated with different 

saikosaponins (Figure 25). Only minor changes in the structures provoqued major changes in 

morphological appearences, which shows that there is not only one process involved (Abe et al., 

1981). The main morphological features induced by saponins are (i) the formation of “blebs” 

(Gao et al., 2011;Abe et al., 1981), which could be classical hallmarks of necrosis and apoptosis 

(Barros et al., 2003;Kroemer et al., 2009) but could also be direct consequences of saponin 

membrane interactions (Keukens et al., 1995), (ii) the disappearance of microvilii or other 

changes of membrane topology like the formation of a granular surface (Mazzucchelli et al., 

2008;Sung et al., 1995;Gao et al., 2011;Jian et al., 2011), (iii) the formation of intracellular 

vesicles (Sung et al., 1995). These vesicles could correspond to autophagic vacuoles, hallmarks 

of autophagy or to a direct effect on the membrane (King et al., 2009;Ellington et al., 2005).  

 

FIGURE 25 

 
Scanning electron microscopy of Ehrlich ascites tumor cells. 

a. Control, b. Cells treated with saikosaponin a (large protrusions: blebs), c. 
Saikosaponin b1 treated (longer microvilii than in control), d. Coral reef like surface 

when treated with saikosaponin b2, e. Appearance of blebs and microvilii 
saikosaponin c, f. Disappearence of microvilii with saikosaponin d.(Abe et al., 1981) 
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2.4.8.3.2. Cell lysis or necrosis 

  It is difficult to distinguish between direct permeabilization of the plasma 

membrane and secondary permeabilization due to necrosis. Necrosis is characterized by the 

increase of cellular volume, formation of blebs, destruction of the plasma membrane and release 

of the cytoplasm to the sourrounding environment. It is accompagnied by the activation of Ca2+-

dependent enzymes which are able to lyse the cytoskeleton (Figure 28, grey pathway) (Kroemer 

et al., 2009;Trump and Berezesky, 1995;Barros et al., 2003). Cell lysis or the formation of pores 

by saponins would also produce osmotic swelling and further rupture of the membrane (Figure 28, 

magenta pathway). Both cell deaths are interconnected and it is very difficult to say whether one 

or another is induced. Recently, regulated necrosis or necroptosis has become a widely accepted 

term. It is characterized by the activation of the kinases RIP1 and RIP2 (receptor interacting 

protein 1 and 2), which should be investigated to discern between cell deaths (Galluzzi et al., 

2012). Unfortunately, effects of saponins on this marker have not yet been published.   

  Cell lysis provoqued by saponins can be very fast at high saponin concentrations 

(Mazzucchelli et al., 2008). Electron microscopy revealed the formation of holes larger than 1 

µm only after 2 minutes of incubation with 10 µM hederacolchiside A1 (Figure 26). Tof-SIMS 

analysis of cells revealed no colocalization of cholesterol and hederacolchiside A1 after 2 min of 

treatment. After 30 min hederacolchiside, phospholipids and cholesterol seemed to aggregate 

(Mazzucchelli et al., 2008).  
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FIGURE 26 

 

 
Scanning electron microscopy 

Control MEL-5 cells (a,b) 
Appearance of holes after 2 min of treatment with hederacolchiside A1 (c,d) 

(Mazzucchelli et al., 2008) 

 
 

 Oleanane type saponins induced the permeation of cancer cells to small hydrophilic 

molecules like calcein and propidium iodide (Gauthier et al., 2009;Gilabert-Oriol et al., 2013). 

Gypsophila saponins induced pores whose size increased with concentration and time (Wassler et 

al., 1987) or pores large enough to induce fast release of LDH or other proteins (Mazzucchelli et 

al., 2008;Gerkens et al., 2007;Guan et al., 2011;Wassler et al., 1990). Therefore, saponins are 

used to permeabilize cellular membranes for immunohistochemistry of intracellular proteins 

(Ohsaki et al., 2005;Verdier et al., 2000;Mazzucchelli et al., 2008). AFM allowed to vizualize 

pores induced by saponin® in fibroblasts (Figure 27) (Lee et al., 2006). An increase of 

permeability to larger molecules was observed when tetrandine (a bisbenzylisoquinoleine) was 

coincubated with Quillaja saponins. This enhancement was not observed with digitonin nor 

ginseng saponins, so we can suppose that tetrandrine interacts specifically with the pore formed 

by Quillaja saponin (Leung et al., 1997).  
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FIGURE 27 

 
Control                  Treated with saponin® 

Membrane surface of fibroblasts (AFM) 
(Lee et al., 2006) 

 

2.4.8.3.3. Lysis of cell organelles  

  Saponins showed some specificity regarding lysis of different organelles. Brain 

microsomes derived from plasma membrane treated with saponin® showed ring-like micellar 

structures. It was not observed in cardiac sarcoplasmic reticulum. Microsomes derived from the 

endoplasmic reticulum were more resistant to saponin® lysis than vesicles derived from plasma 

membranes (Inamitsu and Ohtsuki, 1984). In muscle cells, β-escin and saponin® were able to 

permeabilize the traverse tubular system (Launikonis and Stephenson, 1999). Avicins were able 

to perforate the outer mitochondrial membrane and so to induce the release of cytochrome c. This 

would lead to an inhibition of respiration and the induction of apoptosis (Lemeshko et al., 2006).  

  The susceptibility of different organelles to Gypsophila saponins could be 

correlated to the cholesterol/phospholipid ratio of their membranes. The order of sensitivity to 

permeabilization was the plasma membrane > the lysosomal membrane > the golgi membrane > 

the outer mitochondrial membrane > the inner mitochondrial membrane > the endoplasmic 

reticulum (parallel with cholesterol content) (Wassler et al., 1987).  

 

2.4.8.3.4. Apoptosis  

 Morphologically, apoptosis will lead to the condensation of chromatin, fragmentation of 

the nucleus, formation of membrane blebs and apoptotic bodies (Barros et al., 2003;Kroemer et 

al., 2009). Apoptosis is mediated by two major pathways, the intrinsic and the extrinsic pathway 

(Jin and El Deiry, 2005). Many saponins were able to induce apoptosis (Zhang et al., 2007;Zhang 
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et al., 2008;Yi et al., 2009;Xu et al., 2007;Xu et al., 2009;Xiao et al., 2009;Xiao et al., 

2007a;Xiao et al., 2007b;Wang et al., 2006;Tin et al., 2007;Swamy and Huat, 2003;Shin et al., 

2009;Raju and Bird, 2007;Niu et al., 2008;Park et al., 2010;Liu et al., 2009;Liu et al., 2007;Lin et 

al., 2008;Li et al., 2006;Li et al., 2005;Lemeshko et al., 2006;Lee et al., 2009;Kumar et al., 

2009;King et al., 2009;Kim et al., 2008b;Kim et al., 2008a;Kim et al., 2009;Jin et al., 2009;Jeong 

et al., 2008;Ham et al., 2006;Guo et al., 2009;Gerkens et al., 2007;Choi et al., 2008;Cheng et al., 

2006). The description of each pathway would pass the limits of this work. However, we wanted 

to point out studies where apoptosis is in direct relationship with membrane interaction.     

 

2.4.8.3.4.1.The intrinsic pathway  

 The intrinsic pathway depends primary on the disruption of the external mitochondrial 

membrane and the release of proapoptotic proteins present in the intermembrane space. This can 

be achieved by permeabilization of the outer mitochondrial membrane (OMM). The external 

mitochondrial membrane presents a high content in cholesterol on the contrary to the internal 

membrane which lacks cholesterol. Some avicins were shown to induce the intrinsic pathway 

most probably by direct pore formation of the OMM (Figure 28, green pathway) (Lemeshko et al., 

2006;Li et al., 2005;Haridas et al., 2007). Reactive oxygen species (ROS) and Ca2+ are able to 

activate the mitochondrial permeability transition pore (MPT-pore). This also leads to the release 

of proapoptotic proteins into the cytoplasm (Kowaltowski et al., 1996;Hunter and Haworth, 

1979a;Hunter and Haworth, 1979b;Haworth and Hunter, 1979). α-Hederin and macranthoside B 

provoqued the increase of cytosolic ROS species and extracellular Ca2+-influx which led to 

apoptosis (Choi et al., 2008;Swamy and Huat, 2003;Guan et al., 2011). ROS production can also 

be a consequence of a direct activity on the mitochondrial membrane and acts as amplificator of 

apoptosis (Wang et al., 2007a).   

 

2.4.8.3.4.2.The extrinsic pathway 

The extrinsic pathway is activated by membrane death receptors (Dickens et al., 2012). Death 

receptors are present in lipid rafts (George and Wu, 2012). Disorganization of these rafts can 

therefore lead to activation of membrane death receptors, which has been proven for Avicin D 
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and ginsenoside Rh2 (Figure 28, blue pathway) (Xu et al., 2009;Yi et al., 2009;Jiang et al., 

2010;Park et al., 2010).  

FIGURE 28 

 
Pathways of known saponin induced cancer cell membrane lysis, necrosis and apoptosis in 
relation with their membrane activity  
Magenta pathway: membrane lysis induced by direct pore formation of the membrane. 
(Mazzucchelli et al., 2008;Gerkens et al., 2007;Guan et al., 2011;Ohsaki et al., 2005;Wassler et 
al., 1990;Gauthier et al., 2009;Verdier et al., 2000;Gilabert-Oriol et al., 2013). 
Grey pathway: necrosis induced by increased Ca2+ influx (Trump and Berezesky, 1995). 
Green pathway: apoptosis induced by direct permeabilization of the outer mitochondrial 
membrane (Lemeshko et al., 2006;Li et al., 2005;Haridas et al., 2007). 
Orange pathway: apoptosis induced by the increase of intracellular calcium, ROS production 
and the triggering of the mitochondrial permeability transition (MPT) 
(Choi et al., 2008;Swamy and Huat, 2003). 
Blue pathway: apoptosis induced by the activity on rafts and activation of death receptors 
(Xu et al., 2009;Yi et al., 2009;Jiang et al., 2010;Park et al., 2010). 
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2.4.8.3.5. Autophagy 

 Autophagic cell death is accompanied by cytoplasmic vacuolization which leads the cell 

to its autodigestion. Some major proteins involved are beclin 1, ATG5 or LC3. The latest meeting 

of the committee of classification of cell death stated that inhibition of at least 2 of these essential 

proteins is needed to prove autophagic cell death because autophagy would be mainly a cell 

protecting mechanism (Galluzzi et al., 2012). Saponin® can cause formation of structures which 

ressembled GFP-LC3 puncta (a hallmark of autophagy) in HeLa cells. Puncta formation was not 

due to autophagy but protein aggregation and presented an artifact. Puncta are obviously not a 

good hallmark for saponin induced autophagy (Ciechomska and Tolkovsky, 2007). 

Autophagy was induced by some saponins (Table 1) as a protective mechanism towards 

apoptosis  (Sy et al., 2008;Ko et al., 2009). Avicin D on the contrary induced autophagic cell 

death when apoptosis was inhibited (Xu et al., 2007).  

 

2.4.8.3.6. Cancer treatment by saponins 

 Some saponins could be suitable candidates for cancer treatment research because they 

are specifically cytotoxic towards cancer cells (King et al., 2009;Swamy and Huat, 2003;Man et 

al., 2010).  

 As we have seen, the formation of saponin containing nanoparticles can enhance the 

selectivity towards cancer cells and reduce their hemolytic potential. This couls lead to an 

increased therapeutic index (Hu et al., 2010).  

 Another advantage is that several saponins induce cell death via multiple mechanisms 

(apoptosis, necrosis, membrane lysis or autophagic cell death) and pathways (ROS, activity on 

organelles, mitochondrial outer membrane permeabilization [MOMP]). This could prevent the 

occurrence of resistances and increase efficiency of treatment.  

 Membrane cholesterol is known to be largely involved in cancer progression and 

resistance (Montero et al., 2008;Patra, 2008). Cholesterol rafts are known to promote cancer and 

cholesterol enrichment in mitochondria leads to chemotherapeutic resistance (Montero et al., 

2008). The specific interaction of some saponins with cholesterol and the disruption of lipid rafts 

led to apoptosis in cancer cells (Gajate and Mollinedo, 2011;Patra, 2008;Yi et al., 2009).  
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 It has also been shown for ginsenosides and other saponins, that they are able to reduce 

the cell growth by inhibiting proteins involved in the cell cycle (cyclins or cyclin dependent 

kinases) or inhibit other important cancer promoting pathways (Nag et al., 2012). Saponins could 

be therefore ideal candidates to act on resistant cancer cells and to reduce resistance toward other 

therapeutic agents.   

 

2.4.9.  Conclusions on saponin activities on membrane models 

 
We put together studies using several techniques to analyse different aspects of saponins.  

 Their amphiphilic character gives them the ability to self aggregate, reduce the interfacial 

tension between phases and stabilize emulsions or foams.  

 They are also able to interact with other amphiphilic molecules like phospholipids and 

cholesterol. This can lead to the formation of micelles or other nanoobjects, which could be used 

in vaccination or cancer therapy.   

 Interaction with membrane components of bilayers has enormous repercussions on cell 

homeostasis. Saponins can activate membrane receptors via changes of membrane dynamics or 

interaction with membrane rafts, rich in cholesterol. The modulation of protein activity by 

saponins could lead to the development of interesting compounds with various pharmacological 

activities.  

 The interaction with cholesterol was also very important for pore formation in several 

membrane models, especially for monodesmosides with a sugar chain in C3. Some bidesmosides 

were able to permeabilize membranes independently of cholesterol which suggests that their 

mechanism is different.   

 Hence, cell death induced by saponins is very complex and several mechanisms can be 

induced simultaneously. Besides direct pore formation, apoptosis and autophagy play an 

important role. Permeabilization of organelles might also play a crucial role for saponin induced 

cell death.  

 Saponins which were able to permeabilize membrane models were usually hemolytic and 

also active on cancer cells. The artificial membrane models used showed that the basic lytic 

activity does not depend on membrane proteins even if it is not excluded that activity can be 

enhanced or inhibited.  
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 But not only interactions of saponins with membranes are responsible for cell death. For 

example, several saponins have shown specific activity on proteins involved in the cell cycle 

(Guo et al., 2009).  

 All in one, saponins have unique activities and properties which could be very useful in 

the development of future therapeutic agents.  
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Table 1 : Physico-chemical activities of saponins a nd interaction with membranes 

Model Effect Techniques 
Type of 
interaction 

Cholesterol 
presence in 
model 

Consequences 
Cholesterol 
dependency Saponin References 

Adsorption at  air-
water interface 

Tensiometry 
Saponin/air-
water surface 

No 
Reduction of surface 
tension of water, 
foam forming ability 

No 

Soyasaponins, 
Anchusosides, 
Glycyrrhizin, 
Digitonin, 
Hederacolchiside,  
α-hederin, 
Hederacoside C 
β-escin, 
Ginsenoside RG2, 
Glycyrrhizinic acid, 
Primulic acid 

(Romussi et 
al., 
1980;Mazzuc
chelli et al., 
2008;Bottger 
et al., 
2012;Xiong 
et al., 
2008;Pillion 
et al., 
1996;Jian et 
al., 2011) 

Hydrophobic
/ 
hydrophilic 
interfaces 

Adsorption at other 
interfaces 

Tensiometry, 
viscosity 
measurements, 
miscibility tests, 
quasi-elasitc light 
scattering 

Saponin/inter
face 

No 

Reduction of 
interfacial tension, 
stabilization of 
emulsions or 
suspensions 

No 

Quillaja saponins, 
Yucca saponins, 
Ginsenosides, 
Acetylated aescin, 
Extract of Sapindus 
mukorossi 

(Tanaka et 
al., 1996;Cao 
et al., 
2010;Stanimi
rova et al., 
2011;de Ven 
et al., 
2010;Balakri
shnan et al., 
2006) 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



Introduction 

 
84 

 
 
 
 
 
 
Self-aggregation 

 
 
 
DLS, 
tensiometry, 
solubilization of 
fluorescent 
probes, NMR, 
TEM, dielectric 
permittivity 

 
 
 
 
 
 
Saponin/sapo
nin 

 
 
 
 
 
 
No 

 
 
 
 
 
Formation of 
spherical micelles or 
other types of 
amphiphilic 
aggregates 

 
 
 
 
 
 
No 

 
 
 
Quillaja saponins, 
Digitonin, 
Hederacolchiside,  
α-hederin, 
Hederacoside C, 
β-escin, 
Ginsenoside Ro, 
Rg2, Rb1, Rg1 
Glycyrrhizinic acid, 
Primulic acid 
 
 

(Balakrishna
n et al., 
2006;Sarnthe
in-Graf and 
La Mesa, 
2004;Mitra 
and Dungan, 
2001;Mitra 
and Dungan, 
2000;Mitra 
and Dungan, 
1997;Xiong 
et al., 
2008;Bottger 
et al., 
2012;Dai et 
al., 2013) 

DLS, 
tensiometry, 
TEM 

Saponin/Chol
esterol 
 

Yes 

Formation of soluble 
mixed micelles or 
other types of 
aggregates 
(composed of 
cholesterol and 
saponins) 

Yes 
Quillaja saponins 
 
 

(Demana et 
al., 
2004;Mitra 
and Dungan, 
2001;Mitra 
and Dungan, 
2000;Mitra 
and Dungan, 
1997;Sidhu 
and 
Oakenfull, 
1986) 

Aggregation with 
cholesterol 
 
 

Observation, light 
microscopy, 
TEM, solubility 
product, 
stoichiometric 
reaction 

Saponin/Chol
esterol 
 

Yes 

Formation of 
insoluble 
cholesterol/saponin 
complexes 

Yes 

Digitonin, 
α-tomatine, 
α-chaconine 
Alfalfa saponins 

(Ioffe, 
1986;Assa et 
al., 
1973;Roddic
k, 
1979;Haslew
ood, 
1947;Haslam 
and Klyne, 
1953) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Aqueous 
solution 
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TEM 

 
 
 
Saponin/phos
pholipid/chol
esterol 

 
 
 
Formation of 
ISCOMS® 

 
 
 
Yes 

 
 
 
Quillaja saponins 

 
(Kersten and 
Crommelin, 
1995;Myschi
k et al., 
2006;Deman
a et al., 
2007;Ozel et 
al., 1989;Hu 
et al., 2010) 

TEM 
Saponin/phos
pholipid/chol
esterol 

Formation of 
ginsomes 

Yes 
Ginsenosides Rb2, 
Rc, Rb1, Rd 

(Song et al., 
2009) 

TEM 
Saponin/phos
pholipid/chol
esterol 

Formation of 
“tubular ISCOMs” 

Yes Cucumarioside A2 
(Kostetsky et 
al., 2011) 

 
 
 
 
 
 
 
 
Aggregation with 
cholesterol and 
phospholipids 

TEM 
Saponin/phos
pholipid/chol
esterol 

 
 
 
 
 
 
 
 
Yes 

Ring-like micelles, 
rod-like tubular 
structures, helical, 
thread-like micelles 

Yes 
Mannosylatyed 
saponins of oleanolic 
and glycyrrhizic acid 

(Daines et 
al., 2009) 

 
 
 
 
 
 
 
 
 
 
Aqueous 
solution 

Aggregation with 
DC-Cholesterol 
and phospholipids 
 

TEM, 
Saponin/phos
pholipid/DC-
cholesterol 

No Posintro™ No Quillaja saponins 
(Madsen et 
al., 2009) 

Lateral pressure 
measurements 

Saponin/chol
esterol 

Yes 
Increasing lateral 
pressure 

Yes α-tomatine 
(Stine et al., 
2006;Walker 
et al., 2008) 

Lateral pressure 
and surface 
tension 
measurements, 
fluorescence of 
avenacin A1 

Saponin/Phos
pholipid 

 
Yes/No 

Increasing lateral 
pressure, reduction 
of surface tension, 
Avenacin A1 
insertion 

 
No 

 
Digitonin, 
Merck saponin®, 
Avenacin A1 
 

(Gogelein 
and Huby, 
1984;Armah 
et al., 
1999;Nishika
wa et al., 
1984) 

 
 
 
 
 
 
 
 
Monolayers 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Binding 
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Binding 

 
 
 
 
Lateral pressure 
measurements 

 
 
 
 
Saponin/rafts 

 
 
 
 
Yes 

 
 
Binding until certain 
lateral pressure. 
Above critical 
value� 
accumulation below 
monolayer 
(formation of 
stripes) 

 
 
? 

 
 
 
 
Glycyrrhizin 

 
 
 
 
(Sakamoto et 
al., 2013) 

Aggregation of 
cholesterol and 
saponin 

BAM 
Saponin/chol
esterol 

 
Yes 

Domain formation 
 
Yes 

α-tomatine 
(Stine et al., 
2006;Walker 
et al., 2008) 

 
 
 
 
 
 
 
 
Monolayers 

Interaction with 
rafts 

BAM,  
fluorescence 
microscopy 

Saponin/Chol
esterol 

Yes 

Decrease of raft size 
below CMC and 
formation of striped 
regions above CMC 

Yes Glycyrrhizin 
(Sakamoto et 
al., 2013) 

Binding to LUV 
Saponin/phos
pholipid 

Yes/No 
Reduction of surface 
potential/equilibrium 
binding 

No 
Digitonin, 
desglucodigitonin 

(Nishikawa 
et al., 1984) 

Binding to LUV, 
HPLC 

Saponin/Chol
esterol 

Yes/No 
Cholesterol 
dependent binding 

Yes 
α-tomatine/ α-
chaconine 

(Keukens et 
al., 1995) 

Binding 

²H-NMR, 
scintillation 
counting 

Saponin/chol
esterol 

Yes 

Permanent binding 
and formation of  
complexes with 
cholesterol 

Yes 
Digitonin, 
Desglucodigitonin 

(Akiyama et 
al., 
1980;Nishika
wa et al., 
1984) 

EPR, 
fluorescence 
spectroscopy of 
order sensitive 
probes 

Saponin/phos
pholipid 

No 

Reduction of trans-
gauche 
isomerizations and 
rotational diffusion 

No 

Digitonin, 
Ginsenoside, 
Avenacin A1 
 

(Akiyama et 
al., 
1980;Fukuda 
et al., 
1987;Armah 
et al., 
1999;Nishika
wa et al., 
1984) 

 
 
 
 
 
 
 
 
 
 
 
Bilayers 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Effect on dynamic 
properties 
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EPR, 
fluorescence 
spectroscopy of 
Laurdan and DPH 

 
 
 
Saponin/chol
esterol 
 

 
 
 
Yes 

 
Increase of trans-
gauche 
isomerizations and 
rotational diffusion 

 
 
 
Yes 

 
 
 
Digitonin 

 
 
(Akiyama et 
al., 
1980;Nishika
wa et al., 
1984) 

 
 
 
 
 
 
Effect on dynamic 
properties 
 

²H-NMR 
Saponin/chol
esterol 

Yes/No 
Increase of motions 
in the µs timescale 

No 
Ginsenoside, 
Digitonin 

(Akiyama et 
al., 
1980;Fukuda 
et al., 1987) 

Effect on lateral 
organization 

AFM 
Saponin/Chol
esterol-
Ganglioside 

Yes/No 

Co-localization with 
ganglioside GM1-
clusters and 
expansion of clusters 

Yes Co-ARIS 
(Naruse et 
al., 2010) 

Electron 
microscopy 

Saponin/Chol
esterol 

Yes/No 

Micellar 
arrangement of 
saponins and 
cholesterol in 
membrane 

Yes Saponin® 
(Bangham et 
al., 1962) 

Freeze-fracturing, 
release of 
fluorescent 
probes, SAR,  
31P-NMR, HPLC, 
molecular 
modeling 

Saponin/stero
l/phospholipi
d 

Yes/No 

Permeabilization, 
spherical and tubular 
budding due to 
formation of 
irreversible 
glycoalkaloid/sterol 
matrix 

Yes 
α-tomatine, 
α-chaconine, 
(glycoalkaloids) 

(Keukens et 
al., 
1995;Elias et 
al., 1979) 

Calcein release, 
QSAR 

Saponin/Phos
pholipid 

Yes/No 

Cholesterol 
independent 
membrane  
disruption 

No 
Bidesmosidic 
triterpenoid saponins 
 

(Hu et al., 
1996) 

Conductivity 
measurements, 
FRAP 

 
Saponin/chol
esterol 

Yes/No 
Pore formation due 
to hydrophilic sugar 
interactions 

Yes Avenacin A1 
(Armah et 
al., 1999) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Bilayers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Permeabilization/ 
Pore formation 
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Bilayers 

 
 
 
 

Permeabilization/ 
Pore formation 

 
 
Conductance 
measurements, 
molecular 
modeling 
 

 
 
Saponin/Chol
esterol/phosp
holipid 

 
 
 
Yes/No 

 
 
Pore formation due 
to interaction with 
phospholipids and 
importance of the 
side chain of Avicin 
D and G 

 
 
Yes 
(avicin 
G), No 
(Avicin 
D) 

 
 
Bidesmosides 
(Avicin G, 
Avicin D) 

 
 
 
(Li et al., 
2005) 

Saponin/ 
Cholesterol 

Yes 
 
Most probably head 
to head binding 

Yes 
 
Dioscin 

(Lin and 
Wang, 2010) 

Cholesterol/saponi
n/phospholipid 
interaction 

Molecular 
modeling Saponin/Chol

esterol/Phosp
holipid 
 

Yes 
Possible ternary 
complex 

Yes Glycoalkaloids 

(Keukens et 
al., 
1995;Oftedal 
et al., 2012) 

In Silico 

Pore formation in 
bilayer 

Molecular 
dynamics 
simulation 

Saponin/Chol
esterol/phosp
holipid 

Yes 
Induction of 
curvature in rafts 

Yes Dioscin 
(Lin and 
Wang, 2010) 

TEM, freeze-
fracture EM, 
ferritin labeling, 
Hemoglobin 
release 

Saponin/ ? Yes 
Increasing defects, 
protein release 

? 

Merck pure saponin, 
Alfalfa saponins 
 
 

(Seeman et 
al., 
1973;Shany 
et al., 
1974;Bauma
nn et al., 
2000;Seeman
, 1967) 

 
 
 
 
 
 
 
 
Effect on red 
blood cells 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Hemolysis 
 
 
 
 
 
 
 
 
 

Hemoglobin 
release, 
Tensiometry 

Surfactant 
activity 

Yes 
 

No clear correlation 
between surfactant 
and hemolytic 
activity 

? 
Monodesmosides 
and Bidesmosides 
 

(Romussi et 
al., 
1980;Segal et 
al., 
1966;Hase et 
al., 
1981;Voutqu
enne et al., 
2002;Bottger 
et al., 2012) 
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Amphipaths 
cholesterol 
activation, 
variation of 
cholesterol 
content of 
erythrocytes 

Saponin/Chol
esterol 

Yes 
Aggregation with 
cholesterol leads to 
hemolytic activity 

Yes 

 
Quillaja saponins, 
α-hederin, 
dioscin, 
timosaponin A-III, 
β-escin, 
saikosaponin d, 
holotoxin A 

(Lange et al., 
2009;Takechi 
et al., 
1992;Lange 
et al., 2005) 

Cholesterol 
depletion of 
erythrocytes 

Saponin/Chol
esterol 

Yes 

No clear correlation 
between cholesterol 
amount and 
hemolytic activity 

No 

Digitonin, 
Styrax saponin A 
Aescin, 
Smilagenyl-β-
maltoside, 
Tigogenyl-β-
maltoside, 
Styrax sapogenin-A 
 

(Segal and 
Milo-
Goldzweig, 
1978;Segal 
and Milo-
Goldzweig, 
1975) 

Microscopy, 
measurements of 
membrane 
fluctuation 

Saponin/cyto
skeleton-
membrane 

Yes 
ATP independent 
shape transformation 
into ghosts 

? 
Saponin® (pure 
white) 

(Sleep et al., 
1999;Levin 
and 
Korenstein, 
1991;Bauma
nn et al., 
2000) 

 
 
 
 
 
 
 
 
Effect on red 
blood cells 
 
 
 
 

 
 
 
 
Hemolysis 

Inhibitors of 
glycosidases, 
saponin 
extraction from 
lysed cells 

Saponin/me
mbrane 
glycosidases 

Yes 

Hydrolysis of 
saponin into 
sapogenin by contact 
with erythrocytes 
 

No 

Digitonin, Tomatin, 
Solanin, 
Styrax saponin-B, 
Glycyrrhizin 
 

(Segal et al., 
1974;Segal 
and Milo-
Goldzweig, 
1975) 

Fluorescence 
anisotropy DPH, 
TMA-DPH 

Saponin/? Yes 

Decrease of 
resistance toward 
adriamycin in 
multidrug resistant 
cells 
 

? Ginsenoside Rg3 
(Kwon et al., 
2008) 

 
 
 
 
Effect on 
cancer cells 
 
 

Effect on dynamic 
properties 
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DPH fluorescence 
anisotropy 

Saponin/? Yes Reduced 
microviscosity in 
mitochondria 

? Ginsenoside Re (Zhou et al., 
2006) 

 
Sensibility of 
rafts  to Triton X-
100 extraction 

Saponin/chol
esterol 

Yes 

 
Disruption of 
domains containing 
cholesterol/redistribu
tion of raft 
associated proteins 

Yes 

 
 
Saponin®, 
Digitonin, 
Saponin (Sigma) 
 
 

(Ilangumaran 
and Hoessli, 
1998;Heffer-
Lauc et al., 
2007;Tavern
a et al., 
2004;Nanjun
dan and 
Possmayer, 
2001;Cerneu
s et al., 
1993;Schroe
der et al., 
1998;Becher 
et al., 
2001;Sehgal 
et al., 
2002;Zhuang 
et al., 2002) 

Confocal 
microscopy 

Domain 
(raft) 
interaction 

Yes 
Caspase-8 
Activation 

Yes 
Ginsenoside Rh2, 
Avicin D 

(Yi et al., 
2009;Xu et 
al., 
2009;Jiang et 
al., 
2010;Park et 
al., 2010) 

 
 
Effect on lateral 
organization 

Fluorescence 
microscopy, 
scintillation of 
radiolabeled 
saponin 

Co-
ARIS/Choles
terol 

Yes 

Change in domain 
(raft) structure and 
composition, 
induction of 
acrosome receptor 

Yes 
Co-ARIS 
(monodesmosidic 
steroid) 

(Naruse et 
al., 2010) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect on 
cancer cells 
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Cell death assays, 
calcein-AM 
release, 
light and electron 
microscopy, flow 
cytometry, LDH 
release, PI influx 

 
 
 
 
 
 
 
Saponin/plas
ma 
membrane 

 
 
 
 
 
 
 
 
Yes 

 
 
 
 
 
 
 
Necrosis like cell 
death 

 
 
 
 
 
 
 
 
Yes 

 
 
 
 
 
Oleanane type 
monodesmosidic 
saponins, 
macranthoside B, 
digitonin, 
Quillaja saponins, 
Gypsophila saponins 
 

 
(Gauthier et 
al., 
2009;Mazzuc
chelli et al., 
2008;Guan et 
al., 
2011;Verdier 
et al., 
2000;Leung 
et al., 
1997;Ohsaki 
et al., 
2005;Gerken
s et al., 
2007;Lee et 
al., 
2006;Wassler 
et al., 
1987;Wassler 
et al., 
1990;Gilaber
t-Oriol et al., 
2013) 

Detection of 
mitochondrial 
permeabilization, 
isolation of 
mitochondria 

Saponin/ 
outer 
mitochondria
l membrane 

Yes 

Outer mitochondrial 
membrane, ER, 
traverse tubular 
system 

Yes 
Avicins,  
saponin®,  
β-escin 

(Lemeshko et 
al., 
2006;Inamits
u and 
Ohtsuki, 
1984;Launik
onis and 
Stephenson, 
1999) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Necrosis/Lysis 

Differential 
centrifugation, 
enzyme markers 

Saponin/orga
nelles 

Yes/No 
Lysis of organelles 
increases with 
cholesterol content 

Yes Gypsophila saponin 
(Wassler et 
al., 1987) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect on 
cancer cells 
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Markers intrinsic 
apoptotic 
pathway (release 
proapoptotic 
proteins,…) 

 
 
 
 
 
Saponin/mito
chondria 

 
 
 
 
 
Yes 

 
 
 
 
Activation 
mitochondrial 
pathway (intrinsic) 

 
 
 
 
 
 
? 

 
 
 
 
 
Avicins 

 
 
 
(Li et al., 
2005;Haridas 
et al., 
2007;Lemesh
ko et al., 
2006) 

 
 
Extracellular 
calcium influx 
(Ca2+), ROS 
activation 

 
 
Saponin/ 
plasmatic 
membrane 

 
 
Yes 

 
 
Permeabilization 
plasma membrane, 
activation 
mitochondrial 
pathway (intrinsic) 

 
 
Yes 

 
 
α-hederin, 
macranthoside B 

 
 
(Choi et al., 
2008;Swamy 
and Huat, 
2003;Guan et 
al., 
2011;Danloy 
et al., 1994) 

 
 
 
 
 
 
 
 
 
 
 
 
 
Apoptosis 
 

Markers extrinsic 
apoptotic 
pathway, 
caspase-8 
activation, Fas 
activation, raft 
desorganization 

Saponin/rafts Yes 
Activation death 
receptor pathway 
(extrinsic) 

Yes/No 
Ginsenoside Rh2, 
Avicin D 

(Yi et al., 
2009;Jiang et 
al., 2010;Xu 
et al., 
2009;Park et 
al., 2010) 

LC3-I�LC3-II 
transformation, 
autophagic 
vacuoles 

Saponin / ? Yes 
Protection towards 
apoptosis 

? 
Timosapopnin AIII, 
Ginsenoside Rk1 

(Sy et al., 
2008;Ko et 
al., 2009) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effect on 
cancer cells 
 
 
 

Autophagy LC3-I�LC3-II 
transformation, 
autophagic 
vacuoles, 
Atg5, Atg 7 
activation 

Saponin / ? Yes 
Activation of 
autophagy, when 
apoptosis is inhibited 

? Avicin D 
(Xu et al., 
2007) 



Introduction 

 
93 

2.5. The monodesmosidic triterpenoid saponin α-hederin 

 
 The interesting properties of saponins have led us to the investigation of the 

monodesmosidic saponin α-hederin, which has shown interesting activities towards cancer cells 

(Choi et al., 2008). α-Hederin or Kalopanaxsaponin A was first isolated from the leaves of 

common ivy or Hedera helix L. (Araliaceae) (Figure 30,A) along with its aglycone hederagenin 

(van der Haar, 1912). It has been further isolated in the seeds of Nigella sativa L. (Kumara and 

Huat, 2001), the stem of Clematis parviloba Gardner&Champ. (Yan et al., 2009), the aerial parts 

of Clematis tangutica Korsh. and Patrinia scabiosaefolia Fisch. (Kim, 1997;Zhong et al., 2001), 

the root bark of Smelophyllum capense Radlk. (Lavaud et al., 1995) and the bark of Kalopanax 

pictus Nakai. (Sano et al., 1991).  

 

2.5.1. Molecular structure 

 
 
FIGURE 29 
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2.5.2. Biosynthesis     

 
 Biosynthesis of α-hederin is linked to the synthesis of δ-hederin and hederagenin which 

are its precursors and which lack one or two sugar units. It has been investigated in several plants 

and especially in Nigella sativa (Figure 30,B). The triterpenoid structure of all triterpenoid 

saponins is biosynthesized before the addition of sugars (see 2.2.1.4., Figure 9). For the synthesis 

of hederagenin, 2,3-epoxidosqualene is further cyclized by β-amyrin synthethase leading to the 

formation of β-amyrin (oleanane series), a triterpenoid pentacyclic ring structure. Oxidations of 

carbons in C23 and C28 lead to the formation of hederagenin. Glycosyltransferases add further 

the arabinose residue to to the C3 hydroxyl to give δ-hederin and finally the addition of the 

rhamnose sugar leads to the formation of α-hederin  (Scholz et al., 2009;Bruneton, 2009).          

 
FIGURE 30 
                                       

      
 

 Common ivy (Hedera Helix L.) (Thome, 1885) 

 

 

2.5.3. Biological activity 

  

 α-Hederin has shown important induction of hemolysis and cytotoxic activity especially 

towards cancer cells. Cytotoxic activity would be mainly due to the induction of membrane lysis 

and apoptosis (Swamy and Huat, 2003;Chwalek et al., 2006). The α-L-rhamnopyranosyl-(1→2)- 
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α-L-arabinopyranose moiety at C3 seems to confer increased cytotoxicity to the molecule 

compared to similar oleanane type saponins (Jung et al., 2004;Chwalek et al., 2006;Gauthier et al., 

2009).  

 In vivo, it showed antitumor activity and increased the survival in mice affected by colon 

26- or 3LL Lewis lung carcinoma, being as effective as cisplatin (Park et al., 2001). The 

compound would not only have antitumor activity because of its cytotoxicity but would also be 

an antiproliferative agent (Danloy et al., 1994). Reduction of metalloproteinase-9 m-RNA 

stability would inhibit the invasion of tissues by cancer cells (Hwang et al., 2012). So, the 

molecule attacks cancer via different targets, which makes it interesting for the use against 

resistant cancer cell lines. It also potentiated the cytotoxic activity of antitumor agents like 5-

fluorouracil which shows its interest in combined chemotherapy (Bun et al., 2008).  

 Besides its cytotoxic activity against cancer cells, it was also antimycotic against human 

pathogenic fungi most probably because of its interaction with the membranes (Moulin-Traffort 

et al., 1998;Kim et al., 1998).  

 α-Hederin, δ-hederin and hederagenin showed leishmanicidic activity. Interestingly, 

hederagenin was the only compound that was active against the amastigote form. The 

corresponding bidesmoside of α-hederin showed no activity (Majester-Savornin et al., 1991).  

 At concentrations below its cytotoxic activity, α-hederin (and also hederagenin) was 

antimutagenic (Lee et al., 2000). It inhibited mutations induced by tobacco derived substances 

and chemotherapeutic agents like doxorubicin (Amara-Mokrane et al., 1996). This special 

property in addition to its antioxidant activity (Gulcin et al., 2004) makes it an excellent 

chemopreventive agent against cancer.  

 The antioxidant activity combined with the induction of metallothionein (oxygene 

radicals captor) in hepatic cells, provides hepatoprotective capacities to α-hederin (Kim et al., 

2005). α-Hederin also possessed anti-inflammatory properties in vitro but the effect was not 

confirmed in vivo (Li et al., 2003;Gepdiremen et al., 2005).  
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2.6. Lipopeptides 

 
 Besides saponins, we also wanted to investigate the activities of peptide based 

amphiphiles and especially lipopeptides which have a strong amphiphilic character and have been 

subject to a growing attention in the last years. An interesting subject to the closer investigation 

of lipopeptides was surfactin, which was easily accessible for our laboratory and has shown 

interesting activities on cancer cells (see 2.7.).   

 Two main classes of lipopeptides exist. Cyclic and linear lipopeptides. Both classes have 

been isolated from bacteria and fungi (Mandal et al., 2013). 

 Because we will study the effect of surfactin, a cyclic lipopeptide extracted from Bacillus 

subtilis, we will only focus on cyclic lipopeptides. These amphiphilic compounds have been 

found in marine cyanobacterias and other prokaryotes but especially in the Bacillus and 

Pseudomonas species (Smyth et al., 2010;Jokela et al., 2012;Desai and Banat, 1997). They can’t 

be found in higher eukaryotes because they do not have the necessary enzymatic machinery to 

produce them. The most popular lipopeptides are daptomycin and polymyxin, produced by 

Bacillus brevis and Bacillus polymyxa (Figure 31). These two antibiotics are nowadays used in 

clinics against resistant bacterial infections (Desai and Banat, 1997).     

 
FIGURE 31 

 
  Daptomycin      Polymyxin 
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2.6.1. Molecular Structure 

  

 Cyclic lipopeptides are composed of an amino acid cycle which is closed by an ester or 

peptide bond. These cycles are linked to acyl chains in different manners (Figure 31, Figure 32). 

The fatty acid linked to the polyamine cycle gives the molecules the amphiphilic character. The 

charge of the peptide groups is very important for their specific activity. Cationic lipopeptides 

like polymyxin have shown to be specifically active on bacteria (Clausell et al., 2007), whereby 

anionic lipopeptides seem to have a broader spectrum of activity (Straus and Hancock, 2006;Cao 

et al., 2011). Because of these different structural features, there exists a high structural variety of 

lipopeptides. This makes them very interesting compounds for the discovery of new 

pharmacophores.  

 

2.6.2. Biosynthesis  

  

 Synthesis of peptides does not always rely on the ribosome. Lipopeptides are generally 

assembled by non-ribosomal peptide synthethases (NRPs). They work as assemblies where each 

module is responsible for the incorporation of a single monomer. The amino acids used are not 

the same as for protein synthesis. Cyclization can be achieved by an ester or peptide bond and 

results in the formation of lactams or lactones respectively (Giessen and Marahiel, 2012). Non 

ribosomal peptide synthethases are lacking in higher eukaryotes but are present in fungi (Hur et 

al., 2012).    

 

2.6.3. Biological activity 

 

 Lipopeptides have surfactant properties and reduce the interfacial energy and surface 

tension of water. That’s why they could be used as “biosurfactants” (Desai and Banat, 1997). 

Some of them are also able to self-aggregate in aqueous solution and form oligomers (Straus and 

Hancock, 2006). Their surfactant properties seem to increase the ability of bacteria secreting 

lipopeptides to form biofilms (Raaijmakers et al., 2010). 



Introduction 

 
98 

 Many lipopeptides have antibacterial activity especially against resistant strains. For 

example, daptomycin has been shown to be very efficient against MRSA (methicilline resistant 

Staphylococcus aureus) strains. Antibiotic activity is mostly due to the interaction with 

membranes. This interaction is strengthened by the lipid acyl tail (Straus and Hancock, 2006). 

The antibacterial activity is not only interesting to treat human or animal infections. Bacterial 

strains producing lipopeptides have been used successfully to protect plants from infections 

(Stein, 2005).   

 The ability to interact with membranes gives lipopeptides additionally anticancer, 

antimycotic, antihelminthic and antimycoplasmic activities (Raaijmakers et al., 2010).  

 

2.7. Surfactin 

 

 Surfactin is one of three major lipopeptide groups produced by the Bacillus species. The 

two other peptide families are fengycin and iturin (Smyth et al., 2010). The most common 

producer of surfactine is Bacillus subtilis (Figure 32,A), the bacteria where the lipopeptide has 

first been isolated (Arima et al., 1968). The surfactin family is composed of 8 analogs (Kanatomo 

et al., 1995). Their structures are made of a cycle of seven amino acids linked to a C13-C16 β-

hydroxyl fatty acid (Figure 32B). The carboxyl of the fatty acid is connected to the N-terminus of 

the peptide by a peptide bond and the β-hydroxyl group to the C-terminus by an ester link (Smyth 

et al., 2010). We have to be aware that the peptide loop is very flexible and can adopt different 

conformations in different environments (Gang et al., 2011). 

 
FIGURE 32 
                       (A)                                                         (B) 

                                    
(A)  Colored Scanning electron micrograph (17000x) of Bacillus subtilis (Stanley Flegler)®  
(B) Chemical structure of the Surfactin family 
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 Surfactin has strong surfactant activity and reduces the surface tension of water from 72 

to 27 mN/m (Desai and Banat, 1997). Interestingly, the reduction of surface tension of the air 

water interface due to surfactin enhanced the spreading and aeral biofilm formation of Bacillus 

subtilis conferring an enormous evolutionary advantage to the bacteria (Angelini et al., 2009).  

 Surfactin was further able to induce ion-channels in lipid bilayer membranes and cause 

hemolysis (Dufour et al., 2005). It induced a detergent-like membrane lysis (Arima et al., 

1968;Heerklotz and Seelig, 2001). The molecule showed a very broad spectrum of lytic activities 

including fungi, bacteria (including MRSA), mycoplasma, cancer and virus (Sen, 2010;Kracht et 

al., 1999).  

 Beyond this lytic activity, surfactin induced apoptosis in different kinds of cancer cells 

and was able via different mechanisms to inhibit proliferation of cancer. Surfactin induced 

apoptosis via the intrinsic apoptotic pathway. An increase of intracellular Ca2+ and ROS and the 

activation of the MPT was implicated (Cao et al., 2011). It diminished replication of cancer cells 

trough inhibition of the cell cycle at G(2)/M. Most probably because of the inhibition of a G(2) 

specific kinase (cdc2) (Cao et al., 2009;Kim et al., 2007). Surfactin would also decrease invasion 

of cancer cells via inhibition of Matrix metalloproteinase 9 (MMP-9) (Park et al., 2013). This 

pleiotropic activity of surfactin on cancer cells should make of it an interesting candidate to 

overcome multidrug resistance. 
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 This chapter contains the most important results I obtained during my thesis in FACM 

and GNOS. It is divided into two parts. In the first part, I will assemble all data in relation with α-

hederin, δ-hederin and hederagenin. The second part will handle the results obtained with 

surfactin. I will reprint the articles in their original form, as they have been submitted, accepted or 

published. For studies which haven’t been integrated into articles yet, I will give the purpose of 

the study, a brief introduction of the subject, describe materials and methods, comment the results 

and open a short discussion. 

 

3.1. Activities of α-hederin  and hederagenin on different membrane mod els and 

cancer cells 

 
 To explore the effects of α-hederin, δ-hederin and hederagenin on membranes and the 

consequences for cells, we studied the effects of both molecules on several artificial membrane 

models and cancer cells. We used α-hederin as example to explore membrane lysis induced by 

monodesmosidic saponins, because it had shown a hemolytic and cytolytic potential in the past 

(Gauthier et al., 2009). We were also interested in a possible relation between membrane 

interactions and apoptosis induction by α-hederin.  

 The results were divided into four main studies. The first study explores the lytic potential 

of α-hederin, δ-hederin and hederagenin on different membrane models and cancer cells. In the 

second study, we observe the effects of α-hederin on a membrane model which displays 

macroscopic phase separation. The third study describes the potential activity of α-hederin and 

hederagenin on membrane rafts and adds further information on the lytic potential of the saponin. 

Finally, we explored the lytic and apoptotic activities of α-hederin and hederagenin on cancer 

cells in vitro.  
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3.1.1. Induction of highly curved structures in relation with membrane 

permeabilization and budding by the triterpenoid saponins, α-hederin and δ-hederin 

(article 1, J. Biol. Chem. 288, 2013 ) 

 
 

Authors : Joseph Lorent1,2, Cécile S. Le Duff3, Joelle Quetin-Leclercq2 and Marie-Paule 

Mingeot-Leclercq1 

 

1Université catholique de Louvain, Louvain Drug Research Institute, Cellular and Molecular 

Pharmacology, Avenue E. Mounier 73, UCL B1.73.05, B-1200 Bruxelles, Belgium. 
2Université catholique de Louvain, Louvain Drug Research Institute, Pharmacognosy, Avenue E. 

Mounier 72, UCL B1.72.03, B-1200 Bruxelles, Belgium. 
3Université catholique de Louvain, - Institute of Condensed Matter and Nanosciences, Molecules, 

Solids and Reactivity,  Place Louis Pasteur 1, UCL  L4.01.04,   B-1348 Louvain-la-Neuve, 

Belgium. 

 
 

 

 

Subject and background : The aim of this study was to better understand the permeabilizing 

activity displayed by many monodesmosidic triterpenoid saponins. The article deals with the 

permeabilizing activity of α-hederin, δ-hederin and hederagenin, two monodesmosidic 

triterpenoid saponins and a triterpenic acid, on model membranes. To our knowledge, this is the 

first study which investigates this well known activity of saponins on GUVs (Giant unilamellar 

vesicles containing fluorescent lipid probes, a membrane model which I recently introduced into 

the FACM laboratory), which have the size of eukaryotic cells and can therefore be observed in 

light microscopy. The results obtained on GUVs, in combination with 31P-NMR and other 

techniques allowed new conclusions regarding the membrane lytic activity of monodesmosidic 

saponins.     

    



Results 

 
104 



Results 

 
105 



Results 

 
106 



Results 

 
107 



Results 

 
108 



Results 

 
109 



Results 

 
110 



Results 

 
111 



Results 

 
112 



Results 

 
113 

 



Results 

 
114 



Results 

 
115 



Results 

 
116 



Results 

 
117 



Results 

 
118 

 



Results 

 
119 

 



Results 

 
120 



Results 

 
121 

 



Results 

 
122 



Results 

 
123 

 

3.1.2. Phase separation and permeabilization induced by the saponin α-

hederin and its aglycone hederagenin in a raft mimicking bilayer (article 2, 

submitted ) 

 
 

 

 

Authors: Joseph Lorent1,4, Laurence Lins2, Domenech Òscar3, Joelle Quetin-Leclercq4, Robert 

Brasseur2  and Marie-Paule Mingeot-Leclercq1 

 

1Université catholique de Louvain, Louvain Drug Research Institute, Cellular and Molecular 

Pharmacology,  UCL B1.73.05, avenue E. Mounier 73, B-1200 Brussels, Belgium. 
2ULg, Centre de Biophysique Moléculaire Numérique, Agro-BioTech Gembloux,  Passage des 

Déportés, 2, B- 5030 Gembloux, Belgium. 
3University of Barcelona, Departament de Fisicoquímica, Facultat de Farmàcia, UB and Institut 

de Nanociència i Nanotecnologia IN,  08028 Barcelona, Spain. 
4Université catholique de Louvain, Louvain Drug Research Institute, Pharmacognosy,  B1.72.03, 

avenue E. Mounier 72, B-1200 Brussels, Belgium. 

 
 

 

 

Subject and background : In addition to the immediate permeabilization and macroscopic pore 

formation induced by α-hederin on GUVs at relatively high concentrations (40 µM) (see 3.1.1.), 

we analyzed the effect of lower concentrations of α-hederin (10 µM) but also hederagenin on 

GUVs. This article will give insights into a new striking phenomenon observed with both 

compounds which might have major implications for saponin and triterpenoid activity. 
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INTRODUCTION 
 

 Lipid phase separation has become an important concept in membrane organization and 

has been associated with the formation of lateral functional domains in cells, also called lipid 

rafts. Rafts are temporary domains having a nanoscopic size of about 10-200 nm. Their fusion 

into larger domains would provide platforms for protein signaling (Lingwood and Simons, 2010). 

Some of the proteins located in lipid rafts are involved in cancerogenesis and apoptosis (Staubach 

and Hanisch, 2011). Disruption or fusion of lipid rafts can lead to the activation or inhibition of 

these proteins which makes them a potential target in cancer therapy (George and Wu, 2012). 

Cholesterol is an essential component of these lipid rafts (Lingwood and Simons, 2010). Due to 

its rigid planar steroid ring system, it induces a high conformational order of the lipid acyl chains. 

This results in a condensing effect with a decrease of the area occupied by the other lipids as well 

as an increase of the bilayer thickness. It also modifies the thermotropic phase transition between 

the liquid-disordered, often termed fluid phase (Ld or Lα), and the solid-ordered, also called gel 

phase (So) by inducing an intermediate liquid-ordered (Lo or Lβ ) phase (Simons and Vaz, 2004). 

In model membranes, the Lo phase is laterally separated from the Ld phase and is thought to 

mimic lipid rafts in cells.  

 

 In specific situations, we can observe the coexistence of bilayer phases with non-lamellar 

lipid mesophases (hexagonal, cubic, isotropic). In biological membranes, some of these non-

bilayer phases are thought to be important for protein/membrane interactions and fusion (de 

Kruijff, 1997;Luzzati, 1997). Besides their biological function, non-lamellar phases can be 

induced when amphiphilic drugs or peptides come into contact with membranes. The formation 

of the normal isotropic or hexagonal (HI) phase has been put in relationship with the 

permeabilization of membranes (Hallock et al., 2003;Correia et al., 2012). At intermediate 

amphiphiles/phospholipids ratios, the bilayer phase can coexist with the newly formed phase 

(Almgren, 2000). Sometimes, even macroscopic phase separation becomes visible in the sample 

(Kleinschmidt and Tamm, 2002;Lohner et al., 1999).    
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 Several saponins, amphiphilic compounds of natural origin, are kown for their ability to 

interact with cholesterol, a major component of rafts (Yi et al., 2009;Bangham et al., 1962). 

Among them, avicin D, ginsenoside Rh2 and glycyrrhizin alter membrane permeability and 

interact with lipid rafts (Xu et al., 2009;Sakamoto et al., 2013;Yi et al., 2009). Some triterpenic 

acids, lacking the sugar chains of saponins, have shown the same potential (Bayer et al., 2011). In 

a recent study (Lorent et al., 2013), we demonstrated that α-hederin, a triterpenoid 

monodesmosidic saponin, but not hederagenin, its triterpenic aglycone, induced cholesterol 

dependent permeabilization and budding. Both molecules induced the formation of a new lipid 

mesophase, whenever this effect was much more important with α-hederin. In addition, new 

tubular structures presenting high curvature grew out of membranes when they have been put in 

contact with glycoalkaloids (Keukens et al., 1995) and digitonin (Elias et al., 1978). The 

formation of the new lipid phase depends upon interaction of the compound with the sterol, its 

molecular shape and the presence of the sugar chain at C3 on the aglycone (Armah et al., 1999). 

In parallel, we reported that α-hederin induced toroidal pores which supposed saponin enriched 

spots with increased transbilayer curvature in the bilayer (Lorent et al., 2013). Nevertheless, for 

α-hederin or hederagenin, the formation of lateral domains has never been shown. Understanding 

this mechanism should give interesting clues on how saponins and triterpenic acids are able to 

interact with membranes and especially membrane rafts.  

  

 For this purpose, we investigated the ability of α-hederin (3-O-α-L-rhamnopyranosyl-

(1�2)-α-L-arabinopyranoside) and hederagenin, its aglycone lacking the sugar chain, to induce 

lateral phase separation in a dimyristoylphosphatidylcholine (DMPC)/cholesterol (chol) (3:1, 

mol/mol) model. This binary membrane model has the advantages to be composed of a 

phospholipid which is in the fluid state at ambient temperature and to present a nanoscopic Lo 

phase enriched in cholesterol. This is similar to what has been observed for lipid rafts in cells 

even if lipid composition in biological membranes is much more complex (Loura et al., 2001;de 

Almeida et al., 2009;Meinhardt et al., 2013;Lorent et al., 2013;van Meer, 2005). The same binary 

model has also been used to show domain formation induced by glycalkaloids in monolayers 

(Stine et al., 2006;Walker et al., 2008) and to investigate the mechanism of permeabilization 

induced by α-hederin (Lorent et al., 2013), which facilitated comparison with other published 

results. 
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 We selected complementary investigation techniques to understand the membrane activity 

of α-hederin and hederagenin. By molecular modeling and fluorescence spectroscopy of 

dehydroergosterol (DHE), a fluorescent cholesterol analogue (Wustner, 2007), we demonstrated 

the ability of α-hederin and hederagenin to interact with sterols. Using Förster resonance energy 

transfer (FRET) of DHE and diphenylhexatriene-phosphatidylcholine (DPH-PC) inserted into 

Multilamellar Vesicles (MLVs), we monitored quantitative and temporal aspects of lipid phase 

separation. Using Giant Unilamelar Vesicles (GUVs), we visualized the effect of α-hederin and 

hederagenin on lipid phase separation by fluorescence and confocal microscopy using Texas-

Red-dipalmitoylphosphoethanolamine (TR-DPPE) and 2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-7-nitro-2-1 3-benzoxadiazol-4-yl (NBD-DPPE), located in Ld and Lo 

phases respectively (Juhasz et al., 2010). In parallel, we determined the effect of α-hederin on 

Supported Planar Bilayers (SPBs) by Atomic Force Microscopy (AFM) to gain insights into the 

nanoscopic aspects of phase separation.  

 This study shows how α-hederin and hederagenin are able to promote the formation of 

macroscopic domains in a nanoscopic raft model. It gives some insights on how saponins and 

triterpenic acids could be able to interact with rafts in cellular membranes and induce membrane 

permeabilization.  

  

MATERIAL AND METHODS 

 

Material 

 α-Hederin and hederagenin (HPLC quality) were purchased from Extrasynthese, (Genay, 

France) and dissolved in ethanol. After evaporation of the solvent, the residue was dissolved in 

buffer solution (10 mM Tris.HCl adjusted at pH=7.4 with NaOH) containing 0.1% DMSO to 

prevent solubility problems. DMPC (dimyristoyl-sn-glycero-3-phosphocholine) and cholesterol 

were purchased from Avanti Polar Lipids. TR-DPPE (Texas-Red 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine), NBD-DPPE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-

sn-glycero-3-phosphoethanolamine), DPH-PC (Diphenylhexatriene Phosphatidylcholine) and 

R18 (octadecylrhodamine) were purchased from Invitrogen (Paisley, Scotland, UK). DHE 

(dehydroergosterol) and FITC-dextran (4-kDa) was purchased by Sigma-Aldrich (St. Louis, MO). 
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PDMS (Polydimethylsiloxane) was kindly provided by Henri Burhin and Christian Bailly 

(SST/Institute of Condensed Matter and Nanosciences, Bio and soft matter, Université catholique 

de Louvain, Louvain-la-Neuve). All other reagents were from E. Merck AG (Darmstadt, 

Germany). 

 

Preparation of MLVs  

 Multilamellar vesicles (MLVs) composed of DMPC:Chol (3:1) were prepared by the 

extrusion technique(Hope et al., 1985), using a 10 ml thermobarrel extruder (Lipex 

Biomembranes, Vancouver, Canada). A dry lipid film was formed by evaporating a lipid solution 

of 10 mg/ml of total lipid, in CHCl3:CH3OH (2:1 v/v) using a rotavapor R-210 (Buchi 

Labortechnik AG, Flawil, Switzerland). The film was resuspended in a buffer solution (Tris-HCl 

10 mM at pH=7.4). This buffer solution was used troughout all experiments. The suspension was 

submitted to five cycles of freezing/thawing to obtain multilamellar vesicles (MLVs). The lipid 

concentration of the liposomal suspension was measured by phosphorous quantification(Bartlett, 

1985) and adjusted according to the experimental protocol used.  

 

Molecular modeling and assembly of αααα-hederin and hederagenin with lipids  

 The assembly of α-hederin or hederagenin with DMPC or cholesterol was studied by 

molecular modeling and the Big Layer Method. This method proceeds in two steps (i) calculation 

of paired interactions between the molecules and (ii) construction of a grid of 600 x 600 

molecules, taking the molar ratios account. 

 The first step was derived from the hypermatrix method described elsewhere (Brasseur et 

al., 1987;Lins et al., 1999). The molecules (α-hederin, hederagenin, cholesterol and DMPC) were 

first oriented at the interface, taking their hydrophobic and hydrophilic centers into account 

(Brasseur, 1990). For each pair of molecules (α-hederin/ α-hederin, α-hederin/Chol, α-

hederin/DMPC, hederagenin/hederagenin, hederagenin/Chol  and hederagenin/DMPC), the 

interaction energies (sum of electrostatic, Van der Waals, hydrophobic energies) were calculated 

for a large number of positions, resulting from translations and rotations of one molecule toward 

the other. In this study, molecules underwent 36 rotations around themselves with a precision of 

10°. For each of these positions, horizontal and vertical translations were carried out on a 

distance of 10 and 5 Å with a step of 0.5 and 0.25 Å, respectively. For all those positions, an 
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additional tilt of -10° to +10° by step of 0.5° was further applied. The total number of relative 

positions tested was thus more than 23 400 000 000 (36x36x21x21x41). For each pair of 

molecules, the statistical Boltzmann energy was considered. The latter was calculated taking into 

account a Boltzmann statistics corresponding to the sum of the interaction energy of each relative 

position tested multiplied by the probability of the position. This interaction energy matrix was 

then used in the second step. 

 The second step consisted in the construction and minimization of the system using the 

interaction matrix calculated in the first step. A grid of 40 000 (200x200) molecules, initially 

positioned at random, was constructed and the energy of the system was calculated. The energy 

of one molecule was equal to the average of the interaction energies with its 24 closest neighbors 

in the grid. Random permutations were made and the energy of the new configuration was 

calculated. By a Monte Carlo procedure, this new configuration was kept or not, as a function of 

the energy difference between the two states. For a grid of 360 000 molecules, one calculation 

step consists in 360 000 permutations. 100 000 steps were carried out. For the molecules at the 

border of the grid, the molecules at the opposite border were considered as their closest 

neighbours, avoiding border limits. 

 Graphically, each molecule type was represented by a colored point and all the points 

were represented on the grid. This allowed us to visualize preferential interactions and phase 

separation between the molecules studied. 

 

Steady-state fluorescence measurements 

 Fluorescence spectra were performed at 25°C using a LS55 luminescence spectrometer 

(Perkin Elmer Ltd., Beaconsfield, UK). FRET measurements of DHE and DPH-PC were done on 

a Spectramax M3 (Molecular Devices, Sunnyvale, USA). 

 

Dehydroergosterol (DHE) spectroscopy 

 Spectral features of DHE in media of different polarities and lipid membranes have been 

extensively studied (Loura and Prieto, 1997;Schroeder, 1984). Emission spectra of DHE in 

aqueous medium give insights on the ratio between monomer and the aggregated form of the 

sterol. When DHE is excited at 310 nm in aqueous solution, it presents a low intensity 

monomeric peak at 375 nm and a high intensity maximum of structured emission at 395 and 424 
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nm due to the presence of microcrystals in buffer solution. The ratio between fluorescence 

intensities at 375 vs 395 or 424 nm (I375/I395 or I375/I424) reflects the ratio of monomers vs. 

microscrystals in aqueous solution(Loura and Prieto, 1997). Moreover, a decrease in the 

dielectric constant of the microenvironment of DHE induces a blue shift of λmax emission (Cheng 

et al., 1999). 

 The aqueous dispersions of DHE (10 µM) were prepared by evaporation of an ethanol 

solution in which the DHE was dissolved. DHE was resuspended with 1 µl of DMSO and 1 ml of 

buffer (10 mM Tris.HCl; pH=7.4) to obtain DHE in a final 0.1% DMS0 solution. Fluorescence 

emission spectra of DHE in buffer solution were taken at increasing concentrations of α-hederin 

and hederagenin and the intensity of the monomeric vs microcrystalline peak ratio was put upon 

concentration. The influence of DMSO and DHE concentration was checked. Excitation 

monochromator was set to 310 nm (slit = 4.5) and the emission spectra was recorded from 335 to 

445 nm (Cheng et al., 1999;Schroeder et al., 1987).  

 

FRET between DHE and DPH-PC 

 FRET provides a measure of the average distance between an array of donor and acceptor 

molecules. If the probes (DHE and DPH-PC e.g.) show varying partition coefficients between 

two phases (e.g. Lo and Ld phases) the assay can be used to detect membrane heterogeneities 

(Parker et al., 2004). MLVs were composed of DMPC:Chol:DHE:DPH-PC (75/24/1/0.1 

[mol/mol]) and were adjusted to 50 µM of total lipid concentration in buffer solution. FRET of 

DHE (donor) and DPH-PC (acceptor) in lipid bilayers was determined by exciting DHE at 310 

nm (slit = 4 nm) and taking emission intensities at 371 nm (DHE emission peak) and 430 nm 

(DPH-PC emission peak). The fluorescence intensity ratio (I430/I371) was taken as a measure of 

the energy transfer efficiency. Use of the intensity ratio largely eliminated the noise introduced 

by variations in lipid and probe concentrations between samples.  

 

Electroformation of Giant Unilamellar Vesicles (GUVs) 

 DMPC:Chol (3:1) giant unilamellar vesicles were prepared by electroformation as 

described previously (Angelova et al., 1992;Lorent et al., 2013). Briefly, 1µl of a chloroform 

solution of DMPC:Chol (5mg/ml), was spread on an indium thin oxide (ITO) covered glass. All 

fluorescent probes used were added to the chloroform solution at 0.1% mol/mol.The solution was 
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dried in a vacuum chamber during 2h. An electroformation chamber was constructed using 

another ITO covered glass slide, were the conducting face pointed to the interior of the 

electroformation chamber. Polydimethylsiloxane containing 5% aerosol was used to separate 

both glass slides. The lipid film was hydrated with a sucrose solution of 0,1M. GUVs were grown 

by applying a sinusoidal alternative current of 10 Hz and 1V for 2h at 60°C.  

 

Fluorescence microscopy 

 Developments in fluorescence microscopy, combined with the ability to produce giant 

unilamellar vesicles, allowed direct visualization of liquid-liquid phase separation in 

DMPC/cholesterol mixtures. The probes TR-DPPE and NBD-DPPE were used to visualize the 

potential of α-hederin (10 µM) and hederagenin (40 µM) to induce phase separation, budding, 

vesicle deformation and macroscopic pore formation. TR-DPPE is a fluorescent probe which 

partitions into the Ld phase and NBD-DPPE into the Lo phase (Juhasz et al., 2010). We used a 

fluorescent microscope (Axioskop 40, Carl Zeiss, Jena, Germany) and signals were recorded with 

a Nikon digital sight DS-5M (Nikon, Tokyo, Japan). The acquisition software used was NIS-

Elements v. 2.11. All observations were made in an observation chamber of 400 µl filled with a 

sucrose solution of 0.1 M and α-hederin and hederagenin. One GUV was followed for at least 4h 

(with hederagenin phase separation was much slower, and therefore we showed a typical example 

of a GUV presenting phase separation after 4 and 48h). Three independent experiments were 

performed.   

 A movie showing phase separation in a GUV marked by TR-DPPE was recorded. Speed 

is accelerated 4 times (one second in the movie represents 4 real seconds) and contrast was 

slightly enhanced.  

 Quantification of different features (budding, deformation, phase separation, pore 

formation and spherical vesicles) was made for a total number of 200 vesicles.  

 

Confocal microscopy of domain formation 

 Confocal microscopy was performed by using an Axioobserver spinning disk inverted 

microscope Z.1 (Carl Zeiss, Jena, Germany). The spinning disk model was a CSU-X1 

(Yokogawa Electric corporation, Tokyo, Japan). We used an EC Plan-Neofluar 40x/1.30 Oil DIC 

M27, a LCI Plan-Neofluar 63x/1.30 Imm Korr DIC M27 or a Plan-Apochromat 100x/1.40 Oil 
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DIC M27 objective. Images were recorded with an AxioCamMR3 using the software of Carl 

Zeiss AxioVision 4.8.2. GUVs were incubated in an artificial chamber containing ~150 µl of 

sucrose solution (0.1M) and 10 µM of α-hederin or 40 µM of hederagenin. Those presenting 

typical stages of phase separation were recorded. TR-DPPE and NBD-DPPE were excited at 561 

and 488 nm and emission was recorded at 617/73 and 520/35 nm, respectively. 

 

Permeability of dextran through membranes of GUVs 

 After electroformation, 20 µl of GUVs were added to the artificial chamber (see above) 

containing in addition to 10µM of α-hederin or 40 µM of hederagenin, 20 µM of FITC-dextran 

(mean molecular weight of 4-kDa). The FITC-dextran was excited at 488 nm, and the emission 

was recorded with a 520/35 nm emission filter. TR-DPPE was visualized as described in confocal 

microscopy. The difference in fluorescence intensity between the outside and inside of one GUV 

reflects the membrane integrity. We chose GUVs that presented typical features (budding, phase 

separation) which developed during incubation time.  

 We normalized the difference in fluorescence intensity outside and inside the vesicle by 

dividing the fluorescence values by the highest intensity recorded and multiplying by a factor of 

1000. The difference of the mean of 20 normalized values taken from inside and outside the 

vesicle was then determined. The significant difference was calculated using a Student’s t-test. 

 

AFM of supported planar bilayers (SPBs) 

 SPBs were prepared on mica as previously described(Domenech et al., 2009). Briefly, 50 

µL of LUVs at 500 µM of DMPC:Chol (3:1, mol/mol) in buffer containing 20 mM of CaCl2 were 

deposited onto freshly cleaved mica mounted on a teflon disk. Samples were incubated at 65ºC 

for 2h in an oven preventing water evaporation. After this period, non-adsorbed liposomes and 

calcium were eliminated by gentle washing with buffer (10 mM Tris, 150 mM NaCl, pH 7.40).  

 Liquid AFM imaging was performed using a multimode microscope controlled by 

Nanoscope V electronics (Bruker AXS Corporation, Santa Barbara, CA) in contact mode 

(CMAFM). To perform AFM imaging it was necessary to drift equilibrate and thermally stabilize 

the cantilever for no less than 30 min in the presence of buffer. To minimize the applied force on 

the sample, the set point was continuously adjusted during imaging. V-shaped Si3N4 cantilevers 

(MLCT-AUNM, Veeco) with a nominal constant of 0.01 N·m-1 were used. Images were acquired 
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at 0º scan angle with a scan rate of 2 Hz. All images were processed through commercial 

NanoScope Analysis Software (Bruker AXS Corporation, Santa Barbara, CA). 

 

3D reconstruction, texture profile and grain size analysis of AFM raw data  

 For 3D reconstruction of AFM sheets (Gwyddion 2.26, GNU [General Public License]), 

we corrected for horizontal scars, and leveled the image by a mean plane subtraction. We used 

the full z-scale for representation which is shown at the right side of each sheet. 3D 

reconstruction parameters were φ=40°, θ=-61°, scale=2.3 and value scale=0.1.      

 Texture profiles of AFM raw data were made using the same processing methods as for 

3D reconstruction. The texture profile was extracted from a straight line at y=9.48 µm (red line, 

Fig 10A). We used this line because it passes through a small hole of the SPB present before 

injection of α-hederin and therefore indicating the thickness of the bilayer ~ 4nm. 
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Results  

 

Formation of mixed micelles between DHE and α-hederin  

 We analyzed the effects of α-hederin (Fig 1A,C) and hederagenin (Fig. 1B,D) on DHE in 

aqueous solution to understand interactions of the saponin/triterpenic acid with sterols. DHE 

forms mainly microcrystals in aqueous solution(Loura and Prieto, 1997) and exhibits 

fluorescence properties which give information on the molecular organization. By monitoring the 

fluorescence emission spectrum of DHE at excitation wavelength of 310 nm, the fluorescence 

maxima were near 375 nm, 402 nm and 424 nm (Fig. 1A,B). This agrees with previously 

obtained  results (Schroeder et al., 1987;Loura and Prieto, 1997).  

 By adding α-hederin at increasing concentrations, we observed (i) a shift of emission 

maxima from 402 nm to 396 nm and (ii) an increase of the intensity ratio between the monomeric 

peak and the structured emission (Fig. 1C). The blue shift represents a reduction of the dielectric 

constant or polarity of the DHE environment, which could correspond to the formation of DHE 

/α-hederin aggregates as it has been previously suggested (Lorent et al., 2013). The increase of 

the ratio between the monomeric peak (first maximum at 375 nm) and the structured emission 

(second and third maxima around 395 and 424 nm) (I375/I395 or I375/I424) reflects the separation of 

DHE molecules from the microcrystals and their preferential interaction with saponin molecules.  

Hederagenin was more efficient than α-hederin regarding the blue shift of the structured peak 

(402 to 391 nm) (Fig. 1B) and the increase of the intensity ratio (Fig. 1D). This means that 

hederagenin induced a more hydrophobic environment for DHE than α-hederin most probably 

due to the lack of a sugar chain at C3.  

  When the intensity ratio was plotted upon the logarithmus of α-hederin/hederagenin 

concentration (Fig. 1C,D), we obtained a sigmoidal relation. For α-hederin, we found an inflexion 

point of 12.33 ± 3.21 µM which corresponded closely to its CMC value previously reported (13 

µM in water) (Bottger et al., 2012). For hederagenin, the inflexion point was 14.33 ± 8.46 µM. 

To our knowledge, the CMC of hederagenin hasn’t been reported in literature but asiatic acid, 

which structure is only slightly different from hederagenin, possesses a CMC of 15 ± 2 µM (in 

PBS at pH of 7.2) (Rafat et al., 2008). 
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 At a glance, these results suggest that α-hederin and hederagenin are able to form mixed 

micelles (or aggregates) in aqueous solution with sterols above a critical concentration of 12 and 

14 µM, respectively. 

 

FIGURE 1 
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Fluorescence emission spectra of DHE in aqueous solution (0.1% DMSO, λexc=310 nm) (A,B). 
Increasing concentrations (arrow) of α-hederin (A) and hederagenin (B) (from 0 to 60 µM) were 
used. DHE concentration was set up at 4 µg/ml. The fluorescence intensity ratio I375/I395 upon the 
log10 of α-hederin (C) and hederagenin (D) concentration is shown and inflexion point was 
determined making a non-linear regression (Hill function) of data values. The grey line represents 
the blue shift of the maxima at 395 nm. 
 

Molecular interaction and simulation of domain formation 

 To gain information about the preferential orientation of α-hederin/hederagenin in 

membranes and their molecular interaction with DMPC/Cholesterol, we used molecular modeling.  

 α-Hederin inserted into the membrane by pointing its sugar moiety to the membrane 

exterior (Fig. 2). This sugar moiety was placed in the hydrophilic part of the membrane. In 

contrast, the triterpenic part was located such as cholesterol in the lipophilic portion of the 

membrane. When interacting with cholesterol, α-hederin pointed its carboxylic function (its beta 

side) towards the beta side of the cholesterol molecule. In contrast, when α-hederin interacted 

with DMPC, it pointed its carboxylic function away from the phospholipid. The interaction 

mostly involved the sugar moiety of the saponin as the hydrophilic head of DMPC. A ternary 
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structure composed of cholesterol, α-hederin and DMPC as cholesterol bond to the side of the 

carboxylic function and DMPC to the other could therefore be possible. This is similar to what 

has been proposed for glycoalkaloids (Keukens et al., 1995).  

 The triterpenic acid hederagenin was less profoundly inserted into the hydrophobic core 

than the aglycone of its corresponding saponin. The sugar chain could therefore play an important 

role and forcing the saponin deep into the membrane by interacting with the hydrophilic heads of 

the surrounding molecules. Hederagenin bound in a different manner to cholesterol than to 

DMPC which does not exclude the formation of a ternary complex. 
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 FIGURE 2 
Interaction with αααα-hederin 

α-hederin / α-hederin α-hederin / cholesterol α-hederin / DMPC 

   

Interaction with hederagenin 
hederagenin / hederagenin hederagenin  / cholesterol hederagenin / DMPC 

 

  
 
The formation of molecular complexes of α-hederin and hederagenin with themselves, 
cholesterol and DMPC in a lipid membrane (as determined by molecular modeling). The yellow 
grid represents the hydrophobic middle of the monolayer. The violet grid separates the 
hydrophobic core from the hydrophilic membrane part and the rose grid reflects the interfacial 
area separating the layer from the aqueous environment. 
 

 After establishing the most probable interaction conformers, we wanted to know how α-

hederin and hederagenin would partition laterally into a membrane composed of DMPC and 

cholesterol and if they would be able to induce a phase separation. For this purpose, we took 

benefit from Monte-Carlo simulations which simulated monolayers of different compositions. In 

monolayers containing 25% cholesterol, small cholesterol domains were obtained (Fig. 3A). This 
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is in agreement with domains observed in Langmuir monolayers composed of DMPC and 

cholesterol(Seul and Sammon, 1990). By adding α-hederin, we observed a sequestration of 

cholesterol molecules into larger domains (Fig. 3B). α-Hederin was located between cholesterol 

and DMPC molecules and “forced” the cholesterol molecules together.  

 Hederagenin was mostly colocalized with cholesterol and induced the formation of 

domains with a ramified shape. These domains were smaller and more numerous than those 

induced by α-hederin (Fig. 3C). 

 

FIGURE 3 

A B C

 
Monolayer grid of 200X200 molecules calculated by the Big Layer Method. Each pixel 
represents a molecule. Red: DMPC molecules; green: cholesterol molecules; white: α hederin 
molecules and yellow : hederagenin molecules. (A) DMPC:Cholesterol at a molar ratio of 
0.75:0.25, (B) DMPC/Cholesterol/α-hederin at 0.67:0.23:0.1, (C) 
DMPC/Cholesterol/hederagenin at 0.67:0.23:0.1. 
 

 

Local separation of sterols and phospholipids in MLVs 

 To confirm the phase separation between cholesterol and the phospholipids in 

phospholipid bilayers induced by α-hederin or hederagenin, we used FRET assay. The energy 

transfer between donor (DHE) and acceptor (DPH-PC) is efficient when the distance between 

both molecules does not exceed 1-10 nm(Loura et al., 2010), so the formation of even 

nanodomains can be detected. A decrease in FRET efficiency reflects local separation of 

phospholipids from DHE. Because DHE behaves in the same way as cholesterol in membranes 

(Wustner, 2007), we can expect also separation of phospholipids and cholesterol. 
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 Fig. 4 shows the FRET efficiency between DHE and DPH-PC (I430/I371) upon time and 

increasing α-hederin (A,C,E) or hederagenin (B,D,F) total lipid ratios. FRET efficiency was 

between 2-3 in DMPC:Chol (3:1) MLVs and was stable upon time.  

 For α-hederin, we observed a continuous decrease of the FRET efficiency upon time and 

concentration (Fig. 4A). After 3h of incubation, only the highest α-hederin:lipid ratio (1.2) 

induced a significant decrease (Fig. 4C). Longer incubation periods (24h) didn’t have any further 

effect (Fig. 4E).  

 Conversely, hederagenin wasn’t able to significantly reduce FRET efficiency at 3h, 24h 

(Fig. 4D,F) or even 48h (data not shown) regardless the molar ratios of hederagenin/lipids used.  

  Accordingly, upon addition of α-hederin, FRET efficiency decreases as a consequence of 

increase of the distance between the fluorophores (Wrenn et al., 2001;Loura et al., 2001).  
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FIGURE 4 
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Effect of α-hederin (A,C,E) and hederagenin (B,D,F) on the fluorescence energy transfer 
efficiency betwen DHE and DPH-PC (I430/I371) for the control (black) and increasing 
compound/lipid ratios: 0.2, 0.6, 0.8 and 1.2 (increasingly brighter greys). FRET efficiency is 
represented upon 3h of incubation (A,B) and at two selected time points: 3h (C,D) and 24h (E,F). 
Concentration of MLVs was set to 50 µM. The experiments were performed at 25°C and the 
curves represent three independent experiments. Statistical analysis: (t-test) vs. control, *p<0.05, 
**p<0.01.  
 

Visualization of phase separation in GUVs by fluorescence microscopy  

  To visualize the lipid domains, we took benefit from the resemblance of giant unilamellar 

vesicles to cell membranes in terms of their size and from fluorescence microscopy. GUVs were 

labeled with TR-DPPE (red) and NBD-DPPE (green), two markers with a large and small 

headgroup and known to partition in Ld and Lo phases, respectively (Fig. 5). TR-DPPE 

fluorescence (A,C) or TR-DPPE and NBD-DPPE fluorescence (B,D) were visualized. Data is 

illustrated for α-hederin at 10 µM (A,B) at different incubation periods. For hederagenin at 40 

µM, GUVs presenting phase separation were illustrated at two incubation periods (4 and 48h) 

(C,D).  
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 Following one GUV, no phase separation was observed until 2h of incubation with α-

hederin (10 µM) (A,B). After 2h, fluorescent lipids became concentrated into small spots around 

the vesicle (see arrow). Later, after 2h15 - 2h20, the small spots fused into a tubular network 

around the vesicle. At the same time, parts of the membrane were deprived of TR-DPPE but still 

contained NBD-DPPE (the color of the vesicle changes from orange to green [Fig. 5B, 2h20]). 

Thereafter, TR-DPPE was accumulated on one or two poles of the vesicle, or it was concentrated 

in a belt around the vesicle. Finally at 2h40, a deformation of the vesicle into an oval form and 

formation of crystalline structures around the vesicle were observed. The concentration of 

fluorescent lipids within specific domains was confirmed by octadecylrhodamine (R18), another 

fluorescent probe (data not shown).  

 To visualize phase separation in more detail, we recorded a movie of GUVs marked with 

TR-DPPE. Resolution was lower but important features are visible (Movie S.1). The movie 

showed that once phase separation became visible, the process was relatively fast and needed 

only several minutes to be completed. Again, we observed the formation of a tubular network 

around the vesicle which collapsed and aggregated into several points (poles) on the vesicle. 

 Conversely to what was observed with α-hederin, hederagenin (40 µM) induced the 

formation of small round domains of accumulated fluorescent lipids in the membrane which did 

not fuse into larger aggregates (Fig 5C). The first domains appeared after 1-2h of incubation but 

the phenomenon became only important after longer incubation periods and higher 

concentrations compared to α-hederin. 
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FIGURE 5 

α-hederin 
 

Control  2h  2h15min 2h20min  2h40min  

A 
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Hederagenin 
 4h 48h 

C 

  

D 

  

 

 
Effect of 10 µM α-hederin or 40 µM of hederagenin on GUV formed of DMPC:Chol (3:1) and 
marked by TR-DPPE and NBD-DPPE. One GUV was followed at different incubation times with 
10 µM α-hederin (A,B). Phase separations induced by hederagenin (40 µM) on GUVs was 
illustrated after 4 and 48h of incubation (C,D). Lines A and C correspond to the fluorescence of 
TR-DPPE (red) and lines B and D to the fluorescence of TR-DPPE (red) and NBD-DPPE (green) 
simultaneously. 
   

 The quantification of these events (Fig. 6) pointed out that the most important feature 

observed on GUVs which have been incubated for 1 and 2h with 10 µM of α-hederin was phase 

separation (54.4 ± 13.3% and 65.7 ± 12.9%), followed by wrinkling and budding. With 40 µM of 

hederagenin, we observed 26.6 ± 1.8% of phase separation after 4h of incubation and 61.5 ± 
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1.5% after 48h. At a glance, phase separation induced by α-hederin was faster, domains were 

larger and the concentration required to induce phase separation was less important as compared 

to hederagenin. 

 

FIGURE 6 

 
Percentage of GUVs incubated with 10 µM of α-hederin for 1 and 2h or with 40 µM of 
hederagenin for 4 and 48h and presenting different features (phase separation, budding, 
wrinkling, pore formation or a spherical shape).  
 

Confocal microscopy of domain formation in GUV and permeability to dextran  

  To illustrate the changes induced by α-hederin on lamellar phases, we performed confocal 

microscopy of GUVs composed of DMPC/Chol (3:1, mol/mol) and labeled with TR-DPPE (red) 

and NBD-DPPE (green). In control membranes composed of DMPC and cholesterol (3:1, 

mol/mol) (Fig.7, control), we did not observe any visible macroscopic phase separation. This is 

typical for binary mixtures of phospholipids and cholesterol(Veatch and Keller, 2003) probably 

due to the fact that domains are in the nanometer range and too small to be detectable(Heberle et 

al., 2010). For GUVs incubated with α-hederin (10 µM), the formation of new domains was 

observed. We confirmed a time dependency of the processes induced by the saponin and 
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especially the initiation of domain formation (stage 2) as well as the appearance of domains 

accumulating mainly TR-DPPE (stage 3) and deprived of TR-DPPE (stages 4,5). The 

accumulation of TR-DPPE containing phase at one pole of the vesicle was observed in stage 5. 

The resting NBD-DPPE containing phase lost its coherence and the formation of large 

protuberations appeared. This phenomenon is more obvious in confocal microscopy than in 

fluorescence microscopy where the formation of NBD-DPPE containing “blebs” has not been 

observed. This might be due to the fact that the process of phase separation is slower in confocal 

microscopy sheets and is sometimes stopped because no more α-hederin is present in the solution 

(the volume in confocal incubation chambers is smaller and therefore the α-hederin/lipid ratio 

lower).   

 Domains induced by 40 µM of hederagenin after 48h of incubation were mainly enriched 

in TR-DPPE (Fig. 7, hederagenin).  

 

FIGURE 7 

 

Effect  of 10 µM α-hederin and 40 µM hederagenin on GUV formed of DMPC:Chol (3:1) and 
labeled with TR-DPPE and NBD-DPPE. (A) Confocal microscopy, cross-section at the axe of the 
vesicle; (B) Normalized fluorescence profile of vesicle contour for the same number of pixels; 
(C) 3D reconstruction of confocal images. We took images of GUVs at different stages of phase 
separation corresponding to fluorescence microscopy at the same incubation times. 
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 To get insight of the consequences of these effects on membrane permeability, we 

followed permeation to FITC-dextran (4 kDa). At 10 µM of α-hederin, permeation to FITC-

dextran was not observed for vesicles presenting budding (Fig. 8, budding). Moreover, vesicles 

presenting phase separation were not always permeabilized suggesting that permeabilization was 

a graded process (Fig.8, phase separation). Permeabilization was clearly time-dependent because 

at longer incubation times, GUVs were rather permeabilized. 

 To investigate if phase separation induced by hederagenin (40 µM) could be related to 

permeabilization, we observed GUVs after 48h of incubation. Permeation to FITC-dextran was 

only observed in vesicles presenting phase separation. This strongly suggests that both 

mechanisms are coupled. 

 

FIGURE 8 

α-hederin  

Control (90 min) 
Budding 
(2min) 

Phase separation (10min, 30min, 60min and 90min) 

      

121.2***± 5.6 120.9***± 
5.4 175*** ± 3.7 61*** ± 2.9 N.S. N.S. 

hederagenin 

Control (48h) Phase separation (48h) 

     

221.1***± 2.8 N.S. N.S. N.S. N.S. 

Permeation of GUVs with 10 µM of α-hederin at 2, 10, 30, 60 and 90min or 40 µM of 
hederagenin at 48h. GUVs present different features like phase separation or budding to FITC-
dextran (4 kDa). Control contains 0.1% of DMSO. For each time point, the difference of 
normalized fluorescence between inside and outside of the vesicle was quantified. Statistical 
analysis (t-test) ***: p<0.001. N.S. means no significant difference. 
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Domain formation in supported planar bilayers 

 Figures 9, 10 and 11 show the effect of α-hederin on DMPC:Chol (3:1, mol/mol) SPBs. 

Prior to the injection of the molecule, SPBs were characterized in the presence of 1 % of DMSO 

showing no significant modification of the SPB due to the presence of the DMSO (Fig. 9A). 

Figure 9A shows a flat SPB covering 85% of the surface with a step height of 5.2 ± 0.4 nm and a 

roughness (Ra) mean value of 0.3 nm. The injection of 10 µM of α-hederin didn’t have any effect 

on the membrane (data not shown).  

 After injection of α-hederin to a final concentration of 20 µM (Fig. 9B), the appearance of 

several structures that protrude 6.5 ± 1.5 nm from the top of the SPB surface was clearly seen. 

The SPB covered 95 % of the image with a step height of 4.3 ± 0.6 nm and Ra mean value of 0.2 

nm. Interestingly, after the injection of α-hederin, a lower domain appeared on the SPB surface as 

shown in the inset image (Fig. 9B). This domain was 0.61 ± 0.11 nm lower than the top of the 

SPB (see arrows). Furthermore the decrease in the thickness of the bilayer together with the 

increase in the covering of the mica surface suggests that α-hederin interacts with the SPB 

decreasing lateral forces between lipid molecules.  

 

FIGURE 9 

 

(A) SPB of DMPC:Chol (3:1, mol/mol) in presence of 1% DMSO; B) the same SPB 30 min after 
injection of α-hederin to a final concentration of 20 µM. Inset, zoom image from (B). The black 
arrows represent the new lower domain which was formed. Z-scale bar was 20 nm. 
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 To a better understanding of how α-hederin interacts with SPB, we studied the interaction 

at a higher concentration of the molecule (40µM) (Fig. 10,11). Figure 10A shows a SPB of 

DMPC:Chol (3:1, mol/mol) covering nearly 99% of the image and with similar features than the 

SPB presented in Figure 9A. After injection of α-hederin to a final concentration of 40 µM (Fig. 

10B-10D), we observed the appearance of small domains, presenting an increasing size and 

height. At the end of incubation (Fig. 10D), domains presented a worm-like shape and the height 

value of these domains was about 40 nm, reflecting a transformation of the original bilayer 

structure (4nm) into a new mesophase. Parallel to the formation of domains, we observed an 

increasing numbers of holes in the bilayer (red arrows). These holes became larger with 

incubation time. However, we didn’t show a complete solubilization of the bilayer.  

 At a glance, we observed the formation of new domains in a concentration dependent 

manner. At small concentrations, the covering of the mica surface is increased and lateral forces 

seem to decrease. At higher concentrations, the formation of larger holes and accumulation of 

lipid material into worm-like aggregates is observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

 
147 

FIGURE 10 
 

 

Left column: 3D reconstruction of AFM raw data of SPB composed of DMPC:Chol (3:1, 
mol/mol). Right column: Texture profiles corresponding to the red line in the first AFM sheet 
(positioned at 9,48 µm from the left edge). The red arrows indicate the holes induced by α-
hederin. The SPB was incubated with 40 µM of α-hederin for t = 0 min (A), 6 min (B), 15 min 
(C) and 24 min (D). Z-scale bar indicates the height difference between the highest and lowest 
value. 
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Discussion 

 Lipid phase separation has become an important concept in membrane organization. 

Cholesterol is one of the main lipids characterizing lipid domains and rafts. We previously 

showed that the formation of lateral saponin/sterol domains induced by α-hederin would lead to 

increased transbilayer curvature and toroidal pores (Lorent et al., 2013). In this work, we 

characterized the ability of α-hederin to induce lateral phase separation in a monolayer (Big 

Layer Method) or bilayer (MLV, GUV and SPB) models composed of DMPC and cholesterol. In 

GUV and SPB, small lipid domains evolve into worm-like structures able to fuse into tubular 

aggregates. In GUV, they form a network which further collapses. The newly formed phase 

accumulates preferentially at one or two poles of the vesicle. We highlighted the critical role of 

the saponin concentration as well as the importance of the presence of a sugar chain on the 

aglycone. With hederagenin, the domain formation is less marked and higher concentrations and 

incubation periods are required to observe lipid domains. Moreover, domains induced by 

hederagenin keep a small round shape conversely to those observed with α-hederin. Nevertheless, 

both molecules were able to induce permeation of GUVs to dextran-FITC in the same time-frame 

they induced phase separation, which suggests that both processes are linked. 

 

 Several mechanisms could be involved to explain the ability of α-hederin and hederagenin 

to induce phase separation. Phase separation in lamellar phases is mainly driven by an increase of 

the line tension (λ) between domains and the surrounding phase (Baumgart et al., 

2007;Blanchette et al., 2008;Kharakoz et al., 1993) whereas repulsive electrostatic forces 

between domains and curvature tend to reduce it (Sriram et al., 2012). In a binary model 

composed of DMPC and cholesterol, a nanoscopic phase separation below the resolution limit of 

an optical microscope is expected (Loura et al., 2001;de Almeida et al., 2009). Mismatch between 

different intrinsic curvatures of Lo and Ld domains would create elastic interactions at phase 

boundaries which reduce line tension and so inhibit macroscopic phase separation (Meinhardt et 

al., 2013). Another critical parameter which opposes lipid phase separation is the entropy of lipid 

mixing. Lateral lipid distribution is dominated by the entropy of lipid mixing in absence of 

preferred lipid interactions in a stationary system (Tian and Baumgart, 2009). However, high 

affinity of the exogeneous agent to one specific lipid component is probably enough to explain 
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lipid phase separation despite the loss of entropy. This is exactly what we showed with α-hederin 

and hederagenin which have a high affinity for DHE in aqueous solution and induce a change in 

its spectral properties suggesting aggregation.   

 The lipid phase separation induced by α-hederin and hederagenin is followed by the 

formation of new lipid mesophases. This is supported by 31P-NMR spectroscopy we performed 

(Lorent et al., 2013) and which showed the appearance of a hexagonal or isotropic pattern when 

MLV had been incubated with α-hederin and hederagenin, respectively.  The hexagonal pattern is 

in accordance with the observed highly curved tubular structures (Zimmerberg and Kozlov, 2006) 

induced by α-hederin and the isotropic pattern could correspond to the small round domains 

observed with hederagenin. Characterization of the newly formed domains by α-hederin has been 

done by AFM. Results demonstrated a time-dependent increase in the grain size and height 

suggesting the accumulation of membrane material into these domains. The height of the 

domains overcomes largely the original bilayer thickness (from 4 nm to 40 nm) which agrees 

with the transformation of the bilayer into a non-bilayer mesophase.  

 The new structures present a higher intrinsic curvature than the original bilayer 

(Zimmerberg and Kozlov, 2006). The increased membrane curvature in α-hederin/lipid 

aggregates can be explained by the 3D molecular structure of the molecule. α-Hederin is 

composed of two hydrophilic sugar units which point into one direction compared to its rigid 

triterpenic hydrophobic ring. The alignment of α-hederin molecules in the membrane would 

therefore lead to positive curvature into one direction of the membrane plane, which would favor 

the formation of the tubular mesophase (Lorent et al., 2013). Hederagenin, because of its sterol 

like shape should induce the formation of negative curved structures(Chen and Rand, 1997). The 

formation of preferentially inverted micelles has also been proposed for another pentacyclic 

triterpenic acid, ursolic acid (Prades et al., 2011). Because hederagenin does not present sugars 

which point into one direction, association of these molecules should induce inverted spherical 

structures.  

 The molecular compositions of the new lipid phases are unknown but three main 

observations suggest the presence of phospholipids. First, the new phases still contain TR-DPPE 

(a marked phospholipid) as evidenced by confocal microscopy. Second, we monitor a signal in 
31P-NMR characteristic of phospholipids (Lorent et al., 2013). Third, molecular modeling shows 

that α-hederin and hederagenin should be able to bind to phospholipids and cholesterol 
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simultaneously and form a ternary complex. This agrees with data reported for another saponin, 

α-tomatine (Keukens et al., 1995). A cooperative process between lipids is thought to be the 

driving factor in bilayer/inverted hexagonal phase transitions (Caffrey, 1985;Rappolt et al., 2003). 

In our bilayer system, cooperative aggregation of DMPC, cholesterol and α-hederin/hederagenin 

molecules could most probably lead to the new lipid mesophases.  

 Another important feature of this work is the importance of the sugar chain for phase 

separation as demonstrated by FRET, fluorescence and confocal microscopy. Hederagenin, 

lacking two sugar units was not able to induce phase separation of DHE and DPH-PC in MLV 

even after 48h of incubation. In GUVs, the speed of domain formation was largely reduced and 

we did not observe fusion of domains into worm like structures in contrary to what was observed 

with α-hederin. It seems therefore that the kinetics of domain formation and the shape of these 

domains are highly dependent on the sugar units. Several studies suggested that the formation of 

saponin enriched domains in the membrane depends on hydrophilic sugar-sugar interactions 

between saponin molecules (Keukens et al., 1995;Armah et al., 1999). These sugar-sugar 

interactions could therefore be important, but were not the only driving force in domain 

formation because hederagenin was able to induce domains in GUVs. Van der Waals attractions 

between the hydrophobic rings of the sapogenin and the sterol (or the acyl chains of 

phospholipids) should therefore be enough to induce aggregation of lipid molecules in 

membranes. This is also supported by the fact that hederagenin was able to induce aggregates 

with DHE in aqueous solution. 

 Regarding the permeabilization mechanism induced by α-hederin and hederagenin, we 

first focussed on α-hederin. We showed that at 10 µM, the saponin was able to induce membrane 

permeabilization and budding. Permeabilization is gradual as demonstrated by following the 

permeation of GUV to FITC-dextran (4 kDa) or by characterizing the SPBs using AFM (the size 

of membrane holes increased with time). Interestingly, we showed in another study that α-hederin 

at 40 µM induced immediate membrane permeabilization and macroscopic pore formation but no 

budding(Lorent et al., 2013). The concentration of α-hederin is hence critical for lipid phase 

separation, budding and membrane permeabilization. This could be related to the amphiphilic 

character of the saponin. Saponins are known to have surfactant activity and they reduce 

progressively the surface tension of water in a concentration dependent matter until their CMC 
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(Romussi et al., 1980;Bottger et al., 2012;Xiong et al., 2008;Mitra and Dungan, 1997;Mitra and 

Dungan, 2001). The CMC of α-hederin is supposed to be close to 13 µM (Bottger et al., 2012).  

 Based on this data, we develop a new model for α-hederin/membrane interaction based on 

the CMC (Scheme 1). Before any addition of α-hederin, nanoscopic domains enriched in 

cholesterol would exist in the DMPC/Chol bilayer (Scheme 1A). Below the CMC (at 10 µM), α-

hederin monomers would insert into the external monolayer close to these domains (Scheme 1B) 

and induce a rapid increase of the area difference between the outer and inner monolayer which 

could lead to the induction of positive membrane curvature leading to immediate budding 

(Scheme 1C) (Zimmerberg and Kozlov, 2006). This has also been shown for other detergents 

with positive intrinsic molecular curvature (Staneva et al., 2005). At longer incubation periods, 

cooperative association of α-hederin/cholesterol and DMPC could lead to the formation of curved 

domains in the membrane whose size increases with time and which further develop into a 

tubular or hexagonal phase (Scheme 1D). This aggregation is accelerated by the presence of a 

sugar chain at C3 and could be responsible for the development of membrane defects (as seen by 

AFM) and gradual permeabilization of the membrane. Above the CMC (at 40 µM), micelles and 

other types of amphiphilic aggregates could be formed in aqueous solution as demonstrated with 

other saponins (Dai et al., 2013;Mitra and Dungan, 1997). When micelles would interact with 

membranes, they could directly deliver an increased local concentration of α-hederin molecules 

to the membrane surface and therefore favor the direct formation of macroscopic pores which 

could explain why α-hederin permeabilizes quasi instantaneously the GUVs at 40 µM but needs 

more than 1h at 10 µM (Lorent et al., 2013). This agrees with the data lately reported for 

glycyrrhizin (Sakamoto et al., 2013).  
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FIGURE 12 
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Model showing phase separation induced by α-hederin in a DMPC/Chol bilayer. 
Before addition of α-hederin, cholesterol nanodomains exist in the bilayer (A). After addition, α-
hederin binds to the external bilayer and nanodomains (B) and induces immediate budding (C) 

due to the fast area difference induced between outer and inner membrane. After higher 
incubation periods, we observe coalescence of nanodomains into macroscopic domains. These 

domains transform into a new lipid mesophase presenting a worm-like shape (D). 
 

 Moving on the effect of the aglycone, hederagenin induced no budding at 40 µM. The 

induction of negative curvature to the external monolayer would be in accordance with this result. 

Membrane permeabilization and phase separation were observed after 48h in vesicles where 

phase separation was ongoing. Aggregation of lipids into domains and the formation of a new 

lipid mesophase could in this case also favor the formation of membrane defects and 

permeabilization(Correia et al., 2012;Hallock et al., 2003). It is not clear if the interaction of 

hederagenin with the membrane depends on the formation of hederagenin-aggregates/micelles in 
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the solution. Low concentrations of hederagenin didn’t show any effect on membranes. It might 

be possible that only aggregates of triterpenic acids have an effect on the membrane as it has been 

suggested for madecassic and asiatic acid (Stephenson et al., 2008).  

 

 The possible biological consequences of the proposed membrane interactions are 

numerous. In addition to the previously described rapid permeabilization mechanism induced by 

α-hederin at concentrations above the CMC which was based on the formation of toroidal pores 

and induction of positive membrane curvature, a second “slower” permeabilization mechanism 

based on phase separation could be observed for triterpenic acids and saponins. It might be 

possible that the proposed permeabilization mechanism is responsible for hemolysis and cancer 

cell lysis of some triterpenic acids and saponins, a process which would strongly depend upon the 

concentration (Segal et al., 1966;Segal et al., 1974;Gauthier et al., 2009).   

 Regarding the effects on phase separation, it has been shown in biological membranes 

that the lateral organization of cholesterol influences membrane protein and drug activity. This 

has become a subject of great interest (George and Wu, 2012). Specific interaction of some 

saponins with cholesterol led to an effect on lipid rafts and the induction of the extrinsic apoptotic 

pathway (Li et al., 2005;Xu et al., 2009;Yi et al., 2009). Accumulation of α-hederin/hederagenin 

in the cellular membrane could lead to the unspecific activation of membrane proteins localized 

in rafts. The induction of apoptosis trough caspase-8 activation by α-hederin might happen 

through activation of death receptors which are known to reside in lipid rafts (George and Wu, 

2012;Choi et al., 2008).  

 The interaction mechanism we established could allow us to synthesize new triterpenoids 

able to induce phase separation, activation of death receptors and apoptosis. Changing the three 

dimensional shape of saponins and the presence or the orientation of sugar moieties could lead to 

compounds which would be able to preferentially induce apoptosis but not hemolysis (Chwalek 

et al., 2006).         
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.  

3.1.3. Effects of α-hederin on model membranes displaying lateral phase 

separation containing cholesterol or not (article 3, in preparation ) 
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Subject and background : The aim of this work is to study the mechanisms by which α-hederin 

is able to influence the lateral phase separation in membranes containing cholesterol or not. We 

wanted to know if saponins and cholesterol really colocalize in membranes and how the saponin 

is able to insert into the membrane. For this purpose, we used Tof-SIMS (Time of flight-

secondary ion monitoring), a mass spectrometric method allowing the creation of two-

dimensional images (maximum resolution of 50 nm) of supported planar bilayers and giving for 

each pixel a mass spectra. At the moment, we were only able to establish data on membranes 

composed of DOPC/ DPPC (1:1).  
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Introduction 
  
 In previous chapters, we introduced the concept of lateral phase separation and rafts in 

biological membranes (see 2.2.2.2. and 2.2.5.1.). We showed that α-hederin was able to induce 

lateral phase separation and the transformation of bilayers into a tubular mesophase in a model 

composed of DMPC/Cholesterol (3:1, mol/mol) and presenting nanoscopic phase separation (see 

3.1.2.). Unfortunately, this binary model was not useful for giving us information on how α-

hederin inserts into the membrane and interacts with the cholesterol enriched liquid organized 

(Lo) phase (see 2.2.4) and the liquid crystalline (Ld) phase. It has been proposed in a molecular 

dynamics study that dioscin, a monodesmosidic saponin would first insert into the Ld phase and 

later interact with the cholesterol enriched Lo phase (Lin and Wang, 2010).  

 Therefore, to investigate thoroughly the mechanisms by which α-hederin is able to 

interact with lipid rafts and influence lipid phase separation, we used two different membrane 

models displaying lipid phase separation in the macroscopic range. Both models, when 

investigated by Tof-SIMS and AFM, present the advantage that they allow us to gain information 

about eventual co-localization of the saponin with membrane constituents and preferential 

interaction of α-hederin with a specific lamellar phase.  

 First, a binary DOPC/DPPC (1:1, mol/mol) model, composed of two phospholipids with a 

low and a high melting point respectively, displays a macroscopic gel/liquid crystalline phase 

coexistence (So/Ld) (see 2.2.5.2.). This model was used to investigate the effects on phase 

separation in the absence of cholesterol. On a biological point of view, this model does not really 

mimic cholesterol enriched membrane rafts and the Lo phase. Despite this drawback, the model is 

interesting to test if the saponin has a cholesterol-like effect and inhibits a gel/liquid phase 

separation.  

 Second, the effects of the saponin will be further tested on a ternary 

DOPC/DPPC/Cholesterol (1:1:1, molar ratio) model, displaying macroscopic liquid 

crystalline/liquid ordered phase separation (Lo/Ld). The liquid ordered phase which is mainly 

composed of DPPC and cholesterol molecules is similar to lipid rafts in cells because it contains 

in addition to cholesterol, a saturated phospholipid. However, in biological membranes, 

macroscopic phase separation is mostly not present. Different theories have been put forward to 

explain this phenomenon like the presence of line-active glycerophospholipids, the effects of 
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increased curvature in these domains which reduces line tension or the interactions of lipids with 

the cytoskeleton (Sonnino and Prinetti, 2013).  

 

 
Materials and methods  
 

LUVs and GUVs preparation 

LUVs and GUVs have been prepared as described in 3.1.2. 

 

Preparation and incubation of SPBs for AFM and Tof-SIMS (Time of flight-secondary ion 

monitoring) 

 Supported planar bilayers (SPBs) were prepared as follows. Briefly, multilamellar 

vesicles (MLV) of 1 mM in 10 mM TRIS.HCL at pH=7.4 and 20 mM CaCl2 were spread on 

freshly cleaved mica and incubated at 45°C for 1h. After incubation, SPBs were washed 5 times 

with a 10 mM TRIS.HCl buffer solution without CaCl2. SPBs were then incubated for 1h with α-

hederin at 10 µM or 0.1% DMSO at 37°C. After incubation, SPBs were washed 6 times with 

distilled water. These samples can be analyzed by AFM (Giocondi et al., 2010). For Tof-SIMS 

analysis, SPBs were further plunge-frozen in liquid nitrogen and freeze-dried over night. Tof-

SIMS was used to gather information about the chemical composition of domains and to decipher 

an eventual colocalization of α-hederin with one of the membrane constituents in SPB (Popov et 

al., 2008;Mazzucchelli et al., 2008). 

 

 Laurdan fluorescence spectroscopy 

 We used Laurdan fluorescence to detect phase separation in LUVs. The technique has 

been described in detail in chapter (3.2.).  
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Results 
 
 
Decrease of phase separation induced by α-hederin in LUV composed of DOPC/DPPC (1:1) 

 A high GPex value can be associated with a high bilayer packing and a low polarity of the 

interfacial area of the membrane. A low GPex value reflects the opposite. An increase of 

Laurdans’ GPex upon excitation wavelength at constant temperature reflects a lateral phase 

separation. A constant value reflects a gel phase whereby a decreasing value indicates a fluid 

phase.  

 In DOPC/DPPC (1:1) membranes (Fig. 1), we observed increasing GPex values upon 

excitation wavelength at temperatures ranging from 5 to 30°C. Above this temperature, the 

membrane was in a fluid state. This corresponds to data previously obtained on the same 

membrane model (see 3.2., Figure 3).   

 α-Hederin was able to reduce the slope of the GPex excitation function suggesting an 

inhibition of lateral phase separation. It also increased the GPex values of the membrane, 

especially those taken in the liquid crystalline state. This has also been observed in membranes 

composed of only dimyristoylphosphatidylcholine (see 3.1.1., Figure 8). This could be associated 

with the cholesterol-like effect of the triterpenoid ring structure that α-hederin could exert. 
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Decrease of lateral phase separation in SPB composed of DOPC/DPPC (1:1, mol/mol) as 

evidenced by AFM 

 We observed a clear phase separation in DOPC/DPPC (1:1, mol/mol) membranes (Fig. 

2A). Incubation of these membranes at 37°C for 1h with 10µM of α-hederin led to a considerable 

decrease in size of DPPC domains. (Fig. 2B). Phase separation became less evident. 

 
FIGURE 2  
(A)      (B) 

                     

Deflection AFM images (30x30nm) 
SPB on mica composed of DOPC:DPPC (1 :1) (A) or DOPC:DPPC 
(1:1) bilayer incubated for 1h at 37°C with 10 µM of α-hederin (B) 

FIGURE 1   
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Laurdan spectroscopy 

GPex upon increasing excitation wavelength and temperature in LUV composed of DOPC:DPPC 
(1:1). LUV have been preincubated for 1h at 37°C in the presence of α-hederin at a compound 
lipid ratio of 1.2 (left panel) and 2.4 (right panel). Full lines (control), dashed line (incubated) 
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Decrease of lateral phase separation in SPB composed of DOPC/DPPC (1:1, mol/mol) as 

evidenced by Tof-SIMS 

 Tof-SIMS confirmed the results of AFM and Laurdan by which α-hederin reduced lateral 

phase separation. In the control, DOPC and DPPC signal where separated in domains of 

micrometric size, corresponding to the size of domains observed in AFM (Fig. 3A,B,C). 

After 1h of incubation at 37°C with 10 µM of α-hederin (Fig. 3D,E,F), size of domains was 

reduced and intensity signals of DOPC and DPPC were less separated. Unfortunately, no α-

hederin could be detected when the SPB was washed twice, suggesting that the molecule is 

bound to the membrane by equilibrium binding as it has been suggested for digitonin in absence 

of cholesterol (Nishikawa et al., 1984).  

 
FIGURE 3 
(A)      (B)             (C) 

 
(D)      (E)             (F) 

    

Tof-SIMs (2D intensity spectra, negative mode) 
SPB on mica composed of DOPC:DPPC (1:1) and incubated with α-hederin. 
Control (A,B,C); 1h of incubation with α-hederin at 37°C (D,E,F). (A,D) 
DPPC, (B,E) DOPC, (C,F) DPPC (red) and DOPC (green) 
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Discussion 
  
 We have seen by using three complementary methods (Laurdan, AFM and Tof-SIMS) 

that α-hederin was able to suppress lateral phase separation in a model composed of 

DOPC:DPPC (1:1). The mechanism which was proposed is based on the ability of α-hederin to 

induce erosion at the borders of the membrane domains. This is in agreement with a Monte Carlo 

simulation on a DOPC:DPPC monolayer (data not shown, big monolayer method, see 3.1.2. and 

3.2.). A similar behaviour was obtained with surfactin and glycyrrhizin (see 3.2. and general 

conclusions) (Sakamoto et al., 2013). α-hederin is hence able to reorganize lateral heterogeneity 

of lipids in a membrane, even when no cholesterol is present. This could lead to interesting 

activities on cell membranes where cholesterol is absent like in bacterias.  



Results 

 
162 



Results 

 
163 

 

3.1.4. Apoptotic and non-apoptotic cell death in monocytes induced by α-

hederin and hederagenin in a cholesterol dependent manner (article 4, in 

preparation ) 
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Subject and background : α-hederin and its aglycon, hederagenin, have shown activity on 

several cancer cells. They induce cell death by apoptosis and non-apoptotic cell death. An 

inhibition of α-hederin induced cell death was observed when cells were depleted in cholesterol 

(see 3.1.1.). We wanted in this part of our work investigate the apoptotic and non-apoptotic part 

of α-hederin induced cell death and explore the importance of membrane cholesterol for both 

effects. We also investigated the importance of the sugar chain for cell death and discussed 

possible mechanisms involved. 
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INTRODUCTION 
 
 Apoptosis can be distinguished from other cell deaths because of its distinctive 

morphological features. It is characterized by an intact plasma cell membrane where 

phosphatidylserine is externalized, the appearance of blebs, reduction of cytoplasmic volume, 

condensation of chromatin and fragmentation of the nucleus. After the induction of apoptosis, 

cells in vitro often undergo a further morphological change and their plasma membrane looses its 

coherence. This advanced stage of cell death is called late or secondary apoptosis (Kroemer et al., 

2009).    

 Apoptosis is induced via two main pathways, the intrinsic and extrinsic pathway (Jin and 

El Deiry, 2005). The intrinsic pathway depends mainly on the disruption of the external 

mitochondrial membrane and the release of proapoptotic proteins into the cytoplasm. The 

extrinsic pathway is driven by the activation of death receptors present on the cell membrane 

(Galluzzi et al., 2012).  

 Saponins are able to induce apoptosis, and non-apoptotic cell death in cancer cells (Choi 

et al., 2008;Chwalek et al., 2006;Gerkens et al., 2007;Kim et al., 2008;Swamy et al., 2003). A 

non-apoptotic cell death described for monodesmosidic triterpenoid saponins presenting a sugar 

moiety at C3 was cytolysis. It is characterized by the lysis of the plasma membrane induced by 

the saponin (Gauthier et al., 2009;Wassler et al., 1987;Ohsaki et al., 2005). In addition to 

cytolysis, oleanane type saponins are able to induce apoptosis (Gauthier et al., 2009), which 

makes them interesting candidates for cancer therapy because their pleiotropic effect should 

make them less suspectible against resistance mechanisms (Kwon et al., 2008).   

 α-Hederin is an oleanane type saponin able to induce cell death via apoptosis and 

membrane lysis (Gauthier et al., 2009). The increase of extracellular Ca2+ influx and cytosolic 

ROS species was critical for apoptosis (Choi et al., 2008;Swamy and Huat, 2003). In addition, the 

saponin was also able to induce caspase-8 activation (Choi et al., 2008), suggesting the activation 

of the extrinsic pathway and death receptors (Dickens et al., 2012). The formation of membrane 

defects was observed in cancer cells by electron microscopy even after short incubation times 

(Danloy et al., 1994). The release of calcein-acetoxymethylester from the cytoplasm of cancer 

cells incubated with α-hederin confirmed the perforation of the plasma membrane (Gauthier et al., 

2009).  
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 Because cholesterol plays a critical role for both the alteration of cancer cells and 

hemolysis (Shany et al., 1974) induced by saponins, the characterization of the interaction 

between α-hederin and cholesterol is a key for the understanding of the mechanisms involved in 

saponin induced cell death. Cholesterol is an important constituent of the membrane influencing 

lipid dynamics. It is also a constituent of membrane rafts, lateral functional membrane domains 

(Lingwood and Simons, 2010) where death receptors are located. Their disorganization can lead 

to the induction of apoptosis via the extrinsic pathway, as it has been shown for ginsenoside Rh2 

and avicins (Yi et al., 2009;Xu et al., 2009). It is likely that α-hederin could be able to influence 

lateral sterol organization in cells because it has been shown, that the compound and to a smaller 

extend, hederagenin, were able to induce lateral phase separation in a GUV raft model (see 

3.1.2.). The aggregation and fusion of lipid rafts could lead to the activation of membrane 

receptors present in rafts (Garcia-Saez et al., 2011).  

 We therefore wanted to elucidate the role of cholesterol in apoptosis and non apoptotic 

cell death induced by α-hederin in cancer cells. We used U937 and THP-1 cells, two monocytic 

cell lines, one is cholesterol auxotroph (U937) (Billheimer et al., 1987) and the other is able to 

synthesize its own cholesterol (THP-1) (Kritharides et al., 1998). We also wanted to establish the 

importance of the sugar chain for saponin induced cell death.    

 

 

 

MATERIAL AND METHODS 
 

Materials 

 α-hederin and hederagenin (HPLC quality) were purchased from Extrasynthèse, (Genay, 

France). The compounds were dissolved in ethanol. After evaporation of the solvent, the residue 

was resolubilized in RPMI media (containing 0,1% of DMSO) in an ultrasonic bath for 5 min.  

Corresponding controls were used. Cells were purchased from ATCC. RPMI medium was 

ordered by Life technologies, Paisley, UK. The bicinchoninic (BCA) protein assay was purchased 

from Thermo scientific (Rockford, USA). Methyl-β-cyclodextrin (MβCD), DAPI, acridine 

orange and ethidium bromide were ordered from Sigma-Aldrich (St. Louis, MO). Amplex® red 

cholesterol assay kit was purchased from Invitrogen (Paisley, Scotland, UK). All other reagents 

were ordered from E. Merck AG (Darmstadt, Germany).  
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Cell culture, cholesterol depletion and incubation with α-hederin and hederagenin  

 Cells were cultivated in RMPI medium supplemented with 10% foetal calf serum in 95% 

air and 5% CO2. For cholesterol depletion, cells (106 cells/ml) were harvested and incubated for 

2.5h in fresh RPMI medium supplemented with 1mg/ml BSA and 5 mM methyl-β-cyclodextrin 

(MβCD). Cell counting was performed in a Burker chamber. After this incubation, cells were 

washed 3 times with RPMI medium. At this time, a part of the cells were quantified for their 

cholesterol, phospholipid and protein contents. For cholesterol and phospholipid quantification, 

cellular lipids were first extracted by a protocol described earlier (Gamble et al., 1978) and 

further quantified with the Amplex® red cholesterol assay and phosphorus assay (Bartlett, 1985). 

Proteins of cells were quantified by the BCA protein assay kit. The other part of cells was 

incubated with increasing concentrations of α-hederin.  

 

Determination of cell death 

 Cell death was quantified by the trypan blue exclusion assay using a phase contrast 

microscope and results were expressed in % of total cells (Tennant, 1964).  

 

Determination of apoptotic/non-apoptotic cell death 

 As previously described, we used DAPI assay to quantify apoptosis (Servais et al., 2005). 

Briefly, cells presenting a fragmented and condensed nucleus were counted as apoptotic. A total 

of 500 cells was counted.  

 To distinguish between living, death cells and early and late apoptosis, we used the 

acridine orange/ethidium bromide (AO/EB) assay (Hathaway et al., 1964). After incubation, cells 

were harvested and washed in PBS medium. They were then put in contact with the AO/EB 

solution and directly observed in fluorescence microscopy. Death cells with defect membranes 

presented always EB influx and apoptotic cells had a fragmented nucleus. A total number of 200 

cells were counted. Early apoptosis was defined as cells with fragmented nucleus and no EB 

influx. Late apoptotic cells presented also EB influx and were counted as death cells.  
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RESULTS  
 

Depletion of cholesterol by MβCD in two monocytic cell lines 

 MβCD was very efficient in depleting the cholesterol/protein and 

cholesterol/phospholipid ratio U937 and THP-1 plasma membranes (Table 1). The total lipid 

amount was not influenced by MβCD (data not shown). The cholesterol amount of non-depleted 

cells corresponded almost to values reported in literature (De Pace and Esfahani, 1987;Wang et 

al., 2007b).    

 
Table 1 : Ratios of cholesterol/proteins and cholesterol/phospholipids in U937 and THP-1 

non-depleted and cholesterol depleted cells 
  Non-depleted Depleted 

Cholesterol/proteins 13.13 ± 1.30 µg/mg 4.49 ± 0.24 µg/mg 
U937 

Cholesterol/phospholipids 150.9 ± 14.98 µg/µM 40.26 ± 2.16 µg/µM 
Cholesterol/proteins 11.29 ± 0.39 µg/mg 6.54 ± 0.72 µg/mg 

THP-1 
Cholesterol/phospholipids 129.93 ± 4.17 µg/µM 60.07 ± 6.67 µg/µM 

 
 
Cell death induced by α-hederin in cholesterol depleted and non-depleted cells as determined by 

Trypan Blue assay 

 Cell death was rapidly observed in U937 and THP-1 at the highest concentrations 

investigated (Fig. 1A,C). After only 2h of incubation, 25 µM of α-hederin induced 62 ± 5.2 % of 

cell death in U937 cells and 46.6 ± 6.1 % after 4h in THP-1 cells. Cell death was concentration 

and cell dependent. U937 cells were more sensitive to α-hederin induced cell death than THP-1.    

 Depletion of cholesterol by MβCD effectively reduced α-hederin induced cell death in 

U937 and THP-1 cells (Fig. 1B,D). In U937, cell death was inhibited at least for 18 h and in 

THP-1 cells for at least 30h.   
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FIGURE 1  
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Trypan blue assay 

U937 (A,B) and THP-1 (C,D) non-depleted (A,C) or depleted (B,D) in cholesterol. 
Cells were incubated with increasing concentrations of α-hederin: Control (■), 10 µM 
(▲), 15 µM (▼), 20 µM (♦) and 25 µM (●). Three independent experiments were 
performed 

 

Apoptosis induced by α-hederin in cholesterol depleted and non-depleted cells as determined by 

DAPI and AO/EB assay  

 Fragmentation of nuclei, which corresponded to total apoptosis was determined by DAPI 

assay. It was induced in a concentration- and time dependent manner in U937 (Fig. 2A,C,D) and 

THP-1 cells (Fig. 2E,F). In both cells, a maximum of apoptosis could be observed at 

concentrations around 20 µM. At higher concentrations, the number of DAPI positive cells 

decreased.  

 In all the conditions investigated, depletion of cholesterol reduced apoptosis but did not 

completely suppress it (Fig. 2C,D,E,F).  
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 By monitoring closer the time dependency of apoptosis and total cell death induced by α-

hederin in U937 cells (Fig. 3), we observed the first signs of apoptosis at 18h of incubation for 

non-depleted cells. Cell death (cells presenting defect membranes) was induced long before the 

appearence of apoptosis. It reached about 40% after 4h of incubation with 20 µM of α-hederin in 

FIGURE 2 
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DAPI assay 

U937 (A,B,C) and THP-1 (D,E) cells. Panel A, time course of apoptosis 
induced by α-hederin: Control (■), 10 µM (▲), 15 µM (▼), 20 µM (♦) 
and 40 µM (□). Panel C,D,E and F, apoptosis of depleted (black bars) or 
non-depleted (white bars) cells incubated for 24 (C,E) and 48h (D,F) with 
increasing concentrations of α-hederin. Statistical analysis: One way 
ANOVA; Symbols : *=depleted vs. non-depleted cells, one symbol: 
p<0.05, two symbols: p<0.01, three symbols: p<0.001 
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non-depleted cells. Depletion in cholesterol delayed apoptosis induction (for depleted cells, 

apoptosis appeared only after 24h of incubation). Cell death was also reduced in depleted cells 

which confirmed the results obtained with the trypan blue assay (Fig. 1, A).  

 
FIGURE 3 

 

AO/EB assay 
U937 cells depleted or not in cholesterol and incubated with α-hederin. Apoptosis in blue (♦) and 
total cell death in red (▼). 
 
Importance of sugar chain for apoptosis and non-apoptotic cell death 

 To go further and investigate the critical role of sugars for induction of apoptosis and non-

apoptotic cell death (Fig. 4), we compared the effects induced by α-hederin (A,C) and 

hederagenin (B,D) using AO/EB assay. Both compounds induced a time- and concentration 

dependent cell death in U937 cells.  

 Apoptosis was induced most efficiently at 20 µM of α-hederin which confirms previous 

results obtained using DAPI (Fig. 2A). On the contrary to what was observed with DAPI assay, 

we observed also a portion of fragmented nuclei at 2h and 4h of incubation for 40 µM of α-

hederin (17,6 ± 3.8 % and 12.7 ± 1.5 % respectively). For the same concentration and incubation 

periods, we reached a total cell death of 81 ± 6.5 % and 92.6 ± 2.3 %, respectively. But we have 

to verify if this early cell death is really related to apoptosis.    

 Analysing the effect of hederagenin, the aglycone induced a slower cell death in U937 

cells than α-hederin. Apoptosis became significant only after 24h of incubation at 40 µM of the 

compound. A slight increase of total cell death was only observed for 48h of incubation.  
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 To have more insights into the morphological features of nuclei in cell death induced by 

both compounds, we took pictures after 48h of incubation (Fig. 4E). We observed that higher 

concentrations of α-hederin (40 µM) induced an increased condensation of the nuclei compared 

FIGURE 4 
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AO/EB assay 

 U937 cells incubated for 2, 6, 18, 24 and 48h with α-hederin (A,C) or hederagenin (B,D). 
Control (■, black), 10 µM (▲, blue), 15 µM (▼, green), 20 µM (♦, orange) and 40 µM (●, red). 
Images of cells (AO/EB) incubated for 48h with 0.1% of DMSO (Control), 20 or 40 M of α-
hederin or 40 µM of hederagenin (E). 
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to lower concentrations (20 µM) or hederagenin at 40 µM. This condensation of the nucleus is 

already observed after 2h of incubation with 40 µM of α-hederin (data not shown). Early and late 

apoptosis were characterized by the typical fragmentation of the nuclei for after incubation with 

20 µM of α-hederin and 40 µM of hederagenin. At 40 µM of α-hederin, late apoptosis was 

difficult to differentiate from non-apoptotic cell death because fragmentation of the nuclei was 

most often uncomplete.   

 
 Moving on the mechanism involved in apoptosis induced by α-hederin and hederagenin 

and the role of caspases in cell death, we used the pan-caspase inhibitor Q-VD-OPh (Fig. 5). 

Apoptosis induced by α-hederin and hederagenin after 48h was inhibited by this inhibitor (Fig. 

5A), suggesting an implication of caspases (Fig. 5A). In contrast, no effective inhibition of non-

apoptotic cell death was observed (Fig. 5B). Cells characterized by late apoptosis (Fig. 5A, bars 

without patterns) were transformed into cells where no cell fragmentation, but ethidium bromide 

influx occurred when Q-VD-OPh was added. This was also true for camptothecin. α-hederin 

induced apoptosis was also partially inhibited by Ac-DEVD-CHO, a caspase-3 inhibitor (data not 

shown).      

FIGURE 5 
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AO/EB assay 

 U937 cells incubated 48h with camptothecine (Campto, red), α-hederin (AH, grey), hederagenin 
(Hg, yellow) with or without pan-caspase inhibitor Q-Vd-OPh (Inh). (A) Early (squared bar)/late 
(not squared bar) apoptosis and (B) necrosis. CTL is the control. Statistical analysis: One way 
ANOVA; symbols : ●= Early apoptosis ± inhibitor ○=Late apoptosis ± inhibitor; three symbols: 
p<0.001 
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Discussion 
  
 So far, we can conclude that non apoptotic cell death and apoptosis by α-hederin is 

concentration and cholesterol-dependent. At 20 µM of α-hederin, we observed a maximum of 

apoptosis in U937 and THP-1 cells. Beyond this concentration, the cell death switched to non 

apoptotic cell death. Total cell death induced by α-hederin did not depend on apoptosis because 

non-apoptotic cell death is induced before any apoptosis appeared. Especially high saponin 

concentrations induced the non-apoptotic cell death.  

 Several hypotheses could be suggested to explain the cholesterol dependency of cell death 

induced by α-hederin.  

 First, the inhibition of rapid non-apoptotic cell death in cholesterol depleted cells at high 

saponin concentrations is probably due to an inhibition of pore formation by the saponin. 

Cholesterol dependent pore formation was shown in GUVs and LUVs and depended on the 

membrane curvature induced by the saponin (Lorent et al., 2013).  

 Second, the decrease and the delay of apoptosis in depleted cells could result from two 

main pathways.  

 (i) Depletion of cholesterol could decrease pore formation and so decrease extracellular 

Ca2+-influx and inhibit the opening of the mitochondrial transition pore and further rupture of the 

outer mitochondrial membrane (Choi et al., 2008). Therefore, this would inhibit the formation of 

caspase-9 and the intrinsic pathway. 

 (ii) The extrinsic pathway could also play a role. In cancer cells, depletion of membrane 

cholesterol by MβCD inhibited activation of death receptors by avicin D (Xu et al., 2009). α-

Hederin might be able to induce cell death via fusion of lipid rafts, activation of death receptors 

and caspase-8. Activation of death receptors via coalescence or disruption of lipid rafts has also 

been shown for other saponins and cholesterol binding toxins (Yi et al., 2009;Garcia-Saez et al., 

2011). The induction of phase separation in GUVs mimicking nanoscopic raft domains by α-

hederin supports this hypothesis (see 3.1.2.).   

 We further wanted to point out the importance of the sugar chain in cell death induction. 

Regarding the structure of the saponin, we showed that the presence of the sugar chain was 

critical for rapid cell death induction but didn’t seem necessary for cell death induction at longer 

incubation periods. Without the sugar chain, there was no rapid non-apoptotic cell death observed 
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whatever the concentrations. This can probably be put into relationship with the results obtained 

in GUV at high concentration, where an immediate permeation to dextran at 4 kDa was observed 

with α-hederin whereas the effect with hederagenin became only evident at 48h of incubation 

(Lorent et al., 2013). Induction of cell death required larger incubation periods and higher 

concentrations with hederagenin compared to α-hederin. 

  

 Regarding the importance of caspases, they are critical for apoptosis induced by the 

saponin and its genin. Unfortunately, at this stage, we are unable to answer to the question if 

activation of caspase-8 is really related to the induction of death receptors (Choi et al., 2008) (see 

5.1.1.4.). 
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3.2. Effects of surfactin on membrane models displa ying lipid phase separation 

(article 5, BBA – Biomembranes 1828, 2013 ) 
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Subject and background : The permeabilizing activity of surfactin has been described mainly as 

a detergent-like mechanism (see 2.7.). But despite this activity, which seems to depend on its 

CMC, we observed that the molecule is able to inhibit lateral phase separation in a supported 

planar bilayer composed of DOPC:DPPC at concentrations below its CMC. This article 

elucidates possible routes explaining this special behaviour in relation with its permeablizing 

activity and its affinity for DOPC.  
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 In this part, we will summarize data we obtained and suggest a general conclusion about 

the mechanisms by which α-hederin and its aglycon hederagenin as well as surfactin, three 

amphiphilic compounds, interact with membranes. We will further discuss (i) the influences of 

the membrane model on their activity, (ii) the parameters which influence activity on cells and 

(iii) the role of the amphiphile’s molecular structure on their activity.  

 

4.1. Membrane interactions of α-hederin, hederagenin and surfactin   

 

 α-Hederin, hederagenin and surfactin have shown several interesting activities on 

membranes. In this part, we will integrate all data we obtained with the goal to establish a general 

conclusion about the interaction mechanisms with membranes of the analyzed compounds. 

  

4.1.1. Mechanism involved in the interaction of α-hederin with membranes 

  

 Several mechanisms by which monodesmosidic triterpenoid saponins interact and 

permeabilize membranes have been proposed (2.4.5.). Based on these permeabilization models 

and the new data we obtained (see 3.1.1., 3.1.2. and 3.1.3.), we are able to propose a new general 

mechanism of membrane interation for α-hederin and similar monodesmosidic triterpenoid 

saponins (Figure 33). We can divide the interactions into four main activities/parts: (A) insertion 

into the membrane and interaction with domains enriched in cholesterol, (B) formation of buds 

out of the membrane, (C) lateral phase separation and formation of a new mesophase, (D) pore 

formation. The activity depended largely on the saponin concentration. A change of activity 

towards GUVs was seen around the CMC of α-hederin.  

 At concentrations below its CMC, monomers should first interact with the membrane 

components and bind to cholesterol enriched nanodomains (Figure 33,A). This will have 

consequences on phospholipid mobility (see 3.1.1., GPex of Laurdan) and create an area 

difference and curvature strain between the outer and inner monolayers which leads to budding 

(Figure 33,B). At longer incubation periods, a cooperative aggregation of α-hederin, 
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phospholipids and cholesterol leads to phase separation (Figure 33,C). The induction of positive 

curvature by α-hederin in the newly formed domains leads to a continuing transformation of these 

domains into a tubular phase which could induce transient defects in the membrane. Those could 

be responsible for the slow dextran release observed (see 3.1.2. and 2.3.3.3.). Hence, it is not 

excluded that the permeation to dextran is due to transient pores which allow gradually small 

quantities of dextran to influx (see 2.3.3.1.) or toroidal pores (see 2.3.3.2.) whose size increases 

with time and which are too small in the beginning to let the dextran molecules pass through (see 

discussion 3.1.1.).  

 At concentrations above the CMC, α-hederin aggregates should deliver increased 

concentrations of molecules close to the nanodomains and allow rapid interaction with 

cholesterol and phospholipids to induce pore formation (Figure 33,D). Pore formation is also 

based on the curvature induction by the saponin (3.1.1.). Nevertheless, the CMC of α-hederin has 

to be reconfirmed by another assay (see 5.1.1.1.), but obtained data and the results of Bottger and 

coll. support these conclusions (Bottger et al., 2012). CMC dependent activity has recently been 

suggested for glycyrrhizin, another monodesmosidic saponin (Sakamoto et al., 2013).  

 The membrane interactions proposed should be valid for cellular activity as well. It was 

shown that fast plasma membrane lysis was mainly obtained at concentrations > 20µM (~slightly 

higher than its CMC). The importance of membrane cholesterol for α-hederin induced membrane 

lysis was also proven (3.1.4.). Consequences of membrane interactions for cells will be discussed 

later (4.3.).  
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FIGURE 33 
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Proposed interaction mechanism between α-hederin and lipid membranes containing 

cholesterol. 
At concentrations below the CMC, α-hederin monomers insert into the membrane, interact with 

cholesterol nanodomains (A) and induce budding (B), lateral phase separation and 
transformation into a new mesophase (C). At concentrations beyond the CMC, α-hederin 

aggregates interact with cholesterol rich domains to induce mainly pore formation (D) 
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 In a membrane model presenting lateral phase separation but no cholesterol, the molecule 

was able to inhibit lateral phase separation at small concentrations (3.1.3.). The molecule could 

therefore present linactant activity in the absence of cholesterol. Linactants can be regarded as 

two-dimensional surface active agents, which insert at the phase boundary, reduce line tension 

between different phases and thereby inhibit lateral phase separation (Trabelsi et al., 2008). These 

molecules are thought to be an important factor in cellular membranes and would help to inhibit 

macroscopic phase separation (Sriram et al., 2012). Because mammal plasma membranes contain 

all cholesterol, this effect should not be observed in mammal cells, but the effect could play a role 

for interaction with membranes lacking cholesterol like bacterias. 

 

4.1.2. Interaction mechanisms of hederagenin with membranes 

 

 Our results show that hederagenin was not able to induce budding. At high concentrations 

(40 µM) and very long incubation periods (48h), we observed formation of small circular 

domains in GUV. These domains (see 3.1.2.) could correspond to the small isotropic peak 

observed in 31P-NMR of MLV (see 3.1.1.). Regarding the small hydrophilic head of the 

triterpenic structure, these domains should correspond to inverse structures. But it is not excluded 

that hederagenin forms also normal structures with phospholipids. Compared to α-hederin, the 

absence of a sugar chain at C3 and sugar-sugar interactions could decrease the rate of domain for 

hederagenin.  

 In parallel to the formation of domains we observed also permeabilization of GUVs. The 

rearrangement of the membrane into a new mesophase has probably consequences for membrane 

permeability. The formation of transient defects near the phase boundaries could be responsible 

for permeabilization (Figure 34 and see 2.3.3.3.). This would correspond to a new 

permeabilization mechanism for triterpenic acids, which would be less dependent on the 

induction of positive curvature strain. 

 It is further difficult to say whether the activity of hederagenin depends on self-

aggregation. It is not clear if the inflexion point obtained with the DHE assay (see 3.1.2., 

discussion) corresponds really to its CMC (because there is no CMC value in the litterature to 
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compare). Nevertheless, asiatic and madecassic acid, two triterpenic acids, showed no activity 

towards cancer cells  below their CMC (Rafat et al., 2008).   

 

FIGURE 34 

Transient defects ?Inverse aggregates ?
Hederagenin

DMPC

Cholesterol

 

Hypothetical interaction mechanism of hederagenin with membranes 

 

  

4.1.3. Surfactin-membrane interactions 

 

 Concerning surfactin, we showed that the molecule is able to inhibit lateral phase 

separation, change lipid dynamics and induce permeabilization by two main mechanisms (see 

3.2.). Membrane interaction was clearly CMC dependent. AFM and ellipsometry (see 3.2., 

Figures 2,4) supported this conclusion.  

 Below its CMC, the linactant activity of the molecule was the most important and we 

monitored a reduction of phospholipid mobility. We also observed a gradual calcein release 

corresponding to transient defects and no lipid demixing or membrane reaarrangements.  

 Beyond its CMC, the molecule induced an increase of phospholipid mobility, lipid 

demixing and the formation of mixed micellar aggregates preferentially with the lipid in the 

liquid crystalline state (DOPC). Permeabilization was instantaneous. This is in agreement with 

conclusions from Heerklotz and Seelig, who showed that the amphiphile/lipid ratio to obtain 

solubilization depended on Kp.CMC (Kp is the partition constant of surfactin between liposomes 

and the solution (Heerklotz and Seelig, 2001). 
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 Permeabilization is hence not dependent on the rearrangement of the membrane at higher 

concentrations and surfactin can exert the permeabilizing effect at subsolubilizing concentrations.  

  

4.2. Influences of the membrane-model on the activi ty of amphiphiles 

 
 The results we obtained show that observed effects depend on lipid composition of the 

membrane model and the membrane model itself. We will discuss in this part why the 

amphiphiles behave differently towards different models.  

  

4.2.1. Influence of the lipid composition 

 

 Interaction of amphiphiles with membranes is highly dependent on the lipid composition 

of the membrane model. In a bilayer composed of DOPC:DPPC, α-hederin and surfactin are able 

to inhibit macroscopic phase separation (see 3.1.3. and 3.2.). The inhibition of phase separation in 

a model composed of two immiscible lipids has also been shown for glycyrrhizin, a 

monodesmosidic saponin, at concentrations below its CMC (Sakamoto et al., 2013). This activity 

can most probably be attributed to their linactant activity (see 4.1.).  

 Conversely, in membrane models containing cholesterol (DMPC:Chol [3:1]), α-hederin 

induces macroscopic phase separation and permeabilization. This effect could be attributed to its 

preferential binding to cholesterol and was largely discussed in 3.1.1. and 3.1.2.  

 The proportion of zwitterionic and negatively charged phospholipids, modifying the 

resulting membrane potential can also influence the membrane activity of the amphiphile. 

Surfactin is known to interact differently with anionic phospholipids, which could increase its 

specificity towards bacteria, characterized by high proportions of anionic phospholipids. In these 

membranes, the induction of electrostatic repulsions between lipids and amphiphiles increased 

the lytic activity (Buchoux et al., 2008).  
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4.2.2. Influence of membrane models 

 
 Comparing the activity on different membrane models, we observed that the same 

amphiphile concentration had sometimes different effects on different models.  

 First of all, the presence of dimethylsulfoxide (DMSO) as a cosolvent in the solution, 

might increase the permeability of membrane models. It has been shown that the molecule 

induces transient water pores in cells and model membranes (He et al., 2012;Gurtovenko and 

Anwar, 2007). However, in our experimental conditions, this is unlikely because DMSO at 0.1-

1% v/v had no permeabilizing effect on the membrane models we investigated, so this activity 

could be excluded.  

 In GUVs the activity of saponins seems to depend on the CMC whereby activity on LUVs 

is mainly influenced by the effective saponin/lipid ratio. This should be due to the fact, that 

concentration of total lipids in the GUV model is very small. The activity is therefore influenced 

by the concentration of the molecule and its ability to self aggregate (its CMC). 

  In LUVs and MLVs, the total lipid amount is much higher than in the GUV model. The 

activity depends in these models not only on the ability of the amphiphile to form micelles 

(CMC) but also on the effective amphiphile/lipid ratio. When the total amount of amphiphiles is 

much smaller than lipids (even if concentration is above its CMC), the effect will be minimal. 

The amphiphiles present in the solution will most probably partition into the liposomes and 

concentration in the solution will decrease rapidly below its CMC (Lichtenberg et al., 2000).   

 The effect on in silico monolayers did not always correlate with AFM or the results on 

GUVs. We have to keep in mind that the “Big monolayer” method can only predict preferential 

association of a molecule in a two-dimensional manner. It does not consider curvature effects, 

line tension and long range lateral dipole moments, which are known to play an important role in 

domain formation (Seul and Andelman, 1995). The model is also limited to bimolecular 

interactions and is not able to simulate the formation of ternary complexes, which has been 

proposed for α-hederin, cholesterol and DMPC. Nevertheless, the model gave interesting clues on 

how saponins and surfactin could insert into membranes and influence phase separation.   
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4.3. Membrane activities of α-hederin and hederagenin on biological cells   

  

  The lytic mechanisms we proposed for artificial membranes (see 4.1.1. and 4.1.2.) should 

be extended for membranes of erythrocytes and cancer cells. However, it is not excluded that 

interactions with the cytoskeleton or membrane proteins might amplify or attenuate the pore 

forming activity or the effect on phase separation. Moreover, the artificial membrane models used 

were only composed of a few lipids, hence the presence of thousand of different lipid species in 

biological membranes might further complicate membrane interactions.   

 α-Hederin has been shown to be very active on monocytic leukemia cells (see 3.1.4.). Cell 

death was not only induced by membrane lysis, but also by apoptosis. Its triterpenic aglycone, 

hederagenin also showed apoptogenic activity, but no rapid membrane lysis suggesting different 

mechanisms for apoptosis and cell death due to membrane lysis. An extensive discussion on how 

both molecules should be able to induce apoptosis has been done in (3.1.4.). 

  Regarding the relevance of our work, we have to push forward several questions 

which might influence the activity on cells like (i) the importance of the concentration (ii) the 

time-dependency, (iii) the role of the cell medium, (iv) the cell-type dependence, (v) the stability 

of the compound.    

 It may be possible that activity of α-hederin on cancer cells is also CMC dependent (see 

4.1.1.). This could be similar for hederagenin (see 4.1.2.), since other triterpenic acids have 

shown to be active only at concentrations beyond their CMC (Rafat et al., 2008). α-Hederin 

might be able to induce lateral phase separation mainly at concentrations below its CMC and  

induce the extrinsic apoptotic pathway (see 3.1.4.). At concentrations largely above its CMC, α-

hederin should induce mainly membrane lysis.  

 The time to induce cytotoxicity was lower with α-hederin than with hederagenin. It might 

be possible that the rate to develop transient defects in the plasma membrane is decreased in the 

absence of sugar units. This would explain the delay of cytotoxicity observed with hederagenin 

and would correspond to the interaction model we developed in 4.1.1. and 4.1.2. for both 

molecules. However, at this stage we cannot exclude an effect on phase separation (and a 

possible activation of death receptors) which was also influenced by the sugar units.     

 The concentration to induce membrane lysis in cells was higher than in GUVs. The reason 

might be that α-hederin activity is influenced by both the media and the foetal calf serum (FCS) 
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in the incubation solution, as it has been suggested by Danloy et al. (Danloy et al., 1994). α -

Hederin would be able to bind to BSA, present in the FCS. The serum contains also a non-

neglectable concentration of cholesterol, which could interact directly with the saponin and the 

triterpenic acid to form insoluble aggregates (see 3.1.1. and 3.1.2.). 

 Regarding the influence of the cell type, it has been shown on several cells that the 

cytotoxicity of α-hederin towards cancer cells is higher compared to normal cells (Swamy and 

Huat, 2003). The suggested explanation was that α-hederin could act specifically on some cancer 

cells probably because they have increased cholesterol contents in their plasma membrane 

compared to normal cells (discussion in 3.1.1. and 3.1.4.). At this point, it is impossible to 

conclude that this selectivity is really related to an increased cholesterol concentration in these 

cancer cells or rather to other changes in metabolism or membrane structure. For example it has 

been shown that ceramides play an important role in cancer proliferation (Saddoughi and 

Ogretmen, 2013). Changing the amount of membrane ceramides could influence membranes and 

thereby change saponin activity. In fact, any change in membrane composition influencing the 

membrane dynamics, the capacity to form rafts or other membrane parameters could modify the 

activity of saponins. It has been shown that displacement of cholesterol from phospholipids by 

“membrane intercalators” increased lytic activity of saponins (Lange et al., 2005;Lange et al., 

2009). 

 Finally, the presence of glycosidases within the membrane might also influence saponin 

activity. The hydrolysis of saponin into its sapogenin could reduce the cytolytic effect observed. 

The presence of glycosidases conferred some resistance to α-tomatine activity against fungi 

(Morrissey and Osbourn, 1999;Bouarab et al., 2002).  

 

4.4. Structure-activity relationship on the amphiph ilic activity 

 

 To gain futher understanding on the importance of the molecular structure for amphiphile-

membrane interactions, we will enlarge in this chapter the results of analyzed molecules with data 

obtained on similar compounds in litterature. 
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4.4.1. α-Hederin and derivatives 

  

 As we pointed out in chapter 3.1.1., the three-dimensional molecular structure of α-

hederin was very important for its interactions with membranes. The induction of positive 

curvature depended on the sugar chain present on C3. The form of induced lateral domains 

changed also with the structure of the molecule (3.1.2.). We are aware that the three-dimensional 

molecular structure given by Chemdraw 3D does not reflect real molecular modeling. 

Nevertheless, the 3D-structures obtained by molecular modeling (see 3.1.2.) were almost 

identical to those given by Chemdraw 3D.  

 The structure-activity relationships for hemolysis and cytotoxicity were studied for some 

hederagenin diglycosides (Chwalek et al., 2006), but It has been shown that there was no direct 

link between these activities. In this study, the importance of the branching and the nature of the 

sugar moieties on the aglycone was pointed out. The (1�2) branching between α-L-arabinose 

present on the C3 of the aglycon and other sugars gave the most efficient compounds regarding 

hemolysis and cytotoxicity. Compared to other sugars, the presence of a rhamnose linked to the 

arabinose residue in the (1�2) configuration, increased more the hemolytic and cytotoxicic 

activity. Some authors suggested, that the presence of a more hydrophobic sugar would increase 

the activity of the saponin (maybe due to a facilitated insertion of the molecule into the 

membrane) (Chwalek et al., 2006;Wang et al., 2007b).     

 Increasing the number of sugars at the α-hederin disaccharide moiety increased further the 

cytotoxicity of the compounds, which supports a curvature driven lysis mechanism in cells (Bang 

et al., 2008).  

 The lysis mechanism should also be valid for other monodesmosidic saponins presenting 

a sugar moiety at C3 because the number of sugars increased in most cases the hemolytic activity 

(see Figure 23).  

  Regarding the hydrophobic portion of the saponin, hemolytic activity has been 

intensively discussed for saponins (see Figure 23). For α-hederin, when the triterpenic acid was 

esterified, hemolytic activity generally increased, which points out the importance for 

hydrophobicity of this part of the molecule (Chwalek et al., 2006).    
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4.4.2. Surfactin  

  

 The structure of the lipopeptide surfactin contains a polar head which is negatively 

charged. The peptide ring would adopt a “horse-saddle” conformation in solution with the two 

anionic residues forming a claw (Bonmatin et al., 1992). Its conformation should therefore 

depend on the ionic strength and pH. We worked mainly at a pH of 8.5 because the lipopeptide 

was more soluble. Our studies and the results of Heerklotz and coll. (Heerklotz and Seelig, 2001) 

suggested a detergent-like, CMC dependent mechanism. The CMC itself depended of the pH of 

the solution and decreased rapidly upon decreasing pH. Surfactin activity was enhanced in 

membranes containing negatively charged lipids and by increasing the charge of the lipopeptide 

(Buchoux et al., 2008;Francius et al., 2008). Without its acyl chain, surfactin would not be able to 

insert into the membrane (Eeman et al., 2006). An increase in the length of the acyl chain 

increased also the capacity to solubilize membranes composed of DOPC and DPPC (Francius et 

al., 2008).   

 
 

4.5. Similarities and differences between membrane activities of α-hederin and 

surfactin  

  

 Our experiments show that despite their structural differences, surfactine, α-hederin and 

even hederagenin displayed typical features of amphiphiles and amphiphile-membrane 

interactions which have been intensively discussed. The main similarities of α-hederin and 

surfactin activity can be summarized as follows: (i) integration into the membrane facilitated by a 

lipophilic part of the molecule (ii) preferential interaction with (a) specific membrane lipid(s), 

(iii) induction of positive membrane curvature, (iv) abilities to self-aggregate, (v) differences in 

kinetics of permeabilization below and beyond their CMC, (vi) suppression of lateral phase 

separation in a DOPC:DPPC model, (vii) interaction with LUVs in a manner that induces 

populations of different sizes and new mesophases, (viii) change in membrane dynamics and 

order at hydrophilic heads and lipophilic tails, (ix) ability to permeabilize membranes, (x) 

induction of apoptosis most probably by a membrane dependent mechanism. 
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 Nonetheless, there exist important differences in their mode of action. The most 

importants are the (i) permeabilizing activity of α-hederin which depends on cholesterol whereas 

that of surfactine is enhanced by fluid phase and negatively charged lipids and (ii) their activities 

on membrane order. Surfactin increased membrane order until its CMC and than decreased it. 

This behaviour was not observed with α-hederin.   

 Conversely to α-hederin and surfactin, hederagenin has a less important amphiphilic 

character because of its small hydrophilic headgroup. Permeabilization was only induced at very 

high concentrations and incubation times. It might be possible that this mechanism is only based 

on the formation of a new mesophase with cholesterol and phospholipids and less on the 

induction of potitive curvature strain and the formation of toroidal pores. 
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 A lot of questions arise from our results. To obtain a more detailed understanding of α-

hederin, hederagenin and surfactin activity, other experiments have to be performed.  

 This chapter is divided into two parts. In the first part, we will discuss short term 

perspectives about ongoing and future experiments. In the second part, we will try to answer in a 

long term perspective if the tested amphiphiles could be interesting drug candidates and what 

general lessons can be taken from this study.  

 

5.1. Short term perspectives - future and ongoing s tudies 

  

 We made a lot of interesting studies which haven’t yet been integrated into publications 

or into the previous chapters of this thesis because they are at this stage, too preliminary. 

Therefore some experiments have to be completed or done in the next future. They are briefly 

described hereunder.  

  

5.1.1. α-Hederin and hederagenin 

 

5.1.1.1.Determination of self-aggregating properties 

 The self aggregating properties and the CMC of both compounds should be investigated 

to confirm the hypothesis of their role in the modes of action on membranes. This could be done 

by measurements of surface tension, isothermal titration calorimetry or the use of other 

fluorescent probes like pyrene.  

 We looked by DLS if α-hederin was able to form aggregates in the solution above a 

certain concentration. The behaviour seems to change at ~ 15 µM (10 mM TRIS-HCl at pH=7.4) 

as predicted by the DHE experiments. Unfortunately the polydispersity index of the results is 

very high and so the results do not allow a final conclusion. This could possibly be due to the 

formation of one-dimensional aggregates, which are known for their high polydispersity 

(2.4.4.2.3.). The form of aggregates should be determined by cryo-TEM.   
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5.1.1.2.Interaction with membranes 

 It should be interesting to test the used amphiphiles on a ternary membrane model 

containing sphingomyelin, cholesterol and an unsaturated phospholipid. This model mimics 

better the molecular composition of lipid rafts in cells and presents macroscopic phase separation. 

It should give further information, if the molecule might be able to influence the hydrogen bond 

network, which is formed between the sphingomyelin molecules (Sonnino and Prinetti, 2013).   

 The completion of the Tof-SIMS experiments should provide interesting information on 

how the molecules are able to interact with cholesterol in supported planar membranes (see 

3.1.3.). A similar approach on cells has been attempted for hederacolchiside A1 by Mazzucchelli 

and coll. (see 2.4.7.1.). However, they were not able to prove colocalization of cholesterol and 

the saponin for small incubation periods (Mazzucchelli et al., 2008). The advantage of SPBs 

compared to cells is that all molecules are known. The mass resolution can therefore be 

diminished, which increases the lateral resolution of the 2D image (Benabdellah et al., 2010).  

 In a similar approach, it could be possible to monitor sterol rich domains by incorporating  

DHE in GUVs and observe them by multiphoton microscopy (Garvik et al., 2009). This should 

give confidence about the effects of saponins or triterpenoids regarding sterol distribution in 

membranes. A similar approach could be done on cells (see 5.1.1.4.) 

  

5.1.1.3.Determination of composition and structure of the new induced mesophases  

 We have shown the formation of a new mesophase by 31P-NMR and DLS in MLVs and 

LUVs that have been incubated with α-hederin. Incubation of highly concentrated MLVs 

composed of DMPC/Chol (3:1) led to the formation of a macroscopic phase separation in the 

sample and a new flocculated phase which was less dense (see 3.1.1.). We supposed that this 

phase corresponded to the newly induced worm-like structures observed in SPBs and GUVs (see 

3.1.2.).  

 We analyzed by mass spectrometry (direct injection in an Atmospheric pressure chemical 

ionization source (APCI) on a LCQAD-30000 mass spectrometer equipped with an Ion-Trap 

analyzer in positive and negative ionization mode) the different macroscopic phases which have 

been obtained. In a first attempt, we could confirm the presence of DMPC, cholesterol and α-

hederin in the newly formed phase. This means that this phase is also composed of all three 

constituents as it has been suggested (3.1.2.). We haven’t until yet an idea of the proportions of 
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all three components in both phases because the formation of many different types of aggregates 

between all three components makes the analysis of the mass spectra difficult. Nonetheless, we 

should be able to complete interpretation of the mass spectra soon which could be integrated in 

3.1.2. 

 The use of cryogenic transmission electron microscopy (Cryo-Tem) should allow to 

vizualize the 3D shape of the structures which have been formed when DMPC:Chol (3:1) 

liposomes (LUVs and MLVs) were incubated with α-hederin or hederagenin (see 3.1.1. and 

3.1.2.). It is not sure that we will obtain the same structures we obtained on SPBs (see 3.1.2.) 

because the curvature of LUVs is higher than that of SPBs (see 8.1.2). The determination of the 

shape of aggregates could eventually also determine if the saponin is a good candidate for the 

formation of nanoparticles (see 5.4.3.). 

  

5.1.1.4.Investigations on cellular activity 

 To make progress in deciphering the cellular activity of α-hederin and hederagenin, we 

are testing the activity of both compounds in delipidated media to reduce possible interactions 

with cholesterol. Because U937 cells are not able to synthesize their own cholesterol, cells once 

depleted in cholesterol should keep the low amount of membrane cholesterol upon time. 

Preliminary results showed a more important cell death inhibition for U937 cells, which have 

been depleted for cholesterol and further incubated with α-hederin in delipidated media. The 

depletion of membrane cholesterol seems also to inhibit apoptosis induction by hederagenin but 

results have to be confirmed.  

 To prove a direct interaction of α-hederin or hederagenin with cholesterol in cells, we 

could add cholesterol to the incubation media and observe if there would be a change of 

cytotoxicity. 

 

 The activity on lateral membrane organization, lipid rafts and death receptors in cancer 

cells should also be investigated. Reorganization of lipid rafts in cells can be visualized by 

multiphoton microscopy of Laurdan (Yi et al., 2009) or DHE (McIntosh et al., 2003) in living 

cells. These methods have been shown to be more reliable than the use of specific antibodies or 

toxins which bind to raft constituents, because there is no risk of lipid cross-linking and the 

induction of artifacts which could ressemble rafts (Owen et al., 2007). 
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 Activation of death receptors can be determined by activation of caspase-8 (see 

2.4.8.3.4.1.). The addition of specific caspase-8 inhibitors like Z-IETD-FMK or a western blot of 

caspase-8 should give information about the importance of this enzyme in cell death. The 

visualization of death receptors in cells and their aggregation and colocalization with lipid rafts 

which would precede their activation can be visualized by specific antibodies (Yi et al., 2009).  

    

5.1.2. Surfactin  

   There exist a huge number of studies treating the permeabilizing activity of this 

compound (Kracht et al., 1999;Heerklotz and Seelig, 2001;Dufour et al., 2005;Francius et al., 

2008;Heerklotz and Seelig, 2007;Carrillo et al., 2003;Eeman et al., 2006;Ostroumova et al., 

2010). Nevertheless, the activity on phase separation, regarding the enormous possible 

implications (see 3.5.), should be investigated more deeply. For this purpose, similar studies 

which have been proposed for α-hederin or hederagenin could be carried out (5.1.1.).   

 

5.2. Long term perspectives  

 
 At the end of our work, we keep in mind two main questions: (i) are α-hederin, 

hederagenin and surfactin good drug candidates ? and (ii) what general lessons can we take from 

this study for future studies on amphiphiles ? 

 

5.2.1. Are α-hederin, hederagenin and surfactin good drug-candidates ? 

 
 To be a valuable drug candidate a molecule must obey certain pharmacological and 

pharmacokinetic conditions. We will discuss these issues to obtain an idea if it is really worth to 

pursue studies on these molecules. 

 

5.2.1.1.Pharmacodynamic and toxicological considerations 

 The major limitation of saponins in general and α-hederin for intravenous administration 

is their hemolytic effect (see 2.4.7.). If molecules will pass through the blood stream, their toxic 

potential should limit their pharmacological use. At this stage, we have to question if the 
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benefit/risk balance is high enough to consider future studies. For cancer studies, the benefit is 

always high compared to the risk, because the outcome of cancer is mostly death. α-Hederin has 

only been tested once for its antitumor activity, but the results seem promising. The molecule, 

tested at 15 mg/kg (i.p.) on colon 26- or 3LL Lewis lung carcinoma bearing mice, was as 

effective as cisplatin at 3 mg/kg and no weight loss or evidence of toxicity was observed in 

healthy mice (Park et al., 2001). Conversely, because of its toxic potential, the molecule should 

not be used for other pharmacological purposes.  

 The integration of the saponin into nanoparticles could probably increase the therapeutic 

index of the molecules by reducing hemolysis and increasing cytotoxicity towards cancer cells 

(Hu et al., 2010). If α-hederin is able to form nanoparticles by itself or with cholesterol and other 

phospholipids should be further investigated. 

  

 Hederagenin could be an interesting candidate for cancer therapy because it has shown 

cytotoxic potential towards cancer cells but no induction of hemolysis (Gauthier et al., 2009). 

However, the molecule was not cytotoxic in various studies but this could be related to small 

incubation periods investigated (the molecule showed its activity only after long incubation 

periods, see 3.1.4.). The question remains if hederagenin will be active on cancer cells in vivo. 

Other triterpenic acids like ursolic or betulinic acid have been intensively studied in vivo on 

different cancers and are known for their therapeutic potential (Patlolla and Rao, 2012;Mullauer 

et al., 2010;Shanmugam et al., 2013;Zuco et al., 2002;Prasad et al., 2012). Both compounds are 

highly cytotoxic, induced cell death by several pathways after long incubation times and betulinic 

acid showed selective cytotoxicity towards cancer cells (Zuco et al., 2002;Xavier et al., 2013). 

Triterpenoid acids are therefore promising anticancer agents. 

  

 Surfactin could be possibly used as antibacterial or anticancer agent in vivo. Unfortunately 

it has shown high hemolytic activity (Kracht et al., 1999;Dufour et al., 2005) which should limit 

its use as antiinfective agent. Daptomycin constitutes already an effective lipopeptide antibiotic 

which has a lower hemolytic potential than surfactin (Straus and Hancock, 2006). Until now, 

there exists no in vivo study in humans about the anticancer potential of surfactin. It is therefore 

impossible to predict whether there would be an interesting compound. Currently, the molecule 

seems to be an interesting candidate to fight plant infections. The producer of surfactin, Bacillus 
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subtilis is a promising bacteria cultivated to prevent plant diseases (Stein, 2005;Toure et al., 

2004).  

 

5.2.1.2.Pharmacokinetic considerations 

 Several pharmacokinetic studies on saponins exist but to our knowledge there exist no 

study dealing with the pharmacokinetics of α-hederin. As a general rule, a molecule is considered 

as an interesting candidate for oral administration if it follows the Lipinsky rules (a molecular 

mass < 500 Da, hydrogen donors < 5, hydrogen acceptors < 10, log10 of octanol/water partition 

coefficient [log P] < 5). α-Hederin has a molecular mass of 750.9 Da, 7 H-bond donors, 12 H-

bond acceptors and a theoretical log P of 3.6 (calculated by PubChem Compound). Except for its 

lipophilicity, all parameters which define a “good” drug candidate for oral administration are out 

of range. But even the Lipinsky rules do not consider the possibility of self-aggregation (or 

aggregation with other compounds), which could significantly change its absorption behaviour. 

We also cannot exclude the possibility that the molecule will be absorbed by active transport in 

lipid micelles. Active transport has been suggested for some saponins but in general their 

bioavailability was low (Yu et al., 2012). On the contrary, digoxin, a cardiotonic heteroside 

already in use for a long time against cardiac insufficiency showed a very good biodisponibility 

(70-80%) in humans and the molecule was resorbed by passive diffusion (Iisalo, 1977).  

 The oral biodisponibility could also be changed by the presence of microbial glucosidases 

in the gut flora. This has been shown in a phase I study for asiaticoside which is completely 

transformed into asiatic acid in the gut (Grimaldi et al., 1990). α-Hederin could be cleaved into δ-

hederin or hederagenin and be administrated as a hederagenin pro-drug (Yu et al., 2012). 

Regarding interaction with other compounds after oral administration, saponins could influence 

their resorption, due to their surfactant and self-aggregating properties (Bruneton, 2009).  

 All these factors make it very difficult to predict the biodisponibility of α-hederin. 

 Nonetheless, regarding intravenous administration of saponins, it has been shown that 

several monodesmosidic saponins showed a favorable intravenous pharmacokinetic profile with 

low clearance and long half lifes (Patel et al., 2012). Intravenous injection is very common for 

anticancer compounds and could be applied for α-hederin, but hemolysis has to be avoided. 
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 Hederagenin has a molecular weight of 472,6 Da, 3 H-bond donors, 4 H-bond acceptors 

and a theoretical log P of 6.8 (calculated by PubChem Compound). Except its high lipophilicity, 

the molecule could be a good theoretical candidate for oral administration. There exists no 

pharmacokinetic study about hederagenin. Other triterpenic acids, like ursolic acid have already 

been used by oral administration in rats but showed moderate oral biodisponibility (Shanmugam 

et al., 2013) while betulinic acid showed even a high oral biodisponibility in humans (Smith et al., 

2007).  The low solubility of triterpenic acids is a problem in intravenous administration. This 

could be circumvented by integration into liposomes. A liposomal form of intravenously 

administrated ursolic acid showed interesting results in a clinical study (Shanmugam et al., 2013). 

Therefore, triterpenic acids seem by pharmacokinetic considerations very promising compounds 

for cancer treatment.  

  

 To our knowledge no pharmacokinetic study of surfactin was published. Other lipopetides 

like daptomycin, which are already in clinical use have a well known pharmacokinetic profile. It 

has been approved by the European medecines agency and registered under the name of cubicin. 

Daptomycin is injected in its dissolved form intravenously. Because of their high molecular 

weight, lipopeptides are generally not absorbed after oral administration.  

 
 

5.2.2. What general lessons can we take from this study for future 

investigations on amphiphiles ? 

 
 We have to be aware for future pharmacological studies, that amphiphiles behave often in 

similar ways (see 4.5.) and that their three-dimensional structure and charge will have major 

implications on their activity. The capacity to self-aggregate and form a new mesophase should 

always be taken into consideration for quite all types of molecules. It has been shown that even 

molecules which do not possess a strong amphiphilic character like triterpenic or bile acids are 

able to form aggregates or micelles in solution (Rafat et al., 2008;Sayyed-Ahmad et al., 2010). 

Self-aggregation can change completely the behaviour of compounds towards ligands making the 

determination of the CMC of a compound (or solubility for molecules which form infinite 

aggregates, see 2.2.1.2) a prerequisite for pharmacological investigations. 
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 A possible interaction of amphiphilic compounds with biological membranes should 

never be excluded. A lot of pharmacodynamic and pharmacokinetic properties are guided through 

their membrane interactions.  

 However, we have shown in this thesis, that molecules presenting an amphiphilic 

character may be very interesting compounds with various activities towards lipid membranes. 

The isolation of new original substances from plants and other natural resources should help to 

develop molecules with specific activities towards membranes of cancer cells or infectious agents. 

Understanding their membrane interactions should allow us to make chemical modifications of 

the molecules which enhance their specificity. 
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