Saponin Interactions with Model Membrane Systems -
Langmuir Monolayer Studies, Hemolysis and Formation

of ISCOMs

Authors

Affiliation

Key words

© saponins

© isoprenoids

© hemolytic activity

© ISCOM

© Langmuir film balance

received  April 5, 2016
revised Sept. 22,2016
accepted  Sept. 24,2016

Bibliography

DOI http://dx.doi.org/
10.1055/s-0042-118387
Published online October 19,
2016

Planta Med 2016; 82:
1496-1512 © Georg Thieme

Verlag KG Stuttgart - New York -

ISSN 0032-0943

Correspondence

Prof. Dr. Christel C. Miiller-
Goymann

Institut fiir Pharmazeutische
Technologie

Technische Universitdt
Braunschweig
MendelssohnstraRe 1
38106 Braunschweig
Germany

Phone: +495313915650
Fax: +495313918108
c.mueller-goymann@
tu-braunschweig.de

Carolin de Groot, Christel C. Miiller-Goymann

Institut fiir Pharmazeutische Technologie, Technische Universitat Braunschweig, Braunschweig, Germany

Abstract

v

Saponins are used in medicine due to their phar-
macological and immunological effects. To better
understand interactions of saponins with model
membranes and natural membranes of, for exam-
ple, erythrocytes, Langmuir film balance experi-
ments are well established. For most saponins, a
strong interaction with cholesterol was demon-
strated in dependence of both the aglycone part
and the sugar moieties and is suggested to be cor-
related with a strong hemolytic activity, high tox-
icity, and high surface activity, as was demon-
strated for the steroid saponin digitonin. In gener-
al, changes in the sugar chain or in substituents of
the aglycone result in a modification of the sapo-
nin properties. A promising saponin with regard
to fairly low hemolytic activity and high adjuvant
effect is a-tomatine, which still shows a high af-
finity for cholesterol. An interaction with choles-
terol and lipids has also been proven for the Quil-
laja saponin from the bark of Quillaja saponaria
Molina. This triterpene saponin was approved in
marketed vaccines as an adjuvant due to the for-
mation of immunostimulating complexes. Immu-
nostimulating complexes consist of a Quillaja
saponin, cholesterol, phospholipids, and a corre-
sponding antigen. Recently, another saponin from
Quillaja brasiliensis was successfully tested in im-
munostimulating complexes, too. Based on the
results of interaction studies, the formation of
drug delivery systems such as immunostimulat-
ing complexes or similar self-assembled colloids
is postulated for a variety of saponins.
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BAM: Brewster angle microscopy

BHV-1: bovine herpesvirus type 1

COX-2: cyclooxygenase-2

DLS: dynamic light scattering

DMPC: dimyristoylphosphatidylcholine

DOPC: 1,2-dioleolyl-sn-glycero-3-phos-
phocholine

DPPC: dipalmitoylphosphatidylcholine

DPPG: dipalmitoylphosphatidylglycerol

Egg-PC: L-a-phosphatidylcholine from egg
yolk

FM: fluorescence microscopy

HIV: human immunodeficiency virus

HSV1: herpes simplex virus type 1

IL-18: interleukin-1 beta

IL-6: interleukin-6

iNOS: cytokine-inducible nitric oxide syn-
thase

ISCOMs: immunostimulating complexes

LC: liquid-condensed

LE: liquid-expanded

MPL: monophosphoryl lipid A

PC: phosphatidylcholine

PSM: N-palmitoyl-D-erythro-sphingosyl-
phosphorylcholine

QBS: Quillaja bark saponin

RAW 264.7: raw murine macrophage
TNF-alpha: tumor necrosis factor alpha
ZP: zeta potential

Introduction

v

Properties of saponins

Saponins are surface-active glycosides from dif-
ferent plants and marine organisms [1] and are
subdivided into triterpenoid and steroid glyco-
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sides based on the nature of their aglycone (or
sapogenin) [2,3]. The aglycone of triterpene sapo-
nins consists of a C3y skeleton, whereas the ste-
roid aglycone consists of a C,7; skeleton sub-
divided into spirostane and furostane types. The
difference between both types of steroid agly-
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cones is the side chain linking to a spirocetal in spirostane sapo-
nins (O Fig. 1).

Triterpene saponins are divided in oleanane-type saponins and
lupane-type saponins, among others (© Fig. 2). Triterpene sapo-
nins are more widespread compared to steroid saponins [4]. The
aglycone is linked via glycosidic bonds to different sugar moieties
[5]. The attached sugar chains are mainly composed of D-glucose,
D-galactose, D-glucuronic acid, D-fucose, D-xylose, L-rhamnose,
or L-arabinose [4]. In most cases, the sugar chain is attached at
C-3 (monodesmosidic). Bidesmosidic saponins contain another
sugar chain at C-26 or C-28. The saponins and their bioactivity
mainly differ due to their hydrophobic aglycone connected with
different substituents (e.g., hydroxyl, hydroxymethyl, carboxyl,
or acyl groups), and their hydrophilic sugar chains with differ-
ences in linkage and sugar moieties [4, 6]. Saponins are connected
with different properties: foaming in aqueous solution, emulsifi-
cation [7], hemolytic activity [3,8], and antimicrobial, antipara-
sitic, and anticancer properties [3,9]. In © Table 1, different sapo-
nins are listed with their effects discussed in this review. Sapo-
nins are not only used in medicine but also in the food and cos-
metic industries as sweeteners, emulsifiers, or foam agents.
Some saponins are known as highly sweet substances, e.g., gly-
cyrrhizin (triterpene saponin) from the roots of Glycyrrhiza gla-
bra L. (Fabaceae) [10] and abrusoside A (triterpene saponin) from
the leaves of Abrus precatorius L. (Fabaceae) [11]. Saponins are of
interest in medicine essentially because of their immunological
and pharmacological properties. Ginseng saponins from the
roots of Panax ginseng (Araliaceae) exhibit wound healing effects
on the skin of mice. Upon addition of ginseng saponins, the
wounded area became smaller and the keratinocytes’ migration
rate was higher [12]. Kimura et al. [13] reported ginsengoside
Rb; to be the most potent saponin of total ginseng saponins in
wound healing. Ginsengoside Rb; (triterpene saponin) is able to
increase tissue neovascularization, VEGF (vascular endothelial
growth factor), and IL-18 production as well as macrophage accu-
mulation. Antiviral activity was found for many saponins. Triter-
pene saponins from Sargentodoxa cuneata (Lardizabalaceae) and
Thinouia coriacea (Sapindaceae; Chinese and Brazilian plants)
were reported to have antiviral activity against HSV1. The sapo-
nin from the Brazilian plant inhibits DNA synthesis of HSV1,
whereas the saponin from the Chinese plant inhibits viral capsid
protein synthesis [14]. Amoros et al. [15] studied antiviral activ-
ity of a triterpene saponin from Anagallis arvensis (Primulaceae).
This triterpene saponin inhibits replication of HSV1 and poliovi-
rus type 2, which was shown by a reduction of virus production
and inhibition of cytopathic effects. The saponin arganine C, ex-
tracted from the fruits of Tieghemella heckelii (Sapotaceae) exhib-
its antiviral activity against HIV by inhibiting HIV entry into cells
[16]. In addition, a triterpene saponin with inhibitory activity
against HIV-1 protease was extracted from the seeds of Aesculus
chinensis (Sapindaceae) [17].

Reviews REEN

Fig.1 Triterpene aglycone: Cq skeleton (A),
steroid aglycone: spirostane (B), steroid aglycone:
oR furostane (C).

Another promising activity of some saponins is their cytotoxic
and antiproliferative activity, which could be an interesting ap-
proach for the development of anticancer agents. Shao et al. [18]
found that saponins from the shoots of Asparagus officinalis L.
(Asparagaceae) inhibit the growth of human leukemia HL-60
cells in culture. Saponins in the range of 75-100 pg/mL acted cy-
tostatic and, in concentrations > 200 pg/mL, they exhibited cyto-
cidal effects on cells. The inhibitory effect of low doses of the sa-
ponin on the DNA synthesis of HL-60 cells was irreversible. Rus-
cogenin diglycosides of underground parts from Ruscus aculeatus
(Asparagaceae), steroid saponins from rhizomes of Hosta sieboldii
(Asparagaceae), triterpene saponins of the roots of Pulsatilla chi-
nensis (Ranunculaceae) as well as steroid saponins from the aerial
parts of Dracaena draco (Asparagaceae) also showed cytotoxic ef-
fects on leukemia HL-60 cells [19-22]. For other saponins, e.g.,
ginseng saponins, antiproliferative activity on human prostate
cancer cells was observed by Liu et al. [23]. But there are plenty
of other saponins with proven cytotoxic activity against cancer
cells, e.g., furostanol saponins and steroid saponins from the rhi-
zomes of Dioscorea panthaica (Dioscoreaceae), saponins from
bulbs of Allium porrum L. (Amaryllidaceae), and a few more,
although adequate control experiments with regular non-tumor
cells are missing in most of the publications [24-26]. Another in-
teresting finding of Weng et al. [27] was the mediation of the re-
lease of saporin out of the intracellular compartments into the
cytosol without influencing the nature of the plasma membrane
by saponins from Saponaria officinalis L. Saporin is a type I
ribosome inactivating protein also from the plant of
S. officinalis L. with cytotoxic activity when it is released in the
cytosol of tumor cells. This was tested in vivo in a syngeneic
tumor model. It seems very interesting that saponins biosynthe-
sized from the same plant help the toxin moiety saporin to exer-
cise its cytotoxicity.

Anti-inflammatory effects were found amongst others for triter-
pene saponins extracted from Caulophyllum thalictroides (Ber-
beridaceae). These saponins are able to suppress the expression
of COX-2, iNOS, and proinflammatory cytokines (TNF-a, IL-18,
and IL-6) in the adrenal glands of mice [28]. Yao et al. [29] ob-
served anti-inflammatory activity of saponins from Chenopodi-
um quinoa Willd. (Amaranthaceae), which is also used in the food
industry. These saponins were tested on murine macrophage
cells and showed inhibition of the production of inflammatory
mediators (NO) and inflammatory cytokines (TNF-a, IL-6) in lipo-
polysaccharide-induced RAW 264.7 cells. In another study, escin
(a natural mixture of triterpene saponins) extracted from the
seeds of Aesculus hippocastanum (Sapindaceae) was observed to
have synergistic anti-inflammatory effects with glucocorticoids
tested in mice [30]. Kwak et al. [31] observed anti-inflammatory
activity of the triterpene saponin loniceroside C from Lonicera ja-
ponica (Caprifoliaceae) against mouse ear edema. But there are
some other saponins with anti-inflammatory activity such as fru-
ticesaponin B, a bidesmosidic saponin from Bupleurum frutices-
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cens (Apiaceae), and the steroid saponin mannioside A from Dra-
caena mannii (Asparagaceae) [32,33].

Antimicrobial activity was observed for saponins from Medicago
sativa, Medicago arborea, and Medicago arabica (Fabaceae). Sapo-
nins from M. arabica showed high antimicrobial activity against
gram-positive bacteria (Bacillus cereus, Bacillus subtilis, Staphylo-
coccus aureus, and Enterococcus faecalis) [34]. Khanna and
Kannabiran [35] studied saponins from the leaves of Gymnema
sylvestre (Apocynaceae) and Elclipta prostrata (Asteraceae). These
saponins exhibit antibacterial and antifungal activity. The pure
saponin fraction is more active against bacterial pathogens com-
pared to the crude fraction. Further antimicrobial saponins are,
for example, saponins from Sorghum bicolor L. (Poaceae), which
exhibit an inhibitory effect on gram-positive bacteria, or triter-
pene saponins from Sapindus mukorossi Gaertn. (Sapindaceae)
[36,37]. Antifungal activity was found for saponins extracted
from Allium cepa L. (Amaryllidaceae). The main saponins with
the highest antifungal activity were alliospiroside A and al-
liospiroside B [38]. Further saponins with antifungal activity
were extracted from leaves of Solanum chrysotrichum (Solana-
ceae), from berries of Phytolacca tetramera (Phytolaccaceae), or
from fruits of Capiscum sp. (Solanaceae) [39-41].

Adjuvant effects are also an important feature of saponins with
regard to the development of adjuvanted vaccines. A long-known
saponin fraction with this promising property is Quil A. Quil Ais a
heterogeneous saponin fraction extracted from the bark of Quil-
laja saponaria Molina (Quillajaceae) [42]. Quillaja saponins be-
long to the class of triterpene saponins [43]. Because of irritative
and toxic potential, the use is limited to animal vaccines [44]. Fur-
ther purification leads to the saponin fraction QS-21 [45]. This
fraction is able to stimulate both the Th1 immune response by in-
ducing Th1 cytokines (IL-2, IFN-y) and the production of CTLs
(cytotoxic T-Lymphocytes). QS-21 was reported to be acceptably
safe and is therefore a promising vaccine adjuvant [45]. Saponins
from Q. saponaria are used in ISCOMs in combination with cho-
lesterol, phospholipids, and a corresponding antigen to enhance
immune response. This is important, especially for subunit vac-
cines with weak immunogenictiy. Recently, Silveira et al. [46]
found saponins (QB-90) from Quillaja brasiliensis (Quillajaceae)
as promising adjuvant compounds because they reveal weak he-
molysis and exhibit low cytotoxicity in comparison to Quil A. A
further study by Fleck et al. [47] suggested adjuvant activity for
QB-90 from Q. brasiliensis because of an enhanced immune re-
sponse of mice after immunization with BHV-1. It was reported
that QB-90 has the same ability as saponins from Q. saponaria to
stimulate both the cellular and humoral immune response that
was tested in a bovine viral diarrhea virus vaccine in mice [48].
Due to these promising properties, ISCOMs with QB-90 (IQB-90)
from Q. brasiliensis were developed recently. They exhibit great
structural similarity to ordinary ISCOMs consisting of saponins
from Q. saponaria. IQB-90s are drug/antigen delivery systems
with great potential for the development of vaccine adjuvants,
consisting of 40-50 nm spherical cage-like particles composed
of QB-90, cholesterol, phospholipids, and an antigen [49]. In the
past, many different saponins were tested with regard to their
pharmacological effects. Due to their multiple effects, they are
considered to be very interesting plant ingredients for medicine.

Langmuir film balance technique

The Langmuir film balance is suitable to investigate model mem-
brane systems at the molecular level to understand the organiza-
tion of biological membranes and their interactions with differ-

Fig.2 Triterpene saponins from lupane type (A) and oleanane type (B).

ent molecules. A single molecule thick layer of organic com-
pounds such as lipids, phospholipids, or glycolipids is fabricated
on an aqueous subphase for imitating model membranes. Those
lipids are insoluble amphiphilic molecules with a hydrophilic
head group anchored in the aqueous subphase and a hydropho-
bic tail oriented towards the gas phase. This insoluble monolayer,
which is formed at the air/water interface, is called Langmuir film
or Langmuir monolayer. The ability to form a monolayer depends
on the structure and properties (e.g., alkyl chain length, size,
charge, and polarity of the hydrophilic head group) of amphi-
philic molecules. Non-self-spreading lipids have to be dissolved
first in an organic solvent (e.g., chloroform). The dissolved lipids
are dropped onto the aqueous subphase. While the solvent evap-
orates, lipid molecules spread to form a Langmuir film at the air/
water interface. Hydrophilic head groups are in close contact by
hydrogen bonds and hydrophobic tails by van der Waals forces.
The aqueous phase is able to accommodate different molecules
that are soluble in water (e.g., saponins). The measuring principle
is based on the fact that the monolayer is compressed continu-
ously by Teflon barriers during the experiment (© Fig. 3).

The measured variable is the surface pressure that is continuously
recorded by a paper Wilhelmy plate connected to a pressure sen-
sor. The surface pressure 7t (Eq. 1) is the difference between the
surface tension of pure water gy (72.75 mN/m at 20°C) and the
surface tension of the film-covered water surface or.

T = Ow — Of Eq. 1
The Wilhelmy plate is immersed into the subphase and the forces
acting on the plate include gravity, surface tension, and upward
forces. Prior to starting the measurement, the Wilhelmy plate is
completely wetted with aqueous solution of the subphase. Due
to the amphiphilic character of the film forming lipids, the latter
are able to lower the surface tension of water, resulting in an in-
creased surface pressure. The surface pressure 7 is taken as a
function of the molecular area A. This results in m/A-isotherms
(OFig. 4). Example [ (© Fig. 4) represents a condensed film. Prior
to compression, the molecules at the air/water interface are dis-
ordered (G). The hydrophilic head groups are immersed into the
aqueous subphase and the hydrophobic tails are extended into
the gaseous phase without any order. In this disordered gas-
eous-like state (G), the molecules have a lot of space. At low com-
pression, an LC film is formed, which corresponds to the state of a
two-dimensional solid with numerous flaws. The space between
the molecules decreases and hydrogen bonds between hydro-
philic head groups are formed, which anchor the film into the
subphase. Further compression results in a solid film (S). In this
state, the molecules of the monolayer are tightly packed.

In example II (© Fig. 4), the film goes through further states. The
gaseous phase is followed by an LE state. The plateau is a transi-
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Table 1 Overview of different saponins with their corresponding effects.
Compound Species Family Saponin Effects Reference
type
Digitonin Digitalis purpurea Plantaginaceae steroid esp. hemolytic [50]
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Glycyrrhetinic acid Glycyrrhiza glabra Fabaceae triterpene anti-inflammatory, [67-70]
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Quillaja saponin Quillaja saponaria Quillajaceae triterpene adjuvant [71,72]
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tion region between the LE and LC state, which is characterized
by the coexistence of both phases. The point indicated by the ar-
row is the collapse point, which indicates the collapse of the
monolayer. The monolayer falls into pieces that are pushed to-
gether, resulting in multilayers. The surface pressure as well as
the molecular area at the collapse point are characteristic param-
eters of a specific monolayer. The phase behavior depends on the
properties of the amphiphilic molecules as well as on experimen-
tal conditions such as pH, temperature, etc.

The influence of saponins on model membrane systems:
Langmuir film balance experiments

Since the hemolytic activity of saponins, to a varying extent de-
pending on their properties [73], is @ major drawback, elucida-
tion of specific interactions between components in model mem-
brane systems is very helpful in understanding the hemolytic ac-
tivity and affinity of different saponins to liposomal membranes
from Langmuir film balance experiments. Many publications re-
port on interaction sudies of saponins in model membrane sys-
tems (cholesterol, phospholipids).

Digitonin, a Steroidal Saponin with Membrane
Permeabilizing Effects

v

As early as 1937, interaction studies of saponin and lipid film
forming components were examined by Schulman and Rideal
[74]. Using the Langmuir film balance, digitonin, a monodesmo-
sidic steroid saponin from the seeds of Digitalis purpurea (Planta-
ginaceae), was injected into the subphase with a spread lipid film
above. In this study, the interaction between digitonin and cho-
lesterol was demonstrated by an increase in surface pressure.
Thus digitonin appeared to penetrate into the cholesterol mono-
layer. Similarly, a slight penetration of digitonin into PC films was
concluded from increasing surface pressure. These results were
later confirmed [75]. The pioneering study of Schulman and
Rideal [74] is based on the hypothesis that the extent of affinity
between components depends on both polar and hydrophobic
interactions.

About 40 years later, Akiyama et al. [76] hypothesized that the
hemolytic activity of saponins is related to the extent of interac-
tions with cholesterol in the membranes. Observations of a sapo-
nin-cholesterol interaction within the multibilayers of egg yolk
lecithin were made by 2H NMR spectroscopy. Depending on the
digitonin/cholesterol ratio, different stages of complex formation
resulted. Aggregated species were formed at a low mol ratio.
These complexes indicated no stable complexes of digitonin and
cholesterol. At a higher ratio, intermediate complexes formed,
which means more rigid complexes were formed. Last, equimo-
lecular complexes were formed with characteristics of a solid
state, which were also stabilized by side chain methyl groups of
cholesterol. Akiyama et al. [76] reported that the hydrophobic
aglycone of saponins might be the major reason of interaction
with cholesterol in membrane bilayers. Sugar moieties seem to
be located externally outside of the bilayer and are able to stabi-
lize the saponin-cholesterol complex. Nishikawa et al. [77] also
suggested an influence of sugar complexicity for cholesterol
binding. Complexation of saponins with cholesterol seems to de-
pend mainly on hydrophobic aglycone and partially on hydro-
philic sugar moieties. Akiyama et al. [76] confirmed the results
of Segal et al. [78] that the aglycone part of saponins is mainly re-
sponsible for the hemolytic activity.

Wilhelmy plate
Barrier

l — R

Fig.3 Schematic representation of a Langmuir trough with one movable
barrier that compresses the monolayer. The direction of the movable
barrier is indicated by the arrow. The surface tension was analyzed with a
Wilhelmy plate at the given time points.

l Langmuir trough
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Fig.4 Langmuir isotherms of surface pressure versus area; S = solid, LC =
liquid-condensed, LE = liquid-expanded, G = gaseous. The collapse point of
the monolayer is indicated by the arrow.
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Fig.5 Langmuir isotherms of cholesterol (A), DPPC (B), DPPG (C), DPPC/
cholesterol (D), and DPPG/cholesterol (E); subphase: pure water and aque-
ous digitonin solution. (Redrawn from Korchowiec et al. [79].)

Korchowiec et al. [79] also conducted Langmuir film balance ex-
periments (© Fig. 5) with the steroid saponin digitonin with the
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Table 2 General cytotoxicity and membrane toxicity (ICsq values) and reduction in surface tension (ECsg values) and critical micelle concentrations (CMC) of

tested saponins by Bottger et al. [83].

IC50/uM ECso/uM CMC/[pM
General cytotoxicity Membrane toxicity Reduction in surface tension
a-Hederin 35 29 4 13
Hederacoside C >164 >164 10 82
Digitonin 13 15 8 163
Glycyrrhizin >119 >238 128 >1429
Glycyrrhetininc acid 101 292 16 106

aim to study its impact on model lipid membranes and to under-
stand hemolytic activity. Monolayers were formed on a digitonin
aqueous subphase consisting of cholesterol, DPPC, DPPG and
mixed DPPC/cholesterol, and DPPG/cholesterol.

A monolayer of cholesterol on a digitonin aqueous subphase sug-
gests penetration of digitonin into the monolayer at low surface
pressure. At high surface pressure, cholesterol is expelled into
the subphase by digitonin, resulting in a shift to a smaller molec-
ular area. Furthermore, the interaction between the saponin and
mixed monolayers (DPPC/cholesterol, DPPG/cholesterol) is much
higher compared to the pure DPPC and DPPG monolayer because
of a shift to higher molecular areas. Strong interactions between
digitonin and mixed monolayers were also characterized by
higher molecular areas at the collapse point. A higher affinity of
digitonin to DPPC compared to DPPG was found in the mixed
monolayers. It may be concluded that the nature of phospholip-
ids in the mixed monolayers also determines the extent of inter-
action with saponins. All in all, a higher affinity of digitonin was
observed for cholesterol than for phospholipids, because at the
high surface pressure, cholesterol was expelled from the mono-
layer. In accordance with other research groups, they assumed
that the aglycone part of digitonin is responsible for the inter-
action with the sterol part of cholesterol and that the sugar part
may interact with the hydroxyl group. Based on these studies,
cholesterol is likely to be an important component in membranes
with regard to interactions with digitonin. If cholesterol is present
in model membrane systems, digitonin penetrates it easily. This
was confirmed by Yu and Choi [80] and Sudji et al. [81]. Yu and
Choi [80] found that digitonin permeabilizes liposomal mem-
branes consisting of phosphatidylcholine, dicetylphosphate, and
cholesterol but has no influence on liposomes without cholester-
ol. Sudjietal.[81] studied the influence of digitonin on natural and
model membranes. The results suggest that digitonin promotes
membrane permeability only in the presence of cholesterol de-
pending on both concentrations. At a low concentration, digitonin
induces membrane permeabilization without membrane de-
struction. Further studies by Gilabert-Oriol et al. [50] refer to the
membrane permeabilizing effects of digitonin. In comparison
with other saponins, such as glycyrrhizin (monodesmosidic triter-
pene saponin), digitonin indicates moderate permeabilizing ef-
fects on cell membranes and substantial effects on lysosomal
membranes as well as high hemolytic activity. Bottger et al. [82]
also demonstrated high toxicity (general cytotoxicity, membrane
toxicity) for digitonin correlated with high surface activity, as can
be seen in © Table 2. A differentiation was made between general
cytotoxicity and membrane toxicity. The general cytotoxicity de-
scribes the intolerance of the cells to proliferate after the addition
of saponins. Membrane toxicity is assessed by the amount of re-
leased intracellular enzyme LDH. From these results, a correlation
between high affinity for membrane cholesterol, high permeabi-

lizing effects, high hemolytic activity, and high surface activity of
digitonin seems likely. A high affinity to membrane cholesterol
and building of cholesterol-digitonin complexes leads to a loss of
cholesterol in membranes. The membrane gets instable and per-
meable because cholesterol plays a major role for membrane sta-
bility [83,84].

Hederacoside C, a-Hederin: Triterpene Saponins from
Ilvy with Differences in Membrane Toxicity

v

Besides digitonin, a variety of further saponins was studied with
regard to interactions with cholesterol in membranes and result-
ing permeabilizing effects [85-87]. Bottger et al. [82] also found a
correlation between a perturbing biological membrane and sur-
face activity for a-hederin and hederacoside C, two different tri-
terpene saponins extracted from ivy (Hedera helix). Cholesterol
seems to be essential for saponins to induce pore formation of
membranes [86,87]. Due to steric constraints of saponin-choles-
terol complexes, the membrane gets porous, releasing intracellu-
lar components such as the intracellular enzyme LDH.

© Table 2 suggests a correlation between general cytotoxicity and
membrane toxicity. A high general cytotoxicity of a-hederin co-
incides with high membrane toxicity. For a-hederin, a high mem-
brane permeabilizing effect was found along with a low CMC val-
ue and a high potential in reduction of surface tension. In con-
trast, hederacoside C shows much lower general cytotoxicity
along with lower membrane toxicity. The CMC value of hedera-
coside C is much higher. Hederacoside C seems to be a biologi-
cally less active amphiphilic substance with low surface activity.
Bottger and Melzig [83] investigated the influence of a-hederin
and hederacoside C on cell membrane cholesterol. They deter-
mined both the release of cholesterol from the cell membrane
and the inclusion into the cell membrane in the presence of sapo-
nins. Besides confirming the correlation between general cyto-
toxicity and membrane toxicity for hederacoside C and a-he-
derin, they found a relationship between membrane toxicity of
saponins and their ability of inducing cholesterol liberation of
cellular membranes and of inhibiting cholesterol uptake. That
means saponins with high membrane toxicity and general cyto-
toxicity such as a-hederin significantly change the cell mem-
brane cholesterol content, which results in membrane pertuba-
tion. a-Hederin is suggested to form complexes with cholesterol.
A high toxicity of a-hederin was also observed by other research
groups [8,88]. In contrast, hederacoside C is of high interest due
to its low membrane toxicity.

Langmuir film balance studies with respect to a-hederin and he-
deracoside C were made by Wojciechowski et al. [89] on mono-
layers consisting of cholesterol and DPPC as model membranes.
a-Hederin increased the surface pressure much more (by nearly
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20 mN/m) than hederacoside C. a-Hederin is a monodesmosidic
saponin that arises from bidesmosidic hederacoside C by saponi-
fication. Due to the second sugar chain in hederacoside C, the
negative ion charge of the carboxyl group is neutralized, possibly
leading to a reduction of surface activity. a-Hederin is more sur-
face active than hederacoside C, which is in accordance with pre-
vious studies [83].

Saponins in the subphase were tested with pure DPPC mono-
layers and mixed DPPC/cholesterol monolayers with regard to
surface pressure versus time (© Fig.6). On pure DPPC mono-
layers, hederacoside C has no influence because no changes in
surface pressure result with time. In contrast, a-hederin affects
a DPPC monolayer by increasing surface pressure (about 45 mN/
m), possibly due to its amphiphilic character, resulting in pene-
tration into the monolayer. A further increase in surface pressure
was recorded upon addition of cholesterol in mixed DPPC/choles-
terol monolayer. An increase in surface pressure was also ob-
served for hederacoside C with mixed monolayers. This again
supports cholesterol’s importance for the saponin interaction. In
accordance with previous studies, a-hederin seems to have a
higher affinity of interacting with model membrane systems
compared to hederacoside C.

Membrane Permeabilizing Effects of Glycyrrhizin and
Its Aglycone Glycyrrhetinic Acid

v

Sakamoto et al. [90] studied the interactions between glycyrrhi-
zin and model membrane systems consisting of PSM, DOPC, and
cholesterol with Langmuir film balance. They carried out experi-
ments with single, binary and ternary monolayers (PSM, DOPC,
cholesterol) on a Tris buffer subphase containing NaCl with or
without glycyrrhizin. Glycyrrhizin is categorized as a monodes-
mosidic triterpene saponin extracted from G. glabra L. (Fabaceae)
with a triterpene backbone and attached to two glucuronic acid
groups. As depicted in © Fig. 7B, increasing amounts of glycyrrhi-
zin result in a shift of the ternary monolayer isotherm to larger
molecular areas. At the collapse point of the isotherms, the same
surface pressure (~48 mN/m) is observed for all different concen-
trations of glycyrrhizin. The isotherms of pure cholesterol, PSM
and DOPC monolayers as well as the isotherms of mixed PSM/
cholesterol and PSM/DOPC monolayers on a subphase containing
glycyrrhizin (© Fig. 7C) are expanded to larger molecular areas
compared to isotherms of monolayers on a subphase without
glycyrrhizin (© Fig. 7A). The surface pressure and molecular area
at the collapse point (© Fig. 7C) seem to be the same compared to
© Fig. 7A. Sakamoto et al. [90] supposed an initial integration of
glycyrrhizin into the ternary monolayer that would be expelled
from the surface with further compression. After being excluded
from the monolayer, glycyrrhizin may attach to cholesterol right
underneath the monolayer. Due to the surface potential measure-
ment of the pure PSM monolayer on a subphase containing gly-
cyrrhizin, an initially positive slope of the PSM isotherm followed
by a negative slope was observed. Based on this observation, they
supposed an exclusion of glycyrrhizin simultaneously with the
LE/LC phase transition of PSM (see © Fig. 7 A). Further studies by
BAM and FM revealed membrane-disrupting activity of glycyr-
rhizin at a concentration of 50 uM due to an affinity to cholester-
ol. Again, cholesterol turns out to be an essential component for
interactions with glycyrrhizin. The binding of cholesterol by gly-
cyrrhizin results in a lack of cholesterol at the surface, which is
associated with a membrane permeabilizing effect.
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Fig.6 Surface pressure versus time of pure saponin, DPPC, and DPPC/
cholesterol monolayers; subphase: ammonium glycyrrhizate (left) he-
deracoside C (middle); a-hederin (right). (Redrawn from Wojciechowski
etal. [89].)

Recently, the interfacial behavior of glycyrrhetinic acid, the agly-
cone of glycyrrhizin, was studied [91]. Equal to glycyrrhizin, gly-
cyrrhetinic acid is expelled out from a ternary monolayer of PSM,
DOPC, and cholesterol upon compression. Glycyrrhetinic acid in-
teracts with cholesterol, which participates in surface-associated
aggregates of the lipids, the so-called microdomains or lipid rafts.
The results generally reveal a stronger affinity of glycyrrhetinic
acid to lipids compared to glycyrrhizin (from previous studies)
as shown in © Fig. 8. The m/A-isotherm of the ternary monolayer
on a subphase containing glycyrrhetinic acid results in a shift to-
wards larger molecular areas due to stronger interactions [90].
Langmuir film balance experiments were also made with an am-
monium salt of glycyrrhizin [89] (compare © Fig. 6). Penetration
of ammonium glycyrrhizate into pure DPPC as well as into mixed
DPPC/cholesterol monolayers was comparable in terms of similar
values in surface pressure of about 35 to 40 mN/m. Because of
similar surface pressure values for pure DPPC and mixed DPPC/
cholesterol monolayers, glycyrrhizate seems not to differentiate
between these lipids. Further studies provided stability constants
of binary saponin-lipid complexes that demonstrate that ammo-
nium glycyrrhizate is not able to form complexes with cholesterol
or DPPC, whereas a-hederin and hederacoside C do so. The affin-
ity of ammonium glycyrrhizate towards the lipids is not as high as
that of the glycyrrhetinic acid. This is connected to a low mem-
brane activity.

The membrane toxicity of glycyrrhizin and glycyrrhetininc acid
as well as their general cytotoxicity was also studied by Bottger
etal. [82,83]. Glycyrrhizin and glycyrrhetininc acid exhibit rather
low toxicity, both general toxicity and membrane toxicity, which
are associated with a low surface activity and a high CMC value in
the case of glycyrrhizin (© Table 2). This again suggests a correla-
tion between general cytotoxicity and membrane toxicity as was
also observed for a-hederin and hederacoside C. The much high-
er surface activity of glycyrrhetinic acid may be related to a stron-
ger affinity to lipids compared to glycyrrhizin, which was also ob-
served by Sakamoto et al. [90,91]. The low toxicity of glycyrrhizin
is also in accordance with studies of Gilabert-Oriol et al. [50] and
Melzig et al. [92]. Gilabert-Oriol et al. [50] tested permeabilizing
effects of saponins on cell membranes, lysosomal membranes,
and membranes of red blood cells. According to these studies,
glycyrrhizin exhibits no membrane permeabilizing effects on cell
membrane and lysosomal membranes, and no lytic activity in
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tested concentrations compared to the tested steroid saponin
digitonin. Gilabert-Orial et al. [50] supposed a structure-activity
relationship related to sugar moieties. Glycyrrhizin is a triterpene
saponin with two attached sugar moieties, while digitonin is a
steroid saponin with a branched sugar chain causing a high mem-
brane permeabilizing effect and a high hemolytic effect. When
comparing the triterpene saponins a-hederin and glycyrrhizin,
a-hederin exhibits much higher membrane activity despite some
structural similarity. Only a-hederin is able to complex cholester-
ol and DPPC. Wojciechowski et al. [89] supposed that a single car-
boxylic group of a-hederin is more active than three carboxylic
groups in a glycyrrhizin molecule and that the ketone group at-
tached to the aglycone presumably prevents the interaction with
cholesterol and DPPC.

a-Tomatine: A Glycoalkaloid with High Affinity

for Cholesterol

v

There is another interesting saponin from the tomato plant, the
glycoalkaloid a-tomatine. It is widely accepted that a-tomatine
is able to disrupt membranes in the presence of cholesterol [93].
Therefore, studying its interactions with model membrane sys-
tems is of special interest. Morrow et al. [94] reported adjuvant
activity of a-tomatine. It stimulates both the humoral and cellular
immune response, thus enhancing immunogenity of subunit vac-
cines. Furthermore, it also has great potential in the treatment of
cancer.

Stine et al. [95] conducted interaction studies with a-tomatine by
Langmuir film balance experiments. As model membrane sys-
tems, DMPC and different sterols were used. Cholesterol, choles-
tanol, and epicholesterol exhibit the same molecular area at the
collapse point on a subphase containing a-tomatine. The iso-
therms of mixed sterol/DMPC monolayers on an a-tomatine sub-
phase shift to higher molecular areas and to higher values of sur-
face pressure. © Fig. 9 A shows the surface pressure change versus
time of cholesterol and DMPC on a subphase of a-tomatine, re-
vealing a stronger interaction with cholesterol compared to that
with DMPC. Upon addition of a-tomatine in various concentra-
tions, an increase in the final surface pressure at a given time
was observed for the mixed DPPC/cholesterol monolayer with in-
creasing saponin concentrations (© Fig. 9B). All in all, a-tomatine
has a great affinity to cholesterol and some other sterols, depend-
ing on the structure. Interaction of a-tomatine with mixed
DMPC/sterol monolayers is also given.

As known from the literature with regard to complex formation
between glycolalkaloids and cholesterol [96], a complexation of
a-tomatine and cholesterol (1:1) is assumed likewise because of
visible aggregates detected by BAM. The authors suppose that a
cohesion of these complexes is given by hydrogen bonds between
the hydroxyl groups of the sugar moieties and the hydroxyl group
in sterol [96,97]. Depending on sterol structure, the strength of
interaction with a-tomatine differs, which is associated with dif-
ferent values in surface pressure. The interaction of a-tomatine of
various concentrations with binary monolayers consisting of
DMPC/cholesterol or sphingolipid (egg sphingomyelin)/choles-
terol was studied by Langmuir film balance experiments and
BAM [98]. In agreement with previous studies, an interaction be-
tween a-tomatine and mixed monolayers of DMPC and choles-
terol has been confirmed (© Fig. 9C). Likewise, an increased con-
centration of a-tomatine results in an increased surface pressure.
© Fig. 9D presents a mixed monolayer of egg sphingomyelin and
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cholesterol on a subphase with different concentrations of a-to-
matine. An initial positive slope is followed by a negative slope,
which means surface pressure decreases with progressing time.
Besides, a larger concentration of a-tomatine is needed to achieve
the same surface pressure compared to the DMPC/cholesterol
monolayer. Furthermore, the determined interfacial binding con-
stants confirm a stronger interaction of a-tomatine with the
DMPC/cholesterol monolayer compared to the egg sphingomye-
lin/cholesterol monolayer. This may also be recognized by the
highest values of surface pressure for the mixed monolayer of
DMPC/cholesterol (© Fig. 9B). It was hypothesized that less inter-
action between a-tomatine and the egg sphingomyelin/choles-
terol monolayer is due to a stronger interaction between egg
sphingomyelin and cholesterol than between cholesterol and
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phospholipid as described previously by Ramstedt and Slotte
[99]. As mentioned above, Stine et al. [95] claim that hydrogen
bonds are essential for complexation. Consequently, a hydrogen
binding between the cholesterol hydroxyl group and the sphin-
gomyelin amide group is likely. Because of the interaction be-
tween the lipids, complexation of a-tomatine and cholesterol de-
creases, which is in line with a higher concentration of a-toma-
tine required for the same surface pressures compared to DMPC/
cholesterol.

The surface pressure versus time of a ternary mixed monolayer of
DMPC/egg sphingomyelin/cholesterol on an a-tomatine sub-
phase of a given concentration is between those of binary mono-
layers. The lowest surface pressure is observed for the pure egg
sphingomyelin monolayer followed by the binary monolayer of
egg sphingomyelin/cholesterol. The highest surface pressure is
observed for the binary mixture of DMPC/cholesterol [98]. These
results again suggest that a-tomatine has a higher affinity for
DMPC in combination with cholesterol compared to egg sphingo-
myelin, respectively. Furthermore, the authors analyzed different
mole ratios of cholesterol and a- tomatine (© Fig. 10).

The isotherm of a 1:1 mixture represents a stable monolayer
with a high collapse point above 45 mN/m. The molecular area
at the collapse point of the 1:1 mixture is not much higher than
that of a pure cholesterol monolayer. This may be due to a loss of
a-tomatine molecules into the subphase, which are not com-
plexed by cholesterol. If cholesterol is present in larger amounts
(3:1 mole ratio), a-tomatine molecules are not likely to dissolve
in the subphase because sufficient interaction partners are
present in the monolayer, resulting in a shift of the isotherm to
larger molecular areas.

Walker et al. [98] concluded that ternary monolayers of egg
sphingomyelin, cholesterol, and a-tomatine are less stable than
binary monolayers of cholesterol and egg sphingomyelin because
of the expanded isotherm (© Fig. 11), and the shift to smaller mo-
lecular areas is due to instability of the ternary monolayer. Possi-
bly, a-tomatine forms complexes with cholesterol, which are ex-
pelled from the monolayer. All in all, Walker et al. [98] explored
some important relationships. Their results suggest a stronger
monolayer activity of a-tomatine when DMPC is present com-
pared to egg sphingomyelin. Either a-tomatine shows a stronger
affinity for DMPC compared to egg sphingomyelin, or the com-
plex formation of DMPC and cholesterol is much lower compared
to egg sphingomyelin and cholesterol, so that an interaction may
be fascilitated. a-Tomatine also shows a strong interaction with
pure cholesterol.

Quil A: A Promising Adjuvant in Vaccines

v

A widely studied and promising saponin is Quil A, which is used
in ISCOMs as an adjuvant in vaccines. To understand the interac-
tion of Quil A in ISCOMs (with cholesterol and phospholipids),
Langmuir film balance experiments were conducted (© Fig. 12).
Paepenmiiller and Miiller-Goymann [100] suggest an interaction
between Quil A and cholesterol.

Langmuir isotherms of a cholesterol monolayer on an aqueous
subphase compared to a Quil A subphase are different. On the
Quil A subphase, cholesterol molecules require more space in
the monolayer, resulting in higher molecular areas because of an
integration of Quil A molecules. Another indication of an interac-
tion between Quil A and cholesterol is the increase in surface
pressure upon the addition of Quil A into the subphase. Quil A re-

Time [sesnds]

Fig.9 Surface pressure versus time of a A monolayer of pure cholesterol
and pure DMPC on an a-tomatine subphase (1.3 uM); B mixed monolayer
of DMPC/cholesterol (7/3 mole ratio) on a subphase with different con-
centrations of a-tomatine. In each case a-tomatine was added to a sub-
phase of pH 7 (0.05 M phosphate buffer, 0.10 M NaCl) at a surface pressure
of 10 mN/m; C mixed monolayer of DMPC/cholesterol (7/3 mole ratio)
on an a-tomatine subphase of different concentrations (2.0 uM, 1.0 uM,
0.5 uM, 0.25 uM, 0.125 puM, and 0.06 uM); D mixed monolayer of egg
sphingomyelin/cholesterol (7/3 mole ratio) on an a-tomatine subphase of
given concentrations. (A and B redrawn from Stine et al. [95]; C and D re-
drawn from Walker et al. [98].)

duces interface tension because of its amphiphilic character and
penetrates into the monolayer. This may also give evidence of an
impact of saponins on biological membranes. No interaction was
observed between Quil A and PC because no change in surface
pressure occured.

The major role of cholesterol in terms of interaction between
saponin and biological membranes has been confirmed in the
past by many research groups. In this context, Wojciechowski et
al. [101] focused on Langmuir film balance experiments of phos-
pholipid mono- and bilayers (DPPC) and QBS. Concentrations of
QBS above the CMC were chosen. The authors obtained coinci-
dent isotherms for a DPPC monolayer spread directly onto a QBS
subphase and for an aqueous QBS solution. They suggested an en-
trapment of the phospholipid into QBS micelles of the subphase
instead of the formation of a Langmuir monolayer. Therefore,
they claimed a different setup prior to the measurement, that is
the monolayer spreading on an aqueous subphase followed by an
exchange with a QBS solution. In this case a different isotherm
was obtained, that in part follows the isotherm of a DPPC mono-
layer on a water subphase at high surface pressures. Rattanapak
etal.[102] investigated the interaction between Quil A and a lipid
monolayer with respect to the incorporation of Quil A in lipid
nanoparticles for noninvasive immunization via the topical route.
Rattanapak et al. [102] placed special focus on other Quil A-con-
taining nanoparticles with a promising perspective of transcuta-
neous immunization. Lipid nanoparticles with a negative charge
were used in the size range of approximately 134-200 nm: lipo-
somes, transferosomes, ethosomes, and cubosomes. The ingre-
dients of the lipid nanoparticles are listed in © Table 3. Kohli and
Alpar [103] found that only negatively charged nanoparticles in
the size range of 50-500 nm permeate the skin with the aim of
transdermal vaccination.
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Particle size investigations by DLS demonstrated an increase in
particle size and ZP upon the addition of the adjuvants (Quil A,
MPL). Determination of peptide entrapment efficiency resulted
in a decreased entrapment in lipid nanoparticles with the adju-
vants (Quil A, MPL).

The authors also performed Langmuir film balance experiments
(©Fig. 13). Quil A forms no condensable monolayer because no
collapse point was observed. Quil A and MPL reduce the surface
pressure at the collapse point of the monolayer of PC/phytantriol
and the isotherm shifts towards larger molecular areas, hinting at
an interaction between the additives and PC monolayer as well as
the phytantriol monolayer. This is an important prerequisite for
the formation of lipid nanoparticles with additional adjuvant
Quil A.

Many interaction studies were made in the past to understand
the toxicity and affinity of different saponins to model membrane
systems. A promising saponin with fairly low toxicity and high
adjuvant activity is Quil A extracted from the bark of Q. saponaria
Molina. Because of its interaction with cholesterol, and apparent-
ly also phospholipids, it can be used in ISCOMs described below.
However, other saponins such as hederacoside C or glycyrrhizin
seem to be promising saponins because of their low membrane
toxicity. There are plenty of other saponins that have been tested
for their membrane activitiy, but with different methods than the
Langmuir film balance experiments.

Hemolytic Activity of Saponins

v

The hemolytic property of saponins is a characteristic feature and
represents a major drawback for the development of adjuvanted
vaccines and anticancer agents. Saponins are able to lyse erythro-
cytes, resulting in a release of hemoglobin. The extent of hemoly-
sis is dependent on the type and chemical structure of saponins.
In the past, many researchers investigated the extent of hemo-
lytic activity of different saponins as well as dependency on cer-
tain structural properties (structure-activity relationship [SAR]).
Segal et al. [78] studied the effect of the ester groups in different
saponins and sapogenins (saponins of Styrax officinalis L, glycyr-
rhizin, digitonin) regarding their hemolytic activity. In addition,
the aim of this study was to understand which part of the sapo-
nin is responsible for the hemolytic activity. The results suggest
the aglycone as a trigger of the hemolytic activity because all sa-
pogenins had high hemolytic activity. High hemolytic activity
was observed in the case of ester groups in the aglycone part be-
cause saponifaction leads to the abolishing of the hemolytic ac-
tivity, while esterification of carboxyl groups seems to enhance
the hemolytic activity. In further studies, Segal et al. [104] modi-
fied different steroid sapogenins (hecogenin-a, kryptogenin-a)
and a triterpene sapogenin (glycyrrhetinic acid) to investigate
the influence of ester groups on hemolytic activity. A comparison
was made between esterified sapogenins containing additional
polar groups and sapogenins containing ester groups. The polar
groups of some sapogenins have been esterified with bifunction-
al acids bearing two polar groups (i.e., dicarboxylic acid, hydroxy
acid), resulting in an ester function containing carboxylic acid or
hydroxyl groups. In some cases, the polar group of the ester func-
tion was removed by acetylation or methylation. These model
sapogenins were compared with those containing a simple ester
group. Based on the results, sapogenins with an ester function
bearing an additional polar group showed less hemolytic activity
compared with those having a simple ester. By acetylation or
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Fig. 10 Langmuir
isotherms of spread
monolayers of a pure
cholesterol monolayer
(-) and of cholesterol
and a-tomatine of dif-
ferent molar ratios of
1:3,1:1,and3:10ona
phosphate buffer sub-
phase containing NaCl.
(Redrawn from Walker
et al. [98].)
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Fig. 11 Langmuir iso-
therms of an egg sphin-
gomyelin/cholesterol/
a-tomatine monolayer
(7/1.5/1.5 mole ratio),
an egg sphingomyelin/
cholesterol (7/3 mole
ratio) monolayer, and
isotherms of pure cho-
lesterol and an egg
sphingomyelin mono-
layer on a phosphate
buffer subphase con-
taining NaCl. (Redrawn
from Walker et al. [98].)

7:3 egg SM/Cholesterol

Fig. 12 Langmuir iso-
“ therms of cholesterol
! monolayer on an aque-
ous subphase (—) and
on a Quil A subphase
(-) by Paepenmiiller
: and Miiller-Goymann
= % = - % [100].

methylation of the polar groups in the ester function, hemolytic
activity increased. The authors assumed that not the integration
of ester groups enhances hemolytic activity but removal of the
polar group of the sapogenin. Another finding was that neither a
hydroxyl group nor an ester group at C-3 is essential for the he-
molysis. Furthermore, in the case of sapogenins with two polar
groups, i.e., glycyrrhetinic acid, esterfication of one polar group
enhances hemolytic activitiy in contrast to esterfication of both
polar groups, whereas it is less important which polar group is
modified. Therefore, the monoesters seem to be more active than
the diesters.

In a subsequent contribution, Segal et al. [105] studied the influ-
ence of sugar moieties in saponins (digitonin, solanine, tomatine,
glycyrrhizin, glycyrrhetinic acid) in terms of hemolytic activity
and confirmed their previous results that the aglycone part is
crucial for hemolytic activity. From these results, they suggested
a two-step process of hemolysis. In the first step, the saponin is
bound to the erythrocytes and in the second step, hydrolysis
occurs which results in the hemolytic activity of the aglycone.
Before hemolysis is accomplished, hydrolysis of the saponin by
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appropiate membrane glycosidase is likely to occur. Therefore,
hydrolysis of the glycosidic bond seems to be a requirement for
hemolytic activity. Reasons of low hemolytic activity of saponins
might be a reduced adsorption to the erythrocyte membranes or
a low enzyme activity, which is important for hydrolysis. Akiya-
ma et al. [76] also suggested that the aglycone part is crucial for
interactions with cholesterol. Therefore, the attachment of sa-
ponins to the erythrocyte membrane occurs mainly due to the
cholesterol content in the membrane. Because of the hypothesis
from Segal et al. [105], it could be speculated that the differences
in hemolytic activity of the two saponins of ivy (hederin, he-
deracoside C) occur due to a different number of sugar chains.
The second sugar chain of hederacoside C could prevent the bind-
ing to the erythrocyte membrane, or hydrolysis of glycosidic
bound by glykosidase is not complete.

Schlésser and Wulff [106] studied the hemolytic activity of
monodesmosidic triterpene saponins and their aglycones and
found the presence of polar groups in ring A and moderate polar
groups in rings E and D to be important. Sapogenins containing
16a-0OH or 16-keto in connection with 38-OH exhibit very high
hemolytic activity. They asserted that the presence of 38-OH is
essential for hemolytic activity, which is in contradiction to state-
ments of Segal et al. [104]. The type of saponins and number
(monodesmosidic, bidesmosidic) of sugar chains also affect the
hemolytic activity. An indication of the influence of sugar chains
is given by saponins from ivy. a-Hederin exhibits much higher
activity compared to hederacoside C. a-Hederin and hederaco-
side C have the same aglycone but a different number of sugar
chains (2 versus 5).

By binding of the polar groups (e.g., sugar chains) in rings D/E in
addition to ring A, hemolytic activity decreases drastically. This is
particularly evident with regard to a second sugar chain in bides-
mosidic saponin hederacoside C that looses hemolytic activity.
A further saponin with low toxicity is the triterpene saponin gly-
cyrrhizin and its aglycone glycyrrhetininc acid. Both compounds
exhibit low membrane toxicity (© Table 2), which is possibly as-
sociated with polar moieties linked to rings A, C, and E. The agly-
cone carries a carboxy group (ring E), an additional keto group
(ring C), and a hydroxyl group (ring A), which is linked to the sug-
ar in the saponin. Furthermore, esterification of a carboxyl group
leads to an increase in hemolytic activity, which was also de-
scribed by Segal et al. [78,106]. Together with the results from
Langmuir film balance studies described before, a relationship
between membrane toxicity and hemolytic activity of saponins
from the Hedera genus may be drawn. As described by Bottger
et al. [82], a-hederin exhibits high membrane toxicity and a high
potential in the reduction of surface pressure due to its amphi-
philic character. It also has high hemolytic activity. In contrast,
hederacoside C has no hemolytic activity and less toxicity [82].
Due to structural similarities between a-hederin and hederaco-
side C, the second sugar chain seems to have a strong impact on
the loss of hemolytic activity in the case of hederacoside C.
Nakamura et al. [107] investigated the hemolytic activity of sa-
ponins on human erythrocytes and the extent of liposome-dam-
aging activities. They assigned a strong interaction of saponins
with erythrocytes to a high affinity to cholesterol. Saponins with
hemolytic activity also cause permeabilization of liposomes, but
only of liposomes that contain cholesterol. A correlation between
hemolytic activity and affinity to cholesterol was observed for
digitonin and hederacoside C. Digitonin exhibits a high affinity
to cholesterol and high membrane toxicity (© Table 2). In model
membrane systems, digitonin forms complexes with cholesterol,

Table 3 Ingredients of different negative chargely lipid nanoparticles:
Egg-PC = L-a-phosphatidylcholine from egg yolk, MPL = monophosphoryl lipid
A (adjuvant activity), peptide = ovalbumin antigen peptide.

Liposomes|transferosomes Ethosomes Cubosomes
Egg-PC Egg-PC Phytantriol
Polysorbate 80 Ethanol Poloxamer 407
(MPL) (MPL) (MPL)

Peptide Peptide

(Quil A) (Quil A) QuilA

Fig. 13 Langmuir iso-

I therms of different
Fe g mixed monolayers
g;: | compared to pure PC
§ Phywntrol R
i: | +aneater and phytantriol mono-
s layers to investigate the
¢ ] \ influence of Quil A. (Re-
0t - N - - - . drawn from Rattanapak
L ) -« L) = 100 (k] 140

etal. [102].)

Ares per molecule [Amolecsle]

which leads to a destruction of the membrane. This correlates
with a high hemolytic activity of digitonin. In contrast, hederaco-
side C has a low affinity for cholesterol (© Fig. 6), which is associ-
ated with a low hemolytic activity. As mentioned earlier, sapo-
nins with two sugar chains exhibit no hemolytic properties and
thus no permeabilizing effects on liposomes with cholesterol. As
Langmuir film balance experiments revealed cholesterol as an
important target for saponins in terms of influencing model
membrane systems, cholesterol likewise plays a major role in
the attack of saponins on erythrocytes. However, Segal and
Milo-Goldzweig [108] did not consider cholesterol as an essential
binding partner for hemolytically active saponins despite its ef-
fect on the hemolytic activity of saponins and sapogenins.

The correlation between adjuvant properties and hemolytic ac-
tivity of 47 saponins was tested by Oda et al. [109]. No correlation
between adjuvant and hemolytic activity was observed. Some
saponins exhibit strong adjuvant and hemolytic activity, whereas
other saponins exert either strong hemolytic or strong adjuvant
together with either low adjuvant or low hemolytic activity, re-
spectively. Saponins with adjuvant property and missing hemo-
lytic activity are promising candidates for the development of ad-
juvanted vaccines.

Votquenne et al. [8] investigated 59 triterpene saponins in terms
of the relationship between structure and hemolytic activity. He-
molysis tests showed higher hemolytic activity of monodesmosi-
dic saponins compared to bidesmosidic saponins, which is in
agreement with Nakamura et al. [107] and Hase et al. [110].
Woldemichael and Wink [111] arrived at the same conclusion
for triterpene saponins from C. quinoa, that monodesmosidic
saponins have higher hemolytic activity than bidesmosidic sapo-
nins. Hemolytic activity of monodesmosidic saponins increases
with the presence of an osidic residue at position 3, or with a
16a-0OH group, which is consistent with the report of Schlésser
and Wulff [106]. Again, the number of sugar moieties affects the
hemolytic activity. Hemolytic activity increases with number of
sugar moieties in position 3. Digitonin, a monodesmosidic sapo-
nin, is linked with a branched sugar chain consisting of five sugar
moieties. This branched sugar chain is also able to stabilize the
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Fig. 14 Chemical structure of oleanane-type sa-
ponins from species of the Hedera genus. (Redrawn

Compound R [ R ] R from Gauthier et al. [112].)
&-hederin OH H H
a-hederin OH a-L-Rhap H
B-hederin H a-L-Rhap H
ORy hederacolchiside A OH a-L-Rhap B-Glep
hederacolchiside A, H a-L-Rhap  B-Glep

OR, / »,,%;R'

saponin/cholesterol complex (Akiyama et al. [76]), which could
be a reason for hemolytic activity. In contrast, the aglycone of he-
deracoside C is linked with two sugar moieties, therefore, he-
deracoside C exhibits very low hemolytic activity, because in bi-
desmosidic saponins, a polar balance between two sugar chains
at posititons 3 and 28 is important for the regulation of hemolytic
activity as well as the sugar type [8].

Wang et al. [84] investigated 63 steroid saponins with diosgenin
and congeners as aglycone regarding their hemolytic and cyto-
toxic activity. Diosgenin was connected to various numbers of
sugar moeities at position 3. Some new insights about the influ-
ence of certain structural features on hemolytic activity were
found. The hemolysis tests showed that the number of sugar moi-
eties as well as the sugar linkage influences the hemolytic activ-
ity. The hemolytic activity decreases as follows: trisaccharides >
disaccharides > monosaccharides. Furthermore, substituents or
hydroxyl groups in sugar moieties, e.g., by acetylation, result in a
change of hemolytic activity. In some cases, hemolytic activity
decreases by substitution of hydroxyl groups, while in other
cases activity is less affected. Changes in saponin structure, both
in sugar moieties and aglycone, result in an altered hemolytic ac-
tivity. Based on the results of the hemolytic (HDsg) and cytotoxic
(ICsp) activity, another important conclusion was drawn in terms
of no correlation between these activities.

Gauthier et al. [112] compared hemolytic activity, cytotoxicity,
and cell membrane permeabilization of triterpene saponins of
lupane and oleanane type with variations in aglycone structure,
substituents, and sugar moeities. The difference between lupane
and oleanane type involves the annulated ring E. The lupane type
consists of four annulated six-membered rings and one annu-
lated five-membered ring, while the oleanane type consists of
five annulated six-membered rings.

Different oleanane-type saponins from species of the Hedera ge-
nus (a-hederin, B-hederin, §-hederin, hederacolchiside A, he-
deracolchiside A4, etc.) were compared to lupane-type saponins
and triterpene aglycones (© Fig. 14). A much higher hemolytic
activity of oleanane-type saponins was observed. Up to a concen-
tration of 100 uM, virtually no hemolytic activitiy of lupane-type
saponins and the respective aglycones was detected.

The highest hemolytic activity was found for f-hederin and he-
deracolchiside Ay, i.e., saponins without any polar group in ring
A. Hederacolchiside A, representing the oleanane-type saponin
hederagenin with a B-D-glucopyranose moiety, exhibits higher
hemolytic activity than the oleanane-type saponins d-hederin
and a-hederin. Interestingly, such saponins show antiprolifera-
tive activity against carcinoma and normal skin fibroblasts of hu-
man cell lines in vitro. It appears that hemolytic activity of ole-
anane-type saponins correlates with cytotoxicity. The strongest
cytotoxic activity was observed for -hederin and hederacolchi-
side A1, likewise the hemolytic activity. The other saponins from
species of the Hedera genus (8-hederin, a-hederin, hederacolchi-
side A, hederagenin saponin) are moderately active. For lupane-

type saponins, this correlation was not observed. The results of
cell membrane permeabilization assays correlate with results
from hemolytic assays for both oleanane- and lupane-type sapo-
nins. Lupane-type saponins without hemolytic activity did not
permeabilize membranes of carcinoma cells or normal skin fibro-
blasts at the maximum concentration studied (HDsq> 200 uM).
For oleanane-type saponins, high permeabilization activity was
observed that correlates with high/moderate hemolytic and cyto-
toxic activity. B-Hederin and hederacolchiside A1, which have the
strongest hemolytic and cytotoxic activity, also show the highest
activity of permeabilizing cell membranes. All in all, Gauthier et
al. [112] showed that both the hemolytic and cytotoxic activity
as well as the cell membrane permeabilization properties depend
on structure and type of substituents of the aglycone and of the
sugar side chains. With regard to the different oleanane-type
saponins from species of the Hedera genus, S-hederin and he-
deracolchiside A with oleanolic acid as the aglycone exhibit the
strongest cytotoxic activity compared to the other oleanane-type
saponins (§-hederin, a-hederin, hederacolchiside A, hederagenin
saponin) with hederagenin as the aglycone. The difference be-
tween these two aglycones is a single polar group -CH,-OH at
C-4 in ring A. The results are in accordance with the results from
Barthomeuf et al. [113]. In general, the hemolytic activity of ole-
anane-type saponins seems to be correlated with cytotoxicity
and thus is a crucial challenge in the development of anticancer
agents, because saponins with both anticancer and hemolytic ac-
tivity are undesirable. Only 2 out of 35 tested saponins belonging
to lupane-type saponins exhibited antiproliferative activity with-
out hemolytic activity. They appear to be promising candidates
for the development of anticancer agents.

The influence of saponins as a trigger of eryptosis (suicidal death
of erythrocytes) was studied by Bissinger et al. [114]. The authors
recently reported that erythrocytes might prevent hemolysis by
inducing eryptosis, which results in cell shrinkage and cell mem-
brane scrambling, with evidence of phosphatidylserine abun-
dance at the erythrocyte surface. Eryptosis is triggered by in-
creased Ca?* activity in the cytosol. Activity of Ca?* as well as ex-
tent of phosphatidylserine on erythrocyte surface are important
markers for eryptosis.

Immunostimulating Complexes

v

The ISCOMs are particular delivery systems consisting of choles-
terol, phospholipid, saponins, and an immunizing antigen (am-
phiphatic protein) [115]. The most commonly used saponin Quil
A is extracted from the bark of Q. saponaria Molina [116]. These
particular delivery systems exhibit great potential in the devel-
opment of vaccines due to the adjuvant activity of the Quil A sa-
ponin [117,118]. Therefore, they are used as antigen carriers, e.g.,
for subunit vaccines with low immunogenicity [119]. In compar-
ison to common vaccines, a 10-fold higher immune response is

De Groot C, Miiller-Goymann CC. Saponin Interactions with... Planta Med 2016; 82: 1496-1512

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



achieved with ISCOM-bound antigens [120]. Another important
advantage is that they promote both the humoral and the cellular
immune response [121]. A variety of antigens have already been
tested in ISCOMs in animals [122]. The hemolytic activity of Quil
A is a drawback and limits the use for human vaccines. As a plant
extract, Quil A consists of different saponins. The content de-
pends on the source and kind of purification method. QS 21 ex-
tracted from Q. saponaria Molina and purified to a higher extent
compared to Quil A exhibits less toxicity [123], which is promis-
ing for the development of human ISCOM vaccines [124].
Besides ISCOM, the term ISCOM matrix is also used. While ISCOM
consists of cholesterol, phospholipid, Quil A, and a corresponding
antigen, the ISCOM matrix represents an ISCOM without any
antigen. Essentially, it exhibits the same structure like ISCOM
[72]. A prerequisite of ISCOM formation is the interaction be-
tween cholesterol and Quil A [125]. Although interaction studies
between saponins and cholesterol in biological membranes go
back to the 60 s of the 20th century [126,127], they are still being
studied to date as outlined above.

Being aware of the interaction between Quil A and cholesterol/
phospholipids is of major importance for understanding ISCOM
matrix structure, which was first described in 1984 by Morein et
al. [116]. The ISCOM matrix is a cage-like structure with a diame-
ter of approximately 35 nm consisting of ring-like subunits of
about 12 nm. The binding of antigens (virus membrane proteins)
on Quil A is due to hydrophobic interactions of Quil A micelles,
which are formed above the critical micellar concentration of
0.03%. Therefore, micellar formation appears to be an important
prerequisite of ISCOM formation. Structure properties were in-
vestigated by TEM (transmission electron microscopy), a widely
used method for elucidation of ISCOM structures, but also by cryo
transmission electron microscopy and atomic force microscopy
[128,129]. Other methods for structure elucidation have also
been used, such as DLS, to obtain information about particle size
and particle size distribution [128].

Ozel et al. [130] investigated structural details with TEM of
stained and dried ISCOMs (© Fig.15). ISCOMs were prepared
with different proteins (HIV-1, hepatitis B, rabies virus) by the di-
alysis method. They consist of Quil A, cholesterol, and the corre-
spondent antigen, but without any phospholipid. The morphol-
ogy is similar to the ISCOM matrix without any proteins. Conse-
quently, the morphology is irrespective of the included antigen.
Because of a hydrophobic interaction between cholesterol and
Quil A, cage-like structures were formed exhibiting icosahedral
symmetry. An icosahedron is a polyhedron composed of 20 tri-
angular faces, 30 edges, and 12 vertices. Further experiments re-
vealed the composition of 20 ring-like morphological subunits
with an outer diameter of about 15 nm and an inner open diam-
eter of about 7 nm. These subunits were associated in a pentago-
nal dodecahedron with a hole on each of the 12 pentagonal faces.
A dodecahedron is a polyhedron of 12 pentagons, 20 vertices, and
30 edges.

Kersten et al. [124] described ISCOMs as vesicular structures with
a hydrophobic core composed of micelles interacting due to hy-
drophobic forces, electrostatic repulsion, steric factors, and possi-
bly hydrogen bonds (© Fig. 16). These rigid spherical structures
indicate small intrusions on their surface, as visible by freeze-
fracture electron microscopy. The hydrophobic parts of the con-
stituents are inside, providing a hydrophobic core, and the more
hydrophilic parts are facing outside. Another important feature is
the negatively charged surface of ISCOMs at neutral pH, which is
related to glucuronic acid and limits aggregation. Protonation re-

Fig.15 ISCOM model
by Ozel et al. [130]
composed of Quil A
saponin and cholester-
ol; rotational image
analysis by Ozel et al.
indicated ISCOM mod-
els composed of 20
morphological units as-
sembled in a pentago-
nal dodecahedron ex-
hibiting two-, three-,
and fivefold symmetry.

see

fold symmetry

QSO

Fig.16 ISCOM model
by Kersten et al. [124]
composed of Quil A
saponin, cholesterol,
and phospholipid; soc-
cer ball structure with a
hydrophobic core. In
this model, ISCOMs are
composed of micelles
stabilized by hydropho-
bic forces, electrostatic
repulsion, steric factors,
and, possibly, hydrogen
bonds.

£Z

sults in a reversible aggregation. Kersten et al. [124] described an
optimal ratio of cholesterol, phospholipid, and Quil A (1:1:4) to
gain mainly ISCOM particles in contrast to other colloidal par-
ticles such as large lamellae or helices. In contrast to Ozel et al.
[130], the addition of a phospholipid, like phosphatidylethanol-
amine, seems to have an influence for ISCOM formation. Phos-
pholipids increase the hydrophobicity and are crucial in the pres-
ence of Quil A-cholesterol micelles for transition into spherical
strucures. Without any phospholipids, flat lamellae will be
formed. Likewise, de Vries and other research groups [131,132]
observed the requirement of both cholesterol and phospholipid
for ISCOM formation.

Demana et al. [133] produced aequeous mixtures of Quil A, cho-
lesterol, and phosphatidylcholine in different ratios by a lipid
film hydration method. Negative staining transmission electron
microscopy and polarized light microscopy were used to charac-
terize the structures. Depending on the mass ratio of the three
components, different colloidal particles resulted, such as ISCOM
matrices, liposomes, ring-like micelles, and worm-like micelles.
In pseudo-binary systems (Quil A and cholesterol), worm-like
micelles were observed. Consequently, an interaction between
these components was suggested.

In pseudo-binary systems consisting of Quil A and phosphatidyl-
choline, layered structures with a predominant lipid part were
observed. Quil A appears to form layered structures with phos-
phatidylcholine, resulting in bilayer structures but not vesicles.
In pseudo-ternary systems (Quil A, cholesterol, and phosphati-
dylcholine), colloidal structures result depending on the mass ra-
tio. ISCOM matrices form in systems with 40-70% phosphatidyl-
choline, 20-40% Quil A, and 10-30% cholesterol. The authors
[133,134] also reported that the use of phosphatidylcholine in-
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stead of phosphatidylethanolamine results in the formation of a
more heterogeneous ISCOM population and ISCOM structures
with a lower density. Different phospholipids may lead to various
interactions, which need to be examined more closely. Generally,
the addition of at least 30% of a phosphoplipid such as phospha-
tidylcholine is a prerequisite for the formation of ISCOM matrices.
Besides cryo-transmission electron micropgraphs of spherical
cage-like structures with holes perforating the surface in the
range of 40-60 nm, Pedersen et al. [128] characterized ISCOM
structures by small-angle X-ray scattering (SAXS) as a new meth-
od in this field (© Fig. 17). In agreement with TEM and cryo-TEM
observations [135], similar structures were visualized by SAXS
with a newly developed and implemented data analysis by Ped-
ersen et al. [128]. Icosahedral structures with holes at the 12 cor-
ners were found. These structures may be compared to those
ones described by Ozel et al. [130]. In accordance with Kersten
et al. [124], the hydrophilic parts of the lipid and the sugar parts
of Quil A are facing the surface. Furthermore, football-like struc-
tures in terms of a dodecahedron consisting of 12 pentagons and
20 hexagons and tennis ball structures consisting of 12 penta-
gons and 8 hexagons were formed. The tennis ball structures
were observed mostly. Many parameters were determined using
the SAXS method: outer diameter, thickness, radius, mass frac-
tion, and relative polydispersity. Further experiments were con-
ducted with tetanus toxoid. The morphology and dimension of
the structures were comparable to those without any toxoid.
Again, the tennis ball structure was found the most. As SAXS
gives a look into the inside of the ISCOM structure, a single toxoid
was identified within the icosahedral and the tennis ball-like
ISCOMs attaching the membrane. In contrast, the football struc-
ture is able to enclose two toxoid molecules. Pedersen et al.
[128] considerably contributed to the structural elucidation of
ISCOMs.

In the case of antigens, they either have to be attached to the
ISCOM matrix for an immune response or may be coadministered
with ISCOM matrices. Since the addition of phospholipids during
ISCOM preparation results in a hydrophobic core [124], the anti-
gens have to be hydrophobic or amphiphilic, which enables the
interaction with ISCOM matrices [125]. Hydrophilic antigens
need to be modified, for example, by attaching fatty acids or par-
tial denaturation at a low pH [136,137]. As an alternative, the in-
corporation of cationic molecules provides electrostatic interac-
tions to negatively charged ISCOM matrices [138]. On the other
hand, negatively charged molecules are difficult to incorporate.
Lendemans et al. [139] produced cationic ISCOMs with a cationic
cholesterol derivative. ISCOM-like particles with cage-like mor-
phology and a positive charge were observed beside other colloi-
dal structures. Compared to conventional ISCOMs, the same di-
ameter of 40 nm was observed. These structures have great po-
tential as delivery systems for proteins and DNA subunit vac-
cines. Different methods are described by many research groups
to observe the morphological structures of ISCOMS by TEM, cryo-
TEM, and SAXS as well as DLS for the determination of particle
size and surface charge (ZP).

As described in the first section, Langmuir film balance studies
have proved to be effective for in vitro interaction studies, giving
deeper insight into saponin impact on model membrane systems.
Cholesterol is suggested to be an important interaction partner of
saponins, both in ISCOMs, in model membranes, and erythro-
cytes. ISCOM formation was only observed in ternary systems
(cholesterol, phospholipid, Quil A). Possibly other promising sa-
ponins possess the ability to form ISCOMs in ternary systems.

-—
28.8 rem

381 nm

Fig. 17 Suggested ISCOM models from SAXS by Pedersen et al. [128].
Polydisperse distribution of perforated bilayer vesicles with icosahedral,
football, and mainly tennis ball structures; A icosahedral structure, B ten-
nis ball structure, C football-like structure. The most common structure is
the tennis ball structure composed of 12 pentagons and 8 hexagons with
an outer diameter of approx. 40 nm; location of the tetanus toxoid at-
tached to the inner membrane. (Color figure available online only.)

A high affinity for cholesterol was found among others for the
monodesmosidic steroid saponin digitonin, for the monodesmo-
sidic triterpene saponin a-tomatine, and for the monodesmosidic
triterpene saponin a-hederin. However, a high affinity for choles-
terol seems to promote the hemolytic acitivity of saponins. This is
a limiting factor for the development of vaccines with saponins as
adjuvants. The saponins listed in this review differ both structur-
ally and in terms of their toxicity. The results suggest a correlation
between the hemolytic activity, the affinity for cholesterol, the
extent of membrane permeabilization, and the cytotoxicity. The
focus should be placed mainly on the sugar chains and the agly-
cones of the respective saponins. Digitonin, which is connected
with a long branched sugar chain, has shown a rather high mem-
brane toxicity and general cytotoxicity. Moreover, digitonin ap-
pears to have high hemolytic activity and a high affinity for cho-
lesterol, which results in the formation of digitonin/cholesterol
complexes. According to Nakamura et al. [107], high hemolytic
activity depends on a high affinity to cholesterol. Furthermore,
according to Votquenne et al. [8], monodesmosidic saponins are
more hemolytically active (a-hederin, hederacoside C) than bi-
desmosidic saponins. This presumption also applies to digitonin.
It has been found that the number of sugar moieties has an effect
on the hemolytic activity of monodesmosidic saponins: an in-
creasing number results in an increased hemolytic activity. Trans-
ferred to the saponins, digitonin should have the greatest hemo-
lytic activity followed by a-tomatine and a-hederin.

Conclusion

v

Finding the balance between hemolytic activity as a major draw-
back of quite a number of saponins and the desired pharmacolog-
ical effect is a crucial prerequisite in drug development. For this
purpose, Langmuir trough experiments on a spread monolayer
have proven to be a versatile tool to sensitively detect interac-
tions at the molecular level, although a closer look into chemical
bonds involved is not possible. To get detailed insight, further
methods are necessary.

A promising candidate with regard to fairly low hemolytic activ-
ity and a high adjuvant effect in subunit vaccines is the triterpene
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Quil A/QS 21 from the bark of Q. saponaria Molina. As particulate
drug delivery systems, ISCOMs appear to be promising for the fu-
ture. Further saponins such as the steroid saponin a-tomatine are
also in the focus of interest due to low toxicity. Based on the liter-
ature, it is hypothesized that further saponins are able to interact
with cholesterol forming drug delivery systems. Therefore, inter-
action studies of other saponins and saponins’ ability to produce
drug delivery systems attract high interest.
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