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h  i g  h  l  i  g  h  t  s

• Layers  of  Tea Saponin,  Escin  and  Berry
saponins  exhibit  visco-elastic  behav-
ior.

• These  layers  have  very  high  viscosi-
ties and elasticities  under  dilatational
and  shear.

• Visco-elastic  behavior  is  due  to
the strong  attraction  between  the
saponin molecules.

• These  saponins  form  surface  con-
densed  phases  in  their  adsorption
layers.

• Experimentally  measured  elasticities
are close  to the  theoretically  calcu-
lated ones.
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a  b  s  t  r  a  c  t

Saponins  are natural  surfactants  with  non-trivial  surface  and  aggregation  properties  which  find  numerous
important  applications  in several  areas  (food,  pharma,  cosmetic  and  others).  In  the  current  paper  we  study
the surface  properties  of  ten  saponin  extracts,  having  different  molecular  structure  with  respect  to  the
type  of their  hydrophobic  fragment  (triterpenoid  or steroid  aglycone)  and  the  number  of  sugar  chains  (1  to
3). We  found  that the  triterpenoid  saponins  Escin,  Tea  Saponin  and  Ginsenosides  have  area  per molecule
in  the  range  between  0.5  and 0.7 nm2, and  the  adsorbed  molecules  are  orientated  perpendicularly  to the
interface.  The  comparison  of the  experimentally  measured  surface  elasticities  with  theoretically  esti-
mated ones  shows  that  the saponins  with  very  high  dilatational  and  shear  elasticities  (up to  2000  mN/m)
have  molecular  interaction  parameter  in  the adsorption  layers  which  is above  the  threshold  value  for
two-dimensional  phase  transition.  In  other  words,  the  highly  elastic  layers  are in surface  condensed
state,  due  to strong  attraction  between  the  adsorbed  molecules.  Furthermore,  these  adsorption  layers
have non-linear  rheological  response  upon  expansion  and  contraction,  even  at  relatively  small  defor-
mation.  Layers  from  the  other  studied  saponins  (steroids  and  crude  mixtures  of triterpenoid  saponins),
which  are  unable  to  form  strong  intermolecular  bonds  within  the adsorption  layer,  have  zero  shear
elasticity  and  viscosity  and  low  dilatational  elasticity  and  viscosity,  comparable  in  magnitude  to  those
reported  in literature  for protein  adsorption  layers.  The comparison  of  the  results,  obtained  by  several
independent  experimental  methods,  allowed  us to formulate  the  conditions  under  which  the  results
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from  different  interfacial  rheology  tests  could  be compared,  despite  the  complex  non-linear  response  of
the  saponin  adsorption  layers.

©  2015  Elsevier  B.V. All  rights  reserved.

1. Introduction and aim of the study

Saponins are a class of natural surfactants found in more than
500 plant species [1–3]. Due to their amphiphilic nature saponins
have strong surface activity. The adsorption layers of some saponins
exhibit visco-elastic behavior in shear [4–6] or in dilatational defor-
mation [7–9]. It is known that that foams with higher surface
modulus are generally more stable to Ostwald ripening, [10,11]
bubble coalescence [12,13] and foam drainage [10,14]. The magni-
tude of the surface modulus impacts also the rheological properties
of bulk foams [15]. Saponins have a number of positive bio-
effects [1,3,16,17]: anti-fungal, anti-bacterial, anti-cancer [18,19],
cholesterol-lowering [20,21], anti-oxidant, anti-inflammatory [22],
etc. Their unique surface and biological properties make them a
very good choice for foam stabilizers in practical application: food,
cosmetics, and pharmaceuticals.

In our previous study [7] we showed that triterpenoid saponins
from Quillaja saponaria formed adsorption layer with area per
molecule, A ≈ 1 nm2 in which the molecules lay parallel to the
air–water interface with the hydrophilic glucoside tails pro-
truding into the aqueous phase. Upon small deformation, these
adsorption layers exhibit very high surface dilatational elastic-
ity (280 ± 30 mN/m), much lower shear elasticity (26 ± 15 mN/m),
and negligible true dilatational surface viscosity. We  showed
that the measured dilatational elasticity is in a very good agree-
ment with the theoretical predictions of Volmer adsorption model
(260 mN/m).

In another study [6] we characterized the rheological behavior
of adsorption layers of 11 different saponin extracts, subjected to
creep-recovery and oscillatory shear deformations. These experi-
ments showed that all steroid saponins exhibited no shear elasticity
and had negligible surface viscosity. In contrast, most of the
triterpenoid saponins showed complex visco-elastic behavior with
extremely high shear elastic modulus (up to 1100 mN/m)  and
shear viscosity (130 N s/m). The saponin extracts, showing the high-
est elastic moduli, were those of Escin, Tea saponins and Berry
saponins, all containing predominantly monodesmosidic triter-
penoid saponins. Similarly high surface modulus was  measured
with Ginsenosides extract, containing bidesmosidic triterpenoid
saponins with short sugar chains.

The current study is dedicated to the relation between the
molecular characteristics of the adsorption layers, determined from
surface tension isotherms, and the surface rheological behavior of
the same systems, subjected to dilatational and shear deformations.
To achieve our aim we measured the surface tension isotherms for
different saponin extracts and analyzed them by van der Waals
and Volmer model isotherms. The rheological characteristics of the
adsorption layers, subject to shear deformation, are taken from our
previous study [6], whereas the characteristics of adsorption layers
under dilatational deformation are measured for the current study
using two experimental techniques: Capillary pressure tensiome-
try (CPT) and Langmuir trough (LT). Experiments were performed
in oscillatory (CPT, LT) or steady deformation (LT). There are rela-
tively few publications on dilatational rheology of saponins [7–9],
and they are focused exclusively on one particular system (Quillaja
saponin). As far as we know, this is the first systematic study of
the characteristic behavior in surface dilatation of different types
of saponins.

A study of this kind is important in another aspect as well. As
already mentioned, results published in the literature show spe-
cific trends about the relation between surface and bulk properties
in foams. However, in some cases, rigorous explanations of these
trends are still missing. It is not yet clear which characteristics of the
adsorption layer, shear or dilatational (or both), are relevant to the
dynamics of a particular dynamic process in foams (Ostwald ripen-
ing, bubble coalescence, viscous friction, etc.). Detailed information
of the behavior of the systems both in dilatation and in shear defor-
mation is essential for the understanding of these relations. Such
knowledge would ultimately help in the selection and utilization
of saponins for stabilization of foams and emulsions.

2. Materials and methods

2.1. Materials

Table 1 provides information on the studied saponins: abbrevi-
ations used in the text, suppliers, concentration of saponins in each
extract. Additional information for studied saponins such as part of
the plant which was processed is given in Table S1 in Supporting
information. Fig. S1 presents the basic molecular structure of the
saponins, isolated from each extract.

2.2. Method for measurement of surface tension

The Wilhelmy plate method [23,24] was  used to determine the
equilibrium surface tension, �e, of the solutions. The measurements
were performed on a K100 tensiometer (Kruss GmbH, Hamburg,
Germany) by using a platinum plate. Before each measurement,
the plate was  cleaned by heating on a flame, followed by abundant
rinsing with deionized water. The experiments were performed at
constant temperature of 20 ◦C.

2.3. Experimental techniques for the characterization of surface
rheological properties of adsorption layers

Two  different experimental techniques were applied to charac-
terize the surface rheological and adsorption/desorption behavior
of the adsorption layers. Capillary pressure tensiometry (CPT)
was performed via DSA 100 automated instrument (Kruss GmbH,
Germany). The CPT method allows one to calculate the surface
tension, �, after measuring the capillary pressure difference, PC,
across the surface of a spherical drop with a radius of curvature
of R [25–28]. The elastic and viscous moduli were determined
from harmonic surface oscillations of spherical drops. First, a
drop was formed, the surface was  left to age for 30 min, and
then the experiment was performed. A sinusoidal variation of the
drop surface area, A, is applied, with a defined angular frequency,
� (the respective oscillation period is T = �/2�),  and amplitude,
�A. Simultaneously, one measures the resulting variations of the
surface tension, �. From the relation between �(t) and A(t) we
deteremined the complex surface modulus E* = E′ + iE′′ (here i is
the imaginary number) and E′ and E′′ are the surface storage (elas-
tic) and loss (viscous) moduli, respectively. The values of E′ and E′′

were obtained using the linear regression procedure, described in
Ref. [27]. All experiments were performed at constant frequency of
oscillation (0.1 Hz) and constant temperature (20 ◦C).
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