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ARTICLE INFO ABSTRACT
Keywords: Escin is a triterpenoid saponin with one carboxyl group which is non-ionized at pH < 4.7 and becomes ionized at
Saponin pH >4.7. The major aim of the current study is to determine how the electrolyte concentration affects the
Escin

properties of concentrated escin solutions (5 wt% and 10 wt%) at pHs of 4, 6, and 8. Ionized escin molecules at
pH > 4.7 form charged micelles that repel one another when there is no added electrolyte and solutions remain
clear and stable for more than a month. Lowering the pH to 4 leads to formation of uncharged micelles. These
micelles attract each other and form inter-micellar hydrogen bonds, which enable formation of micrometer
aggregates that cause turbidity and phase separation. The addition of background electrolytes to the solutions at
pHs of 6 and 8 screens the electrostatic repulsion between micelles, causing partial aggregation of the micelles
and gelation of solutions. As the salt concentration increases, the viscosity of the escin solution also increases,
reaching a maximum—similar to the behavior observed with conventional surfactants. However, the mechanism
behind this viscosity maximum is different. In solutions of conventional surfactants, the maximum is due to the
formation of worm-like micelles, whereas the maximum for escin solutions is due to formation of a network of
escin aggregates that imparts yield stress and elasticity to the solution. These dispersions remain stable for at
least one month at room temperature and can be used as cosmetic and detergent formulations.
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1. Introduction

Escin is an amphiphilic molecule extracted from horse chestnut [1],
consisting of a hydrophobic triterpenoid backbone and a hydrophilic
sugar moiety that contains one carboxylic group. The pKa of escin is
4.7 £ 0.2 [2] and it is non-ionized at pH < 4.7 and ionized at pH > 4.7.
Non-ionized escin molecules form condensed adsorption layers at
air-water interface with very high shear [3] and dilatational elasticities
[4], and low gas permeability [5]. These dense adsorption layers reduce
the rate of Ostwald ripening in foams [5]. Molecular dynamics simula-
tions have shown that these unique properties are due to strong
hydrogen bonding between the oligosaccharide residues of the
non-ionized escin molecules, along with pronounced hydrophobic in-
teractions between their triterpenoid skeletons [6]. The ionization of
escin molecules significantly affects the properties of the adsorption
layers at the air-water interface [5]. As the pH increases above the pKa,
surface elasticity decreases, gas permeability increases, leading to faster
foam destabilization [5]. These substantial changes in interfacial prop-
erties are attributed to dominant electrostatic repulsion between the
charged escin molecules, which results in the formation of looser, less
cohesive adsorption layers [7].

The change of pH affects not only the interfacial properties of escin
molecules adsorbed at air-water interface but also the critical micellar
concentration, which increases with pH due to the deprotonation of the
carboxyl group in escin molecule [8]. The shape and size of escin mi-
celles are influenced by both temperature and escin concentration [2]. It
was shown that at pH of 7.4 and 10 °C, escin forms rod-like micelles with
radius of gyration, Rg, of approximately 3.1 nm [2]. Rising the temper-
ature to 40 °C results in the formation of ellipsoidal micelles with
smaller R; ~ 2.1 nm and aspect ratio of around 2 [2]. Relatively big in
size micelles with length of 20 nm were visualized by TEM images in
work of De Groot et al. [9] for escin dissolved in water at ambient
temperature. The effect of escin concentration (between 5 and 25 mM)
on the micellar size and shape was studied at 25 °C in presence and
absence of 100 mM NaCl at natural pH [10]. Without added electrolyte,
escin consistently forms rod-like micelles with a short-axis radius of
2.5nm and an aspect ratio of 12, across all studied concentrations [10].
The addition of 100 mM NaCl had no significant effect at 5 and 10 mM
escin, but at 25mM, the aspect ratio increased to 24, suggesting a
transition toward larger self-assembled structures, possibly lamellar or
liposomal phases [10]. However, this study did not include further ex-
periments to confirm the exact nature of aggregates formed at high escin
and high electrolyte concentrations.

It is well known from the literature that the addition of electrolyte
significantly changes the properties of the charged synthetic surfactants
due to formation of worm-like micelles, which increases significantly
the solution viscosity [11,12]. It is not clear whether the escin molecules
can formed worm-like micelles when they are in ionized state as syn-
thetic surfactants do. On the other hand, it is known that the triterpenoid
saponin, glycyrrhizic acid, which is similar in structure with escin, is
able to form gels upon lowering the pH [13] due to formation of rod-like
micelles [14]. The recent study of Tucker et al. [15] showed that the
addition of gelation agents, such as background electrolytes and citric
acid to glycyrrhizic acid solutions, is accompanying with modest
micellar growth and their data show no evidence of longer rod-like or
fibrillar structure in these solutions [10].

The major aim of the current study is to determine the effects of
addition of mono- and di-valent electrolytes at three pHs (4, 6 and 8) —
one below its pKa and two above it on the micellar properties and
respective rheological properties of escin solutions with concentrations
of 5wt% (45mM) and 10 wt% (90mM). To achieve this aim, the
following series of experiments were performed: rheological measure-
ments to determine the viscosity and shear moduli of the solutions,
optical observations under optical and cryo-transmission electron mi-
croscopy to visualize the aggregates and micelles, SAXS to determine the
size and shape of the aggregates.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 737 (2026) 139730

2. Materials and methods
2.1. Materials

The escin, ESC, was obtained from Rumex extracts, Bulgaria, with a
purity of 96 %, and was used without further purification. The molecular
mass of escin is 1131.26 g/mol and its molecular structure is shown in
Figure S1 in the supporting information (SI). For determining the effect
of small fraction of polyphenols that present in Rumex extract some of
experiments were performed with escin from Sigma-Aldrich (CAS No.
6805-41-0; Lot No. BCBS3452V, purity 95 %) which does not contain
polyphenols. Three different salts were used: potassium chloride
(product of Fluka), calcium chloride dihydrate (product of Chem-Lab,
purity of 100 %) and magnesium dichloride (product of Valerus, pu-
rity of 100 %). Citric acid, CA, (product of Valerus, purity of 100 %) and
triethanolamine, TEA, (product of POCH, purity of 100 %) were used to
adjust the pH of the solutions. The solutions were prepared with
deionized water from Elix 3 water purification system (Millipore, USA).

2.2. Procedure for solution preparation

The escin solutions were prepared by the following procedure: 1) A
certain amount of ESC was weighted in a glass beaker; 2) Electrolyte
solution was added to achieve the desired ionic strength; 3) The sample
was homogenized by stirring with magnetic stirrer at room temperature.
At this stage the escin is not well dissolved in the aqueous phase and
turbid dispersion was formed; 4) Concentrated TEA solution (100 %)
was added to turbid dispersion to reach pH 8, where the solution be-
comes transparent due to ionization of escin molecules; 5) Crystals of CA
were added in order to decrease the pH to 4 or 6. The prepared solutions
were stored at room temperature for 24 h and used for the set of ex-
periments to characterize their properties.

2.3. Optical observations

Samples from the solutions were transferred onto microscope glass
slides and were observed by optical microscope Axio Imager M2m
(Zeiss, Germany) in transmitted light by using long-focus objectives
x 20, x 50 or x 100 to detect presence of micrometric aggregates.

2.4. Cryo-TEM imaging

Vitrobot system (FEI, USA) was used for specimen preparation at 25
°C and 100 % relative humidity. Briefly, a drop of the tested solution
sample was placed on a holey carbon copper TEM grid, the excess liquid
was blotted off with filter paper and then the sample was plunged into a
liquid propane-ethane mixture to form a vitrified specimen. Afterwards,
the specimen was transferred into a liquid nitrogen and stored in it until
further inspection. The cryo-TEM imaging was performed using Gatan
cryo-specimen holder at JEM2100, JEOL high-resolution transmission
electron microscope. An acceleration voltage of 200 kV was used. Mi-
crographs were recorded with Gatan Orius SC1000 camera.

2.5. Dynamic Light Scattering and {-potential measurements

The size of the escin micelles was measured by Zetasizer Nano ZS
instrument (Malvern, UK). The transparent solutions were measured
without any treatment whereas the turbid solution at pH 4 was diluted
10-times to obtain slightly opalescent solution. All experiments were
performed at 25 °C with 2min of thermal equilibration before the
measurement. For each sample at least 3 measurements were conducted
and average value and standard deviation were calculated.

The zeta-potentials of the studied samples were conducted using a
Zetasizer Nano ZS (Malvern Panalytical, UK) by using disposable folded
capillary cells (DTS1070). or each sample, at least three independent
measurements were performed to ensure accuracy and reproducibility.
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All experiments were performed at 20°C temperature. The Smo-
luchowski equation was used to covert the measured electrophoretic
mobility into a zeta potential, C.

2.6. Small-angle X-ray scattering (SAXS)

SAXS measurements of escin solutions were carried out on an
inhouse X-ray scattering system (XEUSS 3.0 SAXS/WAXS System, Xen-
ocs, Sassenage, France) with a CuKa X-ray source (A=0.154 nm, Xeuss
3.0 UHR Dual source Mo/Cu, Xenocs, Sassenage, France) and an Eiger2
4 M detector (Dectris Ltd., Baden Deattwil, Switzerland) with slit colli-
mation. The apparatus was operated at 50 kV and 0.6 mA at 1500 mm or
3000 mm sample to detector distance (SDD) allowed to access the g-
range of 0.01 - 0.3 A7l Data acquisition time was set to 30 min. Silver
behenate was used as standard to determine the SDD and the co-
ordinates of the beam center on the detector. The scattered intensity was
normalized to the incident intensity, and were corrected for the back-
ground scattering from the capillary. Samples were enclosed into vac-
uum tight thin quartz capillary with an outer diameter of 1 mm and
thickness of 10 um. The measurements were performed at temperature
20 °C. For the SAXS data modeling the software SASView was used.

2.7. Rheological measurements

2.7.1. Steady shear experiments

The viscosity of the solutions was measured with a rotational
rheometer (Bohlin Geminin, Malvern UK) by cone and plate geometry
with 40 mm or 60 mm diameter, 4° cone angle and 150 pm truncation
gap, 1° cone angle with 70 um truncation gap, respectively. The exper-
iments were performed using a cone-and-plate geometry because this
configuration ensures a uniform shear rate in the sheared sample. The
measurements were conducted at 20 °C and before each measurement,
the sample was left to equilibrate for 1 min at this temperature. The
following measurement protocol was used: the rheological test in a
steady shear regime was performed by varying the shear rate logarith-
mically and stepwise from 0.01 5! to 1000 s~ . The delay time for each
step was 2 s and the integration time was 3s. The viscosity was moni-
tored as a function of the shear rate. At least two measurements were
performed with each sample and average viscosities taken at 100s !
shear rates were plotted as a function of the ionic strength. This rate falls
within the typical range of shear rates for mixing, stirring, and pumping
home-care and cosmetic formulations.

2.7.2. Oscillatory regime experiments

The storage and loss moduli of the viscous solutions were measured
as a function of both frequency of the applied deformation and the strain
by using the same rheometer and cone and plate geometry with a
diameter of 40 mm, cone angle 4°, truncation gap 150 um. The ampli-
tude sweep experiments were performed at 1 Hz frequency, while fre-
quency sweep at 1 % deformation.

3. Experimental results
3.1. Effect of pH (no background electrolyte)

The effect of pH was studied for solutions without added background
electrolyte at escin concentration of 5wt% (45 mM). The prepared so-
lutions at pHs 6 and 8 are transparent, whereas the turbid solutions are
formed at pH 4, which is below the pKa of escin, see Fig. 1 A. The
brownish color of the solutions observed at pHs 6 and 8 is due to the
presence of polyphenols in the used extract.

The clear solutions of ionized escin molecules at pHs 6 and 8 behaved
as water-like fluids. Their viscosities were measured by capillary
viscometer to be of 1.26 + 0.02 mPaes at pH 6 and 1.30 + 0.02 mPaes at
pH 8. The turbid solution formed at pH 4 is much more viscous and
possesses shear thinning behavior. The viscosity decreases from 8 x 10*
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mPaes at 0.01 s~! down to 73 mPaes at 100 s~ 2, Fig. 1C.

The decrease of pH down to 4 was performed by addition of citric
acid which is known to induce gelation for glycyrrchizic acid solutions
[15]. To determine whether the observed increase in the viscosity of
escin solution upon pH decrease was caused by citric acid, we performed
a control experiment by using HCI to lower the pH. As can be seen from
data presented in Figure S2 in the SI, there is almost no difference in the
rheological response of solutions prepared with citric or HCl, which
shows that the increase in the viscosity is related to the neutralization of
escin molecules and not to gelation properties of citric acid.

The optical observations under transmitted light of 5 wt% escin so-
lutions at pH 6 and 8 showed no micrometer aggregates in these solu-
tions, see Figure S3 in the SI. The cryo-TEM images revealed the
presence of almost spherical objects with diameter of ~ 20 nm, see
Fig. 2A. DLS measurements showed the presence of two well defined
peaks in the distribution by intensity at both pHs, see Fig. 2B. The sec-
ond peak is around 20 nm, which is very similar to the size of spherical
objects observed by cryo-TEM and the first peak is at 4.2 nm for sample
at pH 6 and at 2.8 nm for sample at pH 8. DLS is highly sensitive to large
aggregates because the scattering intensity is proportional to the sixth
power of the particle diameter. Consequently, even a small fraction of
20 nm particles contributes significantly to the DLS intensity distribu-
tion. This minor fraction of 20 nm particles does not contribute to the
DLS volume distribution, as can be seen from data presented in Fig. 2.
This shows that the main fraction of escin molecules is incorporated into
small spherical micelles with a size of 3-4 nm. The distribution by vol-
ume is well described by log-normal distribution:

f(x) = aexp {— 0.5 <M) 2} (@D

Where xq is the mode of the micellar size distribution and ¢ is the
normalized polydispersity. From the best fit of experimental data, the
modes of the micellar size distribution by volume were determined to be
2.8 nm at pH 6 and 2.2 nm at pH 8. The normalized polydispersities
were 0.316 at pH 6 and 0.282 at pH 8. The median (and mean) values for
the micellar size distribution by volume were calculated to be: 3.1 nm
(and 3.3 nm) at pH 6 and 2.4 nm (and 2.5 nm) at pH 8. To check about
the effect of temperature, we measured the micellar size distribution by
DLS at 20 and 25 °C at pH 6. The obtained results are shown in Figure S5.
It can be seen that small variations in temperature do not affect the
volume size distribition at pH 6.

To determine the micellar size, we also used SAXS measurements, see
Fig. 2C. The modeling of the obtained SAXS spectra was performed with
SasView software using the following approach: (1) The measured
scattering intensity, I, for scattering vector, q values between 0.02 and
0.05 A~ was plotted as InI vs. Ing. The slope of the linear dependence of
InI vs Ing was determined. This slope is indicative of the shape of the
formed aggregates [16]. When the slope is close to 0, a model for
spherical micelles is used. If the slope is slightly positive, electrostatic
interactions are included by using the Hayter MSA correction. If the
slope is —1, either an ellipsoidal model or a spherical model accounting
for micellar aggregation via sticky hard sphere corrections is applied. (2)
To determine the size and polydispersity of the micelles from the SAXS
spectra, the scattering length densities (SLD) were fixed at 13.4 x 107°
A~2[2] for escin and 9.47 x 10~% A2 for water. (3) To start the fitting,
initial values for the micellar radius and polydispersity were set to the
values measured by DLS. The volume fraction was fixed at 0.05 for 5 wt
% escin solutions and at 0.1 for 10 wt% escin solutions. (4) The fitting
was performed with four free parameters: size, polydispersity, scale, and
either charge (when accounting for electrostatic interactions) or sticki-
ness (for aggregated spheres).

For SAXS spectra obtained from 5 wt% escin solutions at pH 6 and 8
the determined slopes of Inl vs. Inq were + 0.06 and + 0.3, respectively,
showing the presence of individual objects of small size interacting via
electrostatic repulsions. Therefore, the scattering curves were fitted with
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Fig. 1. (A) lllustrative pictures of prepared samples at three pHs. (B) A drop of samples prepared at pH 4 and pH 8 placed on the tilted microscopic glass (C) Apparent

viscosity as a function of shear rate for 5 wt% escin solutions at pH 4.
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Fig. 2. (A) Cryo-TEM image of 5 wt% escin solution at pH 6; (B) Size distribution by volume (full symbols) and by intensity (empty symbols) as measured by DLS of
5 wt% escin solution at pH 6 (red circles) and pH 8 (blue squares). The lines for distribution by volume are the best fit of data by Eq. (1); (C) SAXS spectra measured
for 5 wt% escin solution at pH 6 (red symbols) and at pH 8 (blue symbols) and best fits (continuous black curves) determined by SasView software with parameters
shown in Table S1 in the SI; (D) Pair-distance distribution functions derived via Inverse Fourier transform with SasView software.

the sphere model implemented in SASView software with Hayter MSA
correction. From the best fits of the experimentally measured SAXS
spectra, the median size of the micelles was determined to be 3.4 nm for
pH 6 and 3.5 nm for pH 8. The scaled polydispersity was determined to
be 0.40 for pH 6 and 0.36 for pH 8. These values are in good agreement
with the results obtained from DLS measurements. The greater
discrepancy in the median micellar size determined by DLS and SAXS at
pH 8 (2.4nm vs 3.5nm) is most probably related to significant

electrostatic repulsions between charged micelles which are known to
significantly affect the sizes determined from DLS measurements [17]. It
should be mentioned that although scattering intensity in SAXS is also
proportional to the sixth power of the size, the model used to fit SAXS
spectra gives a volume distribution. For this reason, micellar size dis-
tribution determined from the SAXS spectra fit does not detect the small
fraction of 20 nm aggregates observed in cryo-TEM and in the DLS
distribution by intensity. However, the presence of these aggregates is
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seen in pair-distance distribution functions obtained from SAXS spectra,
see Fig. 2D. The pair-distance distribution function is very sensitive to
the maximum dimension of the aggregates. Consequently, a small
fraction of 20 nm aggregates is seen in Fig. 2D, consistent with the re-
sults from the DLS intensity distribution and cryo-TEM images.

The number of charges per micelle is found to be 9.7 at pH 6 and 10.5
at pH 8. In order to determine the aggregation number of primary mi-
celles we used the radius of micelles determined by SAXS measurements
of 1.75 nm. The molecular volume of an escin molecule is assumed to be
1.878 x 10~% m> (mass density of 1 g/ml is used for this estimation).
This estimate shows that ~ 12 molecules are incorporated in one pri-
mary micelle with size of 1.75 nm. Therefore, the determined charges
for one aggregate at two different pH values show that more than 80 %
of molecules are ionized at pH 6 and more than 88 % at pH 8. This high
ionization of the molecules leads to formation of relatively small in size
aggregate with a median diameter of 3.5 nm. To check the validity of the
presence of charged micelles in escin solutions we measured the elec-
trophoretic mobility of 5 wt% escin solutions at pH 6 and 8. The esti-
mated {-potentials are —29 + 3 mV at pH 8 and —26 + 3 mV at pH 6,
which supports the explanation that charged micelles form at pH > pKa.

To check about the effect of the polyphenols on the micellar size
distribution, we performed experiments with an extract purchased from
Sigma-Aldrich that does not contain polyphenols. The obtained experi-
mental results are shown in Figure S5 and Table S1 in the SI. As can be
seem, the distributions are similar, and the presence of 20-50 nm ag-
gregates is observed in both samples.

Decreasing the pH below the pKa of escin molecules leads to the
formation of turbid solutions with non-Newtonian behavior, as shown in
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Fig. 1C. Optical observations of solutions at pH 4 reveal a network of
aggregates (Fig. 3A).

DLS measurements were performed on 10-fold diluted solutions, in
which the formed network is disrupted. The resulting histograms by
volume (Fig. 3B) show three well-defined peaks: one at approximately
80 nm, a second at 710 nm, and the largest at 5 um. The largest peak at
5 um is due to the breakage of the network, which leads to the formation
of nearly spherical aggregates, as confirmed by optical observations of
the diluted samples. The second peak at 710 nm is related to the
thickness of the network observed in Fig. 3A. Cryo-TEM images (Fig. 3C)
do not show the presence of 80 nm aggregates. This suggests that the
sizes measured by DLS are due to the aggregation of smaller micelles.

SAXS spectra (Fig. 3D) shows that the curve for pH 4 does not level
off at low scattering vectors, indicating that elongated objects are
formed at low pH. The slope of InI vs Inq for q values between 0.02 and
0.05 A~! was determined to be —1. This slope shows formation of
elongated micelles or/and aggregated micelles. When using the ellip-
soidal model to fit the experimental data (Fig. 3D), the equatorial radius
was determined to be 2.1 nm, while the polar radius was 5.5 nm, giving
an aspect ratio of approximately 2.7. The SAXS spectra can also be well-
fitted with a sticky hard sphere model. In that case, the radius of the
primary micelles is 3.1 nm, with a stickiness of 0.15 and a log-normal
scaled polydispersity of 0.199.

The formation of elongated micelles of nanometer size cannot
explain the turbidity of the escin solutions at pH 4 nor the micrometer
aggregates observed under the microscope. This experimental fact can
be explained only by the formation of large aggregates. The neutrali-
zation of the carboxylic groups of the escin molecules at pH 4 removes

I 0.5 wt% Escin (B)
18 pH4
16 - By volume

Distribution by volume, %

03 102 101 100 107
Diameter, um

100 ¢ .
E 5 wt% Escin (D)
[ pH 4

10 |
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102 |

10-3 1 1 1 1 1
0.02 0.03 0.05 0.08 0.1 0.15 0.2

Scattering vector, q, Al

Fig. 3. (A) Illustrative picture of sample observed in transmitted light in thin layer formed from 5 wt% escin at pH 4. (B) Distribution by volume of 0.5 wt% escin
solution at pH 4 prepared after 10-fold dilution with pure water; (C) Cryo-TEM image of solution containing 5 wt% escin at pH 4; (D) SAXS spectrum measured at
3000 mm sample to detector distance of 5 wt% escin solution at pH 4 (green symbols) and best fits (continuous black curve) determined by SasView software with

parameters shown in Table S1 in the SI
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the charges from the micelle surfaces and decreases the repulsion be-
tween the micelles. This enables the formation of hydrogen bonds be-
tween escin molecules incorporated in two different micelles and
ensures the adhesion of these micelles. As shown in Fig. 3 A and 3 C,
these adhesive micelles form a network within the solution, which
significantly increases its viscosity.

From these experiments we can conclude that escin solutions at pH 4
contains micrometer size aggregates that form a network in the solution,
whereas at pHs of 6 and 8 the charge of carboxylic acid in escin molecule
leads to negative charge on the surface of the micelles and prevents the
formation of big in size aggregates and solutions remain transparent and
stable for more than a month.

3.2. Effect of KCl on properties of escin solutions at pH 6

We studied the effect of potassium chloride (KCI) concentrations
ranging from 100 to 1000 mM on 5 wt% (45 mM) escin solutions at pH
6. The addition of KCl significantly changed the visual appearance of the
solutions, making them more turbid as the KCl concentration increased,
see Figure S6 in the SI. Observations in transmitted light revealed the
formation of a network-like structure within the solutions containing
KCl. The size of the objects forming this network varied with concen-
tration: the smallest objects were observed at 100 mM KCl, while well-
defined entities, several micrometers in size, were visible in solutions
with 500 and 1000 mM KCl, see Fig. 4. Cryo-TEM images of the 500 mM
KCl solution confirmed the presence of aggregates of varying sizes and
shapes, Fig. 4D, indicating significant aggregation when the electrolyte
concentration is high enough to screen the electrostatic repulsions be-
tween the charged escin micelles.

SAXS spectra of solutions containing different KCI concentrations are
shown in Fig. 5A. Normalized pair distribution functions shown in
Fig. 5B, reveal the presence of small objects with core radius of ~ 2.6 nm
(no KCl), which increases to 3.0 nm in presence of 100 mM KCl and to

711712025 10:58:12 AM
2.5 ym

100 mM KCI

711712025 11:24:58 AM
3.99 ym

500 mM KClI
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3.2 nm when 500 mM or 1000 mM KCl are added in the solution. Along
with small changes in the core radius, the presence of bigger in size
aggregates is well seen at high KCI concentrations, see Fig. 5B. The fit of
experimentally determined SAXS spectra is also performed. For solution
containing 100 mM KCl, we fit the spectrum assuming spherical objects
with log-normal distribution which repeal each other in presence of
100 mM background electrolyte. This model describes very well the
experimental data showing that the aggregation between primary mi-
celles is very limited in this solution. The determined size is practically
the same as one measured by DLS (4.8 vs. 4.4 nm) and the poly-
dispersities are also very close (0.28 vs. 0.27), see Fig. 5. The spectra
obtained in presence of 500 and 1000 mM KCl clearly show the presence
of big aggregates in the samples as can be seen from the increased slope
at low g values. The formation of big aggregates in solutions containing
KCl is also well seen from DLS measurements performed with 10-fold
diluted solutions for which the intensity weighted mean hydrody-
namic diameter, Z,e, increases from 4.6 nm (no KCl) to 100 nm in
presence of 100 mM KClI and to 7500 nm for solutions containing 500
and 1000 mM KCl, Fig. 5C. The presence of micrometer size aggregates
is also seen from the optical observations performed for diluted solutions
(Figure S7 in the SI).

The rheological properties of prepared solutions with different KCl
concentrations were also measured, see Figure S8 in SI and all prepared
solutions showed shear thinning behavior as solutions prepared at pH 4.
To determine the effect of KCl concentration on the apparent viscosity,
we chose a shear rate of 100 s . The shape of the viscosity vs. KCl
concentration curve shown in Fig. 6 A remains consistent regardless of
the shear rate chosen for determining apparent viscosity. The only sig-
nificant difference is that at lower shear rates the values of apparent
viscosity are higher. One sees that the viscosity passes through a
maximum at 500 mM KCl, where the solutions remain turbid and stable
over time and no phase separation is observed. The higher concentra-
tions of KCI induce the phase separation as can be seen from pictures

7117/2025 11:44:30 AM
3.99 pym

1000 mM KCl

500 mM KCl

Fig. 4. Images from (A, B, C) observations in transmitted light of 5 wt% escin solutions at pH 6 after addition of (A) 100 mM KCI; (B) 1000 mM KCl and (C) 500 mM

KCl. (D) Cryo-TEM image of solution containing 500 mM KCl.
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shown in Figure S9 in the SI. This behavior differs significantly from
behavior of ionic surfactants in presence of electrolyte which form
transparent solutions with cylindrical, branched or worm-like micelles
[11,12]. It means that mechanism of the observed transition for con-
ventional surfactants and escin solutions is different because of the
completely different chemical structures of the molecules: long straight
hydrophobic tail in the structures of conventional surfactants facilitates
the formation of cylindrical type of micelles at high ionic strength.
Whereas, the triterpenoid rigid hydrophobic part of the escin molecules
prefers the formation of almost spherical micelles that afterwards can
interact via hydrogen bonds to form secondary and ternary aggregates.
Note that the formation of secondary micelles is well known phenomena
for bile salts [18-21] which also have rigid hydrophobic part as steroid
skeleton and OH-groups in the hydrophilic part of the molecule.

The rheological response of solutions with KCl concentrations be-
tween 400 and 600 mM, which are near the maximum in the salt curve
shown in Fig. 6A, was investigated using frequency sweep (Fig. 6B) and
amplitude sweep (Fig. 6C) experiments. The experimental results show
that the tested solutions exhibit elastic behavior with the storage
modulus, G, consistently higher than the loss modulus, G", across the
entire range of oscillation frequencies (between 0.02 and 4 Hz). This
rheological response clearly shows that the increased viscosity of escin
solutions at 400 and 500 mM KCl is not related to the formation of cy-
lindrical, branched or worm-like micelles in these solutions. For solu-
tions containing cylindrical, branched or worm-like micelles the viscous
modulus, G" is higher than G' at low frequency of oscillations and for
worm-like micelles G" passes through a maximum as a function of fre-
quency of oscillation [22-25] which is not the case for escin solutions.
As can be seen from data presented in Fig. 6, escin solutions with added
KCl show the elastic behavior with G’ being higher than G in the entire

frequency range. The calculated tand = G’/ G is constant as a function of
a frequency of oscillation, which is typical for gel-like systems [26]. The
values of tand decreases from 0.5 to 0.33 upon increasing KCl concen-
tration from 400 to 500 mM for 5 wt% escin solutions, which shows the
formation of space-spanning network around the maximum of the salt
curve.

The rheological response of the escin solutions as a function of strain
amplitude is displayed in Fig. 6C. At low strains, both moduli are in-
dependent of the shear strain and G' > G" which is typical for gelled
systems. Above a certain strain, G' begins to decrease, while G" passes
through a distinct maximum. This is the typical behavior observed in an
attractive glass of electrostatically heteroaggregated systems [28-29].

To determine the yield stress of the samples, we used the crossover
point at which G' = G" and tand = 1, measured in amplitude sweep ex-
periments (data shown in Fig. 6 C). Above this point the sample starts to
flow. The obtained data are summarized in Table 1. The prepared so-
lutions with KCl concentrations of 450 mM and 500 mM exhibit a yield
stress of ~ 2.4 Pa, whereas the yield stress decreases to 1.6 Pa upon the
addition of 600 mM KCl. This decrease in yield stress is attributed to the
strong interactions between the aggregates, leading to their separation
over time.

Experimental data for stored solutions reveal different stability
profiles depending on the KCl concentration relative to the maximum in
the salt curve. Solutions with KCl concentrations before this maximum,
remain stable upon storage. In contrast, solutions with concentrations
after the maximum, exhibit phase separation after storage. Despite the
phase separation, the apparent viscosity measured after storage and re-
homogenization of the separated liquid layer shows no significant dif-
ference between samples stored for 1 day and 1 month (Fig. 6A). This
indicates that the re-arrangement of the aggregates upon storage is
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Table 1

Viscosity at 100 s~ ', yield stress, to, elastic moduli at 0.1 % deformation, G
(0.1 % deformation), critical moduli, Gcgr at the critical strain, ycgr at which
elastic and loss modulus become equal in amplitude sweep experiments for escin
solutions at pH 6 in presence of 450, 500, and 600 mM KCl.

1

Parameter KCl, mM
450 500 500 600
5 wt% 5 wt% 10 wt% 5 wt%
ESC ESC ESC ESC
Viscosity (100 s’l), 84.6 + 0.3 81.9+0.3 197.4 71.7 £ 29
mPaes +32.2
7o (0SC), Pa 2.25 2.39 5.61 1.61
+0.13 +0.33 +0.26
G' (0.1 %), Pa 65 + 20 97 £17 257 54+3
Ggr, Pa 21+8 32+6 95 21+4
Ycr 0.065 0.054 0.083 0.076

reversible, and the apparent viscosity at high shear rates remains con-
stant after re-homogenization. However, the apparent viscosity
measured at low shear rates decrease significantly for samples con-
taining KCl after the maximum. This is likely due to the re-
homogenization step destroying the delicate structures that formed
upon storage and are responsible for the resistance to flow at low shear
stress.

From this series of experiments, we conclude that the addition of KCl
to escin solutions decreases the electrostatic repulsion between the
charged micelles. This decrease induces the formation of a space-
spanning network throughout the entire volume when the KCl concen-
tration is ~ 500 mM. This network formation results in gelled samples

that remain stable during prolonged storage. A further increase in
electrolyte concentration leads to stronger aggregation, causing the
network to begin collapsing, and the properties of the formed gels
change over time.

3.3. Effect of type of the electrolyte at pH 6

It is well known from the literature that the peak position in
dependence of the viscosity on salt concentration (salt curves) for con-
ventional surfactants, depends on the valency and counterion radius
[11,12, 30-32]. To check how the properties of escin micelles depends
on the counterions, we performed the experiments with two mono- (Na™
and K™) and two divalent (Mg?" and Ca®") counterions. Solutions with
monovalent ions remained clear at an ionic strength of 100 mM, while
those with divalent ions appeared opalescent. Increasing the ionic
strength to 300 mM caused solutions with monovalent ions to become
opalescent, while those with divalent ions became turbid. All solutions
were homogeneous after overnight storage, with one exception: a so-
lution with Ca®" at an ionic strength of 300 mM formed crystals of
calcium citrate. This crystallization occurred because the citric acid
concentration (3.62 + 0.42 g/1) in the solution exceeded the solubility
of calcium citrate (0.96 g/1 at 25 °C [33]). Due to this issue, we did not
prepare solutions with higher Ca>" concentrations for measurement.

All turbid solutions exhibited non-Newtonian behavior. The
measured viscosity at a shear rate of 100 s~ ! as a function of ionic
strength for each electrolyte is presented in Fig. 7. For all systems, the
viscosity passed through a maximum as the salt concentration increased,
but the height and position of this peak were dependent on the specific
electrolyte used. A more viscous solution was obtained in the presence of
monovalent ions (K" or Na™) than in the presence of the divalent ion



F. Mustan et al.

(Mg2+). This effect has also been observed in mixtures of SLES+CAPB
(sodium lauryl ether sulfate and cocamidopropyl betaine), where the
carboxylic group of CAPB significantly impacts the conditions for
micelle branching [12]. The much lower viscosity peak observed for
escin solutions in presence of Mg?" is attributed to its higher charge
density, which facilitates the formation of an unstable network. When
K" or Na' are used, they neutralize the carboxylic groups of the escin
molecules and facilitate the formation of inter-micellar H-bonds which
leads to formation of space-spanning network throughout the entire
volume of the solution and this network remain stable up to 500 mM of
monovalent ions. Similar situation is observed when the ionic strength is
increased up to 300 mM by MgCl,. However, the further addition of
Mg%" ions in the solution leads to formation of unstable network,
because this counterion can neutralize two escin molecules from two
different micelles and, along with H-bonds, can form Mg?* bridges be-
tween them, which enhances the formation of the unstable network in
the latter case.

From this series of experiments, we conclude that the apparent vis-
cosity of escin solutions at pH > pKa exhibits a maximum as a function
of electrolyte concentration. The higher viscosity is achieved when
monovalent ions (K™ or Na™) are used to screen the electrostatic re-
pulsions between the charged micelles. The lower viscosity observed in
the presence of Mg?* is explained by the possibility of forming inter-
micellar Mg?t bridges, which leads to the compaction of the aggre-
gates and the eventual formation of an unstable network.

3.4. Effect of salt concentration at pH 4 and pH 8

Experiments were conducted to determine the effect of salt concen-
tration on the rheological response of escin solutions at pH 4 and pH 8.
The results show a significant difference in the viscosity-salt concen-
tration curve shape at pH 4 compared to those at pH 6 and pH 8. At pH 4,
the apparent viscosity is highest for solutions without added KCl, which
is 73 mPaes. Viscosity then decreases upon the addition of 100 mM KCl
down to 60.4 mPaes, and subsequently remains nearly constant at
approximately 45 mPaes for higher KCl concentrations. This distinct
behavior is attributed to the fact that only around 16 % of the escin
molecules are charged at pH 4. This low charge percentage significantly
reduces the amount of KCl required to screen the electrostatic repulsions
between escin micelles. The viscosity plateau observed at KCl concen-
trations above 200 mM is likely related to the presence of citric acid,
used to adjust the pH. Ability of citric acid to form hydrogen bonds may

100 -
5 wt% Escin phase separation
tpH 6 occurs upon
80 storage for

KCI

1 month
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Fig. 7. Apparent viscosity at 100 s~ as a function of ionic strength for the

solutions with 5 wt% ESC at pH 6 in presence of NaCl (green triangles), KCl (red
circles), and MgCl, (blue squares). Parallel to the Y axis orange line denotes the
ionic strength at which phase separation upon storage is observed.
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prevent the formation of inter-micellar H-bonds, resulting in aggregates
that cannot pack as efficiently as at higher pH and high ionic strength at
pHs of 6 and 8.

The peak in the viscosity-salt curve at pH 8 occurs at higher salt
concentrations than at pH 6. This is due to the higher percentage of
charged molecules at pH 8, which requires a higher electrolyte con-
centration to effectively screen the electrostatic repulsion between the
charged micelles. The maximum viscosity achieved at pH 8 is also higher
than at pH 6 due to a more difficult rearrangement of the micelles when
the electrostatic repulsion is screened by the adsorption of counterions,
compared to the case where a portion of the carboxylic groups is non-
ionized.

From this series of experiments, we can conclude that the maximal
viscosity at pH 4 is reached without added background electrolyte. This
is due to the smaller fraction of ionized escin molecules at this pH. The
increase in pH increases the fraction of ionized escin molecules, which
consequently increases the electrolyte concentration needed to screen
the electrostatic repulsions between the charged micelles. As a result,
the maximal viscosity is reached only upon the addition of significant
amount of background electrolyte at pH 6 and 8 (450 mM NaCl at pH 6
and 500 mM at pH 8) to the solutions.

3.5. Effect of escin concentration at pHs of 6 and 8

The rheological curves were measured for 10 wt% escin solutions at
pH 8 containing varying NaCl concentrations. The prepared solutions
exhibit non-Newtonian behavior. The apparent viscosity as a function of
salt concentration is presented in Fig. 9A, along with results obtained for
5 wt% escin at pH 8. A two-fold increase in escin concentration leads to a
more than 5.5 times increase in the maximal viscosity, which is reached
in the presence of 450 mM NaCl. This substantial increase demonstrates
the formation of a denser network at the higher escin concentration. The
position of the viscosity maximum is not significantly affected by the
escin concentration. This observation strongly indicates that the
enhanced viscosity in escin solutions is not related to the formation of
worm-like micelles. For worm-like micelles, an increase in surfactant
concentration typically requires a lower electrolyte concentration to
reach the maximal viscosity [23]. The fact that the viscosity maximum
for escin solutions remains independent of the escin concentration
suggests that the salt concentration is primarily required for screening
the electrostatic repulsions between escin micelles. These micelles sub-
sequently form aggregates via H-bonds. This contrasts with conven-
tional surfactants, where the peak position shifts to lower salt
concentrations at higher surfactant concentrations due to a change in
the packing parameter of the molecules within the micelles.

The dependencies of the shear moduli G' and G" on the strain
amplitude for escin solutions prepared at pH 6 in the presence of
500 mM KCl are shown in Fig. 9B for two escin concentrations of 5 wt%
and 10 wt%. The increase in escin concentration results in higher values
of both G' and G", but the shape of the curves remains unchanged. This
indicates that a denser space-spanning network is formed at the higher
escin concentration. Furthermore, the yield stress determined for the
10 wt% escin solution is twice as high as that measured at 5 wt% escin
concentration (see Table 1). The relatively weak dependence of all
rheological characteristics shown in Table 1 on the increase in escin
concentration suggests that the formed gels are positioned between
weakly and strongly attractive systems. According to the analysis
described in the literature [27], the storage modulus G' for strongly
attractive emulsions increases with the oil volume fraction to the power
of 1.5. This exponent is close to the value determined for the escin so-
lutions when assuming that the two-fold increase in escin concentration
leads to a two-fold increase in the fraction of big aggregates forming the
space-spanning network.
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4. Discussions

The difference between saponins and conventional anionic surfac-
tants is related to their different chemical structure: the conventional
surfactants have long hydrophobic hydrocarbon chain while the escin
has triterpenoid hydrophobic skeleton and voluminous hydrophilic
residues. Escin molecules are more similar to the bile salts structures
which are steroids with non-conjugated or conjugated hydrophilic parts
with different amino acids [18]. Those bio-surfactants are known to
form so-called primary micelles (diameter < 2 nm) which upon further
increase in the concentration are assembled in secondary micelles [18].
Their shape is confirmed by molecular dynamic simulations [21,
34-35].

Escin shows behavior as nonionic and anionic surfactant depending
on the solution pH. This difference in the micelles formed from ionized
and non-ionized escin molecules is related to the differences in the forces
acting between charged and uncharged micelles. When the molecules
are non-ionized, the primary micelles are uncharged and escin mole-
cules from two micelles can form inter-micellar H-bonds which leads to
formation of aggregates in the solutions and non-Newtonian behaviour.
However, when the molecules are ionized, the charged micelles are
formed and electrostatic repulsions between them do not allow forma-
tion of inter-micellar H-bonds and as consequence intra-molecular and
intra-micellar H-bonding is preferable.

The effect of electrolyte is also different for the two types of
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molecules: ionized or non-ionized. The addition of salt to charged escin
micelles leads to viscosity increase. Thus, salt curves could be measured
for ionized escin molecules. However, the reason for viscosity increase is
different from that of the conventional surfactants where screening of
the electrostatic interactions changes molecules packing parameter
which results in worm-like micelles formation [11,12,24-26,30-32].
For conventional surfactants the addition of counterion decreases the
area per molecule within the micelles but this does not result in for-
mation of H-bonding between the molecules incorporated in two
different micelles. For escin molecules the addition of counterion de-
creases the electrostatic repulsion between charged micelles which en-
ables the formation of H-bonds between the escin molecules
incorporated in two different micelles and leads to formation of bigger
aggregates. Observations by optical and cryo-transmission electron mi-
croscopes, revealed that network of large agglomerates was formed by
the attracted primary micelles which is schematically illustrated in
Fig. 10. Note that the main difference with the conventional surfactants
is that the latter transform from spherical to worm-like micelles. On the
other hand, the initial spherical escin micelles arrange into large ag-
gregates as a span network upon electrolyte addition. The worm-like
micelles solutions are clear and isotropic at all ionic strengths and do
not phase separate overtime [11,12, 24-26,30-32], whereas the for-
mation of big aggregates with size above 500 nm in escin solutions leads
to formation of turbid solutions which starts to phase separate when the
concentration of background electrolyte becomes so high that the
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Fig. 10. Schematic representation of the transformation of the micelles in the solution of ionized escin upon addition of electrolyte in cases of (A) no electrolyte or
low electrolyte concentrations, low-viscous Newtonian solution containing spherical micelles, (B) maximum viscosity at the peak of the salt curve where micellar
network is formed, and (C) at the highest electrolyte concentration, dropped-down viscosity because of phase separation of the aggregates due to formation of

intermicellar H-bonds.

aggregates can rearrange and compact due to formation of bigger in
number inter-micellar H-bonds.

5. Conclusions

Solutions containing ionized (pH > pKa) and non-ionized (pH < pKa)
escin molecules were studied. It was found that non-ionized escin mol-
ecules at pH 4 form nanometer sized micelles which aggregate and form
turbid, viscous solutions that exhibit non-Newtonian behavior with
maximal viscosity reached when there is no background electrolyte
added in the solution. In contrast, deprotonation of the single carboxylic
group in the molecule increases escin solubility, leading to the formation
of small spherical micelles (~ 4 nm) in clear, water-like solutions with
Newtonian behavior at pH of 6 and 8.

The addition of background electrolyte has relatively small effect on
the properties of the escin solution at pH 4 due to lower fraction of
ionized molecules at this pH. The apparent viscosity measured at
100 s~! for 5 wt% escin solutions decreases from 73 mPaes to 45 mPaes
upon increase of KCI from 0 to 200 mM and it remains constant after-
wards causing phase separation of prepared solutions upon storage at
ambient temperature.

The addition of background electrolyte to solutions of ionized escin
molecules at pH 6 and 8 switches the rheological behavior from New-
tonian to non-Newtonian. Similar to the conventional anionic surfac-
tants, the viscosity of the escin solutions at pH > pKa passes through a
maximum with increasing electrolyte concentration.

However, the solutions of conventional surfactants remain clear
upon salt addition due to formation of worm-like micelles, whereas the
escin solutions become turbid due to formation of micrometer aggre-
gates. Escin dispersions at the viscosity maximum remain stable for at
least one month at ambient temperature, whereas those with higher
electrolyte concentrations above the maximum phase separate upon
storage.

To the best of our knowledge, this alternative mechanism of viscosity
increase in a non-conventional surfactant is reported here for the first
time. Considering the advantages of escin as a biodegradable plant
extract with unique surface and biological activities, the systems
explored in this study hold promise as templates for diverse detergent
and cosmetic formulations.
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