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Abstract

:

This work investigates the temperature-dependent micelle formation as well as the micellar structure of the saponin aescin. The critical micelle concentration (cmc) of aescin is determined from the concentration-dependent autofluorescence (AF) of aescin. Values between cmcaescin,AF(10 ∘C) = 0.38 ± 0.09 mM and cmcaescin,AF(50 ∘C) = 0.32 ± 0.13 mM were obtained. The significance of this method is verified by tensiometry measurements. The value determined from this method is within the experimental error identical with values obtained from autofluorescence (cmcaescin,T(WP)(23 ∘C) = 0.33 ± 0.02 mM). The structure of the aescin micelles was investigated by small-angle X-ray scattering (SAXS) at 10 and 40 ∘C. At low temperature, the aescin micelles are rod-like, whereas at high temperature the structure is ellipsoidal. The radii of gyration were determined to ≈31 Å (rods) and ≈21 Å (ellipsoid). The rod-like shape of the aescin micelles at low temperature was confirmed by transmission electron microscopy (TEM). All investigations were performed at a constant pH of 7.4, because the acidic aescin has the ability to lower the pH value in aqueous solution.
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1. Introduction


Saponins are a class of naturally occurring bio-surfactants which share the same basic structure. On the one hand, the amphiphilic character results from the hydrophobic nature of the aglyconic part which is either constituted of a triterpene or a steroid [1,2,3]. On the other hand, glycosidic bonds link the aglycone to the hydrophilic, glyconic parts of the molecule which are constituted of up to three separate chains of sugars. The number of sugar chains categorizes the saponins into monodesmosides (one chain), bidesmosides (two chains, most common case), or tridesmosides (three chains, the rarest case) [4]. The high variability in the type of sugar as well as the number of these chains leads to a high diversity of saponins [5,6].



As natural surfactants, saponins are present in many common plants such as potatoes, beans, soy, and ginseng [6,7,8]. Consequently, saponins are supplied to the human body during ingestion, and depending on the dose, have different effects on the body. Amongst others, they have an anti-inflammatory effect [9,10] and show anti-fungal, anti-bacterial, and anti-yeast activity [7,11]. Moreover, saponins can be cytotoxic to cancer cells, but also to endogenous cells, whereby this action might be caused by alternation of the membrane permeability [1,2,12,13]. As a result of the diverse effects of saponins, they are used in different pharmaceuticals. In addition, saponins have applications in the cosmetic, food, and agriculture sectors due to their ability to stabilize emulsions, and to solubilize bulky hydrophobic molecules [3].



The effects of saponins, which are used in a variety of ways, are all based on their amphiphilic structure. This structure allows saponins, on the one hand, to interact with biological and artificial membranes [14,15,16] and on the other hand to self-assemble in solution [15,17]. The micelle formation of specific saponins was examined by different groups in terms of the critical micelle concentration (cmc) [4,18,19] and shape of the micelles [20,21,22,23,24]. It was found that many saponins tend to build spherical micelles. The saponins Rb1 and Rg1 from ginseng form spherical micelles with diameters of up to 800 Å [25]. In comparison, the spherical micelles formed by Quil A with a diameter of 60 Å are very small [20]. Besides spherical micelles, elongated structures were also found for different saponins [23,26]. For the saponin Quil A for example, the presence of low amounts of cholesterol induces the formation of worm-like structures [24]. In addition, the pure saponin QS-21 forms not perfectly spherical, but elongated micelles with a maximum diameter of 75 Å [22]. For the saponin glycyrrhizin, different structures are reported. In water, spherical micelles with diameters of 60–120 Å were found [27,28]. In buffer solution with a distinct pH of 6, rod-like micelles with a cross-sectional radius of 13 Å and a length of 180 Å were present [21]. The example of glycyrrhizin clearly illustrates the importance of controlled environmental conditions in the study of micelle formation, because many saponins strongly change the pH value when dissolved in water due to the acidic sugar groups attached.



In this study, the saponin aescin was investigated under well-defined conditions and temperatures. The monodesmosidic saponin aescin can be extracted from the seeds of the horse chestnut tree Aesculus hippocastanum (Hippocastanaceae) and is a natural mixture of triterpenic saponins [9,29,30]. Thereby, aescin exists in an α- and a β-form, both of which include molecules with slightly different structures. Both forms can be distinguished by the solubility in water and the hemolytic index. Different molecular structures of β-aescin, which is the main compound in this study, are shown in Figure 1. The aglycone is a derivative of protoaescigenin which is acylated by acetic acid at C-22 in the case of β-aescin. To the C-21 position, either an angelic or tiglic acid residue is bound [9,31,32,33,34]. These substituents and two other oxygen-containing moieties give the triterpene a polar and an apolar side. The hydrophilic, glyconic part of aescin is attached at the C-3 position via a d-glucuronic acid (GlcA). To this linker, two d-glucose (Glc) molecules are attached. One of these can be substituted by d-xylose (Xyl) [31,35,36]. Aescins α- and β-form can be converted into each other by a heat-induced acylic migration of the residues at the positions C21, C22, and C28 [9].



The β-form of aescin is the active component in the natural extract and is conventionally used in the treatment of chronic venous insufficiency (CVI) [9,31,34,37]. The use of aescin in this case is based on a large number of mechanisms of action. Among others, the presence of aescin in case of a hypoxia prevents the decrease in ATP concentration, which counteracts a degradation of the endothelial cells in the veins. This indirectly reduces the vein permeability [9,38].



Effects directly related to the interaction of aescin with the membranes of the cells contained in the veins have not been mentioned in this context so far. Nevertheless, it is known that aescin interacts with lipid membranes [18,39,40,41], but the physico-chemical interaction on the molecular scale is still not fully understood. However, the behavior of aescin in solution, especially above the cmc, is essential to elucidate the structure–activity relationship with lipid membranes and the mechanism of action of aescin.



There are some reports by other groups about the cmc of aescin. The values reported range from ≈0.057 mM (equal to 0.065 mg/mL) [42], 0.088 mM [18] and ≈0.1 mM [43] to 0.78 mM [44]. These values were obtained by tensiometry experiments in aqueous solution at temperatures between 20 and 30 ∘C and at different pH values. Thereby, Penfold et al. [43] investigated a pH range from 4 to 8 and a significant change of the cmc was not found. The size and shape of aescin micelles in water with unspecified pH was first reported by de Groot et al. [42] By transmission electron microscopy (TEM), they indicate the presence of micelles with circularly shaped 2D projection exhibiting an average diameter of 200 Å coexisting with ellipsoidal objects with a similar average length of 200 Å.



In this work, we determine the cmc of aescin in aqueous phosphate buffer solution at a physiological and constant pH of 7.4. As a result of the d-glucuronic acid present in the glyconic part of aescin, the pH value decreases when aescin is dissolved in water. Another factor which may influence the cmc of aescin is the temperature of the solution. As a consequence of the temperature-dependent solubility of surfactant molecules in aqueous solution, the overall size and shape of the micelles may change. The measurement technique employed to determine the cmc in a temperature-dependent manner was fluorescence spectroscopy, whereby the concentration-dependent autofluorescence of aescin was detected. Results obtained by this method were verified by tensiometry. The temperature- and concentration-dependent structure of the micelles was investigated by transmission electron microscopy (TEM) and small-angle X-ray scattering (SAXS). SAXS provides in-situ structural information and is less prone to artifacts compared to TEM.




2. Experimental


2.1. Materials and Sample Preparation


The saponin aescin (≥95 %, CAS number 6805-41-0) was purchased from Sigma Aldrich (Munich, Germany). The composition of the aescin powder was determined by (analytical) reversed-phase high pressure liquid chromatography (RP-HPLC) followed by mass spectrometry as well as 1H-NMR spectroscopy. A detailed description of the fractionation can be found in the Supplementary Materials. Two separable fractions were obtained by RP-HPLC (Figure S1), which show very similar mass spectra (Figure S2). Both fractions exhibit the same exact mass of 1130.5 g/mol and similar fragmentation patterns. This indicates the presence of isomers. Analysis of the 1H-NMR spectra (Figure S3/S4, Table S1) revealed the presence of cis-trans-isomers of β-aescin with either tiglic (fraction 1) or angelic acid (fraction 2) bound to C-21 and an acetic group bound to C-22. Proton signal assignment was done on the basis of works of Yoshikawa et al. [45,46] and the presence of three sugar moieties was verified. As a result of the numerous protons in the sugar residues, the presence of d-xylose instead of d-glucose could not be detected.



Experiments in this study were performed with the non-purified β-aescin. Because dissolving aescin in water decreases the pH value drastically and the solubility in water is bad, samples were prepared in a 50 mM phosphate buffer with a constant pH value of 7.4. For the preparation of the buffer deionized, purified water (Sartorius arium VF pro, Göttingen, Germany) was used. A stock solution of aescin in the highest concentration was prepared and the pH value of this solution was also adjusted to pH 7.4. All other aescin solutions were prepared by dilution with buffer.




2.2. Fluorescence Spectroscopy


Fluorescence spectroscopy was used to determine the cmc of aescin. The experiments were performed on a Jasco FP-8300 fluorescence spectrometer (JASCO, Pfungstadt, Germany). Therefore, the samples were excited at a wavelength of 370 nm and the emission recorded in a wavelength range between 400 nm and 800 nm. The excitation as well as the emission bandwidth were 5 nm and the response time was set to 0.2 s. The samples were measured in a fluorescence cuvette with a light path of 10 mm (Hellma Analytics, Müllheim, Germany). The temperature-dependent autofluorescence of aescin was recorded for several aescin concentrations in a temperature range between 10 and 50 ∘C in steps of 5 ∘C. The equilibration time between two different temperatures was at least five minutes.




2.3. Tensiometry


To determine the cmc-value of aescin by tensiometry experiments, the Wilhelmy plate as well as the Du Noüy ring method were used. Measurements were done at a temperature of 23 ∘C with a DCAT 21 tensiometer from dataphysics (Filderstadt, Germany) using a platinum-iridium-plate/ring. The plate/ring was cleaned before each measurement by heating on a flame and rinsing with buffer solution. The phosphate buffer was taken as initial phase and a concentrated aescin solution was added step-wise. The surface tension was measured after stirring and an equilibration time of five minutes.




2.4. Transmission Electron Microscopy


TEM images were taken with a JEOL JEM-2200FS electron microscope (JEOL, Freising, Germany) equipped with a cold field-emission electron gun. The microscope was operated at an acceleration voltage of 200 kV. All images were recorded digitally by a bottom-mounted camera (Gatan OneView, Gatan, Pleasanton, CA, USA) and processed with a digital imaging processing system (Digital Micrograph GMS 3, Gatan, Pleasanton, CA, USA).



The samples (3 μL) were placed on TEM carbon coated copper grids (ECF200-Cu, 200 mesh, Science Services, Munich, Germany) at a temperature of 6 ∘C. After 1 min, the residual water was blotted off with a filter paper. Then, the samples were stained with 3 μL of uranyl acetate (2 wt% aqueous solution) for 1 min and dried again with filter paper. To achieve good statistics several positions on each grid were imaged.




2.5. Small-Angle X-ray Scattering


SAXS measurements on specific aescin solutions were performed on an in-house SAXS/WAXS system (XEUSS, Xenocs, Sassenage, France) at temperatures of 10 and 40 ∘C. The instrument was equipped with a CuKα source (λ = 1.541 Å, GeniX ultra low divergence, Xenocs) and a Pilatus 300K hybrid pixel detector (Dectris, Baden Deattwil, Switzerland). The samples were measured at a sample-to-detector distance of 820 mm, which yields a q-range of 0.05–0.3 Å−1. For the measurement, a flow-through Kapton capillary (1 mm inner diameter, Good-Fellow GmbH, Bad Nauheim, Germany) positioned in a Linkam stage (Linkam Scientific, Tadworth, UK) was used. The scattering intensity of the sample was normalized by taking into account the sample thickness, the acquisition time, the transmission, and the background scattering signal of the setup. For normalization to the incident intensity, glassy carbon type 2 [47] as standard was used. The data acquisition time was several hours per temperature and sample. The 2D data were reduced with the Foxtrot software [48].



The scattering intensity can be described by the general equation: I(q)=N·(Δρ)2·V·P(q)·S(q). Other than the number of particles N, it depends on the scattering volume V, the contrast between solvent and particle Δρ=ρparticle−ρsolvent, the form factor P(q), and the structure factor S(q). The scattering vector magnitude is q=4πλsin(θ) with θ being half the scattering angle.





3. Results


3.1. Determination of the Critical Micelle Concentration of Aescin


3.1.1. Determination of cmcaescin,AF by Fluorescence Spectroscopy


The aim of this work is to determine the cmc value of aescin under well-defined conditions (pH and temperature). At pH 7.4, aescin is deprotonated at its glucuronic acid group and nicely dissolves in aqueous buffer. The pKa-value of aescin in water was determined by titration to a value of 4.7 ± 0.2 (see Figure S5). One established method to determine cmc-values is fluorescence spectroscopy. Thereby, often external fluorophores such as ammonium 8-anilino-1-naphthalenesulfonate (ANS) or pyrene are added [49,50,51]. The cmc in these cases is derived from the surfactant concentration-dependent intensity and/or shape change of the fluorophores fluorescence spectra resulting from the incorporation of the fluorophore into the surfactant micelles [49]. An influence of added fluorophores on the micellation process of the surfactant cannot be fully excluded in the most cases.



To avoid an outer influence on the cmc results, the cmc is determined from the autofluorescence of aescin itself without any additive in this work. An analogous principle was used by Balakrishnan et al. to determine the cmc of the Sapindus saponin [19]. Fluorescence measurements were performed in a temperature range of 10 and 50 ∘C. The recorded autofluorescence spectra of aescin solutions upon excitation at 370 nm at different concentrations at a temperature of 20 ∘C are shown in Figure S6. Figure 2 displays the concentration normalized intensity evolution of the autofluorescence maximum (λmax=450 nm) as function of aescin concentration for temperatures of 10, 30, and 50 ∘C. For this, the autofluorescence intensity was divided by the respective aescin concentration. With that, Iaescin,450nm·caescin−1 expresses the autofluorescence ability of an ensemble of a defined number of aescin molecules. Iaescin,450nm·caescin−1 decreases with increasing temperature and strongly reduces upon micelle formation. The concentration-dependent behavior is not modified significantly by temperature variation.



The intersection of the two linear regressions in Figure 2 defines the value of cmcaescin,AF. Table 1 lists the temperature-dependent cmcaescin,AF values. For the linear regression at concentrations below cmcaescin,AF, the first six concentrations were taken into account. In contrast, the last five points were fitted for the linear regression at concentrations above cmcaescin,AF. Values in the cmcaescin,AF region were not considered for fitting. The regressions were extrapolated to illustrate the intersection point. The error of the cmcaescin,AF values was calculated by error propagation from the errors of the linear regressions and results herewith from the statistics of the measured data. cmcaescin,AF values between 0.38 ± 0.09 mM (at 10 ∘C) and 0.32 ± 0.13 mM (at 50 ∘C) were obtained. Hence, within the experimental precision, cmcaescin,AF does not depend on temperature. Comparison with cmcaescin values from other groups shows that the values received in this study are in the range of values determined before under slightly different conditions [18,42,43,44]. It should not be neglected that different aescins might show different cmcaescin values due to varied compositions of the single components. To verify the method of cmcaescin determination from autofluorescence, additional tensiometry experiments were performed (see Section 3.1.2).



The strong decrease in the autofluorescence intensity indicates the presence of quenching effects, as seen for aescin in Figure 2. This might be due to a very specific arrangement of the aescin molecules inside the micelles. Molecular dynamics (MD) simulations by Tsibranska et al. [52] for the self-assembly of aescin molecules at the water–air interface confirmed multiple attractive interactions between its hydrophobic and hydrophilic parts. Moreover, Penfold et al. [43] proved this directed self-assembly experimentally by neutron reflectivity. Hence, we expect a directed self-assembly with a defined arrangement of aescin molecules inside the micelles. Here, hydrophobic interactions between the triterpenes and/or hydrogen bonds between the sugar groups could lead to the observed strong fluorescence quenching.




3.1.2. Determination of cmcaescin,T by Tensiometry


Tensiometry is the most commonly used method to determine critical micelle concentrations. In this study, this method was used to verify the results obtained from the autofluorescence measurements of aescin. Figure 3 shows the obtained surface tension (SFT) as function of the aescin concentration using the Wilhelmy plate (WP) method at a temperature of 23 ∘C. Data measured with the Du Noüy ring (DNR) method are additionally shown in Figure S7.



Below cmcaescin,T(WP)SFT decreases with increasing caescin due to the assembly of aescin molecules on the buffer–air interface. The point of minimal SFT and hence, the saturation of the interface with aescin molecules defines the critical micelle concentration. The cmcaescin,T(WP)-value of 0.33 ± 0.02 mM for a temperature of 23 ∘C was determined from the intersection of the two linear regressions applied to the regions below and above cmcaescin,T(WP). The given error originates from error propagation. By using the Du Noüy ring method, within the experimental error, an identical value of cmcaescin,T(DNR) = 0.30 ± 0.06 mM was received (see Figure S7). Hence, within the experimental precision, the values obtained here equal the cmcaescin,AF values determined by autofluorescence at similar temperature. This verifies the validity of the autofluorescence method.



Above cmcaescin,T(WP) a reproducible increase of SFT is visible. A similar behavior was also observed for different surfactants like sodium dodecyl sulfate (SDS) and cationic lysosomotropic substances [53,54,55]. In all cases, the increase in the surface tension above the cmc was assigned to impurities of the surfactants, whereby a substance with a higher surface activity compared to the surfactant investigated might be present [55]. Because the aescin powder used in this study has a purity of 95 %, presence of impurities is possible. When dissolved in seawater, an increase in SFT above cmcaescin,T was also reported for aescin by Pekdemir et al. [44].



Moreover, time-dependent measurements of the SFT at a constant aescin concentration indicated that not having reached an equilibrium state can be presumably excluded as reason for the increase of SFT at concentrations above cmcaescin (see Figure S8). The SFT does not change significantly over time in comparison to the last value obtained from the titration experiment. Stanimirova et al. investigated the kinetics of the long-term adsorption of a Quillaja saponin by tensiometry [56]. They found two characteristic time constants of ≈30 s and ≈250 s for the adsorption of the saponin at the surface at a concentration above the cmc [56]. If a similar behavior is assumed for aescin, comparison of these values with the minimum time of ≈420 s between two surface tension measurements (including time for equilibration and measurement) supports the hypothesis that, most likely, impurities are responsible for the increase in SFT rather than not having reached an equilibrium state.





3.2. Structural Investigation of Aescin Micelles


In order to investigate the shape of the micellar structures, aqueous suspensions containing aescin at different concentrations well above the cmc (1.7 to 9.5 mM) were analyzed by TEM and SAXS. The SAXS measurements were performed at two different temperatures in order to prove whether the shape of the aescin micelles is dependent on temperature or not.



3.2.1. TEM—Aescin Micelle Structure at Low Temperature


TEM images were recorded of exemplary samples with aescin concentrations of 2.5 and 5.5 mM (Figure 4). Preparation of the TEM sample was done at a temperature of 6 ∘C.



The samples exhibit a micellar structure at both concentrations. The micelles found have rod-like shape and are accompanied by smaller, rather spherical objects. Moreover, it seems very likely that these smaller objects assemble into elongated rods, especially because the number of the spherical objects is much smaller for the sample with the higher aescin concentration. The size of the rod-like micelles is roughly 25–35 Å for cross-sectional diameter (D) and 70–150 Å for the length (L). This equals an average radius of gyration RG of 33 ± 11 Å, when using the relation RG=(0.5·D)22+L212 for cylindrical objects with D=30 ± 5 Å and L=100 ± 40 Å.




3.2.2. SAXS—Shape of Aescin Micelles


Small-angle X-ray scattering experiments were performed at 10 and 40 ∘C. The data were analyzed by the standard indirect Fourier transform (IFT) method in the GIFT software package by O. Glatter [57]. The data at 10 ∘C were approximated with a set of non-equidistant splines covering a shorter and a longer length scale of the object analyzed. The data at 40 ∘C were approximated by only one length contribution. On the r-scale, the data were approximated with 10 non-equidistant points per spline for both temperatures. The cutoffs of the IFT fits at high q were made to guarantee stable fit results. In consequence, probable deviations of the resulting p(r) functions at low r can be considered as erroneous and negligible.The fits resulting from the IFT analysis are shown in Figure 5. The corresponding p(r) functions are shown in Figure 6a,b for 10 and 40 ∘C, respectively.



At 10 ∘C, p(r) functions indicate that the micelles formed have an elongated shape which extends to roughly 120 Å for all concentrations measured. At 40 ∘C, structures exhibit a rather symmetrical shape which can be either spherical or ellipsoidal. Here, maximum dimensions reach 60–70 Å. The overall shape and size of the samples does not vary significantly with aescin concentration. RG values are obtained through integration of the p(r) function (Equation (1)).


RG2=∫p(r)r2dr2∫p(r)dr.



(1)




Similar values were obtained for all aescin concentrations at the same temperatures. At 10 ∘C a value of RG (10 ∘C) = 30.8 ± 0.6 Å and at 40 ∘C a value of RG(40 ∘C) = 21.2 ± 0.4 Å was obtained. The value at low temperature (10 ∘C) nicely corresponds to the RG-value calculated from the particle dimensions determined by TEM. Hence, when increasing the temperature, the rod-like arrangement is distorted and the particles appear less elongated.




3.2.3. SAXS: Model-Dependent Fitting of Aescin Micelles


To gain more precise information about the structural parameters of the micelles, analytical form factor model functions were also fitted to the SAXS data. The best agreement with the scattering data was achieved when fitting the curves at 10 ∘C with a cylinder model (Vcylinder=πR2L) and with an ellipsoid model (Vellipsoid=43πRpRe2) at 40 ∘C. Equations describing these models can be found in the SasView documentation [58]. The SAXS curves for the samples with different aescin contents at both temperatures are shown together with the model fits in Figure 7a,b for 10 and 40 ∘C, respectively.



The models follow the data for all concentrations with good agreement. This validates the structural picture introduced by TEM at low temperature and the one derived from the p(r) functions for both temperatures. The cylinder model contains a radius R, a length L with polydispersity σ(L). For the ellipsoid the fit parameters are the polar radius Rp and the equatorial radius Re. All fit parameters are summarized in Table 2. Moreover, other parameters such as the X-ray scattering length densities of the solvent and the aescin micelles (XSLDH2O and XSLD(aescin)) were either set constant or treated as adjustable parameters (scale & background). Whereas, the XSLDs of the solvent (H2O) were corrected for temperature (XSLDH2O(10 ∘C) = 9.47 × 10−6 Å−2 and XSLDH2O(40 ∘C) = 9.40 × 10−6 Å−2), for aescin, the same value was used at both temperatures (XSLD(aescin) = 13.4 × 10−6 Å−2). The XSLD of aescin was derived from its molar volume determined from the chemical structure with Chemsketch [59] (see also [60]). The polydispersity of the cylinder radius σ(R) was also fitted but remained in the range from 0–10 %. Therefore, it is not explicitly mentioned.



The comparison of the fit results of the cylinder model at 10 ∘C shows that the sample concentration has a rather small impact on the diameters of the rods (2·R). These values remain nearly constant and are in very good agreement with the TEM results and the results from the p(r) functions. Similar dimensions were reported by Matsuoka et al. [21] for the saponin glycyrrhizic acid. Depending on pH they reported values between 13 and 15 Å for the radius and 180 and 210 Å for the length of the rods. In the present case, the radii are slightly larger which may be due to the supplementary sugar group in the aescin molecule. In addition, we observe an apparent decrease of the rod-length L with increasing aescin concentration. However, the errors of L given in Table 2 result from the fitting routine and are most likely an underestimation. Moreover, the rod-length polydispersity σ(L) also increases drastically. Hence, we think that this change of L might not be significant. At high temperature, the cylinder structure is disrupted and a higher curvature between aescin molecules is induced. In that case, the equatorial radius Re remains constant whereas the polar radius Rp increases slightly with increasing aescin concentration. Herewith, the micelles tend to become more spherical with increasing concentration. However, the mechanism for the formation of rod-like micelles at low temperature and more spherical ones at higher temperature in viewpoints of molecular interactions cannot be resolved in this work. It should be addressed in the future using MD simulations. Moreover, the peculiar structure of aescin micelles cannot simply be estimated by the packing parameter. The complex molecular structure of aescin (e.g., hydrophilic groups attached to the backbone) differs from the ’typical’ one defined by Israelachvilli [61,62] which only takes one fully hydrophilic headgroup and one fully hydrophobic portion into account.






4. Conclusions and Outlook


In this work, the critical micelle concentration of aescin was determined at constant pH of 7.4 from the concentration-dependent autofluorescence of aescin in a temperature-dependent manner. Values between cmcaescin,AF(10 ∘C) = 0.38 ± 0.09 mM and cmcaescin,AF(50 ∘C) = 0.32 ± 0.13 mM were obtained. Hence, a temperature dependency of cmcaescin,AF was not observed within the experimental error. The autofluorescence method was verified by additional tensiometry measurements. From this method, a value of cmcaescin,T(WP)(23 ∘C) = 0.33 ± 0.02 mM is determined. Values obtained by both methods at similar temperatures are identical, which confirms the significance of the autofluorescence method.



Additionally, the structure of aescin micelles was investigated in a concentration-dependent manner by small-angle X-ray scattering. The investigation was done at two temperatures. At low temperature (10 ∘C), the micelles exhibit a rod-like structure with an average RG of ≈31 Å. The shape and size of these micelles at low temperature was further confirmed by transmission electron microscopy. At high temperature, the micelles are found to be more symmetric exhibiting ellipsoidal shape. The average RG is ≈21 Å. Herewith, a significant structural change of the aescin micelles occurs with increasing temperature, which can either be based on a change of the molecular packing or a reduction of forces between adjacent aescin molecules in the micellar structures. Potential triggers influencing the manner of packing may be the formation of hydrogen bonds between the polar groups of aescin molecules and hydration with water molecules. Both vary with temperature and therefore lead to small temperature-dependent differences in the shape of the micelles formed during self-assembly. The cmc of aescin seems to be unaffected by the different micelle shapes formed at different temperatures. The exact mechanism for the aescin micelle formation should be addressed in a separate MD simulation study.
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Figure 1. Molecular structure of β-aescin [31,41]. Aescin consists of a well-separated polar glyconic part constituted of three sugar molecules and a triterpenic backbone, which represents the aglyconic part. Polar groups are attached to its backbone one-sided so that the aglycone possesses a slightly polar and an apolar side. 
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Figure 2. Autofluorescence intensity of aescin normalized with respect to each aescin concentration (Iaescin,450nm·caescin−1) as a function of aescin concentration caescin at temperatures of 10, 30, and 50 ∘C. The intersection of the two regressions defines the value of cmcaescin,AF for each temperature. 
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Figure 3. Surface tension isotherm of aescin in aqueous phosphate buffer at a temperature of 23 ∘C recorded with the Wilhelmy Plate (WP) method. The intersection of the two linear regressions defines the cmcaescin,T(WP) value. The increase in surface tension (SFT) above cmcaescin,T(WP) might result from impurities of the aescin powder [53,54,55]. 






Figure 3. Surface tension isotherm of aescin in aqueous phosphate buffer at a temperature of 23 ∘C recorded with the Wilhelmy Plate (WP) method. The intersection of the two linear regressions defines the cmcaescin,T(WP) value. The increase in surface tension (SFT) above cmcaescin,T(WP) might result from impurities of the aescin powder [53,54,55].



[image: Colloids 03 00047 g003]







[image: Colloids 03 00047 g004 550]





Figure 4. Transmission electron microscopy (TEM) images of aescin solutions with concentrations of (a) 2.5 mM and (b) 5.5 mM. The samples were deposited on TEM grids, stained and dried at 6 ∘C. 
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Figure 5. Fits by indirect Fourier transformation (IFT) analysis to small-angle X-ray scattering (SAXS) data of aescin solutions with different concentrations at temperatures of (a) 10 and (b) 40 °C [57]. The data are scaled by the factors given in gray. 
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Figure 6. Pair distance distribution functions (p(r)) of aescin containing aqueous solutions at (a) 10 ∘C and (b) 40 ∘C for different aescin contents. The scattering data were analyzed with the standard IFT method [57]. 
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Figure 7. Model fits to the SAXS data at (a) 10 and (b) 40 ∘C. Data at 10 ∘C were fitted with a cylinder model and at 40 ∘C with an ellipsoid model. Both models are implemented in SASView [58]. The data are scaled by the factors given in gray. 
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Table 1. Temperature-dependent cmcaescin,AF values determined from aescins autofluorescence intensity (see Figure 2).
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T

	
cmcaescin,AF




	
∘C

	
mM






	
10

	
0.38 ± 0.09




	
15

	
0.38 ± 0.10




	
20

	
0.38 ± 0.10




	
25

	
0.38 ± 0.10




	
30

	
0.37 ± 0.11




	
35

	
0.37 ± 0.12




	
40

	
0.35 ± 0.13




	
45

	
0.35 ± 0.14




	
50

	
0.32 ± 0.13
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Table 2. Fit parameters from the cylinder at 10 ∘C and ellipsoid fit at 40 ∘C. R and L are the radius and length of the cylinder. σ(L) is the polydispersity of L. Re and Rp are the equatorial and the polar radius of the ellipsoid, respectively.
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caescin

	
R

	
L

	
σ(L)

	
Rp

	
Re




	
mM

	
Å

	
Å

	
%

	
Å

	
Å






	
1.7

	
17.8 ± 0.02

	
90.9 ± 0.4

	
4

	
13.2 ± 0.10

	
31.9 ± 0.07




	
2.5

	
16.8 ± 0.04

	
90.9 ± 0.4

	
14

	
13.4 ± 0.10

	
31.1 ± 0.07




	
3.9

	
17.4 ± 0.03

	
86.6 ± 0.2

	
23

	
15.0 ± 0.04

	
31.1 ± 0.05




	
5.5

	
17.8 ± 0.01

	
77.9 ± 0.2

	
26

	
15.4 ± 0.06

	
31.2 ± 0.04




	
7.4

	
18.5 ± 0.02

	
76.3 ± 0.2

	
27

	
15.7 ± 0.04

	
31.1 ± 0.03




	
9.5

	
18.5 ± 0.01

	
74.0 ± 0.0

	
26

	
16.8 ± 0.02

	
30.8 ± 0.02
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