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Abstract

:

 β -aescin is a versatile biosurfactant extracted from the seeds of the horse chestnut tree Aesculus hippocastanum with anti-cancer potential and is commonly used in the food and pharmaceutical and cosmetic industries. In this article, wide-angle X-ray scattering (WAXS) is used in order to study the modifications of the structural parameters at the molecular scale of lipid bilayers in the form of bicelles composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and the triterpenoid saponin  β -aescin. In particular, the impact on the cooperative phase transition and the structural parameters of the DMPC bilayers at different compositions and temperatures is of special interest. Moreover, we show how cholesterol and the non-steroidal anti-inflammatory drug (NSAID) ibuprofen modulate the structural parameters of the  β -aescin-DMPC assemblies on a molecular scale. Ibuprofen and cholesterol interact with different parts of the bilayer, namely the head-region in the former and the tail-region in the latter case allowing for specific molecular packing and phase formation in the binary and ternary mixtures.
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1. Introduction


Aescin (or escin) is a mixture of the triterpene saponins extracted from the seeds of the horse chestnut tree Aesculus hippocastanum [1,2,3,4,5,6,7]. The active compound in this mixture is  β -aescin, which is also the key molecule in this work [8]. It has gained significant attention in the last 10 years especially in relation to aescins’ pharmacological activity [9,10,11,12,13,14]. The compound itself has proven to be very tolerable in in-vivo and in-vitro studies [15,16] and its potent anti-inflammatory and anti-odematous properties make it used for therapy of chronic venous insufficiency (CVI), edema, post thrombotic syndrome, and arthritis [8,13,14,15,17,18,19]. More recently, aescin has been investigated with respect to its potential for anti-cancer therapy [20,21,22]. Especially its growth-inhibiting activity against glioblastoma-initiating cells (GIC) is remarkable and is more efficient compared to clinically used drugs [23]. In addition, it was found to augment the effects of existing chemotherapeutic drugs [20].



 β -aescin is a monodesmoside saponin. Its molecular structure possesses surfactant-like character with a distinct headgroup (glycone) and backbone (aglycone) (Figure 1a).



The glycone consists of an oligosaccharide chain with 3 sugar units and is linked via a glycosidic bond to the triterpenoid aglycone. The peculiarity of the structure arises from the additional polar groups primarily attached one sided to the aglycone. More details about the structure are reported elsewhere [8,9,24]. Due to this peculiar structure,  β -aescin adsorption layers posses unique surface rheological properties [25,26,27,28,29].



 β -aescin molecules form micelles in aqueous solution. Their critical micelle concentration (  c m c  ) in aqueous phosphate buffer (50 mM, pH 7.4) is   c m c  ( β -aescin) ≈ 0.3–0.4 mM [24]. In lipidic environment consisting of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, Figure 1b, main phase transition temperature   T m  (DMPC) = 23.6    ∘  C [30]), self-assembled and thermodynamically stable structures form, which depend on  β -aescin concentration and lipid-to-saponin ratio [9]. Depending on  β -ascin concentration phase segregation into saponin-rich and saponin-poor regions occurs, as proven by differential scanning calorimetry (DSC) [30,31,32]. Far below   c m c  ( β -aescin), stable unilamellar vesicles are obtained by extrusion [33,34]. The successful incorporation of  β -aescin molecules into the bilayer occurs at both phase states (gel and fluid), as shown by modified electron density profiles of bilayers from small-angle X-ray scattering (SAXS) experiments. The modification of the structural parameter of the vesicular DMPC bilayer was found to be more prominent in the gel-phase state than in the fluid phase state [33,34]. Neutron spin-echo spectroscopy (NSE) experiments revealed that  β -aescin strongly softenes the gel-phase bilayer and slightly rigidifies the fluid phase bilayer. The softening was derived to result from interactions between  β -aescins (charged) sugar group with DMPC’s zwitterionic headgroup, similar to the softening effect of non-steroidal anti-inflammatory drugs (NSAIDs) [35]. The rigidification was derived to result from the insertion of  β -aescin’s stiff triterpene backbone into the fluid-like bilayer, similar to the stiffening effect of cholesterol [36].



In this work concentrations   > c m c  ( β -aescin) are used. In a recent study with X-rays and neutrons at small angles (SAXS/SANS) on the same samples, bicelle (or nanodisk) shape was confirmed for the samples with 10 mol% (E100) to 30 mol% (E300) at 10    ∘  C. Nanoscale lipid disks were obtained at highest and larger structures at lower saponin contents. The final diameter of the disks ranges in the present case from 300 Å at 7 mol% to 120 Å at 30 mol%  β -aescin. The  β -aescin concentration is given with respect to the amount of DMPC. In the model fits to the SAXS/small-angle neutron scattering (SANS) data,  β -aescin molecules were taken into account in the form of a rim around the bilayer [37]. However, while the model fits and the data were in excellent agreement, some of the parameters lead to the discussion of possible interaction or insertion of some saponin molecules into the bilayer part, especially at  β -aescin contents above 20 mol%. Between 20 and 30 mol%, the radius of the disks was found to become inferior to the bilayer thickness, thus most-likely almost fully symmetric micellar structures are present. The temperature-dependent structural evolution of these structures is subject of current analysis and was already published for slightly lower contents (up to 7 mol% [33]). However, in these unpublished data and former results, a lateral expansion of the disks is observed with increasing temperature. Conclusively, it is very interesting and important to look more closely into the structural parameters on the sub-nm scale in order to understand the expansion of the disks into sheets. This process implies modifications in the solubility of the surfactant molecules in the lipids and a changing rim line tension [38].



The phase behaviour of the  β -aescin-DMPC mixtures can be modified through the addition of additive molecules, such as the steroid cholesterol (Figure 1c) [32] or the NSAID ibuprofen (Figure 1d) [31]. Cholesterol is one major compound in mammalian cells and its concentration can be as high as 50% in lipid bilayers [39]. Ibuprofen is a freely available and frequently consumed drug. Moreover, in the public opinion, ibuprofen is seen as rather harmless medication so that consumption of higher amounts frequently occurs; also together with other drugs or for example, plant-based supplements such as  β -aescin based dietary components.



In addition to the biological relevance, these two molecules are known to interact with different parts of the phospholipid molecule allowing for an interesting comparison of molecular interactions. Cholesterol is known to incorporate in a ’vertical’ manner in the hydrophobic part of the bilayer interacting with hydrophobic chains of the lipid and ridigifying the bilayer [36,39]. Thereby, the ordering of the lipid chains is disturbed and also the cooperative phase transition of the lipid chains is broadened [39]. Ibuprofen is known to interact with the lipid hydrophilic headgroups from the inside of the bilayer, as shown by Boggara et al. with contrast-variation small-angle neutron scattering (SANS) experiments [35,40]. In such experiments, parts of the molecule are contrast matched with the solvent, that is, for example the tails of DMPC become invisible for the neutrons and location of the drug molecules becomes precisely visible.



The specific interactions of those additives (cholesterol and ibuprofen) were elucidated at similar environmental conditions in the presence of  β -aescin at concentrations close to or below   c m c  ( β -aescin), that is, at lower  β -aescin concentrations as presented in this article [31,32]. It is known that  β -aescin and cholesterol molecules form strong complexes in lipid environment [32,41,42]. On larger length scales, deformation and aggregation between adjacent bilayers in the form of for example, vesicles dominates the structural picture.  β -Aescin and ibuprofen have similar effects on the structural parameters of the bilayer. Nevertheless, ibuprofen was found to reduce the membrane disrupting effect of  β -aescin and generally reducing aggregation between bilayers. Both compounds modulate the thermotropic behaviour and the nature of phase segregation, as studied for both systems by means of DSC [31,32].



The scope of this article is to investigate the impact of the additives cholesterol and ibuprofen on the molecular scale structural parameters of DMPC- β -aescin assemblies with  β -aescin concentrations above   c m c  ( β -aescin). In this work, especially the correlation between the kind of additive and the phase state of the lipid will be established. The study is conducted by using wide-angle X-ray scattering (WAXS) at temperatures between 10 and 50    ∘  C covering all phase states (‘gel’ (L    β ′   ) and ‘fluid’ (L   α  , liquid crystalline)) of DMPC and different  β -aescin concentrations. First, the article discusses modifications of shape of the WAXS diffraction patterns and later of structural parameters and melting conditions. WAXS covers the short-range order including partitioning at the molecular scale, while the long-range order (via small-angle scattering), thermodynamics (differential scanning calorimetry), and visual observation of the samples were subject of former works as described above [31,32,37].




2. Materials and Methods


2.1. Chemicals


 β -aescin (>95%, CAS 6805-41-0, C   55  H   86  O   24  , M = 1131.269 g/mol), 2-(4- isobutylphenyl) propanoic acid (ibuprofen, ≤98%, CAS 15687-27-1, C   13  H   18  O   2  , M = 206.28 g/mol), cholesterol (≤95%, CAS 57-88-5, C   27  H   46  O, M = 386.65 g/mol), and chloroform were purchased from Sigma Aldrich (Munich, Germany). 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased from Lipoid GmbH (>99%, Ludwigshafen, Germany). The samples were prepared in a 50 mM phosphate buffer solution at pH 7.4 with purified water (Sartorius arium VF pro, Göttingen, Germany).




2.2. Sample Preparation


DMPC and ibuprofen or cholesterol powder were mixed and dissolved in chloroform. The chloroform was slowly evaporated in a rotary evaporator and the dry lipid film stored over night at 60    ∘  C for complete chloroform removal. The lipid film was hydrated with an aqueous  β -aescin solution with phosphate buffer (50 mM, pH 7.4) in the final aescin concentration. The samples were treated by five freeze-thaw cycles in liquid nitrogen and warm water. The pure DMPC (and aescin-free) sample was transformed into small unilamellar vesicles (SUVs) by extrusion (21×, extruder from Avanti Polar Lipids Inc., Alabaster, AL, USA) through polycarbonate membranes with a pore diameter of 500 Å (Whatman, Avanti Polar Lipids Inc.). The phospholipid mass concentration was w = 15 g·L    − 1   . Apart from the pure DMPC SUVs for WAXS, the investigated aescin contents   x aescin   range from 10–30 mol% and are defined with respect to the lipid and saponin concentration in solution (   x aescin  =  n aescin   / (   n DMPC  +  n aescin  +  n  IBU / Chol    )). In the manuscript, sample names are abbreviated. Thereby, the capital letters E, C, and I denote aescin, cholesterol, and ibuprofen, respectively. The concentrations are indicated by full numbers whereby the last digit indicates the first decimal and so on. Hence, a sample with 10 mol% cholesterol and 20 mol% aescin is named as follows: C100_E200.




2.3. Wide-Angle X-ray Scattering


The insertion of larger bio-molecules and pharmaceuticals causes dramatic changes in the structure and ordering of lipids, the building unit of biological membranes. WAXS is able to reveal such structural modifications on the sub-nm scale through the position and shape of the acyl chain correlation peak with its peak maximum at   q peak   [43]. The distance (  d WAXS  ) between the hydrocarbon chains of the lipid molecules results from the inverse relationship between the peak maximum of the correlation peak and the acyl chain correlation distance (Equation (1)) and is schematically depicted in Figure 2.


   d WAXS  =   2 π   q peak   .  



(1)







In lipid bilayers, the area per lipid (  A L  ) results from the two-dimensional packing of the phospholipids. In the case of DMPC, that is, below   T m  , and especially at 10    ∘  C, the phospholipids are in their gel state (L    β ′   ) and are packed in a hexagonal lattice. Equation (2) relates then the position of the acyl chain correlation peak with   A L  .


   A L  =   16  π 2     3   q WAXS 2    .  



(2)







Above   T m  , the lipids are more randomly packed (right scheme in Figure 2) and   A L   can vary from a hexagonal lattice [43,44]. Therefore, in the following, only   d WAXS   values are discussed in order to guarantee phase state-independent comparability of the results. Moreover, this allows also to discuss the results from temperatures where the lipids are not in well defined phase states (e.g., close to   T m  ). A detailed description of DMPC’s gel phase structure as determined by wide-angle X-ray diffraction was reported by Tristam-Nagle et al. in Reference [44]. These authors report an area per lipid of 47 Å   2   for DMPC at around 10    ∘  C.



WAXS experiments were performed between 10    ∘  C and 50    ∘  C (  Δ T =   5    ∘  C with a heating rate of 20    ∘  C/min). The samples were measured in a flow-through Kapton capillary (1 mm, GoodFellow GmbH, Bad Nauheim, Germany) in a Linkam stage (Linkam Scientific, Tadworth, UK). WAXS experiments were performed at the ID02 beamline at the ESRF synchrotron in Grenoble, France [45]. The data were recorded with a CCD Rayonix LX-170HS detector at a sample-to-detector distance of 0.12 m and a wavelength of 1 Å. Recording time was 25 × 1 s (for DMPC SUVs 10 × 1 s) and the reduced curves were averaged. Initial data treatment was done using the beamlines data reduction program package [46]. The sample scattering was normalized with respect to incident intensity, sample thickness, acquisition time, transmission and background and was brought to absolute scale using water. Moreover, a constant background was subtracted for better visualization of the data. In scattering experiments, the intensity   I ( q )   amounts to   I  ( q )  = N   ( Δ ρ )  2   V 2  P  ( q )  S  ( q )    and depends on number of particles (N), particle volume (V), contrast in the form of the X-ray scattering length density differences (XSLD;   Δ ρ =  ρ particle  −  ρ solvent   ), particle form factor (  P ( q )  ) and structure factor (  S ( q )  ). The scattering vector magnitude is defined as   q = 4 π / λ sin ( θ )   at a scattering angle of 2 θ .





3. Results and Discussion


Temperature-dependent WAXS diffraction patterns of DMPC bilayers with  β -aescin (10–30 mol%, E100-E300) and additional ibuprofen (10 mol%, I100) or cholesterol (10 mol%, C100) are shown in Figure 3.



The temperature is varied between 10 and 50    ∘  C in steps of 5    ∘  C covering temperatures around the main phase transition temperature   T m  (DMPC) ≈ 23.6    ∘  C [30]. The effect of higher cholesterol contents is discussed later.



Below   T m  , phospholipid molecules are tightly packed and exhibit a hexagonal ordering (see left drawing of Figure 2b) in the rigid L    β ′    ‘gel’ phase. Above   T m   the acyl chains undergo a conformational transition from all trans to partially gauche configuration leading to the more disordered arrangement of lipid molecules and the flexible fluid L   α   phase of DMPC is reached (see right drawing of Figure 2b). When increasing the temperature from below to above   T m  , coexistence of both phases is expected at temperatures close to   T m  . The ordering of the lipid molecules determines the shape of the WAXS diffraction signal, that is, the acyl chain correlation peak [43]. A narrow distribution is observed in the L    β ′    where lipid chains are tightly packed. This signal suddenly broadens at   T >  T m   , representing the rather broadly distributed distances between lipid molecules at fluid-like conditions. In the case of DMPC this transition occurs at temperatures above 25    ∘  C (Figure 3a). Therefore, variations in the shape of the WAXS diffraction patterns indicate structural modifications in the systems whereas q-values are correlated with the real-space distances by Equation (1).



3.1. Shape of the WAXS Diffraction Patterns at Different Temperatures and Composition


In Figure 3, WAXS graphs are grouped in vertical arrangement as function of  β -aescin content and the horizontal arrangement for the same  β -aescin content but different additive for better comparability. The most symmetric patterns are obtained for the additive-free DMPC system where a homogeneous lateral distribution of lipid molecules and symmetric peaks are expected and confirmed for all temperatures.



The presence of  β -aescin causes a shoulder in the WAXS curves (black arrows in panels (a)–(e)) at lower q-values, that is, larger distances. This shoulder between 0.8–1 Å    − 1    increases in intensity with rising  β -aescin content and is clearly visible above 20 mol% of  β -aescin and appears to be independent of temperature. Such a shoulder in the data gives rise to the assumption of phase segregation and formation of two separate phases by DMPC and  β -aescin molecules. While the exact composition of the second phase is not known from this data or corresponds to a disturbed hexagonal phase, the peak maximum gives rise to a molecular spacing of around 6 Å. This phenomenon was already previously briefly discussed for a  β -aescin content of 6.5 mol% [30] and is now confirmed for  β -aescin contents far above the   c m c  . A possible disturbance of the hexagonal phase by  β -aescin is shown schematically in Figure 4b (phase IV) compared to the neatly ordered hexagonal DMPC bilayer in Figure 4a (phase I). Here, it must be assumed that phases I and IV coexist within the bilayer. In addition to this, at these  β -aescin concentrations curvature effects may contribute since in in the nanoscale bicelles, the radius becomes inferior to the bilayer thickness above 20 mol% [37].



In the following, the binary  β -aescin-DMPC system is compared to the ibuprofen loaded (I100) ternary system in the middle column of Figure 3. In the  β -aescin free system (panel f, E000), a shoulder at higher q is found (see arrow) at around 1.75 Å    − 1   . From the WAXS perspective, the distortion of the ordering of the lipid head groups and chains in the DMPC bilayer by the ibuprofen molecules as reported by Boggara et al. [40] leads to a modified WAXS signal and modifies the molecular ordering of the DMPC molecules. Ibuprofen increases the headgroup volume allowing the lipid acyl chains arrange in an orthorhombic arrangement instead of the tightly packed hexagonal phase, as indicated schematically in Figure 4a,b. When  β -aescin is added, this packing is reversed by increasing the tail volume which shows in the disappearing peak at around 1.75 Å    − 1    and again, a shoulder at lower q forms between 0.8–1 Å    − 1   , similar to the corresponding binary   β −  aescin-DMPC system. It becomes obvious that the effect of  β -aescin dominates the interaction with DMPC’s phosphocholine groups and the packing of the DMPC acyl chains as depicted on the left of Figure 4c. Nevertheless, besides the packing effects, both molecules ( β -aescin and ibuprofen) carry a carboxylic group (see Figure 1) and are deprotonated at the present pH of 7.4. Therefore, we do not expect strong complexation of these molecules but rather similar interactions with the lipid bilayer and especially with the zwitterionic phosphocholine head group of DMPC. However, it cannot be excluded that both molecules interact through the hydrophobic parts (e.g., phenol group of ibuprofen with the double bond located at  β -aescins triterpene backbone).



A more interesting pattern is observed for the cholesterol-containing system (panels (k)–(o) in Figure 3 for 10 mol% and Figure 5 for 20 mol% cholesterol).



Here, cholesterol similar to ibuprofen causes formation of a shoulder at larger q-values (around 1.8 Å    − 1   ) in the WAXS diffraction pattern (see arrow in panel (k) and dashed grey line). This shoulder also is caused by the incorporated cholesterol molecules in the bilayer distorting the homogeneous order of the lipid molecules. From these results it is expected that cholesterol increases the volume of the hydrophobic chains allowing for arrangement of the acyl chains of DMPC in a orthorhombic structure. This is schematically depicted in phase III in Figure 4b. Addition of  β -aescin reverses this effect through complexation between  β -aescin and the cholesterol molecules and additionally increases the headgroup volume (see phase VI in Figure 4c). The complexation is known for other saponin molecules and  β -aescin [32,42,47] From the sharpness of the peaks in the WAXS patterns it becomes visible that the complexes formed may have crystalline character, form at highest  β -aescin (see arrows in panel (o) in Figure 3 for 30 mol%) and higher cholesterol contents (see arrows in Figure 5) and are independent of temperature. From the location of the peak maximum, the spacing of the lipids around these structures can be approximated to ≈6 Å from the peak position. From these results it can be concluded that higher amounts of the steroid enhance the formation of complexes. Additionally, this effect increases with rising saponin content. Nevertheless, the exact morphology of this crystal-like phase seeks investigation by microscopy for final proof. The almost equal elevation of   T m   and broadening of the phase transition for all samples implies again, that  β -aescin dominates phase behaviour on the molecular level. Also, especially the elevation of   T m   suggests attractive interactions between inserted molecules and the phospholipid hydrocarbon chains.




3.2. Evolution of   d  W A X S    with Temperature and Composition and Impact of the Composition on the Cooperative Phase Transition of the DMPC Bilayer


Besides the shape of the diffraction signal, also the peak maximum shifts with temperature for all curves. With increasing temperature, the peak maximum (  q WAXS  ) shifts to lower q-values, that is, to larger distances   d WAXS  . The evolution of   d WAXS   is discussed for the different systems investigated and the values are summarized for each of them in Figure 6.



The pure DMPC bilayer (black symbols in panel (a)) exhibits a sharp phase transition with temperature: when   T m   of DMPC is crossed,   d WAXS   increases and represents a loser packing of the phospholipids in the lipids fluid phase compared to the gel phase.   A L   for the DMPC sample results to 40.7 Å   2   at 10    ∘  C and to 47.3 Å   2   at 50    ∘  C when calculated by Equation (2). Addition of  β -aescin modifies this evolution of   d WAXS   with temperature. The most prominent features of  β -aescin’s impact are highlighted by numbered arrows in the figure. The first one (arrow 1) becomes visible at ‘gel’ phase temperatures below 25    ∘  C. Here,   d WAXS   values are slightly larger compared to those of DMPC and are almost constant for all  β -aescin containing samples. Thus, from these results it can be assumed that complete phase separation of saponin and lipid molecules in the bilayer does not occur. A complete micro-phase separation of lipid and saponin molecules would lead to the same   d WAXS   values as for pure DMPC bilayers. Thus, it is assumed that  β -aescin molecules partially mix with DMPC molecules in the bilayer part. However, this assumption is only sparsely proven by these experiments and seeks confirmation by for example, contrast variation experiments with neutrons, where DMPC molecules are contrast matched. When DMPC is contrast matched, that is, invisible for the neutrons, only the distribution of  β -aescin molecules is visible revealing homogeneous or island-like distribution in the bilayer. However, the deviation of the E100 to E300 samples is most pronounced around   T m   of DMPC (arrows 2 and 3), that is, between 20 and 40    ∘  C. Here, it becomes visible that the temperature-driven phase transition is smoother when crossing   T m  (DMPC). Interestingly, at fluid-phase DMPC and only far above   T m  , the same   d WAXS   values are obtained for DMPC and the samples E100, E200, and E300. Thus, we assume that  β -aescin molecules are mixed more efficiently with DMPC molecules, that is, that  β -aescin molecules are distributed more homogeneously within the bilayer. This is in concordance with our earlier results from dynamic experiments with NSE where most prominent impact of  β -aescin was found in gel phase and lowest impact in fluid-phase DMPC bilayer.



The comparison of the results of the binary DMPC- β -aescin mixtures (Figure 6a) to those for the samples with additional 10 mol% ibuprofen (Figure 6b) or cholesterol (Figure 6c), highlights even more the strong impact of  β -aescin on the evolution of the structural parameters of these samples. In addition, the different interacting properties of both additives becomes visible:



Ibuprofen (I100 sample) has most prominent impact at   T >   25    ∘  C by reducing the average spacing between DMPCs acyl chains and head groups in the fluid state. This occurs through ibuprofen-headgroup interactions from the inside of the bilayer [40]. In the gel state, no significant effect of ibuprofen is observed. Additional  β -aescin in these samples at different concentrations (I100_E100, etc.), again leads to   d WAXS   values similar to those of the additive-free samples in panel (a) and also the   d WAXS   reduction in the fluid phase is reversed. This indicates competing or synergistic interactions of ibuprofen and  β -aescin with the DMPC model membrane.



Cholesterol (C100 sample) increases   d WAXS  -values at both well-defined phase states (gel (  T <   20    ∘  C) and fluid (  T >   30    ∘  C)) through incorporation of the stiff steroid backbone into the bilayer. At temperatures close to   T m   (20–30    ∘  C), no clear effect is visible probably because of the inhomogeneous phase state conditions. Additional  β -aescin (C100_E100, etc.) again dominates the structural picture whereas, in this case, largest   d WAXS  -values in the fluid phase correspond to the ones found for samples containing cholesterol. This confirms the complex formation between  β -aescin and cholesterol in lipid bilayers. This effect is already presented in the literature [32,41] and is consistent with our results.



In order to obtain a clearer picture of the combined effect of ibuprofen or cholesterol with  β -aescin on model membranes,   d WAXS  -values at constant  β -aescin content are compared to each other (Figure 7).



The comparison of   d WAXS  -values at constant  β -aescin content highlights the impact of the added species on the structural parameters on the sub-nm scale. The figure highlights that at every  β -aescin concentration, ibuprofen as well as cholesterol indeed modify the   d WAXS   values, as a result that was not directly visible from the plots in Figure 6. Thereby, ibuprofen shows the major impact at higher temperatures, that is, in the presence of fluid phase DMPC. These slightly increased values confirm attractive interaction between  β -aescin and ibuprofen molecules. In case of cholesterol, the complexes formed between  β -aescin and cholesterol lead to even higher   d WAXS   values at the same amount (C100) compared to ibuprofen (I100). Moreover, a higher cholesterol content (C200) leads to even larger values and this effect is observed for all temperatures, and thus phase states. Higher   d  W A X S   -values indicate that these structures require more space within the bilayer.



In the following, the effect of the different compositions on the melting properties of the bilayer will be discussed. Therefore, the evolution of the   d WAXS  -values with temperature will be used in order to obtain information on   T m  (WAXS) (Figure 8).



  T m  (WAXS) is extracted from the maximum of a peak fit (Lorentzian or Gaussian, see Figure S3) to the first numerically calculated derivative of the   d WAXS  -values (see grey points in Figure 8a). The results on   T m  (WAXS) on the different composition is shown in Figure 8b. It becomes visible that   T m   shifts for all samples to higher temperatures upon  β -aescin addition and stays almost constant for all saponin concentrations added. Thereby, no major difference is observed between the additive-free samples (only  β -aescin, pink) and the ones with 10 mol% cholesterol or ibuprofen. Solely the presence of 20 mol% cholesterol leads to much lower   T m   compared to the other  β -aescin containing samples.



The broadening of the phase transition   w ( T )   is derived from the FWHM of the peak fit (Figure 8c). It provides information on the impact of the additives on the cooperative phase transition process of the DMPC molecules and describes how ‘smooth’ the cooperative phase transition proceeds with temperature. Thus, when   w ( T )   is high, the temperature-driven conformational transition of the DMPC molecules from the gel to the fluid state is rather smooth compared to the ‘native’ (pure DMPC) bilayer whose transition is rather ‘sharp’ around   T m  .



When comparing the  β -aescin-free samples (dots) to each other it becomes visible that the   w ( T )   is almost constant for all samples within error-bars. When  β -aescin is added, a broadening (increase in   w ( T )  ) occurs for all samples. The most prominent impact occurs for 20 mol% cholesterol where   w ( T )   strongly increases.



The increase of   T m   goes along with the broadening of the phase transition upon addition of  β -aescin. Here, strong interaction between  β -aescin molecules and DMPC molecules occurs, leading to a distorted arrangement of the acyl chains of DMPC. Upon this distortion and due to the proximity to  β -aescins stiff triterpene backbone, the acyl chains of DMPC transition from all-trans to partially gauche conformation at already lower temperatures below   T m  . Above   T m  , on the other hand, attractive interactions between  β -aescin and DMPC’s acyl chains hinder the cooperative phase transition of DMPC’s acyl chains when crossing the melting temperature of the phospholipid. Altogether, an elevated   T m   results when attractive interactions predominate the phase transition of DMPC’s acyl chains.



The results for   T m   and   w ( T )   of the ternary systems show that, again, the presence of  β -aescin controls the overall phase behaviour and thermotropic phase transition. The specific interaction and packing modifications (increase of either head or tail volume) induced by ibuprofen and cholesterol slightly modify these parameters. Thereby, ibuprofen mainly increasing headgroup volume, does not change   T m   but seems to reduce the   w ( T )  . Here, probably  β -aescin’s distorting effect on lipid chains becomes less important. The opposite effect is observed upon cholesterol addition which increases the tail volume and becomes more pronounced with rising cholesterol content. In this context, the bilayer is continuously fluidized resulting in a significantly lowered   T m   in the presence of 20 mol% cholesterol.





4. Summary and Conclusions


In this publication, we employed wide-angle X-ray scattering (WAXS) in order to discuss the effect of  β -aescin on local structural parameters of a DMPC bilayer and on the cooperative phase transition of the lipid molecules on the sub-nm scale. Moreover, we showed how the additives cholesterol and ibuprofen modify these parameters and how the specific saponin-additive interactions become visible in the WAXS diffraction patterns. The study was conducted for  β -aescin concentrations above its   c m c   and for temperatures covering both lipid phase states. From former experiments it is known that the overall structure of  β -aescin-DMPC samples are bicelles (nanodisks) at gel phase DMPC [37] that grow in size with rising temperature ([33]). Data were consistent with a model of DMPC disks stabilized with a rim of  β -aescin.



Here, we show that  β -aescin modifies the cooperative phase transition of the DMPC molecules. The phase transition process broadens with rising  β -aescin content, the main phase transition temperature   T m   is elevated and the acyl chain correlation distance   d WAXS   is impacted most prominently in the gel-phase and close to   T m   of DMPC. In the presence of ibuprofen,  β -aescin reverses the orthorhombic lipid packing and   d WAXS   values at fluid-phase DMPC are slightly elevated indicating interaction between ibuprofen and  β -aescin (note that both molecules are negatively charged). Cholesterol, on the other hand, is known to form insoluble crystal-like complexes with saponins such as  β -aescin [42]. This effect becomes especially prominent at higher amounts of the steroid and is clearly indicated by respective peaks in the WAXS diffraction pattern. These complexes also lead to larger   d WAXS   values at all temperatures. Thus, depending on lipid phase state and kind of additive, partitioning at the molecular scale in the bilayers investigated occurs.



The findings in this article shall improve the overall understanding of the effect of saponins in general on the structural parameters of lipid bilayers. The findings for  β -aescin can help understanding the effects of other saponins on lipid bilayers. This is relevant for application of cosmetics and pharmaceuticals on for example, human skin in the form of cremes. Also the role of  β -aescin in making membranes of living cells permeable when medication is either injected or ingested orally can be better understood on the basis of knowledge of  β -aescin-lipid interaction on a molecular level. Especially in this context, understanding the combined effect of regularly used drugs such as freely-available NSAIDs is of special interest because there is almost no published work investigating how these different drugs interact with each other. The findings for the special case ibuprofen will also help to understand and derive the effects for similar drugs such as diclofenac and naproxen [48]. In addition, this study supports the idea of using  β -aescin as co-medication to mimic pharmacological effects of NSAIDs and to reduce their medication-based side effects [49]. Cholesterol is a major component in mammalian cells so that understanding the saponin-cholesterol interaction is indispensable.
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Figure 1. Molecular structures of (a)  β -aescin [24], (b) 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), (c) cholesterol, and (d) ibuprofen. At pH 7.4 the carboxylic acid groups of ibuprofen and  β -aescin are deprotonated. 
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Figure 2. (a) Schematics of the acyl chain correlation distance   d WAXS   extracted from the maximum of the wide-angle X-ray scattering (WAXS) diffraction signal from the peak maximum at   q peak   below and above the melting temperature of the lipid. Figure modified and adapted on the basis of reference [43]. (b) Schematics of the head group ordering in a hexagonally ordered L    β ′    ‘gel’ phase below and flexible fluid L   α   phase above the main phase transition temperature   T m  . 
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Figure 3. WAXS graphs of DMPC+ β -aescin samples without additive (panels (a–e)), with additional 10 mol% ibuprofen (panels (f–j)), and with additional 10 mol% cholesterol (panels (k–o)). The  β -aescin content is varied between 0 (E000) and 30 mol% (E300) with respect to the lipid content. The temperature ranges from 10 to 50    ∘  C. Arrows indicate interesting features in the graphs. The dashed grey lines mark peak positions of the shoulder at lower and higher q-values and the position of the sharp peak in the C100_E300 sample. The legend applies to all panels. The full WAXS patterns are shown in Figure S1. 
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Figure 4. Scheme summarising the effects from ibuprofen (orange), cholesterol (yellow molecules), and  β -aescin (pink molecules) on a half DMPC bilayer (blue molecules). (a) Neat DMPC bilayer exhibiting hexagonal ordering (black hexagon) at gel phase conditions. (b) Molecular ordering in the binary systems of additives with DMPC. Ibuprofen (orange, Phase II) and cholesterol (yellow, Phase III) induce an orthorhombic phase order of the DMPC bilayer.  β -aescin (pink, Phase IV) does not lead to a distinct phase. We assume a distorted hexagonal phase. (c) Molecular ordering in the ternary mixtures of DMPC with  β -aescin and ibuprofen (left) and of DMPC with  β -aescin and cholesterol (right). In both cases the main lipid ordering is determined by  β -aescin (pink dashed hexagon). Additionally to this, cholesterol increases the spacing between DMPC molecules. For all samples, it is assumed that phases II-VI coexist with phase I. 
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Figure 5. WAXS diffraction patterns of ternary mixtures composed of DMPC, 20 mol% cholesterol and (a) 10 mol% ‘beta’-aescin and (b) 20 mol% ‘beta’-aescin at temperatures around    T m   ( D M P C )   . Arrows point on a shoulder rising with increasing aescin content. The full WAXS patterns are shown in Figure S2. 
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Figure 6.   d WAXS   for the binary system (a) DMPC/ β -aescin and additional ternary systems with 10mol% of the additive in (b) for DMPC/beta-aescin/ibuprofen and in (c) DMPC/beta-aescin/cholesterol mixtures calculated from the peak maxima in Figure 3 and Figure 5 by Equation (1). The dashed lines are guides to the eye for better readability. The arrows in panel (a) mark interesting points which are discussed in the main text. Not visible error bars are within the symbol size. Fits to these data are shown in Figure S3. 
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Figure 7.   d WAXS  -values at constant  β -aescin content of (a): 10 mol% (E100), (b): 20 mol% (E200), and (c): 30 mol% (E300).   d WAXS   are calculated from the peak maxima in Figure 3 and Figure 5 by Equation (1). The dashed lines are guides to the eye for better readability. If error bars are not visible, they are within the symbol size. 
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Figure 8. (a) Determination of   T m  (WAXS) from the maximum of the peak fit (grey line) of the first derivative (grey symbols) of   d WAXS   values (red symbols). (b)   T m  (WAXS) values of all data. The fits to the data are shown in Figure S2. (c) Full width at half maximum (FWHM,   w ( T )  ) of the peak fits. The values here are mean values over all  β -aescin concentrations. The single values of each concentration are listed in Table S1. These values represent the ’broadening’ of the phase transition with temperature. 
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