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Abstract

:

A bicelle, which is a bilayer molecular assembly, can be prepared by fluidizing a vesicle in the presence of a detergent. We investigated the effect of two different detergents, 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxypropane sulfonate (CHAPSO) and Triton X-100 (TX), on the formation of a bicelle from a vesicle containing oleic acid (OA) and the detergent molecules. The fluidization effect of the detergent was evaluated using the membrane packing density, which we measured using the fluorescent probe method with Laurdan, in conjunction with transmission electron microscopy to examine the morphology of the prepared bilayer molecular assemblies. As a result, it was discovered that the OA/CHAPSO system could form a heterogeneous phase with the highest packing density, implying that CHAPSO was the better detergent for a bicelle preparation, whereas the OA/TX system formed a disordered phase with the lowest packing density.
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1. Introduction


A bilayer membrane structured molecular assembly is expected to be used as functional membrane materials, for example, in drug carriers and cosmetic agents [1,2]. A bicelle, which consists of a long-chain lipid and a detergent, is an effective parent for functional membrane materials [3,4] because its bilayer membrane structure continuously forms the morphology, such as multilamellar vesicles, toroidal pore vesicles, a disk-like micelle, or a thread-like micelle, depending on its concentration and its composition ratio [5,6]. The morphological property of a bicelle has also been used in the crystallization of membrane proteins [7,8]. The crystal structure of the membrane protein supported on the bicelle has been analyzed by nuclear magnetic resonance spectroscopy [7,8]. It should be noted that the composition must maintain the bilayer membrane structure to use a bicelle as the parent. By adjusting the pH and salt concentration, a fatty acid, which is a single unsaturated chain, is known to form a bilayer membrane structure [9]. A fatty acid decomposed from food forms an oblate bicelle with a coexisting bile salt in the human duodenum [10]. The thermodynamic properties of multi-dispersed oblate bicelles with sodium oleate and a bile salt or an analogous detergent have been reported [11]. Given their molecular assemblies, a fatty-acid-rich bicelle and a detergent-rich bicelle coexisted. The fatty-acid-rich bicelle had a bilayer membrane structure derived from fatty acids [12] and could be used as the parent. We have previously used a fluorescent probe, 6-dodecanoyl-N,N-dimethyl-2-naphthylamine (Laurdan), to analyze the phase state of the fatty-acid-rich assembly [13]. The ordered and the disordered phase were found to coexist in the bilayer of oleic acid (OA), as a fatty acid, in a solution of 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxypropane sulfonate (CHAPSO), as a detergent. CHAPSO is composed of a rigid steroid structure with a hydrophilic and a hydrophobic surface, similar to bile salts. Because the critical micelle concentration of CHAPSO (CMCCHAPSO) is 6–8 mM, this experiment was carried out at a concentration of 20 mM higher than CMCCHAPSO for the OA bilayer and the CHAPSO molecule to interact well. Here, an OA vesicle was used as a source of a bilayer membrane [14]. We also discovered that the size of the OA vesicle decreased as the OA to CHAPSO mixing molar ratio (XOA = [OA]/([OA] + [CHAPSO])) decreased [13]. The size reduction demonstrated that the CHAPSO molecule acted as a detergent fluidizing the OA bilayer membrane.



The fluidization of the bilayer membrane is required for the formation of a bicelle. Membrane fluidization techniques are commonly used in biological chemistry to extract membrane proteins. However, the mechanism of membrane fluidization is dependent on the type of detergents used. For example, it was reported that the hemolytic effect of 3-[(3-cholamidopropyl) dimethylammonio] propanesulfonate (CHAPS) and Triton X-100 (TX) on a natural erythrocyte membrane showed a difference between each membrane fluidization process [15]. The structure of CHAPS is similar to bile salts. The hydrophobic surface of CHAPS was expected to incorporate into the erythrocyte membrane, whereas the hydrophilic surface was exposed to an aqueous solution [15]. Incorporating CHAPS reduced the packing density of the acyl chains in the erythrocyte membrane while leaving the apparent packing density of its membrane surface almost unchanged [15]. Conversely, TX has a large polar moiety and has been used as a powerful detergent in that region. TX was expected to penetrate deeply into the erythrocyte membrane, resulting in membrane fluidization [15]. The results showed that the fluidization process and the resulting bicelle morphology should be taken into consideration.



This study reports the size of the OA/detergent bicelle and the packing density demonstrating the phase state of the OA bilayer membrane on its bicelle prepared at the molar ratio, XOA (= [OA]/([OA] + [CHAPSO or TX])), of 0.30 or 0.70. They were evaluated to propose an effective combination as the parent bicelle. Here, the fatty acid, OA, is a source of the bilayer membrane. CHAPSO and TX were also employed as detergent models. The dynamic light scattering (DLS) and transmission electron microscopy (TEM) were used to determine the size. Deconvolution of the fluorescent spectrum with Laurdan as a probe was used to determine the packing density of the OA molecules in the bicelle. Then, we compared the packing density of the obtained bilayer membrane with that of several phospholipid vesicles with well-defined phase states [16,17].




2. Materials and Methods


2.1. Preparation of OA/Detergent Bicelles


The OA vesicle (pH 8.5, [NaCl] = 50 mM) was first prepared [14]. The OA vesicle contained dehydrogenated OA molecules, i.e., oleates, with a molar ratio of OA to oleate of 20:80 [18]. As shown in Figure 1, an OA/CHAPSO bicelle of 20 mM was prepared as a source of an OA bilayer membrane by mixing a 20 mM CHAPSO or TX stock solution with a 20 mM OA vesicle solution with the desired XOA of 0.30 and 0.70.




2.2. Evaluation of the Morphology of OA/Detergent Bicelles


DLS apparatus (Zetasizer Nano-ZS, Malvern Panalytical Ltd., Osaka, Japan) was used to measure the size of each OA/detergent bicelle at 298 K. A TEM image (HF-2000, Hitachi Ltd., Osaka, Japan) was used to determine the morphology of each OA/detergent bicelle.




2.3. Evaluation of the Packing Density in OA/Detergent Bicelles


Laurdan is used as a fluorescent probe that reflects the polarity of a bilayer membrane [4]. A spectrophotometer (FP-8300, JASCO Co., Osaka, Japan) was used to measure the fluorescent spectrum of 1 μM Laurdan excited at 340 nm in a bicelle of 20 mM. The spectrum was then deconvoluted to determine the intensities of the three moments, corresponding to the packing density of the bilayer membrane. A Gaussian distribution was used to determine each moment. The center of each moment was at 440 nm (moment i), 490 nm (moment ii), and 530 nm (moment iii). It was anticipated that the moments i and ii would have shown the hydrophobic and hydrophilic states in the molecular assembly, respectively [19]. Here, the moment iii meant more hydrophilic molecular assembly derived from bulk oleate and OA micelles. Thus, we calculated the packing density of the OA/detergent bicelle based on the area ratio of the moment i to ii, Ai/Aii.


  y =  a 0  e x p  [  −  1 2     (    x −  a 1     a 2     )   2   ]   



(1)




where x is the arbitrary wavelength [nm], y is the intensity associated with x [–], a0 is the amplitude [–], a1 is the moment’s center position [nm], and a2 is the width [nm].





3. Results and Discussion


3.1. Morphology of OA/Detergent Bicelles


DLS measurements were used to evaluate the formation of an OA/detergent bicelle. The size of an OA vesicle at XOA = 1.0 reduced upon the addition of CHAPSO or TX solutions with decreasing XOA to 0.30 and 0.70 (Figure 2). The size distributions with broad peaks also showed multi-dispersed bicelles. The results indicate the interaction between the detergent molecule and the OA vesicle, suggesting their potential for the formation of OA/detergent bicelles. When comparing the TEM images, it is apparent that the OA vesicle’s spherical structure collapsed, resulting in non-spherical bicelles (Figure 3). However, the change in the morphology by fluidization was obviously different depending on the species of the employed detergent. Both detergent molecules can be electrostatically bound to the hydrophilic groups on the surface of the OA vesicle and the detergent changes the spherical morphology of the OA vesicle as a result of fluidizing the OA bilayer membrane [15,20]. The CHAPSO molecule on the OA bilayer membrane acted as a spacer and broke the OA vesicle’s spherical morphology [15]. The hydrophobic chain of the OA molecule derived from the broken vesicle was then covered with another CHAPSO molecule to form an OA/CHAPSO bicelle that maintained the bilayer membrane structure [8]. On the other hand, despite the spherical appearance of the OA/TX bicelle, there was a swelling micelle in which the region of the bilayer membranes was expanded. TX molecules are thought to deeply penetrate the OA vesicle bilayer membrane [21], causing overall membrane fluidization [15]. The OA/TX bicelle is presumed to have shrunk by drawing the OA molecules from the OA bilayer membrane while penetrating the TX molecules. Although the different molecular assembly of OA/detergent can be formed by the addition of CHAPSO or TX solutions into the OA vesicle solution, the maintenance of the OA bilayer membrane structures requires further discussion in the next section.




3.2. Packing Density of OA/Detergent Bicelles


To discuss the various phase states, we evaluated the packing density of the bilayer membrane structure. The packing density of the OA vesicle and the OA/detergent bicelle prepared in this study was compared to that of the previously revealed phospholipid vesicles [16,17]. The relationship between the packing density and the phase state in a bilayer membrane of phospholipid molecules can be explained as follows. At 298 K, a densely packed bilayer membrane of a saturated phospholipid—e.g., 1,2-dipalmitoyl-sn-glycero-3-phosphorylcholine (DPPC)—keeps water molecules in an aqueous solution, and the inner DPPC membrane is hydrophobic. The DPPC membrane has an ordered phase. On the other hand, an unsaturated phospholipid—e.g., 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) at 298 K—forms a low packing bilayer membrane in an aqueous solution, and the inner DOPC membrane is hydrophilic because water molecules can easily penetrate the DOPC membrane. The DOPC membrane has a disordered phase. As a result, the packing density of a bilayer membrane is a function its phase state. In addition, depending on the ratio of DOPC to DPPC, a mixed vesicle of DOPC and DPPC (a DOPC/DPPC vesicle) has the ordered phase of DPPC and the disordered phase of DOPC—i.e., a heterogeneous phase [16,17]. The composition of the DOPC/DPPC ratio, XDOPC (=[DOPC]/([DOPC] + [DPPC])), can be used to prepare a model bilayer membrane in any phase state. The heterogeneous phase of the bilayer membrane on the DOPC/DPPC vesicle was reported to be in the XDOPC range of 0.20–0.60 [16,17].



As shown in Figure 4a, we measured the Laurdan spectra on DOPC/DPPC vesicles at various XDOPC ratios. As a result of the deconvolution with Gaussian distributions, the spectra showed three moments. In the order shown from the left of Figure 4, moments i, ii, and iii correspond to a hydrophobic bilayer membrane, a hydrophilic bilayer membrane, and a more hydrophilic assembly, such as a micelle [19]. Figure 4a shows that moment i of the DPPC vesicle (XDOPC = 0) was stronger than the other moments, whereas moments ii and iii increased as the XDOPC ratio increased from 0 to 1.0. The DPPC vesicle has an ordered phase, and the unsaturated chain of the DOPC molecule also lowers the bilayer membrane packing and promotes the formation of the disordered phase [16,17,18]. Laurdan is frequently used to determine the phase state of phospholipid vesicles, using the peak intensity ratio between 440 and 490 nm [6,18]. The relationship between XDOPC and the estimated Ai/Aii ratio is shown in Figure 4b. We interpreted the phase state based on the ratio Ai/Aii. Here, we ignored the influence of moment iii, which could be attributed to micelle-like molecular assemblies, in calculating the Ai/Aii ratio from the deconvoluted spectrum of the detergent solution. We defined the threshold between the ordered phase and the heterogeneous phase, or the heterogeneous phase and the disordered phase, based on the Ai/Aii ratio of the DOPC/DPPC vesicles; (ordered phase) DPPC, (heterogeneous phase) DOPC/DPPC (XDOPC = 0.20–0.60), (disordered phase) DOPC, and DOPC/DPPC (XDOPC = 0.80) at 298 K.



Next, we evaluated the packing densities of the OA/detergent bicelles. The Gaussian distribution model was used to deconvolve each spectrum (Figure 5). At XOA = 1.0, the OA vesicle’s Laurdan spectrum showed three moments. From left to right, these moments denote a hydrophobic bilayer membrane, a hydrophilic bilayer membrane, and a micelle-like assembly [19]. An OA vesicle solution contains OA molecules and oleate ions [18]. The coexistence of the OA molecule and the oleate ion results in forming a bilayer membrane structure of an OA vesicle, and the other oleate ion results in the formation of a micelle [18]. As a result, these three moments are included in the Laurdan spectra of the OA vesicle solution. The moments shown in Figure 5 indicate the presence of a micelle that is more hydrophilic than the OA vesicle in both CHAPSO and TX solutions at XOA = 0. The areas were also different when comparing the moments of mixing CHAPSO and mixing TX at XOA = 0.30 and 0.70. When CHAPSO solution was added into the OA vesicle solution, the relative ratio of the moment i to the moment ii increased from that of the initial OA vesicle solution. In contrast, when TX solution was added into OA vesicle solution, the spectra were similar to that of the TX solution. The results imply that the phase state of the OA vesicle adsorbed to the detergents varied.



The OA vesicle’s Ai/Aii ratio showed the heterogeneous phase (Figure 6). A portion of the OA molecule becomes an oleate, and there is an OA vesicle in which the oleate coexists [18]. When the CHAPSO molecules were mixed into the OA vesicles (XOA = 0.30 and 0.70), those packing densities were slightly improved (Figure 6). The result is expected to be due to the adsorption of the OA bilayer membrane by the CHAPSO molecule. As a spacer, the CHAPSO molecule electrostatically adsorbs on the hydrophilic group of the OA vesicle and can fluidize the OA vesicle’s bilayer membrane structure [15]. In this case, the few OA molecules beneath the CHAPSO molecule are linked to a single CHAPSO molecule [22]. Given that the OA molecules beneath the CHAPSO molecule are difficult to fluidize [15,22], the OA bilayer membrane structure is thought to persist even after mixing a CHAPSO solution. Therefore, the Ai/Aii ratios at XOA = 0.30 and 0.70 were more tightly packed—i.e., a more ordered phase state—than the OA vesicle. Adding a CHAPSO solution into an OA vesicle solution forms the OA/CHAPSO bicelle containing an OA bilayer membrane. However, the OA/TX bicelles with XOA = 0.30 and 0.70 showed disordered phases (Figure 6). Because TX molecules possessed a large polar moiety that can penetrate the OA bilayer, the entire OA molecule in the bilayer membrane was fluidized [15]. It can be considered that the OA/TX bicelle prepared at XOA = 0.70 partially maintained the initial state of the OA vesicle. In contrast, the OA/TX bicelle prepared at XOA = 0.30 suggested the formation of a mixed micelle and we could not conclude that the bilayer membrane structure was maintained. The bilayer membrane structure has been required to apply bicelles as a functional membrane material. Therefore, the OA/CHAPSO system, which can construct a non-spherical bicelle, is considered more suitable than the OA/TX system.





4. Conclusions


The preparation conditions for the bilayer molecular assembly of a bicelle, using the fatty acid, OA, and the detergents CHAPSO or TX as a composition were investigated. The detergents fluidized the OA vesicles, and the sizes of the OA/detergent bicelles were determined by the molar ratios of the OA and the detergents. As a result of the phase state of the OA/detergent bicelles based on their packing densities, the fluidized OA bilayer membrane of the OA/CHAPSO system maintained a heterogeneous bilayer structure. However, mixed micelles were expected to be formed in the OA/TX system. It is suggested that these results were attributed to the detergents’ fluidization processes, the fluidization process itself, and the resulting bicelle morphology. We believe that the OA/CHAPSO system is better suited for the application of functional membrane materials using the bilayer membrane structure of the bicelle.
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Figure 1. Outline of the OA/detergent (CHAPSO or TX) bicelle preparation. 
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Figure 2. Size distributions of OA/detergent (CHAPSO or TX) bicelles at 20 mM and at 298 K. 
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Figure 3. TEM images show a 20 mM OA vesicle (XOA = 1.0), and 20 mM OA/detergent bicelles (XOA = 0.30 and 0.70). 
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Figure 4. (a) Deconvolution results of Laurdan spectra by the measurement of a 2 mM DOPC vesicle, a 2 mM DOPC/DPPC vesicle (XDOPC = 0.60), and a 2 mM DPPC vesicle at 298 K. The experimental data (black) are fitted by the model (red), which consisted of moment i (orange), moment ii (blue), and moment iii (green), respectively. (b) The relationship between XDOPC and Ai/Aii ratio in the vesicles at 298 K. The effect of the molecular structure of the phospholipids on the phase state of their vesicle is illustrated. 
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Figure 5. Deconvolution results of Laurdan spectra by the measurement of a 20 mM OA vesicle (XOA = 1.0), 20 mM OA/detergent bicelles (XOA = 0.30 and 0.70) and detergent solutions (XOA = 0) at 298 K. The experimental data (black) are fitted by the model (red), which consisted of moment i (orange), moment ii (blue), and moment iii (green), respectively. 
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Figure 6. The relationship between XOA and Ai/Aii ratio in OA/detergent bicelles at 298 K. Each threshold of phase state was defined based on Figure 3. 
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