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Abstract:



To understand the behavior of cellular interfaces, it is important to clarify the effect of chemical compounds on artificial cell membranes. In this study, an aqueous acetonitrile solution was mixed with a suspension of lipid vesicles, and the changes in vesicle behavior arising as a result of acetonitrile application were observed. The fast Fourier transformations (FFTs) of the membrane waviness/crinkliness of the vesicles were carried out, and the membrane thermal fluctuations were analyzed. The experimental results show that the addition of acetonitrile molecules enhances the fluctuation of lipid membranes. In particular, the [image: ] mode fluctuation was significantly enhanced. This finding is expected to lead us to a further understanding of the fundamental properties of living cells.
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1. Introduction


The stability and dynamic nature of biological membranes play essential roles in living cells, namely in processes such as membrane trafficking and autophagy [1]. The cell membranes as a cellular interface is one of the most important biological membranes. The physical conditions of cell membranes, for instance, influence the rate of the cell division [2]. Moreover, another literature shows that thermal fluctuation is necessary for cell division of bacteria [3]. For this reason, it is important to understand the stability and dynamic behavior of biological membranes.



Artificial model systems of biological membranes, such as liposomes and water-in-oil (W/O) droplets, are quite beneficial for studies of the dynamic behaviors of biological membranes owing to the fact that liposomes and W/O droplets can be easily prepared and possess a simple membrane structure [4,5,6]. Using such liposomes, it was shown that the surfactants, such as Triton X-100 and ethanol, with amphiphilic properties have an ability to invade the lipid bilayers and to form lipid/surfactant mixed micelles, which consequently induce destabilization and destroy the lipid bilayer structure [7].



Such studies of membrane dynamics are related to physico-chemical approaches to the construction of artificial cells and are related to applications to drug delivery systems (DDSs) [8,9,10,11]. Living cells are composed of various molecules such as lipids, proteins, and sugar chains [1], and their behaviors are complex. In addition, to control drug release using lipid membrane systems and non-biological molecules are quite difficult. Hence, it is important to elucidate the fundamental effect of various chemical compounds, including bio-inspired molecules in lipid membrane systems.



Acetonitrile is commonly known as a polar and a toxic molecule [12,13]. It has been suggested that the systemic toxic effects of acetonitrile are mainly mediated through the metabolic transformation into cyanide in the cell [12]. Hence, it is important to elucidate the physical interactions between acetonitrile and model cell membranes to clarify how the molecule affects living cells and invades the cellular interface. Nevertheless, there are few reports have shown the detailed influence of acetonitrile, compared with other organic solvents such as ethanol as shown above, on the dynamic behavior of model cell membranes [7]. A study probing the influence of acetonitrile, which has an ability to induce the phase transition of lipid bilayer membranes [14,15,16], on the mesoscopic dynamics of giant lipid vesicles via real-time observation was reported [17]. In the case of this previous study, observation was carried out, starting from the contact of vesicle suspension and acetonitrile aqueous solution, under a non-uniform distribution of acetonitrile (non-equilibrium state). The results suggested that a high concentration (>20 vol %) of acetonitrile induces an increase in the spontaneous curvature of lipid bilayers and vesicular bursting as a result of the invasion of these molecules into the outer leaflet of the lipid bilayers. However, the effect of low concentrations of acetonitrile molecules on the membrane stability and fluctuations has not yet been studied by direct observation using optical microscopy under uniformly distributed acetonitrile conditions.



In the present study, we show the mesoscopic effect of a low concentration (5 vol %) of acetonitrile on giant lipid vesicles under a uniform distribution of acetonitrile using optical microscopy, since optical microscopy is appropriate for the direct observation of the dynamic behavior of lipid membranes.




2. Materials and Methods


2.1. Materials


Acetonitrile, chloroform, and dioleoylphosphatidylcholine (DOPC) were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Rhodamine B 1,2-dihexadecanoyl-sn-glycero -3-phosphoethanolamine, triethylammonium salt (rhodamine DHPE, fluorescent lipid, [image: ] nm, [image: ] nm) was obtained from Invitrogen (Waltham, MA, USA). Ultra-pure water was obtained using a WT101UV Autopure system of Yamato Scientific Co., Ltd. (Tokyo, Japan).




2.2. Preparation of Giant Lipid Vesicles


The DOPC vesicles were prepared using a gentle hydration method reported in the previous studies [4,5,17]. Briefly, DOPC and rhodamine DHPE were first dissolved in chloroform and the solution was poured into a small test tube. Next, the chloroform was removed over a more than 2 h under vacuum to afford a thin lipid film at the bottom of the tube. Finally, ultra-pure water was added to the tube containing the lipid film and the sample was then incubated at 38 [image: ] for more than 2 h. The concentrations of DOPC and rhodamine DHPE in the vesicles were determined to be 0.2 mM and 2 [image: ]M, respectively.




2.3. Microscopic Observation


We observed the prepared lipid vesicles using methods similar to those reported in the previous study [5]. The vesicle suspension was gently mixed with an aqueous solution of acetonitrile, and the mixed suspension was incubated for more than 10 min to achieve sufficient dispersion of acetonitrile molecules (uniform dispersion of acetonitrile). The aqueous acetonitrile solution utilized in this study was prepared at two different volume fractions, 0 and 10 vol %. The concentrations of DOPC and rhodamine DHPE in the observed suspensions were 0.1 mM and 1 [image: ]M, respectively, and the concentrations of acetonitrile were 0 (control) and 5 vol % acetonitrile in each experiment. The ratio of DOPC/acetonitrile was 1/10,000 by mole in the case of 5 vol % acetonitrile. We compared the dynamic behaviors of vesicles without (0 vol %) and with (5 vol %) acetonitrile. Previously, we confirmed the effect of acetonitrile with above 10 vol % [17]; hence, we set the acetonitrile concentration at 5 mol % in this study. In the next step, a small amount of the mixed suspensions was sandwiched between two glass cover slips, and the suspensions were sealed with vacuum grease. The thickness of the vacuum grease spacer was approximately 1 mm. The lipid vesicles were observed using a fluorescence microscope BX40 (Olympus, Tokyo, Japan) through a 40× objective lens at [image: ][image: ] (room temperature). Video recordings of the vesicles were obtained using a digital camera DP73 (Olympus, Japan) at a frame rate of 15 fps. Each sample was exposed to light ([image: ] nm) supplied by an Hg lamp through a WIG filter set (Olympus, Japan) to excite the fluorescent dye. We observed 50 vesicles for each condition (without and with acetonitrile, 100 overall). It is considered that rotational diffusion is ignorable because we could not observe the flow and significant Brownian motion (see movies).




2.4. Extraction of Positions of Membrane Surface


The microscopic images were cut into [image: ] pixels and converted to greyscale (8 bit) for certain thresholds using ImageJ (National Institute of Health, Bethesda, MD, USA) [18]. Subsequently, the pixels corresponding to the membrane surface were extracted and the positions of these pixels were recorded using a program made by the authors. Figure 1a,b show an example of a microscopic image and a representation of an extracted membrane surface. For every observed vesicle, we extracted images approximately every 1 s from video frames acquired over a certain arbitrary time range of 0–18 s (observation time). We used the focus in images of the closest video frames from every 1 s over a period of 0–18 s.


Figure 1. (a) A fluorescence microscopy image of a lipid vesicle. (b) Image of an extracted membrane surface points, radius (r) and angle ([image: ]). The r represents a distance between a barycenter and the surface points.
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2.5. Statistical Analysis


We used a two-tailed Student’s t-test to determine the p-value for statistical analysis.





3. Results and Discussion


We observed the membrane thermal fluctuations in the absence (control) and presence of acetonitrile. Figure 2a,b show the typical microscopic images of membrane fluctuations obtained without and with acetonitrile molecules, respectively. In the presence of acetonitrile molecules, the vesicles significantly fluctuated, whereas the vesicles lacking acetonitrile did not display notable deformation. Figure 3a shows the radius of vesicles determined for all angles and normalized using the value of the mean distance from the center of mass of the measured membrane surface to the measured points (see Figure 1) at an arbitrary elapsed time of 18 s, corresponding to Figure 2a,b. These results demonstrated that the membrane displacement in samples with added acetonitrile (Figure 2b) was larger than in the control sample (Figure 2a). Next, we employed the fast Fourier transformation (FFT) to calculate the time-averaged Fourier amplitude of the normalized radius and to quantify the vesicular shapes, which is defined as follows:


[image: ]



(1)




where [image: ] represents the Fourier amplitude, t is the arbitrary elapsed time, k is the wavenumber of membrane waviness/crinkliness, [image: ] is the radius as a function of elapsed time and angle, [image: ] is the ratio of the circle circumference to its diameter, and i is the imaginary unit. The [image: ] part represents normalized radius as a function of time and angle by averaged radius. Hence, this equation represents the time-averaged value of normalized Fourier amplitudes during observation, which corresponds to amplitude at each wavenumber k at time t. Figure 3b shows the averaged values of Fourier amplitude determined as a function of wavenumber k. The range of the averaged values of Fourier amplitude is roughly 0.00–0.01, and there is no large peak for the control vesicle. In contrast, the value determined in the presence of acetonitrile has a large peak at [image: ] (approximately 0.08). These results indicate that acetonitrile induces deformation into an ellipse shape in the cross section of the vesicle, and this observation is in agreement with results of studies reported previously by several groups [4,19]. To confirm the reproducibility of this phenomenon, we investigated the statistical properties of the averaged Fourier amplitudes. Figure 3c shows a box plot of the distribution of Fourier amplitude values at [image: ], 2, 3, and 4. The number of vesicles observed in each condition (without and with acetonitrile) was set at 50. The horizontal line shown inside each box represents the median value, upper and lower lines indicate the range of values in the 10 to 90 % range, and whiskers denote the range of values between the minimum and maximum values. The histograms corresponding to the data shown in Figure 3c are displayed in Figure S1 of Supplementary Materials (SM). At [image: ], 3, and 4, the distribution of the averaged values of the Fourier amplitude was shown to be in a higher range in vesicles with added acetonitrile compared with the control vesicles ([image: ]). The difference in distributions at [image: ] was especially remarkable, and the difference in median values determined in the absence and presence of acetonitrile was approximately 0.04. These results indicate that the cross-section-examined vesicles have a strong tendency to deform to an ellipsoidal shape (spheroid in three dimensions).


Figure 2. Typical time-lapse fluorescence microscopy images of vesicular fluctuations without (control) (a) and with (b) acetonitrile.
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Figure 3. (a) Normalized radius of vesicles as a function of angle determined at an arbitrary time of 18 s in the absence and presence of acetonitrile, corresponding to Figure 2a,b, respectively. (b) Averaged values of Fourier amplitude determined as a function of wavenumber, corresponding to Figure 2a,b, respectively. (c) Box plot representation of the Fourier amplitude distributions at [image: ] and 4. The central horizontal line in each box represents the median, upper and lower lines in each box represent the range of observed values in the 10–90% range, and whiskers denote the range from the minimum to the maximum value. The number of vesicles observed for each condition was 50. [image: ] and [image: ].
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Next, we investigated the time-dependent changes in the Fourier amplitude at [image: ], as shown in Figure 4a. In the control sample, the maximum Fourier amplitude was approximately 0.02. In contrast, the Fourier amplitude was found to change significantly with elapsed time in the presence of acetonitrile and its values were in the 0.03–0.11 range. These results suggest again that the vesicle is being deformed into a fluctuating spheroidal shape as a result of the addition of acetonitrile molecules. To confirm the time-dependent tendency of the Fourier amplitude values, we analyzed the statistical dispersion of Fourier amplitude at [image: ] and after an arbitrary elapsed time, which is defined as follows:


[image: ]



(2)






Figure 4. (a) Time-dependent Fourier amplitude at [image: ], corresponding to Figure 2a,b. (b) Histogram plot showing the statistical dispersion of time-dependent Fourier amplitude values determined without (control) and with acetonitrile. (c) Box plot of statistical dispersion distribution of time-dependent Fourier amplitude, corresponding to (b). The number of vesicles observed for each condition was 50. [image: ].
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Figure 4b shows the histogram of the statistical dispersion of Fourier amplitude values at [image: ] as a function of arbitrary elapsed time 0–18 s ([image: ] each). The statistical dispersion of Fourier amplitude values represents the time-dependent variation range. In all cases except for the range of 0–0.0002, the numbers in the presence of acetonitrile are higher than that in the absence of acetonitrile. Figure 4c shows the box plot distribution of such statistical dispersion, corresponding to data shown in Figure 4b. These figures also indicate that the dispersion of the Fourier amplitude in a vesicle with acetonitrile are higher and possess a wider distribution compared to those determined for the control vesicle ([image: ]). This outcome suggests that the addition of acetonitrile leads to the deformation of vesicles and an enhancement of membrane thermal fluctuations. In other words, acetonitrile has an ability to destabilize membrane conditions.



It is speculated that the cause of vesicular deformation and the enhanced fluctuation of vesicles is the invasion of the acetonitrile molecules into lipid bilayers. It has been reported that such an invasion induces vesicular bursting in the case of a non-uniform distribution of acetonitrile and, compared to this study, a higher acetonitrile concentration (>20 vol %, lipid concentration was approximately the same as that of this study) [17]. With a lower concentration (such as that in this study), the acetonitrile molecules are gently inserted into the outer leaflet and are transferred to the inner leaflet at a certain rate. The acetonitrile molecules then push aside the lipids, which is main component of the bilayer vesicles. Such invasion induces an increase in the surface area of the vesicles without changing the volume and enhances the fluctuation of the vesicles with an increase of softness. The relationship between the acetonitrile concentration and the insertion rate of acetonitrile molecules into the lipid bilayer was discussed in the above-mentioned study [17].



Previous studies, via simulation, showed that small polar molecules, such as ethanol, have an ability to cross between the outer and inner leaflets of the lipid bilayer [20,21,22,23]. It has also been experimentally revealed that ethanol has an ability to invade the lipid bilayers and to destabilize the bilayer structures [7]. In addition, chloroform/water [image: ] values of acetonitrile and methanol are 0.43 (experimentally determined) and −1.26 (theoretically estimated), respectively [24]. This indicates that the water solubility of acetonitrile is lower than that of methanol. In other words, acetonitrile can be relatively partitioned into lipid bilayers. Hence, it is speculated that a sufficient amount of acetonitrile molecules for membrane deformation is incorporated into the lipid bilayers. The permeability of polar molecules through the lipid bilayer is slight, but uncharged small polar molecules have an ability to move through the membrane [25]. This fact suggests that acetonitrile has an ability to move from the outside to the inside (the lumen of the vesicles) through the lipid membranes and can also be incorporated into lipid bilayers. These previous studies lead us to consider this probability in the case of acetonitrile and support the considerations described above.



The increase in the surface area of vesicles decreases the reduced volume (surface-area-to-volume ratio), which is expressed as [image: ], where V is the volume of the vesicles, and [image: ] is the radius of a sphere with the same surface (A) and is defined as [image: ]. A decrease in the reduced volume from 1 to 0.95 corresponds to the deformation from a sphere to ellipsoidal shape [26], and this is in good agreement with results shown in Figure 3a,b since [image: ] corresponds to an ellipse shape of the cross sections of the vesicles. Hence, we consider that the cause of such behavior in such vesicles is the insertion of acetonitrile molecules into lipid bilayers.



To obtain additional detailed information, further analysis of membrane fluctuations are required. For instance, since a change in the bending modulus of lipid membranes is important information, further shape analysis is required using calculations [27,28,29,30,31]. Furthermore, we have to elucidate the effect of acetonitrile on other bio-molecules incorporated into artificial lipid bilayers, such as membrane proteins [32,33]. In such cases, vibrational spectroscopic methods, such as Raman spectroscopy, are also beneficial for obtaining information on a molecular scale [34]. The results of further experiments as well as this study may lead us to an improved understanding of the fundamental properties of cell membranes and to the establishment of new applications such as the construction of artificial cells and DDS.




4. Conclusions


In summary, we demonstrated that acetonitrile has an ability to destabilize the artificial cellular interface. We observed the lipid membranes in the absence (control) and presence of acetonitrile, performed an FFT analysis of membrane waviness/crinkliness, and investigated the membrane fluctuations. Acetonitrile was inserted into the lipid bilayer and enhanced the fluctuation of lipid membranes (especially the [image: ] mode) due to an increase in the surface area of vesicles. This finding may lead to a further fundamental understanding of the physical mechanism of the dynamic behavior of cell membranes and additional bio-engineering techniques.








Supplementary Materials


The following are available online at http://www.mdpi.com/2504-5377/2/1/6/s1. Videos of membrane fluctuations in the absence (control) and presence of acetonitrioe, captions of videos, and histogram plots of the averaged Fourier amplitude of the vesicular cross section.
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