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ABSTRACT: The flavors of ethyl caproate and isoamyl acetate
and their precursors are crucial in sake brewing for fermentation
and evaluation of the corresponding quality of drinks. However,
the quality evaluation of drinks containing these flavors is
challenging. Therefore, sake quality was evaluated via dynamic
membrane transformation on cell-sized liposomes while adding
flavor-containing solutions. Flavor varieties have been reported to
influence dynamic shape change patterns. This study reports the
observed difference in the dynamic shape change of each flavor.
Based on these results, proper quality evaluation of drinks is
expected.

■ INTRODUCTION

Ethyl caproate (EC) and isoamyl acetate (IA) are important
flavor components in various fermented beverages and foods,
including sake.1−4 Because such flavors improve the quality of
fermented beverages, an increase in their productivity is
expected.
The fermentation of drinks, particularly sake, is difficult;

therefore, specific techniques, such as low-temperature brewing,
produce rich-flavor molecules, including EC and IA. Because
yeast growth is difficult at low temperatures, maintaining a low
temperature while brewing is considerably difficult.1 The
production pathway of EC and IA is reported in the literature.5

Cerulenin-resistant yeast strains for improving EC production
and1,5−8 5,5,5-trifluoro-DL-leucine-resistant yeast strains for
improving IA production have been proposed.5,9 EC in yeast
results from the condensation of caproic acid (CA) and
ethanol.2 Generally, an increase in EC production in yeast is
attributed to a mutation in the FAS2 gene.1 Because the FAS2
gene encodes the alpha subunit of fatty acid synthase, FAS2
mutation was assumed to decrease fatty acid synthesis, thereby
decreasing the carbon chain elongation and increasing the
amounts of CA and caproyl-CoA, along with the EC precursors.
Therefore, EC is a subproduct of lipid elongation. IA is
synthesized from isoamyl alcohol (IAA) by alcohol acyltransfer-
ase.10 CA and IAA are both known as precursors and bad flavors,
respectively.5 These key flavor molecules are depicted in Figure
1. Conventionally, the contents of such flavor molecules are
measured via gas chromatography (GC) or headspace GC. To
measure both good flavors and off-flavors of drinks, stir-bar
sorptive extraction procedures with GC/mass spectrometry may
be used to measure both good flavors and off-flavors of drinks.11

Here, EC and IA are good flavors, and CA and IAA are off-
flavors. Although these methods could measure flavors, the
requirement for an expensive machine, the running cost, and a
relatively long duration are some disadvantages. Therefore,
enzyme detection has been developed to overcome these
limitations. Kuribayashi et al. reported the EC content
estimation using enzyme procedures for free fatty acids.12 It
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Figure 1. Structure of flavor molecules in sake. EC (bright gray), CA
(black), IA (gray), and IAA (dark gray).
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will help in choosing yeast strains to measure flavors such as EC
concentration in sake alcohol drinks.
This study explains the functions of flavor molecules using

giant lipid membrane vesicles (liposomes). Previous studies
have analyzed the interaction between liposomes and bio-
molecules such as capsaicin,13 oxidized cholesterol,14−16 local
anesthetics,17,18 proteins,19 and polyphenols,.20 Moreover,
dynamic shape changes are induced by several stimulations
such as differences in protein aggregation level,19,21 different
polyphenol structures,20 strength of stimulation on the
surfactant,22 and photo-oxidation of lipids.14,23,24

Dynamic shape changes by flavors such as EC, CA, IA, and
IAA are attributed to the following reason. The reason is that the
radius of flavor molecule-containing lipid vesicles is small in EC,
CA, IA, and IAA, and these flavors change the fluidity of
membranes.25,26 Therefore, they may interact with membrane
lipids and induce dynamic shape changes. This study
investigated the dynamic shape changes of cell-sized liposomes
induced by certain flavors for potential quality evaluation of
drinks. It was observed that ethanol produces dynamic shape
changes,22 which are exhibited in flavor molecules such as EC,
CA, IA, or IAA in ethanol. Methanol is less effective for
membrane dynamics; there was initial employment of methanol
as a solvent for flavormolecules, and using ethanol as a solvent in
the real world was considered.

■ RESULTS AND DISCUSSION

This study aims to determine whether the solvent affects the
dynamic shape changes on liposomes made from 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC). Aqueous ethanol sol-
ution was used as the alcohol beverage. In this study, the ethanol
concentration (16.7%) was assumed to be drinkable. The
transformations of liposomes were induced by a significant
concentration (100%) of ethanol, and no dynamics was

observed for low ethanol concentration (10%).22 Then, for
comparison, experiments were conducted using an aqueous
solution of methanol having the same concentration as the
solvent. Solvent-only solutions (as negative controls) and a
solution using only glucose as a solute with the solvent as
solutions that generate osmotic pressure (as positive controls)
were prepared. Then, experiments were conducted to observe
the dynamics of the membrane. For a given surface area of
vesicles, the osmotic pressure reduces the internal volume,
resulting in the production of excess surface area that brings
about dynamic shape changes via membrane fluctuation.
Moreover, amphoteric molecules, such as surfactants, act on
the membrane to increase the membrane area or pull out lipid
molecules, resulting in the production or reduction of excess
surface area relative to volume, although the internal volume is
constant. Furthermore, dynamic shape changes are attributed to
the interaction and stimulation of various molecules with
membrane lipids.13−22 Consequently, the ratios of liposomes on
fluctuation, which is the initial pattern of deformation, are
summarized (Figure 2A). The ratio of membrane fluctuation
was ∼30, 40, and 50% in water, aqueous methanol solution, and
aqueous ethanol solution, respectively. When glucose was added
to each solvent, the ratio of membrane fluctuations induced by
osmotic pressure was ∼70%, and no substantial difference was
noted when different solvents were used.
The dynamics of reducing the size of membrane vesicles was

then explored (Figure 2B). The order of frequency on size was
ethanol, methanol, and water in a descending order. This can be
owing to the molecular size which follows the same descending
order. Moreover, the ease with which the membrane vesicle size
was reduced did not significantly vary even when the osmotic
pressure was changed, and the difference in solvents seemed
large.

Figure 2.Membrane transformations in each solvent. (A) Percentage of liposome fluctuation. (B) Size reduction of liposomes [the ratio of significant
size decreasing (over 10%) vesicle]. Black bar indicates solvent and gray bar indicates 2 mM glucose (gray).
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Figure 3 shows the summary of the dynamics of membrane
vesicles under ∼10 min of observation. Six dynamic shape

changes were observed as follows: (i) Small vesicles (sometimes
multiple) appear inside the vesicles over time without
fluctuation (Figure 3i) and (ii) the membrane fluctuates (Figure
3ii). After this stage, dynamic shape changes occurred (Figure
3iii−vi). To the best of my knowledge, the osmotic-induced
dynamic shape changes of inner vesicle generation (Figure 3i)
have not been reported; however, they were similar to the
dynamic shape changes previously observed with stimulation via
theaflavin on a flavonoid.20

Figure 4 summarizes the rate of membrane deformations with
pie charts. A difference in frequency in the appearance of
morphological changes on liposome was observed when the
solvent underwent dynamic shape changes due to osmotic
pressure. A high ratio of sphero-stomatocytes against glucose
was observed with both methanol and ethanol. Those are
present when the excess surface area created by the osmotic
pressure produced by glucose and the solvents is large. These
experiments were performed as negative and positive controls
for flavor molecule-induced membrane dynamics. Then, the
dynamics of the membrane of the DOPC liposomes in the
aqueous methanol and ethanol solution containing flavor
molecules was observed. The rate at which the membrane
fluctuation was observed is shown in Figure 5. The order of the
number of fluctuating cell-sized liposomes in methanol is IA >
EC > IAA > CA and that in ethanol is IAA > EC = CA > IA. The
difference in liposome fluctuation was not as great as when the
solvent was not methanol. Additionally, membrane fluctuation
rate in ethanol is substantial because ethanol deforms the
vesicles. This observation is consistent with previous reports.22

A typical membrane transformation diagram is shown in
Figure 6. Initially, the membrane was spherical (circular in the
microscopic image) and cell-sized. Two categories of membrane
dynamics, with and without fluctuation, were observed. Figure
6A,B shows the results transformed after membrane fluctuation.
Microscopic images showed the liposome transformation

pathway after fluctuation, which pushed out the vesicles, turned
into a tube, and invaded inside (Figure 6A). As shown in Figure
6A, it was possible to observe what became a tube halfway and
what was spit out. Figure 6B had a stringlike part that grew, and
the original vesicles became smaller. It was also possible to
observe a membrane transformation similar to that of Figure 6B
(similar to that of Figure 3vi), in which a string was formed
inside the vesicles, and the size became smaller. Those existed
(sometimes multiple) of small vesicles inside the vesicles over
time without fluctuation (Figure 6C). The decrease in size
without fluctuation (Figure 6D) was observed frequently.
The ratio of membrane transformation dynamics to the

fluctuated cell size liposomes is presented in a pie chart (Figure
7). When the solvent was methanol, in EC, the order of the ratio
of membrane deformation was only fluctuation > exo-budding >
exo/endo filaments > tube, whereas that in CA, it was only
fluctuation > sphero-stomatocyte > exo or endo filament > tube.
In IA, the membrane deformation order was observed in the
order of fluctuation, sphero-stomatocyte, tube, and inner vesicle
generation. Fluctuations were the most prominent in IAA,
followed by sphero-stomatocyte and exo-budding. When the
solvent is ethanol, in EC, fluctuation acquired the first position,
and the ratio to form both exo or endo filament and the tube is
the second, followed by exo-budding and sphero-stomatocyte.
In CA, the order of the ratio of membrane deformation was exo-
budding > tube = inner vesicle formation > fluctuation = exo or
endo filaments > sphero-stomatocyte. In IA, the ratio of
membrane transformation decreased in the order of the
formation of exo or endo filament, fluctuation, sphero-
stomatocyte, both tube, and exo-budding at the same rate.
However, in IAA, the results of membrane transformation
decreased in the following order: formation of exo or endo
filament > tube = sphero-stomatocyte > exo-budding =
fluctuation > inner vesicle generation.
The ratio of membrane dynamics without fluctuation and

whose diameter decreased by 10% or more in the observation is
summarized in Figure 8A. Methanol solvent is shown by a black

Figure 3. Typical membrane transformation pathways of liposomes in
different solvents and 2 mM glucose solution. Six pathways were
observed: (i) inner vesicle generation, (ii) fluctuation, (iii) exo-bud,
(iv) tube and sphero-stomatocyte, (v) exo-filament, and (vi) endo
filament. Scale bar = 10 μm.

Figure 4. Effect of solvent on osmotic stress-induced membrane
transformation. Distribution profile of transformation pathways of each
condition (n ≥ 30). (A) Water, (B) methanol, (C) ethanol, (D) 2 mM
glucose in water, (E) 2 mM glucose in methanol, and (F) 2mM glucose
in ethanol.
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bar graph and ethanol by white. When methanol is used as a
solvent, the order of EC, IA, and CA was not the same as in IAA,
and all flavor molecules had the same ratio as that for the ethanol
solvent (Figure 8A white bars). It was also characterizing the
decreasing manner, in order to investigate how to reduce the
diameter of the cell-sized liposome whose diameter decreases
without fluctuation (Figure 8B black square). That is compared

with the type of membrane deformation in which the exo-
filament for a typical example pathway for reduce the diameter
with fluctuation (Figure 8Bwhite square). First, the exo-filament
pattern was described. The size of the liposome decreased
linearly from 60 s after the string was released to 240 s after the
filament was released and became constant after 300 s. The
figure on the left of B is focused and enlarged up to 600 s, and
then the figure on the right is focused and enlarged up to 300 s.
Subsequently, size decrease without fluctuation was explained.
Those whose size decreased without fluctuation seemed to have
a large decrease time and an almost constant time in some
places. Therefore, it was discovered that those whose size
decrease without fluctuation have a characteristic size decrease.
Next, when the solvent was ethanol, it appeared at a constant
frequency in each case, and no difference was seen for each flavor
component.
In the first part, the dynamic shape changes of liposomes were

researched and stimulated by solvent-containing methanol or
ethanol and osmotic condition made by glucose. That was tried
to understand the impact of organic solvent on membrane

Figure 5.Membrane transformations in each solvent. Percentage of fluctuation liposomes induced by flavor molecules in methanol (A) and ethanol
(B) solutions.

Figure 6. Typical membrane transformation pathways of liposomes in
response to the presence of different types of flavor molecules. The
original state of membrane transformations is sphere liposomes (left
liposomes). Some liposomes were fluctuated and transformed. (A)One
of the typical pathways and shapes of liposomes was changed to exo-
budding, tube, and sphero-stomatocyte after fluctuation. (B) Shape of
liposomes changed to mother vesicle with exo-filament. The filament
became long. (C) Inner vesicle(s) generation. (D) Size of liposomes
was decreased without fluctuation. The images were captured in real
time using a phase-contrast microscope recorded at 30 frames per
second. They were subsequently processed using the cellSens and
ImageJ.

Figure 7. Flavor-induced membrane transformations. Distribution of
membrane transformation pathways induced by the flavor molecules in
methanol (A) and ethanol (B) solutions.
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dynamics. The reason to know the facts whywas alcoholic drinks
containing ethanol as alcohol. As shown by the results in Figure
2A, the frequency of occurrence fluctuation was not so different
for the solvent kind, though the presence of osmotic pressure
was important. Contrarily, as shown in Figure 2B, the frequency
of occurrence of decreasing the size affects the kinds of solvents.
The following was hypothesized. These phenomena were caused
by differences in fat solubility on solvents. Because ethanol has a
relatively long carbon chain rather than methanol, it is
susceptible to decrease the dynamic shape change of liposomes
caused by the soluble membrane to pull out lipid molecules on
membranes to solvents. It was shown for some kinds of observed
dynamics (Figure 3) and the frequency of occurrence (Figure
4). It was observed that the same osmotic pressure produced
different dynamics of occurrence in line with the kinds of
solvents. Significantly, osmotic ethanol solution contains
glucose induced in a high ratio of sphero-stomatocyte. This
was known and observed to generate an excess surface area of
liposomes.19,27 Flavor-induced dynamic shape changes were
studied, and the results are shown from Figures 5 to 8. As
described above, dynamic shape changes occurred by excess area
generation. With the increase in area, there was liposome
fluctuation, tubulation, exo-budding, and sphero-stomatocyte.
One of the causes of excess area generation was the escape of
inner water to reduce the volume. Another cause is an increase in
the membrane area even under a constant inner volume. The
membrane contains lipids that have hydrophobic properties.
Therefore, it was thought that the hydrophobic solute attached
to membranes is in contrast to the hydrophilic solute, which
neither interacts with membranes nor works as osmotic pressure
to pull out the inner solvent of the liposome and reduce the
volume. This present study uses four kinds of flavor molecules.
Each flavor molecule induced different dynamic shape change
patterns based on their chemical structures and characteristics,
particularly in hydrophobicity and hydrophilicity. Four flavor
molecules were chosen based on their importance on

fermentation and their influence on the quality of drinks.
Therefore, the characteristics of those flavors are not considered
to be based on their hydrophobic or hydrophilic structures
(Figure 1). Here, the effects of the structures and physiochem-
ical properties of the flavor molecules on the frequency of
occurrence of fluctuation are discussed. Interestingly, the
frequency of occurrence of fluctuation corresponded with the
length of the carbon chain (Figures 1 and 5A). The melting
point of each flavor molecule is minus 67.0 °C, minus 3.0 °C,
minus 78.5 °C, and minus 177.2 °C for EC, CA, IA, and IAA,
respectively. The properties may not relate to the frequency of
occurrence of fluctuation in ethanol or methanol (Figure 5).
However, based on the structure, only CA shows acidity in the
flavor molecules because it has a carboxylic group (Figure 1).
The acidic properties of CA may affect the frequency of
occurrence of fluctuation in ethanol at low ratios (Figure 5A).
The results indicate that the strength of interaction between the
lipids and membrane depends on each flavor molecule. When
using ethanol solvent, EC and CA showed the same frequency of
fluctuation occurrence, and the total trends were almost
reversed (Figure 5). Methanol induces fluctuation (Figure
2A), and when using the methanol solvent, a more effective
molecule for membrane fluctuation might be a smaller molecule.
The fluctuation frequency was considerably higher when
ethanol was used than when methanol was used as a solvent.
Comparing the fluctuation frequency of glucose between flavors,
while using methanol as the solvent, flavors were fewer than
glucose. In contrast, fluctuation frequency of flavors was more
than glucose when using ethanol as the solvent. According to
these findings, the flavors not only work as osmotic pressure but
also interact with membranes to fluctuate after dynamics. The
frequency of occurrence on the kinds of membranes dynamics
differently corresponds to flavor molecules (Figures 6 and 7).
Although the reasons or mechanisms for the results correspond-
ing to each flavor molecule were difficult to realize because of
several factors, such as solvent polarity, hydrophobicity, and/or

Figure 8. Size decrease of liposomes. (A) Ratio of significant size decreasing (over 10%) vesicle in the presence of flavor molecules; (B) time-
dependent change in the diameter of the liposome in response to EC (black) and CA (gray).
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hydrophilicity of flavors, the finding that dynamic shape change
difference is observed in each flavor molecule is important. The
condition of ethanol solvent was fitted to drinks concentration of
ethanol. Because ethanol has the character of soluble membrane
lipid and causes fluctuation, the ethanol solvent-containing
flavors eventually cause dynamics (Figures 6 and 7). We already
reported that to make liposome-containing flavor molecules
(EC, CA IA, and IAA) and their strength, the difference between
a decrease in the size of liposomes and their concentration
depends on these flavors.25,26 Flavor molecules applied from the
exterior after creating liposomes were studied in this work.
Observation of dynamic shape changes revealed that the
difference in frequency of occurrence of dynamic shape changes
corresponded with each flavor molecule in each solvent. These
dynamics were different from those caused by glucose-induced
osmotic stress-busting by glucose.
The compositions of biological membranes are significant for

the performance of several functions of life. The membrane
properties are according to cell, organism, and membrane
type.28 Studies of actual yeast cells reported that cell size
differences corresponded to flavor production.25,26,29 Morpho-
logical change of liposomes has received considerable attention
recently, for example, the morphological change phase diagram
is formed by the balance between the surface area and the
encapsulation volume in the cell model.30,31 It is well analyzed
that the resulting excess surface area and deformation of
liposomes due to osmotic pressure make the internal water
escape to the surface to reduce the volume, increase the surface
area of membrane lipids via isomerization, and so on.31−33 Some
studies have shown that membrane deformation occurs because
the area of the membrane increases due to stimuli such as heat,
and excess surface area is created while maintaining the internal
volume.13,15,16,34 It has also been reported that liposome
transformation is caused by a specific molecular interaction
such as detergent22,35 or polyphenol19,36 with membrane lipid
molecules. Recently, the impact of solvent selection on the
microfluidic production of liposomes was reported.37 The study
reported that reducing the polarity of the solvent increased the
liposome particle size. It was also reported by a study aiming to
select microorganisms to understand interactions between the
organic solvent and lipid membranes.38 Organic solvent serving
as a detergent to membranes and producing membrane
transformation was also reported,22 and those phenomena
were applied to evaluate irritation of the detergents.39 The
present study proposes the quality evaluation of drinks using
membrane dynamics in the solvent-containing flavor molecules.
Previously, our team had measured the concentration of such

flavor molecules in sake. Therefore, the actual concentration was
shown as an example of the concentration of such flavors that we
reported previously; the actual concentration on the sakewas 75,
16, and 100 μM for EC, IA, and IAA, respectively.26 This study is
the first to report the dynamic shape changes induced by sake
flavor molecules; 2 mM flavor solution was used with the same
concentration and compared with glucose as the positive control
solution. In the future, the low concentration effect to solve such
problems will be investigated. Furthermore, it will be used at
nearly the same concentration with this study as pretreatment
concentrated sake, such as made in freezing concentration.40

These findings suggest that by utilizing the phenomenon, it
will be possible to distinguish different kinds of flavors in
beverages to assess the quality of drinks that include glucose and
flavors often. Although several flavor molecules can exist in sake,
the differences in dynamic shape change can distinguish the

flavor constituents of sake, as expected. As this study found that
each flavor induced a different dynamic shape change pattern, it
can be observed that each pattern on dynamic shape change of
liposomes by each sake drink is based on each flavor component,
though this is still a hypothesis that needs further investigation.
This study found that the frequency of dynamic shape changes
varies depending on the type of key flavor molecule on sake
drinks. It is not known how much the difference will be or if the
difference can be discerned, when this is caused by dynamic
shape changes because sake at low concentrations contained
more types and various combinations compared to this number.
This time, the difference in the key flavor element on sake drinks
can cause a difference in the frequency of dynamic shape
changes; therefore, the frequency of dynamic shape changes
caused by various sakes with different combinations of flavor
components will be investigated. This characterizes membranes
dynamics individually using a microscope with a magnification
of 1000 times. It was thought to apply these phenomena to
evaluate the quality of flavors containing drinks to use
microscopic observation of 200 or 500 times for a more widely
focused area. This study counted sphere liposomes just after
mixing the target drinks with the liposome solution and
compared the shapes of liposomes after 10 min. It also would
be expected to just use a smartphone with some attachment.
These applications need a database of membrane shape
corresponding to several kinds of drinks. Recently, measurement
of membrane response through transduction of mechanical
stresses detected several solvents, such as water alcohols (i.e.,
methanol, ethanol, and 2-propanol), acetone, ethyl acetate,
alkanes (i.e., n-hexane and n-heptane), and aromatics (i.e.,
benzene and toluene).41,42 They reported that membranes are
used to detect molecular mass through molecular mass
analysis.43 Membrane response patterns have the potential to
be used as a sensor. When membrane patterns as a photo picture
could determine the quality of membranes, it could detect the
quality of drinks without complex chromatography (i.e., GC or
liquid chromatography) with its initial cost and relatively higher
running cost such as in pure gas or solutions. In an ideal scenario,
we would just need to prepare a microscope and a personal
computer with artificial intelligence (AI) (for use in analyzing
microscopic images), and the ongoing costs would be liposome
solution and glassware, both of which are reasonably
inexpensive.
In this study, liposomes were made by natural swelling

techniques, such as droplet techniques, inverted emulsion
techniques, and electroformation techniques for making
methods of liposomes.44−47 It was reported that the strength
of membrane tension properties has several trends correspond-
ing to these techniques.47 When a database for the investigation
of drinks with good reproducibility is made in the future, the
production techniques of liposomes will have to be carefully
chosen according to the properties of each membrane.
Our institute has supported alcohol producers to produce

alcoholic drinks and to help increase the quality. The higher
position in the competition is one of the points of quality
evaluation. Although the total quality and balance are evaluated
for drinks in the latest competition, EC and glucose
concentration are crucial considerations. Because of their
importance, the study’s findings will be relevant in the proximate
future for these two criteria. This research applies not only to
material science in terms of membrane properties in organic
solvents but also to the potential quality assessment of drinks.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04946
ACS Omega 2022, 7, 5679−5686

5684

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ MATERIALS AND METHODS

Materials. DOPC and IAA were obtained from Tokyo
Chemical Industry Co., Ltd. (Japan). CA and chloroform were
acquired from Aldrich (USA) and Kanto-Chemical (Japan),
respectively. EC, IA, acetone, methanol, and glucose were
supplied byWako Pure Chemical (Japan). Ethanol was acquired
from FUJIFILM Wako pure chemical (Japan). Ultrapure water
obtained from a Millipore Milli-Q purification system
(Millipore, Bedford, MA, USA) was used for reagent
preparation and cleaning glassware.
Preparation of Liposomes. The glass test tubes were

rinsed with acetone and dried in the draft chamber. Liposomes
(lipid vesicle, giant unilamellar vesicles, and model membranes)
were prepared to obtain a slightly modified version of our
previous study’s method of natural swelling from dry lipid films
to make lipid vesicles.14−18 DOPC was dissolved in chloroform
in a glass test tube under nitrogen conditions and dried under
vacuum for 3 h to form thin lipid films. The films were then
hydrated overnight with ultrapure water at room temperature
(20 °C). The final concentration of the hydrated film was 0.2
mM.
Preparation of Flavor Solutions. The flavor solutions

were prepared by slightly modifying the procedure reported in a
study.20 Some steps were modified considering earlier research;
for example, EC, CA, IA, and IAA were prepared by dissolving in
methanol/ethanol. All stock solutions were prepared at a
concentration of 30 mM and stored at 20 °C. For tests,
methanol/ethanol was diluted 15 times with Milli-Q water in all
solutions. The final working solution had a flavor concentration
of 2 mM and a methanol/ethanol concentration of 16.7%.
Microscopic Observation. Equal volumes of the lipid

vesicle solution (6 μL) and flavor molecules or glucose solution
(6 μL, 2 mM) were poured into a test tube and gently mixed by
soft tapping.14,19,20 The aforementioned mixed solution (6 μL)
was placed in a silicon well (0.2 mm) in a glass slide and covered
with a small coverslip.26 The changes in membrane morphology
were observed using a phase-contrast microscope (Olympus
BX-53, Japan) at RT.14

Image Analysis. During the observation, images of changes
in membrane morphology were recorded on a hard disc drive at
30 frames s−1. The images were then processed using Microsoft
Photos and ImageJ. Themembrane fluctuation in liposomes was
numerically confirmed for each distribution of radius at each
3.6° (r(θ, t) (θ = 2π/n, n = 0, 1, 2, ..., 100)). When the value σ≤
sqr(r(θ) − ⟨r⟩)2 > /⟨r⟩ is ≥1.3%, the liposome is considered as
fluctuating.14−16,20
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