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Thermo-Induced Dynamics of Model Cell Membrane
by Action of Menthol

Pooja Gusain, Naofumi Shimokawa, Masahiro Takagi

Abstract— It is important to understand the physicochemical
mechanism that is responsible for the morphological changes in
the cell membrane in the presence of various stimuli and
sensory compounds. Menthol, popularly known for its cooling
sensitization, activates TRPMS8- a cold-activated thermo TRP
ion channel. We used cell sized synthetic liposomes that mimic
actual cell structure to study the model cell membrane
dynamics and the unclear mechanism behind the cooling
sensation of menthol on the cell membrane. Hence, we are
interested in the direct interaction of menthol with
bio-membrane. We observed the effect of menthol on
membrane dynamics in artificial membrane. It was also
observed that menthol concentration plays an important role
and hasa significant effect on the model cell membrane. In
homogeneous membrane, menthol enhances the fluctuation rate
and also changed in the membrane area. We believed that
menthol has a direct interaction with the model cell membrane
and affects membrane physiochemical properties.

Index Terms-menthol, membrane fluctuation, thermo-
responsiveness, molecular area

I. INTRODUCTION

Menthol, a secondary alcohol, which activates a cold
receptor, has a cooling sense to the skin. It has been widely
used in the commercial products and has been employed in
medicine [1],[2]. Menthol is the oldest traditional Chinese
medicine used to relieve minor aches, sunburns, and
flavoring agents [3],[4]. It has the ability to trigger brain upon
channel activation and eventually responds to cooling
sensitization [3]-[5]. Many  studies suggested
differentbehavior of menthol depending on its concentration.
Previously, Green.et.al mentioned that menthol exhibits
cooling sensitization at lower concentration and room
temperature or below, whereas at higher concentration and
temperature it starts producing irritation/pain sensation [6].
The mechanism underlying the behavior needs to be explored
at the molecular level. Menthol, in general, activates the cold
TRPMS8 ion channel, facilitates the opening of the pore and
thereby allows the entry of the ion through the channel [7].
The channel opening could be temperature-dependent [8],[9]
or voltage-dependent [10] in order to activate TRPs. The
temperature sensitivity of these channels is still not clear but
may be postulated by three mechanisms. (1)
Temperature-dependent change leads to the production of
channel-ligand activation. (2) Changes in the temperature
may alter the structure of the channel proteins. (3) Lastly,
TRPs might sense changes in the membrane tension as a
function of temperature change. Menthol apart from TRPM8
activation also activates TRPV3 and inhibits TRPAl
[11],[12].

Pooja Gusain, Naofumi Shimokawa,Masahiro Takagi*
School of Materials Science, Japan Advanced Institute of Science and
Technology, Nomi, Ishikawa 923-1292, Japan.

¥
chlg(?“ 93

Re: [

Cell-sized liposomes have been widely employed as

bio-mimic membranes. Although the bilayer organization of
cell membranes can be mimicked in artificial liposomes with
a simple lipid composition, cell membranes contain
thousands of different lipid species, whose cellular
distribution is gently controlled. The lipid bilayer has the
ability to self-assemble in order to produce desired
morphology and physical properties of the membrane [13].
Liposomes are extensively employed in the drug delivery
[14] as they are able to encapsulate aqueous and hydrophobic
molecules to deliver into the cells. Cell-sized liposomes can
be formed from various phospholipids among all the most
common phospholipids used are phosphatidylcholine (PC),
phosphatidylethanolamine (PE), Phosphatidylserine (PS).
Depending upon the size, cell-sized liposomes are
categorized as small Unilamellar vesicles (SUVs), multi
lamellar vesicles (MLVs), and giant Unilamellar vesicles
(GUVs). Recently, GUVs gained a significant attention as a
model membrane to study the interaction of foreign
molecules with membrane [15]. The size of the liposome is
determined by the balance of curvatures between the inner
leaflets and outer leaflets with negative and positive
curvatures, respectively. The membrane curvature strongly
depends on the lipid compositions in each leaflet and the
interaction between hydrophobic groups across the bilayer
membrane. Therefore, it is important to study the effect of
lipid composition on nature of liposomes. In eukaryotic cells,
membrane-protein,  ligand-ligand  or  ligand-protein
interaction is needed to regulate cellular processes involved
in signal transduction and membrane trafficking. Previous
studies provide the role of lipid as foremost platform for
recognition of direct interaction of membrane proteins and
externally added chemicals. These plant derived signaling
molecules interact with the lipids directly or indirectly
resulting into sensing. In order to study those interactions
with lipids, research on the physical properties change in the
membrane induced by such chemical agonist was carried out.
Cell-sized liposomes were employed as an artificial
membrane to performed further experiments. Taking
advantage of cell-sized liposomes, it is possible to observe
time-dependent changes in the individual liposomes. Thus,
allows real-time observation by optical microscopy.
In this paper, we useda model membrane to investigate the
thermo-induced effect of menthol. Neutral lipid DOPC and
cholesterol were used to prepare the cell-sized liposomes in
the presence of menthol at different concentrations. In model
membrane, the physiochemical changes in such as membrane
fluctuation, surface area upon menthol addition were
demonstrated.

Il. MATERIALS AND METHODS

A. Materials

1, 2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), and
Cholesterol (Chol) were purchased from Avanti Polar Lipids
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(Alabaster,USA).(1R,2S,5R)-2-isopropyl-5-methylcyclohexa
nol (I-menthol) was purchased from Takasago (Japan).
Chloroform and methanol were from Kanto-Chemical
(Japan) and NacalaiTesque (Japan), respectively. Ultrapure
water (specific resistance > 18 MQ) was obtained from a
Millipore Milli-Q purification system.

B. Preparation of Liposomes

Lipid vesicles were prepared by natural swelling method
[16]. Lipids, Chol, and menthol were dissolved in a 2:1
vol/vol  (chloroform/methanol)  solution, making the
concentration of 2 mM for lipids, Chol, and menthol. Lipids,
Chol, and menthol were mixed at desired concentrations to a
final volume of 20 puL. The organic solvent was evaporated
under a flow of nitrogen gas and the lipids were further dried
in a vacuum desiccator for 3 h. The film was hydrated with
Milli-Q water at 37 °C for an hour and was kept overnight at
room temperature 21.7 £ 1.7 °C.

C. Microscopic Observations of membrane fluctuation

The lipid vesicle solution (5 pL) was placed in a silicon
well (0.2 mm) on a glass slide and covered with another small
cover slip. The silicon well and the coverslip ensured that
evaporation of the solution did not occur over the duration of
the experiment. The formed GUVs were observed by phase
contrast microscopy (Olympus BX50 Japan). The images
were recorded on a hard disc drive at 30 frames/s. GUVs
were prepared by unsaturated lipid DOPC, Chol, and menthol
to form a homogeneous membrane. Lipid vesicles were
prepared and observed as above. The stage temperature was
carefully changed using a thermal controller (Tokai-Hit
MATS-5550RA-BT; Japan), from 22 to 40 °C. The samples
were subjected to a temperature increase at a rate of 1.0
°C/min from 21 to 40 °C.

D. Effect of Temperature on Molecular Area of
Monolayer Membranes

A Filgen LB-400 (Aichi, Japan) instrument (Kuhn type)
was used to measure the n—A isotherms. DOPC/Chol (4:1)
was dissolved in chloroform to a final concentration of 2 mM
lipids and 5 pL of this solution was added to 100 ml of
Milli-Q pure water at each temperature. Temperatures were
controlled by attaching the system to the instrument. Waiting
for least 10 min, after each temperature was confirmed, the
m—A isotherms were measured. Their n1—A isotherms were
measured using the same procedure and conditions.

I1l. RESULTS AND DISCUSSION

A. Effect of menthol on membrane fluctuation

Using a natural swelling method to form dry lipid films, two
types of the system were prepared, DOPC/Chol and
DOPC/Chol/Menthol at various menthol concentrations. The
changes in membrane morphology were observed with the
help of phase contrast microscopy (Olympus BX-50, Japan)
at RT. Figl. Shows the typical microscopic images of
DOPC/Chol and DOPC/Chol/Menthol along with the degree
of membrane fluctuation. The vesicle consisting of
DOPC/Chol retained the spherical shape, even if the
temperature was increased from 21 °C to 25 °C. On the other
hand, the membrane fluctuation was observed in
DOPC/Chol/Menthol with same temperature change. In
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order to clarify this difference, the vesicle radii as a function
of polar angle were summarized in Figure 1 (lower panel).
radial

We could find the larger fluctuation in the

menthol-containing membranes.
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Fig.1 Membrane fluctuation of lipid vesicles.The temperature
was increased from RT to 21.0 °C, using a thermo controller.
Images of a typical lipid vesicle captured using a phase-contrast
microscope. The scale bar is 10 pm. These graph show
membrane fluctuation at 21 °C (red), 25 °C (blue) as a function
of radius and its distribution. Plotted the value of radius of r—in
each 6 (0 = +a/n, n =1, 2, 3 ... 100). (a) DOPC/Chol and (b)
DOPC/Chol/Menthol. Scale bar = 10 pm.

Previous studies showed that menthol has dual behaviors, at
higher temperature and concentration it has a tendency to
exhibit itching/burning sense while at low temperature and
concentration has cool sense. From fluctuation data, we
couldobserve the clear concentration effect of menthol on the
model membrane. The effect of menthol concentration on the
thermo-sensitive fluctuation of DOPC/Chol liposomes is
depicted in Figure 2. At lower concentration of menthol, the
maximum fluctuation can be observed, while at a higher
concentration rate of fluctuation declined. Generally, the
thermo-induced membrane fluctuation was caused by the
acquisition of the excess membrane area. The absence of
fluctuation in the DOPC/Chol vesicles suggested that the
membrane area remained steady. Dynamic real-time
observation of membrane dynamics revealed that the menthol
containing membrane was more thermo-responsive than
without menthol. The increase in the temperature enhanced
the number of water molecules near polar head groups,
leading to an increase in steric repulsive interaction between
them and resulted into the excess surface area of liposomes.
As a consequence, liposomes started fluctuating depending
on the hydrophilicity of the head group.
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Fig.2 Thermal responsiveness of menthol-containing lipid
vesicles.Percentage of lipid vesicles, which started fluctuating at
a given level of temperature increase. The vesicles contained
DOPC/Chol (black), 2.5 % menthol (light grey dashed), 5%
menthol (blue), 10 % menthol (dark grey dashed), 20 %
menthol (black dotted), and 30 % (grey solid line). (n=30).

Figure3 demonstrates the graph of T; versus menthol
concentration where T is defined as fluctuating temperature
at which 50 % of the liposomes started fluctuation. We could
clearly observe the higher fluctuating profile at lower
concentration as menthol could fit into the head group of
DOPC lipid thereby made them more thermo-responsive
even at very small temperature increase. On the other hand,
less thermo-responsiveness was observed on increasing
concentration of menthol. We believed that at higher
concentration, menthol molecules can penetrate into the lipid
bilayer where they can occupy the space near double bond of
DOPC lipid. As a consequence, lipid tail movement restricted
hence high temperature was required to fluctuate the
liposomes.
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Fig.3 Thermal responsiveness of menthol-containing lipid
vesicles.Fluctuating temperature at which 50 % of liposomes
started fluctuating at a given level of temperature increase. The
graph shows Tagainst menthol concentration. (n=30).

B. Role of surface tension and pressure on membrane

In order to investigate the area increase by rising temperature,
we carried out Langmuir monolayer experiment at different
temperature with varying concentration of menthol. Surface
tension and surface pressure are the two key factors that
determine the thermal expansion in the lipid bilayer. Surface
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area is related to thermal fluctuation directly and is given by
the following equation

AAlP
AT /

Where A is surface area and T is temperature

In this experiment two different membrane systems,
DOPC/Chol and DOPC/Chol/Menthol were prepared by the
natural swelling method. The lateral pressure present in the
lipid was reported to be 30-40 mN/m [17]; hence the
experiment was carried out at this pressure. It was
hypothesized that the membrane dynamics by temperature
change, leads to an increase in area. Therefore, the effect of
temperature on the molecular area of monolayer membranes
using the Langmuir monolayer membrane method was
studied. For control, DOPC/Chol system was employed
whose values closely consistent with previous reports. Figure
4 shows the typical P-A curves of DOPC/Chol monolayers at
different temperature 20 °C, 24 °C, and 28 °C in the absence
and presence of menthol. It was seen that menthol-containing
monolayer membranes exhibited a relatively bigger increase
in the molecular area upon increasing temperature.

Menthol 2.5 %

40 DOPC/Chol 40
= 35
Ew \ £y \ ~
£ \ X \
g2 N Y o\
315 \ g 15 S\
g 5 SO\
210 3
i N g£n AN
5 0+ == @ N
@ 40 50 60 70 80 90 100 110 120 04‘0 50 60 70 80 90 100 110 120
Molecular area( A2/molecule) Molecular area(A2/molecule)
0 Menthol 5 % w© Menthol 10 %
=% E 35
23 AN U
Es \ s 25 \
g2 \\ 7 20 \
g 15 N £ \
gm . g 10 \\\
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120
Molecular area( A2/molecule) Molecular area( A2/molecule)
Menthol 15 % Menthol 20 %
40 - 40
E® E3 \
i iz
72 N\ s 2
€15 A £ 15 \
g 10 . g 10
£ s . £ s X
3 0 = B 04
40 50 60 70 80 90 100 110 120 40 50 60 70 80 90 100 110 120
Molecular area( A2/molecule) Molecular area( A2/molecule)
Fig.4Typical thermal responsiveness of lipid monolayer
DOPC/Cholesterol and menthol-containing
membranes.DOPC/Chol (80/20), DOPC/Chol/Menthol
(78/19.5/2.5) DOPC/Chol/Menthol (76/19/5),
DOPC/Chol/Menthol (72/18/10), DOPC/Chol/Menthol
(68/17/15), and DOPC/Chol/Menthol (64/16/20).  Surface

pressure (p)-area per molecule (B) at 30 mN/m, at each
temperature 20, 24, and 28 °C.Shows the typically P-A curves of
a membrane at each temperatures 20 (black), 24 (red), and 28
(blue) °C respectively (n = 10).

On the other hand, without menthol system i.e.,
DOPC/Chol system showeda slight increase in area. This
result is in good agreement with the fluctuation data where
menthol containing lipids are more temperature sensitive. As
shown in Figure 5 the changes in the molecular area upon
menthol concentration change. The presence of menthol
significantly increases the molecular area of DOPC/Chol
monolayer at lower concentration till 10 %. This result was in
good agreement with our previous studies depicted that
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menthol strongly facilitates liposome fluctuation at a lower
concentration. It is very obvious to note that on increasing
temperature, molecular area also increases as consequence of
Brownian motion. However, at 15 % menthol, the molecular
area of the monolayer was higher compared to 20 %. The
unusual behavior at 20 % shown by menthol may be due to
aggregation of menthol molecules at high concentration with
distortion of the monolayer.
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Fig.5Typical thermal responsiveness of lipid monolayer
DOPC/Chol and menthol-containing membranes.DOPC/Chol
(80/20), DOPC/Chol/Menthol (78/19.5/2.5)
DOPC/Chol/Menthol (76/19/5), DOPC/Chol/Menthol
(72/18/10), DOPC/Chol/Menthol (68/17/15), and
DOPC/Chol/Menthol (64/16/20). Change in the molecular area
upon menthol concentration change.

In DOPC/Chol/Menthol system, menthol has a hydroxyl
group addition to the cholesterol (OH) and lipid head group.
This additional hydrophilic group in the lipid promotes the
excess area and resultant fluctuation of menthol-containing
liposomes more easily to increase with temperature than
DOPC/Chol. The presence of extra-bilayer hydrophilic part
of menthol enhances the repulsive interaction among the
head part of the lipid with an increase in temperature
resulting into fluctuation of the liposomes. In contrast at
higher concentration of menthol, as the number of molecules
increase, resultant repulsive interaction becomes high enough
to create space to insert menthol in the bilayer. Hence the
overall fluctuation of liposomes decreased. It was also
observed that menthol at 2.5 to 10 % have shown more
fluctuation change compare to the system without menthol.
Menthol 20% and 30% shows very similar behavior to that of
DOPC/Chol (control) system.

Menthol-containing monolayer membrane exhibited a
bigger increase in the molecular area upon an increase in
temperature. It was in agreement with the vesicular
fluctuation that membrane containing cholesterol only
showsa slight increase in molecular area. Menthol at a
concentration of 15 % showed greater surface area followed
by 10 %, menthol 20 % showed least surface area. As the
temperature increase area also increase for all the system.
The model presented in Figure 6 clearly shows the direct
effect of menthol on lipid vesicles which cause significant
changes in the morphology of the membrane.
Menthol-containing lipid vesicles are more
thermo-responsive than those cholesterol-containing lipid
vesicles. Theincrease in fluctuation occurs as a result of
excess membrane area. The presence of hydroxyl group in
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menthol will interact with hydrophilic part of phospholipids
thereby resulting into increase in head-head length. It was
assumed that menthol might have inserted in between the
head groups of phospholipids (Fig.6). We also measured the
molecular area increase via temperature change by the
Langmuir monolayer method. It is very important to consider
the hydrophilic interaction among the head group of
phospholipids and the hydroxyl group of menthol as well as
the hydrophobic interaction among lipids. Higher
concentration of menthol rendered the hydrophilic interaction
between molecules and inhibited the thermo responsiveness
by inhibiting the increase in membrane area.
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Fig.6 Hypothetic model demonstrating a mechanism of
membrane fluctuation in DOPC/Chol system in the presence of
menthol.
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1V. CONCLUSION

This is the first attempt to demonstrate direct observation of
the dynamic responses of lipid vesicles in real-time. The
results clarified that menthol has direct interaction with
biomembrane and significantly affects membrane dynamics.
In addition, we have characterized and discussed the
biophysical changes in membrane dynamics of
menthol-containing lipid vesicles induced by temperature
increase. This interaction of menthol can explain the
physicochemical changes in the model cell membrane and
may lead to better understanding of the biological membrane
dynamics upon such sensing molecules.
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