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Background: Lipid rafts are specialized membrane microdomain enriched in saturated lipid, sphingolipids, and 

cholesterol
1
. These regions are rather tightly packed in the liquid ordered phase, unlike the disordered phase 

present in the bulk of the biological membrane. Lipid rafts serve as a platform for the regulation of various 

cellular processes involved in signal transduction and membrane trafficking
2
. Some membrane proteins, such as 

ion channels, are localized on lipid rafts. The activity of a channel is controlled by specific molecules, and 

changes in activity resulting from molecular binding in a channel generate a sensation, such as warmth, cold, or 

anaesthesia. This binding molecule may not only affect the channel, but also the lipid bilayer, thus altering the 

physical properties of the membrane. Therefore, channel activity is also influenced through the lipid membrane, 

and specific changes in the physical properties of lipid membranes by several sensing molecules have been 

revealed
3
. The two important parameters: hydrophobic acyl chain ordering and hydrophilic head group 

interaction could represent the sensing mechanism leading to channel activation. Hence, it becomes very 

important to perceive these structural changes of lipid on interaction with such sensing molecules. 

    The complexity of living system makes understanding the importance of chirality challenging. Biological 

molecules are often chiral, such as DNA, proteins, carbohydrates, lipids, and steroids. Menthol is also chiral. 

There are several diasteriomers of menthol, of which the most common are (1S, 2R, 5S)-2-isopropyl-5-

methylcyclohexanol (d-menthol) and (1R, 2S, 5R)-2-isopropyl-5-methylcyclohexanol (l-menthol). l-Menthol is 

the main form found in nature and is widely used in products such as toothpaste, chewing gum, and cigarettes. l-

Menthol is believed to bind onto TRPM8 and causes a well-known, desired, cooling sensation
4
. In contrast, d-

menthol does not exist in nature and does not induce cooling sensation. The underlying significant differences in 

the interaction between d-/l-menthol and the lipid membrane are not well understood. The first step in 

addressing this is to elucidate how and where d-/l-menthol each interact with a membrane. Considering these 

facts, we used GUVs as model membranes (artificial cells) and live cells to examine the interaction between a 

lipid membrane and d-/l-menthol. 

Research Objective: Each part of the human body acts for the original roles and every role for each sense is far 

more crucial for their proper functioning. One of the important functions of our body is the sensing various 

external stimuli. The different sensitization includes cold, warm, anesthesia, etc. which is provoked by 

activation of some sensing channels. The activity of these channels is induced by external molecules leads to 

opening/closing of the channels, thus changes the physiological states of the membrane. Menthol, a chiral 

molecule, is one of the candidates, inducing cold sensitization to the body by activating a sub family of ion 

channels, termed as transient receptor potential melastatin 8 (TRPM8). Although many studies have been 

reported about the interaction between menthol and membrane, the mechanism at the molecular level is still 

remains unclear. With this understanding, I aimed to scratch physiological changes induced by menthol on the 

model membrane and related mechanism for its cooling behaviour. 

Experimental: To study the detailed mechanistic pathways at a fundamental level, I worked on both cell-sized 

liposomes, i.e., GUVs as a model membrane and biological membrane specifically HEK293 cell line. By using 

both model membrane and biological membrane, I have shown the different localization and interaction sites of 

d- and l-menthol. In contrast, the role of cholesterol to alter the physiochemical properties of membrane was 

also demonstrated. Preparation of liposomes and staining protocol for HEK293 cells are depicted in scheme 1. 

The detailed procedure for the sample preparations have been discussed in chapter 2 and 5.  



 

 

 

Scheme 1. Preparation of Liposomes (a) and staining protocol for HEK293 cells (b) 

 

Results and discussion: In chapter 1, first we studied the initial interaction of menthol on homogeneous model 

membrane composed of DOPC lipid, Cholesterol, and l-menthol. We have shown that l-menthol can interact 

directly with the model membrane and has specific interaction. Figure 1 (a, b). Shows typical phase-contrast 

microscopic images in both DOPC/Chol (control) system and DOPC/Chol/menthol. The vesicle consisting of 

DOPC/Chol retained the spherical shape, even if the temperature was increased from 21 ºC to 25 ºC. On the 

other hand, the membrane fluctuation was observed in DOPC/Chol/menthol with same temperature change. 

Previous studies showed that menthol has dual behaviours, 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 could observe 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 1(c). 

 

Fig.1 Typical microscopic images (a, b). Thermal-responsiveness response of menthol-containing lipid 

vesicles (c). 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).  

 At lower concentration of menthol, the maximum fluctuation could 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 thek 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. Further, to elaborate more 
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about the specific interaction of menthol involved in cold-sensitization, we examined the chirality-dependent 

interaction in both homogeneous and heterogeneous systems discussed in chapter 3 and 4.  

     In order to understand the effects of d- or l-

menthol on the phase separation more clearly, the 

miscibility temperature was observed over the 

temperature range from 18 ˚C to 38 ˚C using 

thermo-controller. First, we observed the phase 

separation of binary lipid mixtures consisting of the 

unsaturated lipid DOPC and the saturated lipid 

DPPC without Chol at temperature ranging from 18 

˚C to 38 ˚C (obtained using thermo controller). The 

miscibility temperature Tm is defined as the 

temperature at which 50 % of GUVs become 

heterogeneous. Figure 2 shows the fraction of 

liposomes forming phase-separated structures at 

each temperature tested. No clear difference in 

miscibility temperature was obtained by adding d- or 

l-menthol to the binary system DOPC/DPPC, as 

shown in Fig. 2(a) and (d). Next, we observed phase 

separation in the DOPC/DPPC/Chol (Chol = 20 %) 

ternary lipid mixture. Also, the system without 

menthol and the d-/l-menthol-containing systems 

showed no significant differences in miscibility 

temperature, as shown in Fig. 2(b) and (d). At Chol = 

30 %, however, clear and significant phase behaviour 

differences induced by d- or l-menthol were apparent, 

as shown in Fig. 2(c) and (d). Notably, d-menthol 

stabilized phase separation, whereas l-menthol 

dramatically lowered the phase-separated fraction. These findings can be explained by considering the change in 

the lipid bilayer physical state near phase transition. From the results obtained we proposed a model showing 

possible interaction of d-/l-menthol with lipid bilayer which could affect the cold sensing properties of TRPM8. 

We also believe that TRP channels can sense the temperature-dependant changes in the lipid bilayer. 

 

Conclusions: In current issue, I have explored deep understanding of the membrane interaction and 

physiochemical changes upon external stimuli i.e., menthol at the molecular level. Moreover, the mechanical 

pathway involved in the cold-sensitization induced by l-menthol was clarified. I successfully demonstrated first 

attempt to assess the interaction of signalling molecule “menthol” with model cell membrane. Different 

approaches had been attempted to clarify physiological changes and morphology change induced by menthol 

along with the importance of chirality in the biological processes. These dynamic changes in the membrane 

properties enable to picture the related mechanism behind sensation such as warmth, cold, and anaesthesia. 

Therefore, studies on lipid rafts and membrane lipids could offer more information to unravel the mechanism 

involved in the channel functioning. 
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Fig. 2 Miscibility temperature measurement 

for DOPC/DPPC/Chol/menthol system at Chol 

= 0 % in (a), 20 % in (b), and 30 % in (c). 

Black lines and black squares indicate 

DOPC/DPPC/Chol without menthol. Red lines 

with red circles and blue lines with blue 

triangles are DOPC/DPPC/Chol with d-

menthol and l-menthol, respectively. Change 

in the miscibility temperature as a function of 

Chol concentration (d). 

 


