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Abstract 

Certain odors have not only been shown to cause health problems and stress but 

also to affect the skin barrier function. Therefore, it is important to understand olfactory 

masking in order to develop effective fragrances to mask bad odors. However, olfaction 

and olfactory masking mechanisms are not yet fully understood. To understand the 

mechanism of the masking effect that has been studied, the responses of several target 

substances (TS)-1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) mixed molecular 

layers to odorants (OD) were examined as a simple experimental model of epithelial-

cellular membranes injured by TS molecules. Here, we examined trans-2-nonenal, 1-

nonanal, trans-2-decenal, and 1-decanal as TS molecules to clarify the effects of double 

bonds and hydrocarbon chain length on the phospholipid molecular layer. In addition, 

benzaldehyde and cyclohexanecarboxaldehyde were utilized as OD to clarify the masking 

effect of the aromatic ring. Surface pressure (Π) - area (A) isotherms were measured to 

clarify the adsorption or desorption of TS and OD molecules on the DOPC molecular 

layer. In addition, Fourier-transform infrared spectroscopy was performed to clarify the 

interactions between DOPC, TS, and OD molecules. We found that TS molecules with 

and without double bonds had different effects on the DOPC molecular layer and that 

molecules with shorter chain lengths had greater effects on the DOPC molecular layer. 

Furthermore, OD with aromatic rings counteracted the effects of TS molecules. Based on 

this research, not only a detailed mechanism by which odor molecules affect lipid 

membranes without mediating olfactory receptors is elucidated but also more effective 

OD molecules with masking effects are proposed. 
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INTRODUCTION 

 Daily odors in living spaces can cause health hazards and increase stress.1–6 

Trans-2-nonenal (NE), generated by the oxidative degradation of ω seven unsaturated 

fatty acids at the surface of the skin in an aging-related manner,7 has an unpleasant greasy 

odor.8 A previous report demonstrated that, among body odor components, only NE in 

skin surface stratum corneum obviously increases with aging7, and another report 

indicated that the recovery of the stratum corneum after its disruption is delayed with 

aging.9 Nakanishi et al. reported that NE is cytotoxic to human keratinocytes and induces 

abnormal cornification.10 

Masking of odors plays an important role in preventing the various harms caused 

by odors.11–14 Odorant masking is a phenomenon in which a malodor is no longer 

perceived when smelled with specific odorants. One of the masking mechanisms is 

olfactory receptor antagonism. However, chemotransduction-independent suppression of 

voltage-gated currents by odorants has been observed in olfactory neurons.15 Nakanishi 

et al. also reported that the induction of apoptosis and reduction of viability of human 

keratinocytes by NE is blocked by specific masking odors, even though keratinocytes are 

not olfactory cells.10 

Phospholipid artificial membrane is used as model cell membrane to investigate 
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the mechanism of cell response since it is difficult to factor out intrinsic elements and 

their nature on the mechanism of chemical sensation in living organisms due to their 

complexity.16-20 Indeed, interactions between chemical species and functional groups in 

phospholipid artificial membranes have been reported to be associated with barrier 

homeostasis of cellular membranes in skin.21 It has also been reported that membrane 

fluidity of liposomes is affected by odorants.22-25 We recently evaluated the interaction 

between odorant (OD) molecules and phospholipid molecular layers based on the 

spectroscopies and the surface pressure (Π)-area (A) isotherms.26 As a result, it was 

revealed that NE molecules are adsorbed into the 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) molecular layer and are desorbed by forming a complex with 

aromatic OD molecules. In other words, OD molecules with aromatic rings have a 

masking effect on NE, while OD molecules without aromatic rings have no effect.26 These 

studies suggest that NE desorption from membrane is promoted by the interaction 

between NE and odorants in masking phenomena. However, the relationships between 

the chemical structures of NE and OD molecules to the response of phospholipid 

molecules have not yet been clarified.  

We investigated the interactions among DOPC as an artificial lipid membrane, 

target substance (TS), and OD molecules to understand the masking effects. We selected 
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NE, 1-nonanal (NA), trans-2-decenal (DE), and 1-decanal (DA) as TS molecules because 

these substances are found as unpleasant greasy odors in human sweat.27 Benzaldehyde 

(BA), which are selected as candidates for masking odor,11 and 

cyclohexanecarboxyaldehyde (CA) as its counterpart substance are abbreviated as OD 

molecules (Scheme 1). The interactions of DOPC, TS, and OD were characterized by 

utilizing surface pressure (Π)-area (A) isotherms and attenuated total reflection Fourier-

transform infrared spectrometry (ATR-FT-IR). The interaction among DOPC, TS, and 

OD verified in this study is consistence with the toxicity and masking effect of 

keratinocytes for NE and NA. The toxicity and masking effects of other odors, e.g., DE 

and DA, have not been clarified. This consistency indicates the ability of this systematic 

model system to predict the cytotoxicity, masking effect, and their mechanisms.   
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Scheme 1. Chemical structures of compounds utilized in this study. 

 

EXPERIMENTAL 

DOPC, NE, NA, DE, DA, BA, and CA were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Chloroform was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). The 

Π-A isotherms of DOPC monolayers were obtained utilizing a surface pressure meter 

(Kyowa Interface Science Co. Ltd., HMB, Saitama, Japan) at 20 ± 1 ℃. 56 µL DOPC 

chloroform solution (amount of DOPC: 1.62 × 10-8 mol) was gently dropped on water. 

Water was distilled and purified employing a Millipore Milli-Q filter system (resistance: 

18 MΩ cm). The surface area was reduced with a barrier from 210 to 42 cm2 at a rate of 

16.5 cm2 min-1, that is 17 Å2 molecule-1 min-1 for the DOPC monolayer. DOPC, TS, and 

OD molecules were individually dissolved in chloroform to prepare their individual stock 

solutions. Each chloroform stock solution was developed simultaneously before the 

compression. The Π-A isotherms were independent of injection order of TS and OD. 

Compression of the monolayer began 5 min after adding the chloroform solution to 

remove the chloroform from the aqueous surface by evaporation. At least four 

examinations were performed for each condition to confirm the reproducibility of the Π-

A isotherm. 
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ATR-FT-IR spectra were measured employing an FT-IR spectrophotometer 

(Nicolet Summit FT-IR Spectrometer, Thermo Fisher Scientific Inc. MA) equipped with 

an attenuated total reflection (ATR) diamond cell (EverestTM Diamond ATR Accessory) 

at room temperature. For the measurement of the three-component system, 1 μL 

chloroform solution including DOPC (amount: 1.0 × 10-8 mol), TS molecules (amount: 

5.0×10-8 mol), and OD molecules (amount: 5.0×10-8 mol) was placed on the cell, and the 

solvent was dried to obtain a laminated film of the mixture. A cover glass (15 × 15 mm) 

was placed on the laminated film to prevent the volatilization of TS and OD molecules. 

The spectral resolution and the cumulative number were 1 cm-1 and 100, respectively. 

 

RESULTS and DISCUSSION 

As for the two-component system, each TS chloroform solution was added to a DOPC 

monolayer to evaluate the effect of TS molecules on the DOPC monolayer. Π–A 

isotherms of the DOPC monolayer after the addition of TS molecules (NE, NA, DE, and 

DA) are shown in Figure 1. The compression modulus analysis for Figure 1 is shown in 

Figure S1. Π  for the mixture of DOPC-NE molecular layers was higher than that for 

DOPC alone at 60 < A < 160 Å2 molecule-1 (Figure 1a). NA and DE increased Π for the 

DOPC monolayer at 75 < A < 160 Å2 molecule-1 (Figures 1b and 1c). In contrast, DA did 
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not change Π for the DOPC molecular layer. 

The Π-A isotherms for the three-component systems, that is DOPC-NE-BA, 

DOPC-NE-CA, DOPC-NA-BA, DOPC-NA-CA, DOPC-DE-BA, DOPC-DE-CA, 

DOPC-DA-BA, and DOPC-DA-CA, were measured to clarify the characteristic 

responses of BA and CA to the DOPC-TS molecular layer, as shown in Figure 1. Π for 

DOPC-NA was increased by adding BA (Figure 1b), but Π for DOPC-NE and DOPC-

DE were decreased by the addition of BA (Figures 1a and 1c). In contrast, CA increased 

slightly Π for DOPC-NE, DOPC-NA, and DOPC-DE (Figures 1a, 1b, and 1c). When CA 

was added to the DOPC-NA mixed molecular layer, a plateau region in the Π-A isotherm 

was observed (Figure 1b). Π for DOPC-DA did not change upon adding BA or CA 

(Figure 1d). 
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Figure 1. Π-A isotherms of DOPC monolayers on water adding TS (black line; (a) NE, 
(b) NA, (c) DE, (d) DA), and TS plus OD (BA (green line), CA (red line)). Dotted lines 
denote Π-A isotherms of DOPC monolayer without additives. Molar ratios for two- and 
three-component systems were MTS /MDOPC = 5 and MTS /MDOPC = MOD/MDOPC = 5, 
respectively, and MDOPC = 1.62 × 10-8 mol, MTS = MOD = 8.10 × 10-8 mol. A is the average 
area per molecule of only DOPC. 
 

Next, we analyzed the Π-A isotherms of the DOPC-TS-OD mixtures as a three-

component system to evaluate the effects of OD molecules (BA and CA) on the DOPC-

TS (NE, NA, DE, and DA) mixed monolayer, as shown in Figure 2. Here, the increase in 

∆A (= ADOPC+TS − ADOPC or ADOPC+TS+OD − ADOPC) corresponds to the increase in Π and 

was utilized for the reasons (1)–(4). (1) If ∆A for DOPC-TS and DOPC-TS-OD is zero, 
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TS and OD molecules do not adsorb onto the DOPC molecular layer. (2) If ∆A for DOPC-

TS-OD was equal to that of DOPC-TS, the DOPC-TS molecular layer was not sensitive 

to OD. (3) If ∆A for DOPC-TS-OD was greater than that for DOPC-TS, the OD molecules 

were adsorbed onto the DOPC-TS mixed molecular layer. (4) If ∆A for DOPC-TS-OD is 

lower than that for DOPC-TS, adding OD molecules may partially break the DOPC-TS 

mixed molecular layer. As shown in Figure 2, ∆Α for DOPC-NE decreased with the 

addition of BA (Figure 2a). In contrast, ∆Α for DOPC-NA increased with the addition of 

BA and CA (Figure 2b). The changes in ∆Α for DE and DA were smaller than those for 

NE and NA (Figures 2c and 2d).  
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Figure 2. ∆Α at different values of Π for DOPC-TS (solid line) and DOPC-TS-OD (BA 
(filled circles) and CA (empty circles)) mixtures. These data correspond to those shown 
in Figure 1. The horizontal dotted line indicates that A for the DOPC-TS and DOPC-TS-
OD was equal to that for DOPC. Error bars represent the standard deviation from four 
examinations. These data correspond to those shown in Figure 1. 

 

ATR-FT-IR was utilized to evaluate the intermolecular interactions between 

DOPC and the additives from the viewpoint of functional groups. Figure 3 presents FT-

IR spectra which correspond to PO2− antisymmetric stretching vibration mode of DOPC 

(ṽ (PO2
−)). FT-IR spectra for the DOPC, DOPC-TS, and DOPC-TS-OD mixtures over 

the wavenumber range of 1000–3500 cm-1 are shown in Figure S2. We analyzed the 
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wavenumber of the peak maxima on ṽ (PO2
−), mixed with additives (DOPC-TS or DOPC-

TS-OD) adopting the fitting based on the Gaussian function for several other peaks, i.e., 

CH2 wagging and CO-O stretching,28 as shown in Figure S3. ṽ (PO2
−) (ca. 1240 cm−1) 

was increased with the addition of NE and DE (Figures 3a1 and 3a3). However, ṽ (PO2
−) 

did not changed with the addition of NA and DA (Figures 3a2 and 3a4). ṽ (PO2
−) for both 

the mixtures of DOPC-NE and DOPC-DE were red-shifted by adding BA (Figures 3a1 

and 3a3). In contrast, ṽ (PO2
−) for the mixture of DOPC-NE and DOPC-DE slightly blue-

shifted and red-shifted with the addition of CA, respectively (Figures 3a1 and 3a3). ṽ 

(PO2
−) for the mixture of DOPC-NA and DOPC-DA slightly red-shifted with the addition 

of BA (Figures 3a2). In contrast, ṽ (PO2
−) for the mixture of DOPC-NA and DOPC-DA 

blue-shifted with the addition of CA (Figures 3a2 and 3a4). 
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Figure 3. (a) FT-IR spectra presenting the peak region corresponding to PO2− 
antisymmetric stretching region (~1240 cm-1) for DOPC (black line), DOPC-TS (red line), 
DOPC-TS-BA mixture (yellow line), and DOPC-TS-CA mixture (blue line). Dotted lines 
were fitting curves corresponding to PO2− antisymmetric stretch vibration mode in DOPC. 
(b) Wavenumbers of IR absorbance peak arising from PO2

− antisymmetric stretching 
vibration mode of DOPC for DOPC only, DOPC-TS mixture, and DOPC-TS-OD 
mixtures (OD: BA and CA, TS: (1) NE, (2) NA, (3) DE, and (4) DA). The black and gray 
arrows denote red and blue shifts, respectively. 

 

Based on the experimental results mentioned above and related papers,10, 17–27 

we discuss the characteristic responses of TS molecules to the DOPC molecular layer. Π 

for all the samples utilized, that is, NE, NA, DE, DA, BA, and CA, were maintained at 

zero for A > 15 Å2 molecule-1 (Figure S4). The TS molecules used in this study have a 

molecular area of ca. 12 Å2 (calculated by Molview). Therefore, the fact that the surface 

pressure was almost 0 mN m-1 at A = 15 Å2 indicates that molecular packing does not 
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occur neatly and that no monolayer is formed. Regarding the effect of TS molecules on 

the DOPC molecular layer, the increase in Π for DOPC with the addition of NE, NA, and 

DE suggests that these molecules are adsorbed onto the DOPC monolayer (Figures 1a, 

1b, and 1c). In the case of TS molecules with longer chain lengths, such as DE and DA, 

the smaller change in Π compared to NE and NA suggests that the DOPC molecular layer 

is sensitive to the length of the alkyl chain of TS (Figures 1b and 1d). A cell-based study 

has also reported the importance of an appropriate alkyl chain length for interaction with 

the lipid membrane.29 The increase in Π for DOPC with the addition of NE at 60 < A < 

160 Å2 molecule-1 suggests that NE molecules are stably adsorbed on the DOPC 

molecular layer rather than on NA, i.e., double bonds in the TS molecules are important 

for adsorption onto the DOPC molecular layer. (Figure 1a). It is consistent with the fact 

that molecules with double bonds are more likely to adsorb in the phospholipid molecular 

layer although TS molecules with a double bond have a lower oil-water partition 

coefficient than those without a double bond. The reason why the plateau characteristic 

is observed for the Π-A isotherm in the DOPC-NA-CA mixed molecular layer has not 

been clarified yet.  

Next, we focus the ∆A for the Π-A isotherms to evaluate the effects of OD 

molecules. Larger values of ∆A for DOPC-NE-CA and DOPC-NA-CA than that for 
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DOPC-NE and DOPC-NA suggest that the CA molecules are additionally adsorbed on 

the DOPC-NE and DOPC-NA molecular layers (Figures 2a and 2b). We previously 

reported that for the Π-A isotherm of DOPC-OD, Π was not changed by the addition of 

BA but Π was increased by the addition of CA.27 Therefore, CA is easily adsorbed on the 

DOPC molecular layer. In contrast, the smaller value of ∆A for DOPC-NE-BA and 

DOPC-DE-BA compared to those for DOPC-NE and DOPC-DE suggest that NE and DE 

were desorbed from the air–water interface by the addition of BA (Figures 2a and 2c). In 

addition, because the degree of decrease in ΔA for DOPC-NE is larger than that for 

DOPC-DE by adding BA, TS molecules with shorter alkyl chain lengths may be easier 

to desorb into the aqueous phase. ΔA for DOPC-NA-BA is larger than that for DOPC-

NA, suggesting additional adsorption of BA molecules on the DOPC-NA mixed 

molecular layer.  

Then, we focus on the peak shift of FT-IR spectra to evaluate the molecular 

interaction. Blue shifts for ṽ (PO2
−) with the addition of NE and DE (Figures 3a and 3b) 

suggest that the hydrophilic interaction between DOPC molecules via hydrogen bonding 

of H2O and PO2− group is weakened by the adsorption of either NE or DE onto the DOPC 

molecular layer. We define ∆ ṽ (PO2
−) = ṽDOPC-TS-OD –  ṽDOPC-TS, to compare between ṽ 

(PO2
−) of DOPC-TS and DOPC-TS-OD. The negative change of ∆ ṽ (PO2

−) for the 
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DOPC-NE and DOPC-DE mixtures with the addition of BA and the slight changes of ∆ 

ṽ (PO2
−) for DOPC-NE and DOPC-DE mixtures with the addition of CA suggest that the 

benzene ring of BA is important for the desorption of NE and DE (Figure 3b1 and 3b3). 

We previously reported that in the FT-IR spectra of BA-NE mixtures with aromatic rings, 

both the peaks corresponding to the stretching mode of the aromatic ring (1500-1650 cm-

1) and the C-H out-of-plane mode of the aromatic ring (800-900 cm-1) are blue-shifted.27 

These results suggest that the aromatic rings of BA interact with NE. The positive change 

of ∆ ṽ (PO2
−) for DOPC-NA and DOPC-DA mixtures with the addition of CA suggests 

that the CA molecules are additionally adsorbed onto DOPC-NA and DOPC-DA mixed 

molecular layers (Figures 3b2 and 3b4). The slight change of ∆ ṽ (PO2
−) for DOPC-NA 

and DOPC-DA upon addition of BA suggests that BA molecules have little effect on 

DOPC-NA and DOPC-DA mixed molecular layers (Figures 3b2 and 3b4). 

The experimental results for the Π-A isotherms and FT-IR spectra are 

summarized in Table 1. For TS molecules with double bonds, that is, NE and DE, the 

effect of OD molecules on the DOPC-TS mixed layer was roughly classified by the 

presence or absence of a benzene ring in the OD molecules. For TS molecules with double 

bonds, that is, NE and DE, OD molecules with a benzene ring affect TS desorption but 

have little effect on TS molecules without double bonds, that is, NA and DA. 
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Table 1. Comparison between DOPC-TS-OD mixed molecular layer and DOPC-TS 
molecular layer concerning Parameters ∆A and ∆ ṽ (PO2

−). ∆A = ∆ADOPC-TS-OD – ∆ADOPC-

TS (Figure 2), and ∆ ṽ (PO2
−) = ṽDOPC-TS-OD –  ṽDOPC-TS (Figure 3). 

 

 

CONCLUSIONS 

∆A of the Π-A isotherm for DOPC was significantly higher for TS molecules with double 

bonds than for TS molecules without double bonds. In addition, ΔA for DOPC-NE and 

DOPC-DE mixed molecular layers characteristically changed depending on the chemical 

structure of OD molecules, i.e., OD molecules with an aromatic ring revealed a lower ΔA, 

but OD molecules without an aromatic ring induced similarly high ΔA. The characteristic 

responses of the DOPC molecular layer to OD molecules were discussed in terms of the 

interactions between DOPC, TS, and OD molecules based on the ATR-FT-IR results. The 

decrease in the wavenumber of the PO2− antisymmetric stretch mode of the DOPC-NE 
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and DOPC-DE mixed films with the addition of BA indicated that BA played an 

important role in the desorption of these TS molecules from the DOPC-TS mixed films. 

In addition, the experimental results seem to be related to the responses of skin to odors, 

i.e., the difference in the cytotoxicity with or without double bonds of TS molecules.10 

OD molecules with benzene rings are useful for masking these effects. This study is useful 

for understanding the mechanisms of the masking effects observed on lipid membranes, 

without considering olfactory receptors from view point of molecular structure. In this 

study, DOPC was selected as an artificial lipid membrane system. However, the actual 

cell membranes contain cholesterol and other phospholipids, e.g., phosphatidylserine and 

phosphatidylethanolamine.30 Similar experiments using other phospholipids or 

cholesterol-containing membranes may induce characteristic responses to chemical 

stimuli. Based on the present study, we can elucidate the detailed mechanisms by which 

odor molecules affect lipid membranes without mediating olfactory receptors and develop 

more effective OD molecules with a masking effect. 
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FT-IR spectra of DOPC, DOPC-TS, DOPC-TS-OD mixtures are shown in Figure S1. FT-

IR spectra for DOPC, DOPC-TS, and DOPC-TS-OD mixtures around PO2
− 

antisymmetric stretching region (∼1240 cm−1) and their analytical procedures to obtain 

the wavenumber at IR absorbance peak arising from the PO2
− antisymmetric stretch 

vibration mode of DOPC are shown in Figure S2. Π-A isotherms for TS and OD 

developed on water as a single sample are shown in Figure S3. 
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