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ABSTRACT: We propose a novel odor-sensing system based on 
the dynamic response of phospholipid molecular layers for artifi-
cial olfaction. Organisms obtain information about their surround-
ings based on multi-dimensional information obtained from sniff-
ing, i.e., periodic perturbations. Semiconductor- and receptor-
based odor sensors have been used previously. However, these sen-
sors predominantly identify odors based on one-dimensional infor-
mation, which limits the type of odor molecule they can identify. 
Therefore, development of odor sensors that mimic the olfactory 
systems of living organisms is useful to overcome this limitation. 
In this study, we developed a novel odor-sensing system based on 
the dynamics of phospholipids that responds delicately to chemical 
substances at room temperature using multi-dimensional infor-
mation obtained from periodic perturbations. Odor molecules are 
periodically supplied to the phospholipid molecular layer as an in-
put sample. The waveform of the surface tension of the phospho-
lipid molecular layer changes depending on the odor molecules and 
serves as an output. Such characteristic responses originating from 
the dynamics of odor molecules on the phospholipid molecular 
layer can be reproduced numerically. The phospholipid molecular 
layer amplified the information originating from the odor molecule, 
and the mechanism was evaluated using surface pressure-area iso-
therms. This paper offers a platform for an interface chemistry-
based artificial sniffing system as an active sensor and a novel ol-
factory mechanism via physicochemical responses of the receptor-
independent membranes of the organism. 
 
Sensation is important for maintaining life. For example, harmful 
chemicals can be smelled out and avoided. Olfaction is one of the 
five senses that responds directly to chemical stimuli. Most studies 
on olfactory mechanisms have focused on receptors, and the num-
ber of olfactory receptors discovered was approximately 350. How-
ever, we could identify far more odors.1, 2 The number of functional 
olfactory receptors that were discovered previously is insufficient 
to characterize odorant discrimination performance,3 and the mech-
anism by which we can distinguish a variety of odors has not yet 
been understood. Lipids, which are components of cell mem-
branes,4-6 or inorganic membranes,7 may be involved in chemical 
identification and molecular recognition. We previously reported 

that the surface pressure (Π) is characteristically changed by the 
addition of volatile compounds owing to their interactions with 
phospholipid molecules.8 These results suggest that the response of 
a phospholipid membrane toward odor molecules can amplify its 
discrimination ability. 
 Organisms exhibit excellent odor detection. Chemical infor-
mation, such as molecular structure and concentration, is converted 
into multi-dimensional information on the time-variation of the 
electrical signal; for example, the frequency, amplitude, and shape 
of oscillations, which are generated by the excitation of nerve cells 
via receptors.9, 10 In olfaction, it is thought that the temporal re-
sponse obtained by sniffing is used to obtain such multi-dimen-
sional information.11-18 We smell by periodically inhaling the out-
side air. This process is called sniffing, and the air currents gener-
ated by sniffing periodically transport odor molecules to the olfac-
tory epithelium, enabling the acquisition of higher-dimensional in-
formation.19 Sniffing also allows air to be breathed in and reset; the 
odor is concentrated, and the odor molecules are adsorbed in the 
olfactory epithelium. Sniffing is necessary to obtain information 
from odors, and organisms regulate the amount of information re-
ceived by controlling their sense of smell according to the external 
environment.20 Accordingly, exploiting the dynamic response of 
the sensory system to periodic perturbations is a key strategy for 
identifying odor molecules. 
 Previous odor sensors included semiconductor gas sensors,21,22 
receptor-type sensors23-26 and their artificial neural networks, and 
sensor arrays.27, 28 Most of these sensors identify odors based on 
instantaneous information, which limits the range of odor mole-
cules that can be identified and requires steady states.29 On the other 
hand, in a few sensors, dynamics of semiconductor gas sensors 
have been utilized to identify gases.19, 21, 22, 30 Therefore, we focused 
on odor identification via an elastic sensor system comprising phos-
pholipids; the system is sensitive to chemical substances at room 
temperature and is based on multi-dimensional information ob-
tained from periodic perturbations. 
 In this study, we developed a novel odor evaluation system 
based on artificial sniffing, using phospholipid molecular layers as 
a material. An electric fan periodically applied a flow to supply an 
odor stimulus to the 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) molecular layer distributed on water. Linalool, acetic acid, 



 

and triethylamine were selected as the odorants. The time variation 
of surface tension of the DPPC molecular layer changed character-
istically for individual odors. In particular, the response of the 
DPPC molecular layer to triethylamine was markedly different 
from that to acetic acid or linalool. Surface pressure (Π)–area (A) 
isotherms of the DPPC molecular layer and thermograms of DPPC 
were obtained to evaluate the interactions between DPPC and the 
odor molecules. Such characteristic responses to odor molecules 
can be qualitatively reproduced by numerical calculations based on 
the dynamics of odor molecules and the surface tension of the phos-
pholipid molecular layer, depending on the type of odorant mole-
cule. These results suggest that the dynamic responses generated 
by periodic perturbations are effective in distinguishing odors. 
 
EXPERIMENTAL SECTION 
DPPC was purchased from Sigma-Aldrich (MO, USA). Racemic 
linalool and chloroform were purchased from Nacalai Tesque, Inc. 
(Kyoto, Japan). Acetic acid was purchased from Tokyo Chemical 
Industry Co. Ltd. (Tokyo, Japan). Triethylamine was purchased 
from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 
Water was purified by filtering through active carbon, an ion-ex-
change resin, and a Millipore Milli-Q filtering system (Merck Di-
rect-Q 3UV, Germany; resistance: 18 MΩ cm). Figure 1 shows a 
schematic illustration of the experimental system used to detect the 
dynamic response of a DPPC molecular layer by means of “sniff-
ing.” Purified water (50 mL) was poured into a large glass petri dish 
(inner diameter: 95 mm) with a mesh wire (width: 1 mm) 7mm 
above as the water phase (water depth: 8 mm). To obtain the phos-
pholipid molecular layer on water, a 0.5 mM DPPC chloroform so-
lution (volume: ~30 µL) was gently added dropwise to the water 
and the chloroform was evaporated from the water surface by leav-
ing for 5 min. As a result, 1.54×10-8 mol of DPPC was distributed 
on the water as a molecular layer. A square voltage waveform 
(peak-to-peak voltage: 0–4 V, frequency: 0.02 Hz, temporal ratio 
between On (4 V) and Off (0 V) fan voltage: 50%), generated using 
a waveform generator (1920A, NF Electronic Instruments, Yoko-
hama, Japan), was supplied to the electric fan for the sniffing oper-
ation. A filter paper (WHATMAN, 5211-090, USA, diameter: 30 
mm) soaked in an odor sample (acetic acid, linalool, or triethyla-
mine, amount of substance: 1.55 mmol, volume: 89–275 µL) was 
fixed with a mesh wire 7 mm above the water surface. The surface 
tension at the air/aqueous interface was measured using a Surface 
Tensiometer (CBVP-A3, Kyowa Interface Science Co. Ltd., 
Saitama, Japan) based on the Wilhelmy method,31 in which a plat-
inum plate (length: 23 mm, thickness: 0.5 mm, height: 10 mm) was 
placed 38 mm away from the center of the petri dish. The distance 
between the fan and the water surface was set at 30 mm to reduce 
fluctuation of air/water interface due to the air blowing and to sup-
ply a large amount of odorant. On the other hand, the distance be-
tween the mesh wire and the water surface was set at 7 mm to pre-
vent the mesh wire from touching the water surface and to evenly 
supply odorants into the Petri dish. The experiments were per-
formed in an air-conditioned room at 298 ± 2 K. At least four ex-
aminations were performed under each experimental condition to 
confirm the reproducibility of the experimental results.  
 

 
Figure 1. Experimental apparatus for detecting the dynamic re-
sponse of a phospholipid molecular layer to an odor by means of 
‘sniffing’. 
 
 The flow rate was measured using a digital velocity meter 
(Testo 445, Testo GmbH & Co., Lenzkirch, Germany). Figure 2 
shows the time variation of the input fan voltage (0.02 Hz) and ob-
tained flow rate. The velocity meter sensor was placed in line with 
the filter paper. The flow rate was varied to converge to the maxi-
mum or minimum value under the application of a square-wave 
voltage to the fan. 
 

Figure 2. Time variation on (a) fan voltage and (b) flow rate. The 
frequency of the square wave voltage to operate the fan in (a) was 
0.02 Hz. The data for (a) and (b) were measured simultaneously. 
 
 Π-A isotherms of the DPPC molecular layer were obtained us-
ing a surface pressure meter (Kyowa Interface Science Co. Ltd., 
HMB, Saitama, Japan) at 292 ± 1 K. A DPPC solution containing 
1.62 × 10-8 mol DPPC was added dropwise onto the aqueous sur-
face of a 4.0 mM triethylamine or acetic acid solution. The DPPC-



 

linalool mixed chloroform solution that was added dropwise onto 
the aqueous surface contained 1.62 × 10-8 mol of DPPC and linalool. 
The surface area (A) was reduced by a barrier from 210 to 21 cm2 
at a rate of 16.5 cm2 min-1 (e.g., 17 Å2 molecule-1 min-1 for the 
DPPC molecular layer). Compression of the DPPC molecular layer 
was initiated 5 min after the addition of a chloroform solution con-
taining DPPC to remove the solvent by evaporation. Four measure-
ments, at minimum, were performed on each sample to confirm the 
reproducibility of the Π-A isotherm. 
 
RESULTS 
 Dynamic responses of the surface tension and their fast Fou-
rier transform (FFT) analysis. In this study, we used linalool, 
acetic acid, and triethylamine as the odor molecules. Figure 3 
shows the experimental results obtained for the time-variation of 
the difference in surface tension ∆γ (= γ − γDPPC) under artificial 
sniffing, during which the sample odor molecules are periodically 
blown onto the DPPC molecular layer. In the figure, γDPPC and γ are 
the surface tensions of DPPC, without or with odors, respectively. 
The results obtained at the lower limit of A (= 100 Å2 molecule-1), 
where the surface tension is 2–3 mN m-1, are shown in Figure S3. 
 To confirm the effect of the temperature of the aqueous phase, 
we examined the time-variation in γ by changing the temperature 
of the aqueous phase (Figure S5). The waveform of ∆γ changed 
characteristically depending on the odor type. Here, ∆γ was used to 
determine the characteristic responses of the odor molecules. That 
is, if ∆γ is zero, there is no change in the surface tension of the 
DPPC molecular layer upon the addition of odor molecules. ∆γ for 
linalool and acetic acid decreased and increased when the fan volt-
age was switched On and Off, respectively. The amplitude of ∆γ for 
linalool was larger than that for acetic acid. By contrast, the time-
variation of ∆γ for triethylamine was inverted; that is, ∆γ increased 
and decreased when the fan voltage was switched On and Off, re-
spectively. The slopes and directions of the γ vs. flow-rate curves 
for linalool and acetic acid were negative and clockwise, respec-
tively. By contrast, the slope and direction of the γ vs. flow rate 
curve for triethylamine were positive and followed a figure of 
eight-shaped trajectory, respectively. Such a figure of eight-shaped 
trajectory for trimethylamine was also reproduced qualitatively un-
der the same conditions. 40 and 310 s after the periodic stimulation 
of acetic acid and triethylamine, γ was reverted to that for DPPC 
only. In contrast, γ was maintained after the addition of linalool. 
The time variations of γDPPC and γ for linalool, acetic acid, and tri-
ethylamine and the flow rate vs. γDPPC or γ curves are shown in Fig-
ure S1. 
 The concentrations of linalool, acetic acid, and triethylamine 
calculated from the vapor pressures of the odor molecules are 
2.11×102 ppm, 4.61×104 ppm, and 6.81×104 ppm, respectively.  

 
Figure 3. Time variation of (a) flow rate and (b) ∆γ under the ap-
plication of periodic blowing air with odors ((1) linalool, (2) acetic 
acid, (3) triethylamine). (c) One cycle of ∆γ vs. flow rate of (b). The 
amounts of these odors soaked into a filter paper were 1.55 mmol. 
The data correspond to those for Figure S1. 
 
 The amount of triethylamine soaked in the filter paper was var-
ied to confirm the quantitative response, ∆γ. Figure 4 shows the 
time variation of ∆γ with the addition of different amounts of tri-
ethylamine under artificial sniffing. The amplitude of ∆γ increased; 
in other words, the positive slope of ∆γ vs. the flow rate increased 
with an increase in the amount of triethylamine. In addition, the 
degree of rapid and slow increases in ∆γ during the positive scan of 
the flow rate increased depending on the amount of triethylamine. 
The time variations of γ for triethylamine and the γ vs. flow rate 
curves with different amounts are shown in Figure S2. 
 

 
Figure 4. Time variation of (a) flow rate and (b) ∆γ under the ap-
plication of periodic blowing air with triethylamine. (c) One cycle 
of ∆γ vs. flow rate of (b). The amounts of triethylamine soaked into 
a filter paper were (1) 0.31, (2) 0.78, and (3) 1.55 mmol. The data 
correspond to those for Figure S2. 
 
 To evaluate the characteristic responses to odor molecules, the 
time-variation of γ was Fourier transformed into the frequency do-
main (Figure 5).19, 22, 32 The time variation of ∆γ was corrected to 
maintain a constant average value for the FFT procedure for tri-
ethylamine. The initial value for the FFT analysis was half that of 



 

the total time during which the fan voltage was switched On. If ∆γ 
does not change with the addition of odor molecules, a graph that 
traces the dotted pentagon is obtained. Rn and In represent the real 
and imaginary parts of the nth harmonic, respectively, at a fre-
quency of 0.02 Hz. If the slopes of ∆γ vs. flow rate curves are pos-
itive and negative, R1 are positive and negative, respectively (Fig-
ures 3, 5, 8, and 10) since R1 corresponds to the cosine function. On 
the other hand, if the rotational directions of ∆γ vs. f(t) curves are 
clockwise and anticlockwise, I1 are positive and negative, respec-
tively (Figures 3, 5, 8, and 10) since I1 corresponds to the sine func-
tion. R1 corresponds to the slope of the flow rate vs. γ curve. R1 
underwent a negative change when linalool and acetic acid were 
added (Figures 5a and 5b for linalool and acetic acid, respectively) 
and a positive change when triethylamine was added (Figure 5e for 
triethylamine). The magnitude of these changes also increased with 
increasing triethylamine concentrations. I1 for linalool and acetic 
acid underwent a positive change (Figures 5a and 5b), whereas that 
for triethylamine underwent a negative change (Figure 5e). I2 and 
I3 for triethylamine underwent a positive change (Figure 5e). 
 

 
Figure 5. Amplitude of the fast Fourier transform (FFT, real part 
(Rn, n = 1, 2, 3, 4, and 5), and imaginary part (In, n = 1, 2, 3, 4, and 
5)) for (a) 1.55 mmol linalool, (b) 1.55 mmol acetic acid, and (c) 
0.31 mmol triethylamine, (d) 0.78 mmol triethylamine, and (e) 1.55 
mmol triethylamine). Subscript, n = 1, 2, 3, 4, and 5, denotes the 
fundamental (0.02 Hz), 2nd (0.04 Hz), 3rd (0.06 Hz), 4th (0.08 Hz), 
and 5th harmonic (0.10 Hz) of FFT, respectively. The dotted pen-
tagon denotes the amplitude of FFT for DPPC alone. The charac-
teristic changes in the amplitudes were marked by the red arrows. 
The data correspond to those for Figures 3 and 4. 
 
 Surface tension at steady state. The surface tension of the 
DPPC molecular layer under equilibrium conditions, γe, was meas-
ured to clarify the dynamic response of γ to odor molecules under 
the application of artificial sniffing (Figure 6). γe decreased with 
increasing linalool or acetic acid concentrations. By contrast, γe in-
creased with increasing triethylamine concentration. The slopes of 
the γe vs. C curves for linalool, acetic acid, and triethylamine are -
3043, -884, and 398 N m-1 M-1, respectively. 
 

 

Figure 6. Surface tension under the equilibrium condition, γe, for 
the DPPC molecular layer depending on the concentration of linal-
ool (squares), acetic acid (triangles), and triethylamine (circles) dis-
solved into the water phase under no flow. The surface tension was 
measured four times for each experimental condition. 1.54×10-8 
mol DPPC was dropped on the water surface (surface area: 70.88 
cm2). Error bars indicate standard errors. 
 
 Π–A isotherm of the DPPC monolayer with the addition of 
odors. The Π–A isotherms of the DPPC monolayer with the added 
linalool, acetic acid, and triethylamine were measured to clarify 
why triethylamine increased the surface tension of the molecular 
layer but linalool and acetic acid decreased it (Figure 7). In this 
experiment, 4 mM triethylamine or acetic acid aqueous solution 
was used as the water phase, and linalool chloroform solution (36 
μL, 1.62 × 10-8 mol) was added dropwise onto the water phase and 
then evaporated to measure the Π–A isotherm for the mixture of 
DPPC and an odor molecule. At 70 < A < 90 Å2 molecule-1, Π of 
DPPC with the added acetic acid and linalool was higher than that 
without an odor molecule. By contrast, the Π of DPPC with the 
added triethylamine was lower than that of DPPC without an odor 
molecule. 
 

 
Figure 7. Π-A isotherms of DPPC monolayers without additives 
(dotted line), that with linalool (red line), that with acetic acid 
(green line), and that with triethylamine (blue line). 
 
 Numerical calculation and its FFT analysis. Next, we per-
formed numerical calculations to clarify the mechanism underlying 
the characteristic responses of γ for DPPC to odor molecules. Here, 
we assumed that the dynamics of the DPPC molecular layer dis-
tributed on the water surface were ignored to simplify the numeri-
cal calculation. The dynamics of the odor molecules supplied to the 
water surface by periodic flow are described in eqs. 1 and 2: 
 
 du/dt = kaw - (kd + kw)u,                                                  (1) 
 
 dw/dt = f(t)w0 – kew + kdu,                                                    (2) 
 
where u (mol m-2) is the surface concentration of the odor mole-
cules adsorbed onto the water phase; w (mol m-2) is the two-dimen-
sional concentration of odor molecules in the subphase located near 
the water/air interface; ka, kd, kw, and ke (s-1) are the rate constants 
for the adsorption of odor molecules from the subphase to the water 
phase, desorption of odor molecules from the water surface to the 
subphase, desorption from the water surface to the water phase, and 
movement from the surface to the bulk air phase, respectively; w0 
(mol m-3) is the concentration of odor molecules in the bulk air 
phase; f(t), as the flow rate (m s-1), is the periodic function of the 
supplement of odor molecules using the electric fan. 



 

 f(t) is expressed by eq. 3, which is based on the experimental 
results shown in Figure 2. 
 

 𝑓𝑓(𝑡𝑡) =  � 𝑎𝑎1 + 𝑏𝑏1𝑒𝑒𝑒𝑒𝑒𝑒[−𝑐𝑐1𝑡𝑡], 0 ≤  𝑡𝑡 < 𝑇𝑇/2
𝑎𝑎2 − 𝑏𝑏2𝑒𝑒𝑒𝑒𝑒𝑒[−𝑐𝑐2𝑡𝑡], 𝑇𝑇/2 ≤  𝑡𝑡 < 𝑇𝑇 ,                      (3) 

 
where T(s) denotes the artificial sniffing period (49.6 s). One cycle 
of f(t) is shown in Figure S7. a1 = 0.45, b1 = 1.19, c1 = 0.22, a2 = 
1.66, b2 = 1.21, and c2 = 0.16. It should be noted that f(0) = f(T), 
and f(t) is continuous at t = T/2. 
In the present calculation, the dynamics of the DPPC molecular 
layer were ignored to simplify the system and observe the dynamics 
of the odor molecules. ∆γ (mN m-1) is expressed as in eq. 4. 
 
 ∆γ = - α u,                                                                            (4) 
 
where α (N m-1 M-1) is a constant that corresponds to the ratio of 
the slopes of the γe vs. C curves for the odorants in Figure 6. 
 Figure 8 shows the results obtained from the numerical calcula-
tions based on eqs. 1–4 to reproduce the characteristic change in ∆γ 
depending on the parameters. Actually, numerical results were ob-
tained by dissolving the ordinary differential equations 1 and 2 with 
the Euler method (software: Microsoft Excel, the time resolution: 
0.2 s). kd and kw were set based on the literature on the vapor pres-
sure and water solubility, respectively, of the odor molecules 
used.33-37 The time variations of ∆γ for linalool (Figure 3b1), acetic 
acid (Figure 3b2), and triethylamine (Figure 3b3) were qualita-
tively reproduced by those for Figures 8b1, b2, and b3, respectively. 
For example, at df(t)/dt > 0, ∆γ for (b1) and (b2) decreased, whereas 
that for (b3) increased. However, at df(t)/dt < 0, ∆γ for (b1) and (b2) 
increased, whereas that for (b3) decreased. The slopes of the ∆γ vs. 
flow rate curve and the directions of rotation for (c1) and (c2) were 
the same as those for linalool and acetic acid (Figures 1c1 and c2, 
respectively). 
 

 
Figure 8. Results of the numerical calculation on the time-variation 
of (a) flow rate, f(t) and (b) ∆γ. (c) ∆γ vs. flow rate, f(t). w0 = 0.1 
and ka = (1) 0.08, (2) 0.2, and (3) 1.5. kd = (1) 0.7, (2) 0.9, and (3) 
0.6. kw = (1) 0.1, (2) 0.8, and (3) 0.8. ke = (1) 0.4, (2) 0.5, and (3) 
1.5. α = (1) 37, (2) 9, and (3) -5. 
 
 Figure 9 shows the results of the numerical calculations based 
on eqs. 1–4; the results confirm the dynamic change in ∆γ which 
depends on the concentration of the odor molecules. ∆γ increased 
at df(t)/dt > 0 but decreased at df(t)/dt < 0. In addition, the slopes of 
the ∆γ vs. flow rate curves were positive. These results suggest that 

the experimental results were qualitatively reproduced by the nu-
merical calculations. 
 

 
Figure 9. Results of numerical calculation on the time-variation of 
(a) flow rate, f(t) and (b) ∆γ. (c) ∆γ vs. flow rate, f(t). ka = 1.5, kd = 
0.6, kw = 0.8, ke = 1.5, and α = -5. w0 = (1) 0.02, (2) 0.05, and (3) 
0.1.  
 
 The numerical results obtained for the time-variation of ∆γ (Fig-
ures 8b and 9b) were Fourier-transformed into the frequency do-
main (Figure 10). The fundamental and higher harmonics of the 
FFT changed characteristically depending on the parameters se-
lected. We compared the experimental (Figure 5) and numerical 
(Figure 10) FFT results. For example, negative (linalool and acetic 
acid in Figures 5a and 5b) and positive (triethylamine in Figures 5c, 
5d, and 5e) changes in R1, which corresponded to the slope of the 
∆γ vs. flow rate curve, were reproduced by numerical calculations 
(Figures 10a and 10b for negative changes, and Figures 10c, 10d, 
and 10e for positive changes). The positive (linalool and acetic acid 
in Figures 5a and 5c, respectively) and negative (triethylamine in 
Figure 5e) changes in I1 were also reproduced by numerical calcu-
lations (Figures 10a and 10b for positive changes and Figure 10e 
for negative changes). The positive change in I3 (Figure 5e for tri-
ethylamine) was reproduced by numerical calculations (Figure 10e). 
 

Figure 10. Amplitude of the fast Fourier transform (FFT, real part 
(Rn, n = 1, 2, 3, 4, and 5), imaginary part (In, n = 1, 2, 3, 4, and 5)) 
for numerical results in (a) Figure 8b1, (b) Figure 8b2, (c) Figure 
9b1, (d) Figure 9b2, and (e) Figure 9b3. Subscript, n = 1, 2, 3, 4, 
and 5, denotes the fundamental (0.02 Hz), 2nd (0.04 Hz), 3rd (0.06 
Hz), 4th (0.08 Hz), and 5th harmonic (0.10 Hz) of FFT, respectively. 
The dotted pentagon denotes the amplitude of FFT for DPPC alone. 
The characteristic changes in the amplitudes were marked by the 
red arrows. 
 
DISCUSSION 
We discuss the dynamic responses of the surface tension under the 
application of periodic perturbations, such as sniffing, based on the 
experimental results obtained herein and those of related studies.1-

32 In this study, we used linalool, acetic acid, and triethylamine as 



 

the different types of odor molecules. That is, linalool is a hydro-
phobic compound, and acetic acid and triethylamine play the roles 
of acid and base, respectively.  

Figures 3 and 4 suggest that the dynamic response of the DPPC 
molecular layer under periodic perturbation characteristically 
changes depending on the type of odor and systematically changes 
depending on the concentration of trimethylamine. As indicated in 
Figure S1, γs = 60 mN m-1 for DPPC without odorants corresponds 
to Π = 72 – 60 = 12 mN m-1. A at 12 mN m-1 is 60 Å2 molecule-1, 
which corresponds to the close packing (Figure 7) since the cross-
sectional area for a DPPC molecule is 57 Å2. Noise of the surface 
tension during switch ON in Figures 3 and 4 is generated by the 
fluctuation of the platinum plate due to the air blowing to the 
air/water interface. 
 Figure 5 suggests that the characteristic responses of ∆γ to odor 
molecules can be qualitatively and quantitatively evaluated using 
the fundamental and higher harmonics of FFT spectra. Negative 
changes in R1 and positive changes in I1 (Figures 5a and 5b) corre-
spond to the negative slope of the ∆γ vs. flow rate curve, as ob-
served for linalool and acetic acid, and the clockwise rotation of the 
∆γ vs. flow rate curve, respectively. By contrast, a positive change 
in R1 and a negative change in I1 correspond with the positive slope 
of the ∆γ vs. flow rate curve and the figure of eight-shaped rotation 
of the ∆γ vs. flow rate curve for triethylamine, respectively. The 
positive change in I2 (see Figure 5c, 5d and 5e) suggests that the 
adsorption and desorption dynamics of triethylamine on the DPPC 
molecular layer differ between On- and Off-fan voltage operations. 
If higher harmonics with even number orders, such as R2, I2, R4, 
and I4, are observed, the On and Off processes are asymmetric. The 
characteristic changes in R3 and I3 (see Figure 5c, 5d and 5e) are 
due to the dynamics of adsorption/desorption as a nonlinear re-
sponse.22 
 Figure 6 suggests that the change in γe, which depends on the 
concentration of odor molecules, induces the slope of the ∆γ vs. 
flow rate curve. That is, because γe for linalool and acetic acid de-
crease with an increase in their concentrations, the slopes of the ∆γ 
vs. flow rate curves are negative. Since γe for triethylamine in-
creases with increasing concentration, the slope of the ∆γ vs. flow 
rate curve becomes positive. 
 Figure 7 suggests that the odor molecules enhance the phase 
transition of the DPPC monolayer from the LE phase to the LE + 
LC phase, rather than water alone.38 Similarly, differential scanning 
calorimetry thermograms suggest that triethylamine affects the 
phase transition of DPPC (Figure S8). The area occupied by the 
phospholipid molecules in the Petri dish in the experimental system 
with cyclic stimulation is 76 Å2 molecule-1 corresponding with the 
area in which phase transition occurs. Linalool and acetic acid in-
duce an increase in Π at the phase transition point. By contrast, tri-
ethylamine induces a decrease in Π at the phase transition point. 
Since linalool is highly hydrophobic, it is assumed that it interacts 
hydrophobically with the acyl chains of DPPC, which results in an 
increase in surface pressure. Acetic acid decreases the pH of the 
aqueous phase. The PO- in DPPC changes the POH; that is, the hy-
drophobicity of DPPC increases. As a result, Π of DPPC increases 
with the addition of acetic acid.39-41 
 Triethylamine, however, is highly water-soluble as a strong 
base, and the choline moiety of DPPC is deprotonated. The de-
crease in the hydrophilicity of DPPC may induce more compact 
packing because of the interaction between the PO- and choline 
moieties; as a result, Π decreases with the addition of triethylamine. 
Thus, γe increases and decreases with the addition of triethylamine 
and linalool, respectively, since Π =γw − γe. (γw is the surface ten-
sion of pure water (~72 mN m-1). The lack of clear discrimination 
between triethylamine and acetic acid or linalool in 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) without phase transition in a 

Π-A isotherm (data not shown) suggests that the amplification of 
the chemical information of the odor is realized by the physico-
chemical properties of the molecular layer, that is, phase transition. 
Consequently, some of the benefits of the dynamic response of the 
molecular layer to the artificial sniffing system are assured.  

Indeed, we examined DOPC instead of DPPC as a phospholipid 
molecular layer. The results showed that DPPC was still superior 
to DOPC for odor discrimination under the present conditions (Fig-
ure S4). We confirmed that the time-variation of the surface tension 
is characteristically changed depending on the phospholipid molec-
ular layer, such as DOPC. This suggests that the combination of the 
different kinds of molecular layers in the present system enhances 
the discrimination of many kinds of odors in future work.
 Additionally, the dynamic response of the sensor was examined 
using benzene as a nonpolar odorant. The system was not very sen-
sitive to benzene (Figure S5). This suggests that the interaction of 
the functional group of the odorant molecule with the hydrophilic 
part of the DPPC is important for identification. 
 Figures 8 and 9 suggest that the characteristic responses of ∆γ 
to the three types of odor molecules can be approximately repro-
duced through numerical calculations based on a simple kinetic 
model. The figure of eight-shaped rotation in the ∆γ vs. flow rate 
curve for triethylamine in Figure 3c3 is composed of clockwise at 
the higher flow rate and anticlockwise rotation at the lower flow 
rate. On the other hand, the rotational direction of ∆γ vs. f(t) curves 
in Figures 8c3 and 9c is anticlockwise. The difference in the direc-
tion of rotation may be due to the slight phase difference in the cal-
culation of ∆γ (see Figures S1 and S2) and the distance between 
location of the platinum plate to measure the surface tension and 
that of the sensor to measure the flow rate. In addition, a character-
istic dynamic response to triethylamine has been reported for an-
other system.42 
 
CONCLUSIONS  
We demonstrated the characteristic dynamic response of phospho-
lipid molecular layers to different odor molecules in a novel artifi-
cial sniffing system. Some of the benefits of the molecular layer to 
the artificial sniffing system are clarified by the Π-A curves, in 
which the phase transition enhances the chemical information of 
the odor. The characteristic dynamic response of the monolayers 
strongly indicates that the DPPC monolayers, which exhibit phase 
transitions in the Π-A curve, are appropriate candidates for use as 
amplifiers in artificial sniffing. The benefits of the molecular layer 
were confirmed by numerical calculations based on the rate con-
stants of the adsorption and desorption of the odor onto the molec-
ular layer. The periodic dynamic response of the surface tension 
reflects the chemical information of the odor. 
 In this study, we proposed a novel odor-sensing system that 
mimics “sniffing”. A single detector composed of a phospholipid 
molecular layer could distinguish between several types of odor 
molecules based on its dynamic response under periodic perturba-
tions. The artificial sniffing developed in this study may provide a 
novel mechanism for biological sniffing. On the other hand, the fre-
quency of the artificial sniffing, which is lower than that of biolog-
ical system, suggests the possibility of another mechanism to pro-
mote adsorption and desorption of sample gases to membranes. 
Sensor arraying with analytical methods such as correlation of prin-
cipal component analysis and prediction with artificial neural net-
works may be useful to amplify odor distinctions.27, 28 Although we 
examined at the shorter period of the flow perturbation, e.g., 5.0 s, 
it was difficult to identify odors since a sufficient flow rate could 
not be ensured in the present fan. We should develop the experi-
mental system with a shorter period of flow perturbation to mimic 
animal sniffing in future work. 
 Humidity had little effect on the surface tension of the DPPC 
molecular layer in the actual examinations between 30 and 90%. 



 

This is one of the advantages for gas sensing since semiconductor 
gas sensors are generally responsive to the humidity.43 
 According to the actual sniffing frequency in some living or-
ganisms with a high olfactory frequency,44 a sensing system with 
either a short measurement or a higher frequency of sniffing oper-
ations is available for the development of practical chemical sen-
sors. As the present system is sensitive to the temperature of the 
water phase (Figure S6), the influence of the temperature of the 
water phase should also be considered as an optimization of the 
experimental conditions for distinguishing odors. On the other hand, 
linalool used in this study was racemic. Enantioselectivity using the 
present system should be possible in future work because DPPC is 
a chiral molecule, and the interaction between chiral molecules 
may induce a characteristic response in the surface tension depend-
ing on the chirality. In addition, it is known that there is a cell-spe-
cies-dependent bias in the lipid composition of cell membranes in 
vivo.45, 46 Therefore, the artificial olfactory system presented here 
should provide new alternatives to elucidate the olfactory sensing 
mechanisms of organisms through direct interactions between odor 
molecules and biological membranes. 
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1. Time variation of γDPPC and γ for linalool, acetic acid, and triethylamine, and the flow rate 

vs. γDPPC or γ curve 

Time-variations of γDPPC and γ for linalool, acetic acid, and triethylamine and the flow rate 

vs. γDPPC or γ curves are shown in Figure S1. When the fan voltage was switched on, γDPPC without 

odors was decreased rapidly, and then increased a steady value slowly (see b1 in Figure S1). When 

the fan voltage was switched off, γDPPC was increased rapidly, and then slowly decreased a steady 

value. The average value of γDPPC was ~ 60 mN m-1, and the peak-to-peak amplitude of γDPPC under 

the periodic perturbation was 0.4 mN m-1. 

The dynamic surface tension was characteristically changed with the addition of different 

odors. As for the stimulation of linalool, the baseline of γDPPC was decreased, but the amplitude of 

oscillation was increased (peak-to-peak amplitude: 0.8 mN m-1) (see b2 in Figure S1). When the 

fan voltage was switched on, γDPPC was decreased. When the fan voltage was switched off, γDPPC 

was increased rapidly and then gradually. As for the stimulation of acetic acid, the amplitude was 

slightly increased, but the waveform of surface tension was changed. When the fan voltage was 

switched on and off, γDPPC was decreased and increased rapidly, respectively, and then reached a 

constant value. As for the stimulation of triethylamine, the response of the surface tension was 

inverted. That is, γDPPC was increased and decreased, respectively when the fan voltage was 

switched on and off. 
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Figure S1. Time variation of (a) the flow rate and (b) the surface tension for the DPPC 
molecular layer distributed on the water surface under the application of periodic blowing air 
(1) without odors (γDPPC) and (2-4) with odors (γ). (c) One cycle of the flow rate vs. γDPPC or γ  
curve for (b). The measured odors were (2) linalool, (3) acetic acid, and (4) triethylamine. The 
individual amount of odors soaked into a filter paper was 1.55 mmol. The data correspond to 
those for Figure 3. 

 

2. Time variation of γDPPC and γ for trimethylamine, and the flow rate vs. γDPPC or γ curve at 

the different concentrations 

 The dynamic surface tension changed characteristically with the concentration of 

triethylamine. As the concentration of triethylamine increased, the amplitude of the oscillations 

increased and the positive slope of flow rate vs. γ  curve increased. 
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Figure S2. Time variation of (a) the flow rate and (b) the surface tension for the DPPC 
molecular layer distributed on the water surface under the application of periodic blowing air 
(1) without odors (γDPPC) and (2-4) with triethylamine (γ). (c) One cycle of the flow rate vs. 
γDPPC or γ  curve for (b). The amounts of triethylamine were (2) 0.31, (3) 0.78, and (4) 1.55 
mmol. The data correspond to those for Figure 4. 

 

3. Time variation of γDPPC and γ for linalool, acetic acid, and triethylamine, and the flow rate vs. 

γDPPC or γ curve at the lower density of DPPC on water 

 The time variation of the surface tension was measured at the lower density of DPPC on 

water, i.e., A = 100 Å2 molecule-1, as shown in Figure S3. The dynamic response was changed 
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depending on A. That is, the experimental condition of A is an important factor to distinguish odors 

in the present system.  

Figure S3. Time variation of (a) the flow rate and (b) the surface tension for the DPPC molecular 
layer distributed on the water surface under the application of periodic blowing air (1) without 
odors (γDPPC) and (2-4) with odors (γ). (c) One cycle of the flow rate vs. γDPPC or γ curve for (b). 
The measured odors were (2) linalool, (3) acetic acid, and (4) triethylamine. The individual amount 
of odors soaked into a filter paper was 1.55 mmol. 

  

4. Time variation of the surface tension for the DOPC molecular layer with the addition of 

the odors 

 Time variations of γDOPC and γ for linalool, acetic acid, and triethylamine are shown 

in Figure S4. The dynamic responses of γ for DOPC were different from those for DPC except for 

linalool. 
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Figure S4. Time variation of (a) the flow rate and (b) the surface tension for the DOPC 
molecular layer distributed on the water surface under the application of periodic blowing air 
(1) without odors (γDOPC) and (2-4) with odors (γ). The measured odors were (2) linalool, (3) 
acetic acid, and (4) triethylamine. The individual amount of odors soaked into a filter paper 
was 1.55 mmol. 

 

5. Time variation of γ and the flow rate vs. γ curve for benzene as a nonpolar odor 
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 Time-variation of γ and the flow rate vs. γ curve for benzene as a nonpolar odor molecule 

are shown in Figure S4. The dynamic response of γ was not changed very much with the addition 

of benzene. This result suggests that nonpolar odor molecules are not sensitive to the DPPC 

molecular layer. 

Figure S5. Time variation of (a) the flow rate and (b) the surface tension for the DPPC molecular 
layer distributed on the water surface under the application of periodic blowing air (1) without 
odors (γDPPC) and (2) with benzene (γ). (c) One cycle of the flow rate vs. γDPPC or γ  curve for (b). 
The individual amount of odors soaked into a filter paper was 1.55 mmol. 

 

6. Time variation of γDPPC and the flow rate vs. γDPPC curve for air without odor at different 

temperature 
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 In order to clarify the effect of the temperature on the present system, time-variation of 

γDPPC was measured at different temperature, as indicated in Figure S5. The time-variation of γDPPC 

was changed depending on the temperature.  

Figure S6. Time variation of (a) the flow rate and (b) the surface tension for the DPPC molecular 
layer distributed on the water surface under the application of periodic blowing air without odors 
(γDPPC). (c) One cycle of the flow rate vs. γDPPC curve for (b). Temperature of the water phase  were 
(1) 25, (2) 10, and (3) 40℃. 

 

7. Numerical calculation of the artificial sniffing 

To understand dynamic responses to odor molecules under the application of periodic 

flow, we performed numerical calculation based on eqn1-4. Figure S6 shows one cycle of f (t) 

used in the numerical calculation based on eqn 3. 
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Figure S7. One cycle of f (t) based on eqn 3. 

 

8. DSC thermograms of DPPC or the mixture of DPPC and triethylamine  

Thermograms of DPPC were measured using a Differential Scanning Calorimeter 

(DSC) thermometer (DSC4000, PerkinElmer, MA) at a scanning rate of 3 K min−1. Powder 

of DPPC (1.2×10-6 mol) as the dried sample was put in an aluminum vessel, and 7 μL of 

water or 1.2 mol/L triethylamine aqueous solution was added to the sample (MDPPC : 

Mtriethylamine=1 : 1). 

DSC was measured to thermodynamically evaluate the effect of triethylamine on 

DPPC. Figure S7 shows DSC thermograms for DPPC or the mixture of DPPC and 

triethylamine at the range of -20 ~ 60℃. The temperature of the phase transitions for DPPC 

were observed around 41 and 35℃ with the addition of H2O. Here, we defined Tp-Ⅰ and 

Tp-Ⅱ as the temperatures of the thermogram peaks at the higher and lower temperature range, 
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respectively. Both of Tp-Ⅰ and Tp-Ⅱ were decreased by the addition of triethylamine. Thus, 

the addition of triethylamine affects the phase transition of DPPC. 

 

Figure S8. DSC thermograms (heating scan) for DPPC as a wet sample (black line) and for DPPC-
triethylamine mixtures (red line). 

 

 


