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Organisms perceive odorants in the environment through the use of a large number of olfactory receptors.
Various odor biosensors have been researched and developed in order to mimic this olfactory mechanism. This
study examines the quantification of odorant concentrations through the use of a sensor array comprised of
several types of cell-based odor sensors expressing insect olfactory receptors with nonlinear characteristics. The
sensor system utilized an active sensing method in order to compare the responses of a target odorant and a
prepared odorant in determining the relative concentration of the target odorant. By combining an active sensing
method with a real-time reference method in which the target odorant was measured every time the prepared
odorant was measured, the relative concentrations were successfully determined even when the response fluc-
tuation was large or odorant sensor cell responses varied as measurement time increased. For proof of concept
purposes, the study primarily focused on quantifying odorant concentrations composed of one or two odorant
components. It was confirmed that an algorithm to find the optimal relative odorant concentration among a
limited number of odorant concentrations is achievable. Though this study is still in the initial stage of the
developing odor sensors and has many challenges, it can provide insight into paving the way towards a new type
of odor biosensor with active sensing.

1. Introduction

While odors are invisible, they are used in a variety of diverse situ-
ations to provide different kinds of information. For example, animals
use olfaction in order to make decisions about food freshness and
deterioration, and there is evidence that body odor may reflect one’s
health condition (Olsson et al., 2014). Furthermore, smell is evocative;
you may have felt pleasure after sniffing a nostalgic smell that you
wanted to keep forever. There has been substantial research on devel-
oping methods for artificial olfaction. This has the potential for im-
provements in many applications including food and flavor
manufacturing, explosive detection, and simple disease diagnosis. Also,
the development of odor recording devices, akin to cameras and mi-
crophones that record sight and audio, serves as an interesting prospect
in the field of artificial olfaction.

However, challenges persist with developing robots or machines that
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can achieve olfaction. Research regarding electronic noses have been
carried out for several decades. An electronic nose traditionally refers to
a sensor array composed of multiple sensor elements in which the sensor
array response is used in pattern recognition to classify odorants
(Gutierrez-Osuna, 2002; Hsieh and Yao, 2018; Marco and
Gutierrez-Galvez, 2012). Based on the idea that animals have multiple
types of olfactory receptors to recognize odors, this type of method at-
tempts to mimic actual animal olfaction systems. However, traditional
electronic noses rely on artificial sensor materials such as metal oxide
and conducting polymer that are intrinsically different from biological
elements such as olfactory receptors. Therefore, an odor biosensor that
uses actual animal olfactory receptors becomes a possible solution in
developing artificial noses.

Currently, research regarding odor biosensors that use biomaterials
such as olfactory receptor neurons and receptor proteins is rapidly
progressing. These sensors are sometimes called bioelectronic noses,
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which use several transducers such as quartz crystal microbalances (Ko
and Park, 2005; Sung et al., 2006), surface acoustic wave devices (Ols-
son et al., 2015; Wu et al., 2011), and field effect transistors (Mur-
ugathas et al., 2019; Son et al., 2017), or utilize analytical methods such
as light addressable potentiometric sensors (Liu et al., 2010), electro-
chemical impedance spectroscopy (Khadka et al., 2019), and fluorescent
imaging (Figueroa et al., 2010; Lee et al., 2015). Advantages of these
sensors are mainly sensitivity and selectivity, owing to the specificity of
biological materials. In other words, by using olfactory materials, the
odor biosensors make it possible to detect what the traditional electronic
noses are not able to do.

While these odor biosensors are suitable for detection of specific
odorants with high sensitivity and selectivity, they are limited in the
number of olfactory receptors and odors that they can detect. However,
odorants in the world are normally a mixture of chemical components in
which the composition of some odorants remain unknown. When
designing odor biosensors, it is essential to develop a sensor array with
multiple olfactory receptors that can measure arbitrary odorants in
order to reflect the real-world situation.

Previous research relating to the measurement of odorants in the
natural environment include odorant mixture quantification. Conven-
tional mixture quantification is based on linear methods such as multiple
linear regression and partial least squares regression (Carey et al., 1987;
Vergara et al., 2007) and non-linear methods using artificial neural
networks such as multi-layer perceptron (Sundgren et al., 1991; Wang
et al., 1995). The sensing elements in these conventional studies are
artificial sensors including metal-oxide gas sensors and quartz resonator
sensors. Comparing to linear methods, non-linear methods generally
have a relatively high accuracy for mixture quantification as artificial
gas sensors have non-linear characteristics. However, non-linear
methods require more data points to build the quantification model
and are not robust against temporal property change such as sensor drift
and aging.

Furthermore, odor recorders have also been used for odorant mea-
surement (Nakamoto, 2016). Odor recorders measure odorants by using
sensor arrays comprised of artificial sensors and quantify the composi-
tion of odorants in order to reproduce odorants. Yamanaka et al. (2003)
is known for one such odor recorder in which we utilized an active
sensing method for quantification. Active sensing is one measurement
technique that can extend the capability of measurable range by
dynamically controlling the system itself. When quantifying odorant
concentrations, it is difficult to measure the unknown odorant concen-
tration as an absolute value. To combat this, the system using active
sensing simplifies the quantification as a relative comparison between
odorant responses to a known and an unknown odorant concentration in
which the measurable range is extended. Active sensing allows the in-
fluence of sensor fluctuation to be reduced and removes the need for a
calibration process. Furthermore, the collinearity problem is described
as multicollinearity between sensor array responses in which the
robustness of the regression result against data fluctuation deteriorates.
In our previous study (Yamanaka et al., 2003), quartz resonator sensors
were used and the collinearity problem limited the capability for
quantification.

A cell-based odor biosensor that utilized a fluorescent image as a
sensor array was previously developed in order to classify odorants
(Sukekawa et al., 2019). This study continued the development of our
cell-based odor biosensor in which mixture quantification was carried
out, extending previous research on mixture quantification of odor re-
corders. Odor biosensors are promising due to high selectivity and
sensitivity and can avoid the problem of collinearity. Utilizing odorant
biosensor for odorant quantification is a novel method.

However, additive property is not valid, and its behavior is nonlinear
in odor biosensors. Moreover, sensor response fluctuates more than
artificial sensors. Therefore, it is difficult to create a model that can
quantify mixtures. In order to avoid this problem, an active sensing
method was proposed in this study to quantify mixture’s composition
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using an odor biosensor. As measurement is relative, a model building
procedure was not required. Furthermore, a real-time reference method
(Yamanaka and Nakamoto, 2003) was used in active sensing to reduce
the influence of sensor response fluctuation. This is the first report of
mixture quantification using an odor biosensor with active sensing in
which a binary mixture was successfully quantified. This proposed
biosensor system can be used in the quantification of mixtures with a
larger number of components or real sample analysis in the future. A
summary table comparing previous works to this study is provided in
Table S1 (Supplementary data).

2. Material and methods
2.1. Sensor cells, odorants, and a sensor array

In this study, odorant sensor cells (Mitsuno et al., 2015; Termtana-
sombat et al., 2016) comprised of insect Sf21 cells expressing insect
olfactory receptors, olfactory receptor co-receptors (Orco), and calcium
indicator fluorescent proteins (GCaMP6s) were used as odor biosensor
elements. For a brief explanation, the odorant sensor cells were estab-
lished by transfecting two expression vectors; pIB/V5-His vector (Invi-
trogen™) containing olfactory receptor gene and Orco gene and
plZ/V5-His vector (Invitrogen™) containing GCaMP6s gene (Chen
etal., 2013). The cells were cultured in Grace’s insect medium (Gibco™)
with antibiotics (Blasticidin S and Zeocin) at 27 °C until use. The basic
mechanism of an odorant sensor cell is described below. When the ol-
factory receptor binds to an odorant molecule, a cation channel
composed of an olfactory receptor and a co-receptor opens and allows
for calcium ion influx. As the odorant sensor cell includes fluorescent
proteins, this allows for the change in calcium to be visualized through
fluorescent imaging. The fluorescent image can then be considered as
the sensor array output. Furthermore, the response characteristics of the
odorant sensor cells depend on the olfactory receptors that are expressed
in the cells. Therefore, multiple types of odorant sensor cells can be
prepared easily. This study focused on two types of olfactory receptors,
Orl3a and Or56a which are derived from Drosophila melanogaster. The
response characteristics of these receptors are reported (Galizia et al.,
2010; Miinch and Galizia, 2016; Stensmyr et al., 2012). Orl3a is a
broadly tuned receptor and strongly responds to 1-octen-3-ol. Or56a is
narrowly tuned receptor and has a specific response to geosmin. Limit of
detection has been reported in previous research (Mujiono et al., 2017).
Sensor cells expressing Or13a and Or56a can detect 50 nM 1-octen-3-ol
and 100 nM geosmin, respectively.

Based on the above, 1-octen-3-ol (05284, Sigma-Aldrich) and geo-
smin (077-01911, Wako) were used as the odorant samples. For the
preparation of the odorant sample solutions, odorants were first dis-
solved into dimethyl sulfoxide (DMSO; 043-07216, Wako) and diluted
with modified Ringer’s solution (140 mM NacCl, 5.6 mM KCl, 4.5 mM
CaCly, 11.26 mM MgCl,, 11.32 mM MgSO4, 5 mM HEPES, and 9.4 mM
D-glucose, pH 7.2). This resulted in a 100 pM (DMSO 0.1% v/v) 1-octen-
3-ol solution and a 1 pM (DMSO 0.1% v/v) geosmin solution. In addi-
tion, an assay buffer solution consisting of modified Ringer’s solution
with 0.1% (v/v) DMSO was prepared.

The method used to construct a sensor array with the odorant sensor
cells is the same as previously reported in (Sukekawa et al., 2019). In
brief, multiple types of odorant sensor cells are mixed and put into a
measurement chamber. Arrangement of these sensor cells are
completely random. The fluorescent image contains response from each
cell in which the image has a specific pattern corresponding to each
odorant. The advantage of this sensor array is that the sensor array can
be constructed with same sequence even if the number of olfactory re-
ceptor types are increased.

2.2. Measurement system

In order to measure the fluorescent image responses to odorants, an
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odorant flow supply system that includes a handmade measurement
chamber, and an optical measurement system were utilized. Fig. 1 shows
the structure of the measurement chamber and odorant flow supply
system. The measurement system was designed to enhance the robust-
ness against the air bubbles encountered frequently in the previous
system (Sukekawa et al., 2019). The measurement chamber was made of
polydimethylsiloxane (PDMS; SILPOT 185, Dow Corning Toray). PDMS
is a material usually used for microfluidic devices, though our mea-
surement chamber does not have microfluidic channel. PDMS technique
was adopted for rapid prototyping of the measurement chamber. The
measurement chamber has a single 3 mm wide flow channel and two
syringe pumps (Legatol11l, kdScientific) connected to the inlet and
outlet of the flow channel via PTFE tubes.

In order to establish directional flow, an upstream pump infused the
assay buffer and a downstream pump was used to withdraw the buffer.
The flowrate was set to 100 pL/min. The rationale for the use of two
syringe pumps was made on the fact that the flow channel requires a
window portion to be exposed to the atmosphere in order to supply the
odorant sample solution. To supply the odorant sample solution, a
dispensing pump (LPDA2720125D, The Lee Company) first injects the
sample solution into the micro dispensers (INKA2438510H, The Lee
Company) installed above the channel window. When an electrical pulse
is applied to a micro dispenser, the dispenser ejects droplets corre-
sponding to the number of electrical pulses. In other words, the number
of ejected droplets increases in proportion to the frequency of the
driving signal. The droplets from the micro dispensers are then mixed
with the assay buffer flow and finally reach the odorant sensor cells.
Though there is some difficulty in deriving a precise final concentration
as the droplets are not evenly mixed with assay buffer, an approximate
concentration roughly corresponds to the volume of the supplied
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odorant solution. Therefore, it can be said that the concentration of
odorant stimulus to the odorant sensor cells can be indirectly controlled
by changing the driving frequency of the micro dispenser. In addition,
multiple micro dispensers can be used to drop different odorant samples
into the measurement chamber at the same time in order to measure
responses as an odorant mixture. In this study, two sets of micro dis-
pensers and dispensing pumps were used to match the two types of
odorant samples.

Odorant sensor cells were injected into the channel of the measure-
ment chamber by using a micro pipet and immobilized with physical
adsorption to the bottom side of channel downstream to the window
portion. An image sensor (OV7740, OmniVision) takes fluorescent im-
ages of sensor cells from bottom side of the chamber. The number of cells
in the image region was approximately 200-300. When the number of
cells is insufficient, the influence of response fluctuation among indi-
vidual cells becomes large. On the other hand, when the number of cells
is too much, only a part of cells can detect odorants, especially at low
concentrations, and the response fluctuation of the sensor array also
becomes large. For this reason, 200-400 cells was deemed to be an
appropriate amount. An excitation light from a laser diode module (25
mW, 488 nm, NDS1306, Nichia) is applied to the sensor cells through
optical modules. Though measurement using fluidic devices usually
have problems related to air bubbles, our measurement chamber can
suppress any air bubble interference as the air bubble is trapped to the
window portion of the channel and cannot flow downstream.

2.3. Evaluation of sensor cell responses

As mentioned above, though the response of the sensor array with
odorant sensor cells is a fluorescent image itself, it is necessary to
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Fig. 1. Schematic view of the measurement chamber, the odorant sample supply system, and the optical measurement system. The odorant sensor cells were seeded
into the measurement chamber made of PDMS. The cells were injected from the window portion of the measurement chamber by using a micro pipet and were
dispersed to the bottom side of channel downstream to the window portion. The odorant stimulus was applied to the odorant sensor cells through first injecting the
assay buffer solution using syringe pumps and dripping the odorant sample solution using micro dispensers. The responses of the sensor cells were taken as a

fluorescent image by using an image sensor module.
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convert to an appropriate format in order to compare the fluorescent
images by odorant. Therefore, image processing to extract the temporal
responses for each individual cell from the fluorescent image was carried
out. This was previously reported in (Sukekawa et al., 2019). The image
processing procedure is briefly described below. First, circle regions
corresponding to the sensor cell areas are extracted from a fluorescent
image by using circular Hough transform. Following this, the average
pixel brightness value for each extracted cell area is calculated. The cell
area extraction and the calculation of the average brightness are per-
formed every sampling cycle after taking a fluorescent image. Further-
more, each sensor cell area is tracked by matching the cell area in the
previous image to the area in the current image, so that the temporal
responses for each sensor cell can be acquired. This resulted in
approximately 200-400 temporal cell responses.

A sensor cell’s response to odorants can be visualized when an
odorant molecule binds to the olfactory receptor, giving off fluorescent
intensity in a surge-like manner. Once the fluorescent intensity reaches
peak point, it gradually goes back to the baseline. The change in the
fluorescent intensity is the most important indicator representing
odorant response. Thus, it is reasonable to evaluate the change in the
response peak intensity relative to the response baseline as the sensor
cell response. However, the peak responses of different olfactory re-
ceptors to different odorant stimuli (e.g. geosmin or 1-octen-3-ol) do not
occur simultaneously. To mitigate this, relative fluorescent intensity
change can be evaluated after a certain period of time following odorant
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stimulus application. This allows the change in intensity to be easily
compared even if the types of odorant samples are different. Therefore,
in this study, the relative change in fluorescent intensity for each sensor
cell was evaluated at 60 s following odorant stimulus application and
considered to be the sensor cell response regardless of the type of
odorant sample used or its supply duration. The duration of 60 s was
empirically selected, though it should be noted that the evaluation did
not always match with the peak response. However, even if a sensor
cell’s 60 s response was not the peak response, this was not considered a
problem as responses were compared using the same time evaluation
criteria.

The image processing and evaluation of sensor cell responses should
be performed in real time in which the quantification of odorant
component concentration is described below. Therefore, a system that
conducts real-time image processing was implemented into SoC FPGA
chip including an ARM CPU core embedded in a PCB board (DE1-SoC,
Terasic Inc.). The output from the image sensor in Fig. 1 was transferred
to the ARM CPU and processed by a program running on the CPU, in
which the response vector was output as the sensor response. The PCB
board was able to control the odorant sample supply system as depicted
in Fig. 1.

2.4. Active sensing and odorant quantification

In order to determine the concentration of an odorant using an odor
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Fig. 2. Measurement principle and procedure for the quantification of odorant components concentration using active sensing. The fluorescent image acquired by
the measurement system was processed to obtain the response vector as multi-dimensional temporal response. In addition, the response vector of the target odorant
was evaluated and compared with that of the prepared odorant in which error information was fed back to the prepared odorant concentration for the next mea-
surement. This procedure was repeated numerous times to bring the prepared odorant concentration closer to the target odorant concentration.
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sensor, a calibration curve is usually obtained in which the unknown
concentration is determined based on the response values of an odorant.
However, odor sensors are often affected by changes in the measurement
environment, leading to large fluctuations in sensor output data. In
addition, it is often unfeasible to perform practical calibration of bio-
sensors as output fluctuations of sensor elements are generally large.

Active sensing enhances the sensing capability by controlling the
sensor system and dynamically changing the system to an appropriate
state in relation to the measurement target. Odorant quantification is
simplified into a relative comparison between odorant responses to a
known and an unknown concentration. This allows the measurable
range to be extended.

Fig. 2 depicts the flow of measurement for the quantification of the
odorant concentrations. First, the system measures the response to an
odorant of an unknown concentration (target odorant) and an odorant of
known concentration (prepared odorant). Then, the obtained fluores-
cent images are processed in order to calculate the odorant response
vectors. The system compares the odorant response vectors of the target
odorant and the prepared odorant and feeds back the error information
to modify the concentration of the next prepared odorants. By repeating
this process several times, when the error is sufficiently small and the
concentration between the prepared odorant and the target odorant can
be considered equal from the view of the measurement system, the
concentration of the target odorant can be determined. This approach is
advantageous as in principle, it does not require calibration.

Odorant concentrations of the target odorant are unknown if odorant
concentrations of the prepared odorants are unknown. However, it is
still acceptable since our ultimate goal is to develop an odor recorder to
replicate the odor regardless of odorant concentration information.
Moreover, odorant quantification is available only when the prepared
odorants contain the target odorants. On the other hand, if the prepared
odorants do not contain the target odorants, the system attempts to
make the prepared odorants similar to the target odorants. In other
words, the system approximates the target odorants by using the pre-
pared odorants. This operation then becomes odorant recording rather
than odorant quantification in which the system is able to record even
unknown odorants. Therefore, though we demonstrated odorant quan-
tification in this study, the system is also able to record odors.

A previous study regarding odorant concentration quantification
using active sensing has been conducted using a sensor array of quartz
crystal microbalances (Yamanaka et al., 2003). This study succeeded in
quantifying the concentrations of multiple odorant components.
Furthermore, a method termed real-time reference method was reported
in Yamanaka and Nakamoto (2003) in order to reduce the influence of
environmental fluctuation during measurement. Though ideally the
target odorant response should be measured only once, this method
mitigates any fluctuation in the target odorant response by re-measuring
the target odorant before every measurement of the prepared odorant.

2.5. Odorant quantification algorithms

This study focused on specifically measuring one or two components
in an odorant to quantify the odorant concentrations. To account for the
measurement resolution of the odor biosensor, the target odorant and
the prepared odorant were limited to only a specific range of concen-
trations. In other words, as the odorant concentrations can be indirectly
controlled by the micro dispenser’s driving frequency, the concentra-
tions of the target odorant and the prepared odorant were controlled
based on selecting different driving frequencies. Depending on whether
one or two odor components were quantified, different quantification
algorithms were used.

In the case of a single component odorant concentration quantifi-
cation, the micro dispenser driving frequency for the odorant supply
were 0, 10, 30, 100, and 300 Hz, with one driving frequency being the
concentration of the target odorant and one driving frequency being the
initial value of the prepared odorant. In the quantification of a single
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component, only one type of olfactory receptor is needed. Here, the
odorant sample used was 1-octen-3-ol and a type of olfactory receptor
was Orl3a. The response of the odorant sensor cells was expected to be
nonlinear to concentration (S-shape curve), though the response was
expected to increase monotonically with concentration excepting to
extremely high concentrations. In other words, the responses of the
target odorant and the prepared odorant were correlated with concen-
tration. Fig. 3A shows the flowchart of the algorithm for the quantifi-
cation of odorant concentrations. After initialization, the responses of
the target odorant and the prepared odorant were measured, and the L2
norm of each response vector was compared. If the norm of the target
odorant was larger, the concentration of the prepared odorant was
updated to increase by one step. Conversely, when the norm of the target
odorant was smaller, the concentration of the prepared odorant was
updated to decrease by one step. As shown in Fig. 3B, only one mea-
surement (i.e., N = 1) of the prepared odorant was required for a single
concentration update. It is important to note that when there was no
update point (i.e., when measuring the upper or lower limit of concen-
tration), the concentration was not updated. The point to terminate the
exploratory algorithm was set when the difference of the norm was
within £0.5%. Although this is considered a strict condition, it allowed
the algorithm’s feasibility to be evaluated.

For quantification of the concentration of a binary mixture of odor-
ants, the corresponding driving frequencies of the micro dispensers were
0, 30, and 100 Hz in which frequencies were combined to make nine
combinations and one of the frequencies set as the target odorant.
Compared to single component odorant quantification, binary compo-
nent odorant quantification is more complicated. To determine the value
of the target odorant concentration, a simplified adapted algorithm was
used, based on downhill simplex method (Nelder and Mead, 1965) in
which three points were measured. The number of measurement points
is equal to the number of components plus one, which corresponds to N
= 3 in Fig. 3A. The error norms of the target odorant vectors and the
prepared odorant vectors at each of these three points were calculated,
and the measurement point with the highest error was updated. Three
measurement points were selected and taken from triangles which
periodically arranged spaces as shown in Fig. 3C. Then, the measure-
ment points were updated so that the triangle moved to adjacent simplex
one after another. In other words, the point to be updated was moved to
an adjacent triangle that shares the edge of the two non-updated points
and was then updated to a new measurement point. For example,
consider the case where the three points shown in blue in Fig. 3C are the
measurement points. When the measurement point was updated due to
the largest error of the measurement points whose driving frequencies of
dispenser 1 and dispenser 2 are 30 and 30, respectively, the simplex was
moved to measure the point at 0 and 0. In this setup, there were 9 points
that could be measured, 8 ways to move a simplex consisting of 3
measurement points, and only a limited number of transition paths for
the measurement points at the time of update. As an exception to the
update rule, if the updated point was outside the defined area, the point
was not updated and the point with the second largest error was upda-
ted. In addition, the termination condition of the exploratory algorithm
was set to be when the measurement of the same simplex is repeated
many times, or all 9 measurement points were measured.

3. Results and discussion
3.1. Reduction of photobleaching

When quantifying odorant concentration using active sensing, it is
necessary to repeatedly measure and compare odorant responses. Pre-
vious research has confirmed that the fluorescence response values of
odorant sensor cells gradually decay with prolonged measurement,
referred to as photobleaching. To overcome photobleaching of the
fluorescent protein and make it possible to repeatedly obtain odorant
responses, it was necessary to reduce photobleaching. To do this, we first
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Fig. 3. Algorithm for updating the odorant concentration of the prepared odorant. A) Flow chart of the algorithm. In the case of one component, N = 1 point was
measured and in the case of two components, N = 3 points were measured and evaluated for comparison. If the condition to terminate the algorithm was not met, the
concentration of the prepared odorant was updated, and the measurement was conducted again. B) One-dimensional space of odor concentration in the quantifi-
cation of the concentration of a single component. The relative odor concentration was selected from 0, 10, 30, 100, and 300 Hz based on the micro dispenser driving
frequency. Based on the comparison between the prepared odorant response and the target odorant response, the concentration of the next prepared odorant was
either increased or decreased. C) Two-dimensional space of odorant concentration in the quantification of binary component mixture odorant. The relative odorant
concentrations of the two components were both selected from micro dispenser driving frequencies of 0, 30, and 100 Hz. From the three measurement points (blue
points), the point with the largest error between the prepared odorant and the target odorant vectors were updated. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

confirmed photobleaching that was caused by excitation light through
measurements of the odorant responses with strong and weak excitation
light intensity and then compared the decay of the response values. The
intensity of the excitation light was adjusted by pulse width modulation
of the laser diode input current, with a duty ratio of 100% with high
power excitation intensity and a duty ratio of 10% with low power
excitation intensity. The basis for choosing an excitation intensity of
10% is related to the limitation of the laser diode module. When the
intensity is decreased less than 10%, the excitation light becomes un-
stable. Therefore, 10% intensity was used as the weakest excitation
power. In order to obtain fluorescence images with the same brightness
at different excitation intensities, the exposure time of the image sensor
and the image sampling period were adjusted in which images were
taken at 10 frames per second with strong excitation intensity and 1
frame per second with weak excitation intensity. Only odorant sensor
cells expressing Orl3a were used. The odorant responses were measured
when 1-octen-3-ol sample solution was applied five times repeatedly
using a micro dispenser with a driving frequency of 100 Hz for 15 s at
345 s intervals.

Fig. 4 shows the comparison among the odorant responses when the
intensity of the excitation light was changed under high power and low
power conditions. The responses were normalized as the first response
became 100%. Based on the t-test, though there were no statistically
significant differences between strong and weak excitations in the sec-
ond response, there were significant differences in the third, fourth, and
fifth responses in which level of significance for this study was 0.05.
Therefore, it cannot be said that the responses under the high and low
power excitation intensities were the same. In other words, this supports
the possibility that the weak excitation light may be able to suppress
photobleaching with prolonged measurement. The coefficients of vari-
ation (CV) of the responses as shown in Fig. 4 were calculated for each
trial in which odorants with the same concentration were measured
repeatedly five times, and the average of CV for both the strong and
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Fig. 4. The odorant responses were continuously measured five times under
two different excitation light intensities. The odorant responses were calculated
as the norm of the response vector and normalized to 100% of the average of
the first time. Error bars indicate standard error of the mean. The number of
measurements in both the high power and low power conditions was N = 6.

weak excitation light intensity was calculated. As a result, the average
CVs for strong and weak excitation light intensities were 0.054, and
0.032, respectively. Thus, decreasing the excitation light intensity is
efficient in reducing CV.

However, it is important to note that even under weak excitation
light intensity, the fifth odorant response declined compared to the first
response. It is necessary to reduce the excitation intensity as low as
possible, though this becomes a trade-off between the suppression of
photobleaching and the exposure time of the fluorescent image. It is also
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important to note that intermittent excitation, in which the emittance of
excitation light is stopped when not evaluating responses, was not
considered to be appropriate as the fluorescence of the odorant sensor
cells require time to be stabilized after turning on the excitation light.
Although previously these measurements were difficult, the repeated
measurements required for active sensing became feasible after adjust-
ing the excitation power.

Furthermore, a preliminary experiment was conducted in which
odorant responses were measured 20 times repeatedly with weak exci-
tation intensity. Though the odorant response and signal baseline values
were gradually decreased due to photobleaching, the response value
never reached 0. Therefore, decreasing the excitation light intensity
allows us to increase the precision level of repeated measurement for
odorant quantification.

The reason that the response intensity gradually decreases is related
to photobleaching according to the result in Fig. 4. As all the cells in the
image change at the same time due to photobleaching, the relative
response to odorants is also influenced uniformly. Thus, the influence of
photobleaching can be reduced through active sensing and real-time
reference method. Moreover, the difference between individual cells
can be reduced as an adequate number of cell (200-400 cells in the
image) are used as a sensor array. Therefore, reliability of the response
data of the cells are deemed to be enough.

3.2. Single component odorant quantification

The measurement system enabled the volume and consequently
concentration of the odorant samples fed to the odorant sensor cells to
be controlled by changing the driving frequency of the micro dispenser.
Prior to the quantification of the single component odorant concentra-
tion, it was confirmed that odorant response is dependent on the driving
frequency of the micro dispenser (results not shown). To do this, Or13a
sensor cells were used and 1-octen-3-ol solution was injected into the
measurement chamber with 0 Hz-300 Hz of the driving frequency of the
micro dispenser. This resulted in the confirmation of the concentration-
dependent response.

Following this, the quantification of single component odorant
concentration was then tested. In this experiment, the concentration of
the target odorant was set to 100 Hz at the micro dispenser driving
frequency, whereas the initial value of the concentration of the prepared
odorant was set to 0 Hz. Both the target and the prepared odorants were
supplied from the same micro dispenser. Based on the single component
exploratory algorithm, the target odorant or the prepared odorant were
supplied every 6 min for 15 s and fed until the termination condition was
met. Based on the results of the previous section, the relative intensity of
the excitation light was 10%, and the image sampling period was 4 s.
This sampling period was slow enough to conduct real-time image
processing.

Fig. 5 shows the transitions of the L2 norm of the response vectors for
the odorant responses to the target odorant and the prepared odorant.
The dimension of the response vector was 235 which was equal to the
number of detected sensor cells in the image. The first comparison be-
tween the target odorant and the prepared odorant shows that the norm
of the prepared odorant is clearly smaller than that of the target odorant.
Therefore, as per the algorithm, the second prepared odorant’s con-
centration was increased by one step. Since the prepared odorant re-
sponses were small until the third comparison, the concentration was
increased step by step. In the fourth comparison, the difference between
the norm of the response vectors was considerably smaller than in the
first three comparisons and the concentration of the prepared odorant
was the same as that of the target odorant. However, as the condition for
the termination of the algorithm had not been met, this resulted in the
concentration being decreased as the response of the prepared odorant
became slightly larger. In the fifth comparison, the concentration was
again increased as the prepared odorant response was low. In the sixth
comparison, the concentration was again the same, but similar to the
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Fig. 5. Transition of the norm of the response vectors for target and prepared
odorants in the quantification of single component odorant concentration. The
concentration of the target odorant was 100 Hz at the micro dispenser driving
frequency. The micro dispenser driving frequencies for the prepared odorants
are given in the graph.

fourth comparison, the algorithm stopping condition were not met.
However, this time the concentration was increased as the prepared
odorant response was small. In the seventh comparison, the concentra-
tion was decreased as the prepared odorant registered a response that
was clearly larger than the target odorant. The eighth time was the same
concentration as the third time, but because the response values were
close enough to meet the termination condition, the quantification was
terminated. The convergence around 100 Hz was observed after fourth
measurement. Thus, this confirmed that it is possible to use a sensor
system with an algorithm such as the one described above in order to
match the concentrations of a target odorant and a prepared odorant.

In Fig. 5, when looking at the transitions of the response vector
norms of the target odorant, it can be seen that in spite of measuring the
same concentration, the response vector norms fluctuated and ulti-
mately decreased. This increase and decrease of response values are
thought to be related to the fluctuation of the odorant sensor cells
themselves. In addition, an overall negative downward trend in the
response values throughout the whole process is thought to be possibly
related to photobleaching. Each odor measurement lasted for 6 min in
which we continued to measure for 96 min until the completion of eight
comparisons. Since this is a prolonged measurement, the influence of
photobleaching may occur even when using weak excitation light.
However, despite a decrease in the response values, the comparison
between the norm of the target and prepared odorants all corresponded
to the actual magnitude relationship between the odorant concentra-
tions given. This is thought to be related to the fact that the target
odorant was re-measured at each comparison by the real-time reference
method. The single component quantification successfully worked even
if gradual decrease in sensor sensitivity owing to photobleaching
occurred.

3.3. Binary mixture odorant quantification

Quantification of binary mixture odorant concentration was per-
formed. The micro dispensers driving frequencies for the target odorant
were set to 100 Hz for both of geosmin and 1-octen-3-ol. For simplicity,
the concentrations of geosmin and 1-octen-3-ol will be referred to by
their micro dispensers driving frequencies, for example the target
odorant is represented by (100, 100). For the algorithm, the prepared
odorants were measured at three points in which the initial values were
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(0, 0), (30, 0), and (0, 30). The odorant samples were supplied in the
same manner as in the quantification of a single component odorant
concentration and were fed for 15 s every 6 min. The sampling period of
the image was also 4 s.

Fig. 6 shows the results of the state transitions during the quantifi-
cation of the odorant concentration in the above conditions. The
dimension of the response vector was 337 which was used to calculate
the error of target and prepared odorant vectors. Fig. 6A shows the
transitions of the errors at the measurement points of the three prepared
odors while Fig. 6B shows each transition for the measured points in the
two-dimensional odorant concentration space. Table 1 shows a sum-
mary of the update epoch transition.

First, three initial points were measured, and the norm of the error
vector compared to the target odorant for each of them was determined.
With (0, 0) having the largest error, this point was updated, and the
concentration changed to (30, 30). The first update epoch then
compared (30, 0) and (0, 30) which were initially measured, and (30,
30) which were newly measured points. Point (30, 0) had the largest
error which was then updated to point (0, 100). In this manner, the point
that had the largest error was updated one after another if the point
could be updated as seen in update epoch two to four. In the fifth update
epoch, the points (30, 100), (100, 30), and (100, 100), which included
the same concentration as the target odorant were measured. Though
the point with the smallest error was (100, 100), since the other points
could not be updated, the point (100, 100) was updated to (30, 30) in
update epoch six. On the seventh update epoch, all nine measurable
concentrations were finally measured, and the exploratory algorithm
was terminated. From the above result, it was concluded that a simplex
composed of three prepared odorants gradually shifted to the same
concentration as the target odorant. In Fig. 6A, the point with the
smallest error among the nine measurement points was the same as that
of the target odorant. Thus, the binary quantification was successful.

The exploratory algorithm successfully found the target odorant as
the smallest error of the measured points. Experimental trials have
confirmed that the concentration of the prepared odorant reached the
same concentration of the target odorant more than once in addition to
the result shown in Fig. 6. Furthermore, the real-time reference method
reduced the influence of temporal fluctuation when comparing the
response values of the prepared odorant and the target odorant. How-
ever, there was a contradiction in the order of the magnitude of error
values for the measurement points in the fourth and sixth update epochs.
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Table 1

Summary of the update epoch transition.
Update epoch 0 to 1: 0, 0) - (30, 30)
Update epoch 1 to 2: (30, 0) - (0, 100)
Update epoch 2 to 3: (0, 30) - (30, 100)
Update epoch 3 to 4: (0, 100) — (100, 30)
Update epoch 4 to 5: (30, 30) - (100, 100)
Update epoch 5 to 6: (100, 100) - (30, 30)
Update epoch 6 to 7: (30, 100) - (100, 0)

This may be related to the state of the sensor cells and variation in the
environment of the measurement system following prolonged mea-
surement. Measurement was taken 20 times until the algorithm was
terminated after 120 min. In other words, the contradiction occurred
due to the algorithm comparing three points measured at three different
times. Also, cell viability may become a problem as the iteration of
measurement increases. The quantification time required for the algo-
rithm in this research depends on the number of update epochs which is
determined by the initial concentrations of the prepared odorant as the
route in the concentration space that the update algorithm can use is
limited. However, the contradiction problem and cell viability problem
can be mitigated by introducing more efficient quantification algorithm
to reduce the number of repetitions. Furthermore, in this study, mixture
quantification was carried out under the assumption that only a few set
of concentrations of odorants existed. This is significantly different from
real life in which there are an indeterminable number of odorants all
with varying concentrations in the world. Further refinement of the
response evaluation method in order to suppress the influence of sensor
response fluctuation and to more efficiently compare responses may
allow for higher resolution of odorant concentrations. In addition, this
measurement system allowed for the determination of the relative
concentration of odorants. The development of a method for deter-
mining the absolute values of concentrations should be further studied.

4. Conclusions
In this study, an odor biosensor system using an array of odorant
sensor cells combined with an active sensing method was developed,

and the quantification of odorants with one or two components were
successfully demonstrated. It was confirmed that the system was capable
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of quantifying odorant concentrations with not only one component, but
also binary component mixtures through repeated comparison of re-
sponses and modifying the prepared odorant. The influence of the cells’
response fluctuations over prolonged measurement was mitigated by
comparing responses of the target odorant and the prepared odorant
using a real-time reference method. This study attempted to quantify
odorant concentrations by using a sensor array of the biosensor with
active sensing. To the best of our knowledge, the mixture quantification
method using odor biosensor with active sensing is a new and novel
method, and we believe that it demonstrates a new direction for odor
biosensors.

On the other hand, our method is not able to quantify absolute
concentrations, but rather only relative concentration can be deter-
mined. In order to quantify the absolute concentrations, a calibration
mechanism needs to be built into the system. The algorithm used in this
study is still primitive and was only successful due to the limited number
of odorant components. While the ability to quantify the concentrations
of multiple odorants will have greater application, this research was
conducted to explore the use of the sensor array of the odorant biosensor
for the first time. In other words, we focused on developing proof of
concept in which we adopted 2 types of olfactory receptors and
measured odorants mixed with 2 types of odorants. More appropriate
algorithms to quantify more components will need to be developed. In
order to apply optimization methods such as gradient descent method, it
will be necessary to increase the resolution of odorant concentration in
order to calculate the gradient of error in the odorant concentration
space. In addition, we believe that the measurable odorant space can be
extended by increasing the number of olfactory receptors used.
Although the results of this study were obtained under limited condi-
tions and there are many challenges that need to be addressed, we
believe that this research paves the way for the development of odor
biosensors that can be used in various applications including odor
recorders.
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