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Most biological materials utilized in odor biosensors require an aqueous environment for
retaining their function. However, the buffer medium surrounding the sensing materials can be a
barrier for hydrophobic odorant molecules to penetrate. There are two methods to solve this
problem. The first is the addition of molecular transporters, e.g., odorant binding proteins. The
second is to cover the sensing materials with a sufficiently thin liquid layer. Considering that a
thin liquid layer is easy to realize and inexpensive, we focused on this approach for direct gas-
phase odor sensing. Here, we present diverse methods—no additional control, open-loop control,
and closed-loop control—for maintaining a thin liquid layer in the odor biosensor. We recorded
the impedance curve under liquid natural evaporation and proposed an impedance equivalent
circuit model. We investigated the reason for the early stopping of the biosensor response.
Moreover, we demonstrated the performance of a suitable closed-loop control method in fine
tuning the liquid layer thickness. The methods reported in this paper would contribute to
enabling the practical application of odor biosensors.

1. Introduction

Multiple types of sensing materials have been utilized in odor biosensors, e.g., olfactory
receptor (OR) protein,() odorant binding protein (OBP),? cell expressing OR,3) and olfactory
sensory neuron (OSN).) All these materials require an aqueous environment to maintain their
function.’-?) Therefore, these biosensors were submerged in buffer medium, and their target
odorants were dissolved in an organic solvent, then applied. In the gas-phase odorant detection,
hydrophobic odorant molecules cannot penetrate through the thick buffer solution layer. To solve
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this problem, additional molecular transporters or an adequately thin liquid layer is
necessary.(10-1D)

The mucus layer in the human airway has a thickness ranging from 0.5 to 5 um and diverse
OBPs are secreted into it.(!2 Odorant molecules can easily pass through this mucus layer and
then bind with OR. Compared with producing and purifying the proper OBP,!3) maintaining a
relatively thin liquid layer is easy and cheap. Without liquid layer thickness control, the buffer
solution will quickly dry out, leading to a short biosensor lifetime.®) A buffer layer containing
agarose or collagen lasts longer while the buffer medium still evaporates.(14!5 To solve this
problem, liquid layer thickness control is essential. Both the open-loop and closed-loop control
methods are suitable for resolving this issue; the differences mainly lie in the precision of control
and the complexity of the structure.

In this manuscript, we describe no control, open-loop control, and closed-loop control
methods for the gas-phase odor biosensor liquid layer thickness. The liquid layer thickness was
evaluated using the impedance of two electrodes immersed in the buffer medium. We analyzed
the early stopping of biosensor response and exchanged the liquid to mitigate the effect of
residual odorant on the biosensor response. Reproducible biosensor responses under direct gas-
phase odorant stimulation were obtained. Finally, the fine tuning of the liquid layer thickness
was achieved with variable impedance set points.

2. Materials and Methods
2.1 Experiment system

The experiment system is shown in Fig. 1. An air pump (RWP16B08RG, Oken Seiko) blew
air to a solenoid valve (EXAK-3, Takasago Denki). A microcontroller (Arduino Nano, Arduino)
determined whether air was discarded or flowed to the odorant sample bottle. The headspace gas
of the odorant sample was used to stimulate the sensing material, i.e., a cell expressing OR.(:10)
The liquid layer thickness was under the no control, open-loop control, or closed-loop control
condition. In open-loop control, a syringe pump (LPDA2750125D, Lee Company) was selected
to supply the liquid at a fixed rate. In closed-loop control, one or two syringe pumps were
adopted for adjustable-rate liquid compensation. Two electrodes were in contact with the buffer
medium and the impedance between them indicated the liquid layer thickness. The real-time
impedance was input into another microcontroller (Arduino Nano, Arduino) for adjusting the
pumping rate under closed-loop control. Cell images were recorded with a camera (OV7740,
OmniVision) and processed by a system-on-chip (SoC) field-programmable gate array (FPGA)
board (DEI1-SoC 5CSEMAS, Altera). The overall cell brightness variation was utilized to
calculate the biosensor response.

2.2 Sensing material

The sensing material was described in detail in our previous papers.(!”®) In brief, the Sf21
cell derived from Spodoptera frugiperda expressing OR, OR coreceptor (Orco), and GCaMP6s



Sensors and Materials, Vol. 38, No. 3 (2026) 1183

No control Open-loop control Closed-loop control
m Syring pump m Syring pump
No liquid compensation Fixed rate liquid compensation Flexible rate liquid compensation

Headspace gas

Odorant
. [llsample Liquid port Electrode
Air pump ~
Microcontroller Glass Tape
Control Cell

Buffer medium

Lens
Blue laser diode
SoC FPGA board ' ~Dichroic mirror
| FEeA | Cell image Filter Camera
'S W =
1 CEEEEEEE]
I
I
I

CellNo. [1]2]3] .
Brightness | 43| 10| 87

Processed image data [ cooocooo

|
|
|
|
88868866 |!
|
|
I
|

_______

Fig. 1.  (Color online) Structure of the experiment system. The liquid layer thickness was under the no control,
open-loop control, or closed-loop control condition.

protein was chosen for our experiments.!”) The OR was Orl3a from Drosophila melanogaster.
The OR and Orco formed a ligand-gated ion channel. This channel is open, resulting in a
calcium ion influx when the target ligand—1-octen-3-ol (05284, Sigma-Aldrich)—is captured
by Orl3a.?® GCaMPés is a calcium-sensitive fluorescent protein and its fluorescence intensity
increases with the calcium ion concentration.”) The relative increase in cell brightness before
and after odor stimulation was regarded to be a biosensor response. Since the focus of this paper
is not the improvement of the biosensor performance, further description related to sensor
features can be found in our former research reports.(21-22)

2.3 Experimental procedure

Before beginning an experiment, all peripherals were set, the target odorant was added to the
sample bottle, and cells expressing OR were loaded into the experiment area. The odorant
sample was pure 1-octen-3-ol diluted with mineral oil. If not specially stated, the odorant sample
concentration was the volume ratio after dilution, usually 0.1 or 1%. Depending on the liquid
layer thickness control method, there was no liquid compensation under the no control
condition,® fixed flow rate liquid compensation under the open-loop control condition, or
adjustable flow rate liquid compensation under the closed-loop control condition.?® The
compensated liquid was deionized water or Ringer’s solution (140 mM NaCl, 5.6 mM KClI, 4.5
mM CaCl,, 11.26 mM MgCl,, 11.32 mM MgSO,, 9.4 mM D-glucose, 5 mM HEPES, pH 7.2).
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The cell images were captured and used for analyzing the cell state and biosensor responses.(!”)
Moreover, the impedance between two electrodes was recorded using a homemade measurement
circuit.>» The core component of this circuit was an impedance converter (AD5933, Analog
Devices), with a calibration impedance (usually 1 kQ). The impedance absolute value under 10
to 100 kHz measurement frequency can be obtained. After the experiment, the experiment area
was completely rinsed with deionized water for the next test.

3. Results and Discussion
3.1 No control condition

Under the no control condition, the buffer solution containing cells naturally evaporated and
the impedance increased continuously. Our impedance measurement circuit can measure the
impedance from 10 to 100 kHz at 1 kHz intervals. A typical impedance curve is presented in
Fig. 2(a). Although only few measurement results are displayed, the impedance tendencies are
similar among all measurement frequencies. Considering that a higher measuring frequency
equals a shorter sampling duration, we selected 100 kHz.

Figure 2(b) shows detailed information about the experiment area. A piece of tape with a 5 x
5 mm? hole was pasted on a glass slide. Six microliters of Ringer’s solution with cells was loaded
into the experiment area; hence, the estimated liquid layer thickness was 240 um. The tip of the
electrodes in contact with the buffer medium was a cone (height around 600 pm). Figure 2(c)
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Fig. 2. (Color online) Biosensor performance under no control condition. (a) Typical impedance variation during
experiment. The presented measurement frequencies were 10, 40, 70 and 100 kHz. (b) Detailed information about
the experiment area. (c) Equivalent circuit model of impedance measurement. (d) Cell image at the beginning of the
experiment. (¢) Cell image 1300 s after the start of the experiment.
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shows the equivalent circuit model of the impedance measured in the experiments. In this
circuit, the overall impedance Z is described as

where Cp, Rp, Ry, R;, and Z denote the impedance measurement circuit internal
capacitance, impedance measurement circuit internal resistance, electrode resistance, assay
buffer solution resistance, and overall impedance, respectively. Cp,, Rp, and Ry are constants
in individual experiments, whereas R; depends on the medium solution in the cell area. R; is
expressed as

RL :;pa (2)

where L is the distance between the electrodes, 4 the contact area between an electrode and a
liquid layer, and p the resistivity. Because the tip of the electrode is a cone, the contact area can
be calculated as

A=m-r-1, 3)

where 7 is the bottom radius and / the slant height. At time Tj,, the liquid layer thickness is 7,
, and the radius and slant height of the partial cone submerged in the liquid are #, and [,
respectively. /4, is proportional to 7, and [, ; thus,

ry -l =k-he. @)

Since the NaCl concentration is much higher than the concentrations of the other components in
the assay buffer solution, we can assume that this medium is essentially a solution containing
one electrolyte. Therefore, the resistivity is determined as

p= ©)

where A,, is the molar conductivity and ¢ the electrolyte concentration. The electrolyte
concentration at time 7j, is ¢ .
Integrating from Egs. (2) to (5), the assay buffer solution resistance at time 7, equals

L 1
nkhy A, ¢

©6)

Ry 1,
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At time 7;, as the liquid layer thickness decreased A4 owing to water evaporation, the new
buffer solution resistance becomes

L 1

k(g ~ AR p P (7
"7 hy — Ah

RL,T]

Therefore, the increase in resistance is

L A
kg, co ho—Ah

L

®

According to Eq. (8), when Ay > Ah, the impedance change is proportional to the change in
liquid layer thickness. That is, the impedance changes linearly with time. When the liquid layer
becomes much thinner, a small thickness variation leads to a large impedance change. This is in
line with the impedance curve in Fig. 2(a): the impedance rose slowly with time before 400 s,
after which the gradient became much larger.

Under the no control condition, the experiment preparation was simple while always
encountering liquid dry-out problems. Without sufficient buffer solution, the cell brightness and
shape varied considerably and showed no response to odor stimulation [Figs. 2(d) and 2(e)]. Such
a short biosensor lifetime limits its application in long-term continuous monitoring.

3.2 Open-loop control condition

An easy way to maintain the liquid film is open-loop control, namely, adding liquid into the
experiment area at a fixed flow rate. Under this condition, a syringe pump was utilized for
supplying the buffer solution into the experiment area. Figure 3(a) shows a favorable result of
reproducible biosensor responses under open-loop control. With liquid compensation, the cells
maintained their normal morphology for a longer period [Figs. 3(d) and 3(e)], and the biosensor
lifespan was extended to around 30 min.

However, the liquid evaporation speed is affected by diverse environmental factors, e.g.,
temperature, humidity, and gas flow speed. It is difficult to determine a suitable compensation
speed. Also, successful results similar to that shown in Fig. 3(a) are the minority among all
experiment outcomes. Two examples of test outcomes are shown in Figs. 3(b) and 3(c). In Fig.
3(b), the liquid compensation speed was very low, so the liquid in the experiment area dried out
and a large abnormal peak appeared in the later part of the fluorescent intensity curve. In Fig.
3(c), too much buffer medium was supplied, so the response diminished until it became invisible.
These results demonstrate that extending the cell lifetime through open-loop control was
insufficient to obtain our desired outputs. A better method is earnestly required.
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Fig. 3. (Color online) Biosensor performance under open-loop control condition. (a) Good result of biosensor
response to 0.4 s 0.1% 1-octen-3-ol headspace vapor stimulation. The red vertical lines indicate the timing of vapor
exposure. (b) The liquid compensation speed was very low. The odorant was 0.4 s 0.1% 1-octen-3-ol headspace
vapor. The red vertical lines indicate the timing of vapor exposure. (c) The liquid compensation speed was very high.
The odorant was 0.4 s 0.1% 1-octen-3-ol headspace vapor. The red vertical lines indicate the timing of vapor
exposure. (d) Cell image at the beginning of the experiment. (e) Cell image 1764 s after the start of the experiment.

3.3 Closed-loop control condition

Closed-loop control, which is also called feedback control, was more suitable for the task
here. It adjusted the liquid supplementation rate in accordance with the real-time measurement
result. A schematic diagram of closed-loop control is shown in Fig. 4(a). The liquid layer
thickness was evaluated from the impedance between the electrodes. The set point of this
feedback control structure can be the impedance at the beginning of the experiment or adjustable
during the test. The error between the set point and the real-time impedance was collected by the
microcontroller. In the microcontroller, the proportional-integral-derivative (PID) algorithm
generated a control signal to tweak the syringe pump. The syringe pump infused or withdrew
the buffer medium, thus adjusting the liquid layer thickness. The current impedance was
measured by the impedance measurement circuit.

Closed-loop control maintained a stable impedance, i.e., the liquid layer thickness, throughout
the experiment. Nevertheless, the early stopping of the biosensor response still occurred under
this condition [Fig. 4(b)]. There are two hypotheses regarding the reason for this outcome. The
first was that pure water evaporated while ions remained in the experiment area, and the
increased ion concentration inhibited the biosensor response. The second was that the residual
odorant molecules from the former odor stimulations suppressed the subsequent biosensor
responses. To test the first hypothesis, we replaced the compensation liquid from Ringer’s
solution to deionized water. Even though no additional ions were introduced during the
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Fig. 4. (Color online) Biosensor performance under closed-loop control condition. (a) Schematic of closed-loop
control. The noise mainly comes from the deviation of the impedance measurement. (b) Maintaining only the liquid
layer thickness was insufficient to extend the biosensor lifespan. The odor stimulation was 0.4 s 1% 1-octen-3-ol
headspace vapor. The red vertical lines indicate the timing of stimulations. (c) Using deionized water to compensate
for the evaporated liquid. The biosensor lifetime was not markedly extended. The odor stimulation was 0.4 s 1%
1-octen-3-ol headspace vapor. The red vertical lines indicate the timing of stimulations. (d) Liquid exchange
structure was realized by using two syringe pumps. (e) Liquid layer thickness control and liquid exchange can
clearly extend the biosensor lifespan. The odor stimulation was 0.4 s 1% 1-octen-3-ol headspace vapor. The red
vertical lines indicate the timing of stimulations. The withdrawing flow rate of pump B was 1.1116 pl/min.

experiment, the cell response terminated at the 6th stimulation, at around 2500 s [Fig. 4(c)]. This
proved that the ion density increase was not the principal cause of the early stopping of the OR
response. Moreover, the low osmotic pressure of deionized water caused cell swelling as well as
the introduction of artifacts in the fluorescent intensity curve (result not shown here). For the
second hypothesis, we exchanged the liquid in the experiment area by introducing another
pump. As depicted in Fig. 4(d), the microcontroller controlled pumps A and B simultaneously.
This approach can concurrently solve the residual ion and odorant hitches. Pump B only
withdrew the liquid from the experiment area and pump A infused or withdrew liquid to keep
the liquid film thickness constant. For the convenience of calculation, there was a default
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pumping speed of pump A that was equal to the withdrawing speed of pump B. Hence, the
withdrawing rate of pump B determined the liquid exchange rate. With liquid layer thickness
control and liquid exchange, the biosensor lifetime was significantly extended [Fig. 4(e)]. The
decrement trends of normalized intensity were mainly caused by the photobleaching of
fluorescent protein. Under continuous odorant stimulations, the fluorescent protein responses
typically decreased with time. This phenomenon was also observed in our previous study.(7)

3.4 Variable impedance during experiment

In Sect. 3.3, the set point of the feedback control structure was the impedance measured at
the beginning of the experiment, whereby the liquid layer thickness was stable. By varying the
impedance set points, the liquid layer thickness can be varied. Figure 5(a) shows an example of
adjusted impedance during the experiment. The initial impedance set point was 2200 Q and the
impedance increased 25% every 500 s. When the impedance was stable, the PID output was
positive and constant; thus, Ringer’s solution was infused into the experiment area. Once the
impedance set point was elevated, the PID output declined sharply and became a large negative
value. Some of the buffer medium was extracted from the experiment area, whereby the real-
time impedance increased towards the new set point. The alteration of the impedance set point
resulted in a significant artifact in the fluorescent intensity curve. Hence, the timing of changing
the impedance set point should be sufficiently separated from the timing of odor stimulation.

A higher impedance means a thinner liquid layer, which leads to a more robust biosensor
response.?® Unfortunately, Fig. 5(b) shows that when the impedance set point exceeds a
threshold, the PID output turns into an abnormal negative value after 3700 s. With such a high
impedance, the liquid layer was so thin that the liquid port connected to pump B could not
withdraw any buffer medium. The default liquid pumping rate in pump A was very high for
liquid evaporation compensation. To maintain the liquid film thickness, the microcontroller

a b

2 2

L1124 $ 129

£ S

el Lol 1

D 14 o3

N N

© © 0.8

Eos E M

2 : ‘ : ‘ 206 : : : ‘

0 500 1000 1500 2000 2500 0 1000 2000 3000 4000

6000 500 —~ 10000 500 —~
S 2 S B
b < % 8000 W <
Q = o I~ TS " i =
& 4000 o 3 S 6000 " T A o 3
o =1 o i i =1
3 o 2 40001 if i i [ =
5 o E L |

2000 . . . . —-500 & -1 500 &

0 500 1000 1500 2000 2500 0 1000 2000 3000 4000
Time (s) Time (s)

Fig. 5. (Color online) Impedance variation during experiment. (a) Adjustable impedance during experiment. The
odor stimulation was 0.4 s 1% l-octen-3-ol headspace vapor. The red vertical lines indicate the timing of vapor
exposure. (b) The PID output became negative when the impedance set point was very high (6569 Q). In this
experiment, the initial impedance set point was 2200 Q and the impedance was increased 20% every 500 s. The odor
stimulation was 0.4 s 1% 1-octen-3-ol headspace vapor. The red vertical lines indicate the timing of vapor exposure.
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generated a negative control signal. Although the current impedance could reach the new set
point and the biosensor responded to odor stimulation at 4030 s, this response would not last too
many times as the liquid exchange had already terminated. A proper impedance set point that
can make the liquid layer sufficiently thin and ensure stable liquid exchange is recommended for
direct gas-phase odor detection.(2)

4. Conclusions

In this study, we implemented no control, open-loop control, and closed-loop control methods
for biosensor liquid film thickness. The no control method was simple when the biosensor
lifetime was short. This technique could be applied to rapid target odorant measurement but was
not suitable for long-term continuous monitoring. The open-loop control method only required
one pump to compensate for the evaporated water, which prolonged the cell lifetime. The
optimal infusion rate, however, was difficult to determine. Thus, the biosensor performance was
as poor as that under the no control condition in most cases. The closed-loop control method
enabled liquid film thickness maintenance and regulation. The liquid exchange using two
syringe pumps enabled the removal of the residual ions and odorant molecules, thereby evidently
extending the biosensor lifetime. It was suitable for direct gas-phase odor monitoring with the
biosensor, even though it required some peripherals such as an impedance measurement circuit,
a microcontroller, and syringe pumps.

To further improve the performance of gas-phase odor biosensors, a compact microfluidic
structure is preferred. The liquid exchange would be operated under a liquid film thickness of
several micrometers. The liquid layer thickness measurement could be changed from the indirect
approach using impedance to other direct measurement methods, e.g., an optical method. We
believe that with these improvements, an even better gas-phase odor biosensor could be
achieved.
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