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ABSTRACT: Recently, various bioelectronic nose devices based on human receptors were developed for mimicking a human
olfactory system. However, such bioelectronic nose devices could operate in an aqueous solution, and it was often very difficult to
detect insoluble gas odorants. Here, we report a portable bioelectronic nose platform utilizing a receptor protein-based bioelectronic
nose device as a sensor and odorant-binding protein (OBP) as a transporter for insoluble gas molecules in a solution, mimicking the
functionality of human mucosa. Our bioelectronic nose platform based on I7 receptor exhibited dose-dependent responses to octanal
gas in real time. Furthermore, the bioelectronic platforms with OBP exhibited the sensor sensitivity improved by ∼100% compared
with those without OBP. We also demonstrated the detection of odorant gas from real orange juice and found that the electrical
responses of the devices with OBP were much larger than those without OBP. Since our bioelectronic nose platform allows us to
directly detect gas-phase odorant molecules including a rather insoluble species, it could be a powerful tool for versatile applications
and basic research based on a bioelectronic nose.
KEYWORDS: odorant-binding protein, direct gas sensing, nanodisc, carbon nanotube field-effect transistor, biosensor platform

An olfactory system in animal noses is used to detect
certain odors such as pheromones, food flavor substances,

and toxic chemicals,1−3 which is often critical for the survival
and the reproduction of various animals, plants, and insects. An
important part of an olfactory system is nasal mucosa, which
consists of various parts such as an epithelium, a basal
membrane, and nasal mucus. A nasal mucosa humidifies and
warms the air that enters a nasal cavity.4,5 It also acts as a filter
preventing the direct contact of viruses and germs with
olfactory cells and protects the surface of olfactory
epithelium.6,7 The nasal mucus covers olfactory epithelial
cells and includes odorant-binding proteins (OBPs) in its
aqueous environment.8 OBP molecules can bind to odorant
gas molecules and help the gas molecules to be dissolved in the
aqueous environment of the olfactory mucosa, which can
increase the sensitivity of olfactory systems and help to detect
insoluble odorant gases.9−12

Recently, extensive efforts have been given to build artificial
nose devices, which can mimic olfactory systems. These
include nanoparticle-array devices,13,14 field-effect transistors
(FETs),15−19 nanowire devices,20 surface plasmon reso-
nance,21,22 quantum dots,23,24 and colorants.25,26 Some of
such artificial nose devices using olfactory receptor proteins as
detection elements could mimic the responses of animal
olfactory systems.27,28 However, many of artificial nose devices
operate only in liquid environments, requiring additional
interface structures for gas detection.29,30 Furthermore, since
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they do not have nasal mucus-like parts containing OBP, it
may be very difficult to detect insoluble odorant gases.
Herein, we report a portable bioelectronic nose platform

using OBP as a molecular transporter, mimicking human
mucosa, for the direct sensing of odorant gases. In this study, a
chamber with a gas-permeable membrane on one side was
filled with an OBP solution, and a carbon nanotube FET
(CNT-FET) hybridized with olfactory receptors was placed in
the solution to build a bioelectronic sensor platform for direct
gas detection. Here, OBP molecules were used as a vehicle
transporting odorant molecules to olfactory receptor proteins
on the CNT-based sensor devices. As a proof of concept, we
built a bioelectronic nose device based on rat-I7 receptor,
which binds to octanal as a target,31 and demonstrated that its
sensing performances were significantly improved with OBP3
molecules in the solution. The results showed that the
bioelectronic noses with OBP had 104 times higher sensitivity
and 4 times larger signals than the cases without it in the
solution. In gas detection measurements, our bioelectronic
noses exhibited a significantly improved sensitivity with OBP
than those without it. As a proof of concept, we demonstrated
the direct detection of odorant gas molecules from orange juice
scent and found that the bioelectronic nose with OBP showed
a higher sensitivity than those without it. Since our method
allows us to evaluate insoluble gases, it could be a powerful
tool for the basic research of olfaction and versatile industrial
applications such as the assessment of food quality and the
detection of toxic substances.

■ EXPERIMENTAL SECTION
Cloning of I7 and OBP3 into an Expression Vector. I7 and

OBP3 genes were prepared by polymerase chain reaction (PCR) from
complementary DNA clones (Origene). The genes were combined
with the bacterial expression vector pET-DEST42 (invitrogen),
following the manufacturer’s instructions.

Expression and Purification of I7 Receptor. Rosetta 2 (DE3)
cells were purchased from Novagen. The cells were transformed with
the pET-DEST42 containing the I7 gene. Luria−Bertani medium
(LPS solution, South Korea) was used to culture the cells with 50 μg/
mL ampicillin (Sigma-Aldrich). Once the optical density value of the
culture medium reached 0.5 at 600 nm, the expression of I7 was
induced by injection of 1 mM isopropyl β-D-1-thiogalactopyranoside
(Millipore). The cells were then further cultured and harvested (7000
rpm, 20 min). The cells were lysed by pulsed sonication (5 min), and
the pellet was collected by centrifugation at 12 000 rpm for 20 min.
The pellet was then suspended in a solubilization buffer. The solution
was dialyzed using sodium phosphate buffer containing 0.1 M sodium
phosphate and 10 mM sodium dodecyl sulfate (pH 8.0). The dialyzed
solution was purified using a HisTrap HP column (Cytiva) with
sodium phosphate buffer (pH 6.0 and 7.0).

Expression and Purification of OBP3. OBP3 protein was
expressed using the same procedure as described for the expression of
I7. After the cells were harvested, the pellet was suspended in a
binding buffer containing 20 mM Tris−HCl, 20 mM imidazole, and
50 mM NaCl. The cells were lysed by pulsed sonication (5 min) and
purified using a HisTrap HP column.

Expression and Purification of Membrane Scaffold Protein
1E3D1 (MSP1E3D1). Rosetta 2 (DE3) cells were transformed with
the bacterial expression vector containing MSP1E3D1 (Addgene).
The MSP1E3D1 protein was expressed and purified using the same
procedure described for the expression of OBP3.

Construction of I7-Embedded Nanodiscs (I7-Nanodiscs). A
lipid mixture (1-palmitoyl-2-oleoylphosphatidylcholine, 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol), I7 receptor, and MSP1E3D1
were mixed, and then bio-beads (Bio-Rad) were added to adsorb the
detergent from the mixture. The mixture was incubated overnight,

and I7 receptor-embedded nanodiscs were collected by size exclusion
chromatography.

Intracellular Calcium Assay. HEK-293 cells were transfected
with vectors containing the I7 receptor gene and cultured at 37 °C
and 5% CO2 for 48 h. The calcium indicator solution was prepared by
mixing Fluo-4 AM (molecular probes) and probenecid (molecular
probes) with Hanks’ balanced salt solution (HBSS) buffer (Gibco).
The cell culture medium of HEK-293 cells expressing I7 was replaced
with HBSS buffer. Fluo-4 AM was loaded into HEK-293 cells by
adding calcium indicator dye to the cells and incubating the cells at 37
°C under 5% CO2 for 30 min. The unloaded Fluo-4 AM was washed
with HBSS buffer. Subsequently, the cells were incubated for 30 min
to stabilize the loaded Fluo-4 dye in the cells by changing Fluo-4 AM
to Fluo-4, which is induced by intracellular esterase-mediated
hydrolysis of Fluo-4 AM. The fluorescence signal was measured
using a plate reader (BMG Labtech GmbH) with an excitation
wavelength of 488 nm and an emission wavelength of 535 nm, and
octanal was injected into the cell by the injector in the plate reader.

Ultraviolet−Visible (UV−Vis) Absorbance Measurement.
Solutions were placed in a 1 × 1 × 5 cm3 cuvette and set to a
UV−vis spectroscope (Agilent 8413). The instrument’s tungsten lamp
and UV lamps were then turned on, and light from 180 to 1100 nm
was irradiated on the cuvette. An absorbance value was calculated
through the light passing through the cuvette.

Fabrication of a CNT-FET with Floating Electrodes. A CNT-
FET was fabricated following the previously reported method.32 Here,
source and drain electrodes (Au (30 nm) on Ti (10 nm)) were first
patterned on a Si/SiO2 substrate via photolithography. Single-walled
CNTs were dissolved in dichlorobenzene (DCB) at 0.05 mg/mL and
sonicated for 3 h to prepare CNT suspensions. Then, photoresist
patterns (AZ 5214E) were prepared on the substrate via photo-
lithography, and the substrate was incubated in CNT-DCB solution
overnight. Here, CNTs were adsorbed onto the bare SiO2 regions
without photoresist layers, forming CNT network-based channel on
the substrate. Then, the substrate was rinsed with acetone and
ethanol. Finally, floating electrodes (Au (15 nm) on Pd (10 nm))
were patterned on the CNT channel via photolithography followed by
thermal evaporation. Each floating electrode had a width of 200 μm
and a length of 10 μm.

Incorporation of Nanodiscs on the Floating Electrodes of
CNT-FETs. Floating electrodes of CNT-FETs were functionalized
with nanodisc structures following the procedure reported by our
group previously.28,33 In this process, the CNT-FET was first
incubated in half V5 tag antibody solution at 37 °C for 1 h so that
the antibody formed a disulfide bonding with a gold surface of the
floating electrode. Then, the CNT-FET was incubated in nanodisc
solution (144 μg/mL for I7-nanodiscs and 340 μg/mL for ODR-10
nanodiscs in PBS) at 37 °C for 1.5 h. Here, the nanodiscs bound to
the antibody, resulting in nanodisc coatings on the floating electrodes.

Measurement of Liquid Gate Profiles of a Biofunctionalized
CNT-FET. Source−drain electrodes of a CNT-FET and a liquid gate
electrode were connected to a semiconductor analyzer (Keithley
4200). The 10 μL hydroxyethyl piperazine ethane sulfonic acid
(HEPES) buffer was added on a CNT channel region. The source−
drain bias was set to 0.1 V, and the source−drain current was
measured during the gate bias voltage sweeping from −0.5 to 0.5 V.

Direct Gas Detection Using a Bioelectronic Nose. A polymer-
based case of a bioelectronic nose (Figure S1) was fabricated using a
3D printer (3D Edison duo, poly(lactic acid) filament). Then, the top
part of the case was covered with a gas-permeable membrane. A
bioelectronic nose device was placed in the case. The interior space of
the case was filled with a HEPES buffer solution with or without OBP,
and the case was sealed with a rubber ring to avoid buffer leakage. For
a gas sensing measurement, the fabricated case including a
bioelectronic nose was placed in a closed gas chamber (acryl, 700
cm3) with a controlled flow of various gases. The source and drain
electrodes in the bioelectronic nose device were connected to a
semiconductor analyzer (Keithley 4200). The source−drain bias
voltage was fixed at 0.1 V, and the source-drain currents were
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measured during the introduction of target gases into the gas
chamber.

■ RESULTS AND DISCUSSION
Figure 1 shows the schematic illustration of a bioelectronic
nose platform including a CNT-FET functionalized with
olfactory receptor and a 3D-printed case filled with OBP
solution. To build a bioelectronic nose sensor chip, a CNT-
FET was functionalized with olfactory receptor-based nano-
structures such as I7-nanodiscs and ODR-10 nanodiscs for the
detection of specific odorant molecules as reported pre-
viously.33−35 The detailed fabrication process of a whole
platform is described in the Experimental Section. In brief, a
CNT-FET that was fabricated using photolithography was
functionalized with receptor containing nanostructures. The
functionalized CNT-FET was fixed on the bottom part of the
3D-printed case, which is covered with a gas-permeable
membrane, and the space in the 3D-printed case was filled with
a buffer solution including odorant-binding protein 3 (OBP3)
that is the kind of rat OBP group.36 Odorant gas molecules
passed through the gas-permeable membrane, while the
membrane blocked the leakage of the buffer solution. After
passing through the membrane, odorant molecules could be
captured by OBP3 molecules in the buffer solution and
delivered to the olfactory receptors on the CNT-FET, helping
odorant molecules to bind with olfactory receptors. The
binding of odorant molecules to olfactory receptors induced
the conformational change of olfactory receptors as well as
their charge states.37 Eventually, it resulted in the conductance
increase of a CNT channel on the CNT-FET, allowing us to
monitor odorant gas molecules in real time. Our bioelectronic
nose platform provides a liquid−gas interface in a portable
form for the direct detection of odorant gas molecules. In
addition, OBP molecules in the case were utilized to carry a
rather insoluble odorant molecular species, mimicking the
structure of nasal mucus in human noses.
I7 receptors and OBP3 molecules for our bioelectronic nose

platforms were expressed and extracted using Escherichia coli,
as reported previously.9,38 Purified OBP3 and I7 were analyzed
by western blotting using histidine and V5 antibodies (Figure
2a). The bands of western blot analysis for I7 and OBP3
revealed approximately 37 and 20 kDa, respectively; equivalent
to the molecular weights of I7 and OBP3.36,39 These results
indicate that I7 and OBP3 were successfully produced using

the E. coli system. I7 is the kind of G-protein-coupled receptor
(GPCR). GPCR, as a membrane protein, has complicated
structures and hydrophobicity. In this study, I7 was
successively expressed using E. coli, which enabled the
production of I7 receptors for the reconstitution of I7
receptors into nanodiscs.
Figure 2b presents the calcium fluorescence assay results

showing the responses of human embryonic kidney-293
(HEK-293) cells with I7 receptor to octanal solution under
different conditions. In this assay, the binding of octanal onto
I7 receptor on the cells triggered the signal transduction in the
cells and resulted in the increase of Ca2+ concentration in the
cells.31,40 Such an increase of Ca2+ concentration was
monitored by measuring changes in the fluorescence intensity
of the calcium indicator dye, Fluo-4 AM, which had been
loaded in the cells. As time progressed, Ca2+ ions in the cytosol
of the cells were pumped out by ion pumps, and the
fluorescence signal of Fluo-4 decreased to the baseline level.
We observed the large increase of fluorescence intensity with
the introduction of octanal solution, while the OBP3 solution
without octanal did not affect it much. This clearly shows that
we successfully expressed the functioning I7 receptor on the
cell. As a control experiment, we also performed the same assay
using the cells without I7 receptor and found only negligible
responses. Importantly, the cells exhibited a much larger
fluorescence signal by the introduction of octanal solution with
OBP3 than those without it. Presumably, the OBP3 helped the
binding between octanal molecules and I7 receptors, resulting
in enhanced responses.38 Moreover, the presence of OBP3 did
not affect the fluorescence signal pathway.
To confirm the binding capability of OBP3 to octanal gas,

we performed the UV−vis spectroscopy (Figure 2c). Here,
octanal gas (>280 ppm,41 2 h) was applied to deionized water
and OBP3 solution in deionized water so that octanal
molecules dissolved in the solution. The octanal gas was
prepared by bubbling octanal solution with nitrogen gas. Since
octanal has aldehyde groups, Fehling’s solution could be
utilized to detect octanal molecules dissolved in the
solutions.42 When Fehling’s solution reacts with aldehydes in
the octanal molecules, blue copper ions precipitate and turn
red, which was measured using UV−vis spectroscopy. The
solutions exposed to octanal gas (greed and blue lines)
exhibited a much lower absorbance than those without the
octanal gas exposure (red and black lines) as expected.

Figure 1. Schematic diagram showing a structure of a bioelectronic nose platform for the direct detection of odorant gas. Olfactory receptor-
embedded nanostructures were immobilized on gold floating electrodes of the CNT-FET to build a bioelectronic nose device, and it was placed in
a case filled with buffer solution. One side of the case was covered with a gas-permeable membrane to transmit the target gas while avoiding the
spilling of the solution.
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Importantly, the absorbance of OBP3 solutions exposed to
octanal was lower than that of deionized water after octanal
exposure. This result clearly shows that more octanal gas
molecules was dissolved in the solutions with OBP3 than those
without OBP3, supporting that OBP3 can enhance the
solubility of odorant gas molecules in an aqueous environ-
ment.43

Figure 3a illustrates the sensing experiment of octanal in
solution with OBP3 using an I7-nanodisc-based bioelectronic
nose device. Here, a hydroxyethyl piperazine ethane sulfonic
acid (HEPES) buffer solution with or without OBP3 was first
placed on the CNT channel. And, target octanal solutions with
different concentrations were added to the solution while
monitoring the electrical current changes of the device. The
binding of octanal molecules to the I7 receptors caused a
conformational change in the I7 receptor, which induced the
conductance change of the CNT channel and enabled the
monitoring of octanal binding events in real time.44 This

sensing experiment with or without OBP3 allowed us to
evaluate the effect of OBP3 on the binding activities of octanal
to the I7 receptors under aqueous environments.
The surface of a CNT-FET functionalized with I7-nanodiscs

was evaluated via scanning electron microscopy (SEM). Figure
3b shows the SEM images of gold floating electrodes on a
functionalized CNT-FET (i) and those with I7-nanodiscs (ii).
For SEM imaging, I7-nanodiscs on gold floating electrodes
were first fixed by applying OsO4 solution to maintain their
structure. Then, a thin layer of platinum (5 nm) was deposited
on the device. The SEM image (ii) shows multiple spots with a
circular shape and their diameters of 50−100 nm, which
correspond to the dimensions of nanodiscs.28 It indicates that
I7 receptors were well-reconstituted to I7-nanodiscs without
much deformation, and they were immobilized on the gold
floating electrodes of the CNT-FET.
The gate profiles of a CNT-FET before and after the

immobilization of I7-nanodiscs are presented in Figure 3c.
Here, a voltage bias between the source and drain electrodes
was set to 0.1 V, and source−drain currents were monitored
during a gate voltage sweep from −0.5 to 0.5 V. When the gate
voltage became more positive, the source−drain current
decreased, which was a typical p-type semiconducting
behavior. After the immobilization of I7-nanodiscs, the
CNT-FET exhibited a decreased channel conductance with
the same p-type characteristics presumably because the C-
terminates of I7 receptor have positively charged amino
acids.33,45 This result indicates that the CNT-FET with I7-
nanodiscs was functionalized properly and could be utilized for
sensing experiments.
Figure 3d displays the real-time responses of an I7-nanodisc-

based bioelectronic nose to octanal solutions with or without 1
μM OBP3. Here, the source−drain currents were measured
with the source−drain bias voltage of 0.1 V during the
introduction of octanal solutions from 100 pM to 10 nM in a
HEPES buffer solution. A signal intensity was obtained by
calculating a relative conductance change to an initial
conductance (ΔG/G0). The introduction of the octanal
solutions increased the channel conductance of the CNT-
FET with I7-nanodiscs, as reported previously.46 Note that the
conductance changes of the CNT-FET with OBP3 were larger
than those without it. These results indicate that OBP3
molecules could contribute to the binding events between
octanal and I7 receptors and enhance the sensor signals.
Presumably, OBP3 transported octanal molecules to I7
receptors on the CNT-FET, increasing the binding activities
between I7 receptor and octanal as reported previously.34,47

Such an increased binding activity induced the conformational
rearrangement of more I7 receptors, resulting in enhanced
conductance changes of the underlying CNT-FET. Note that
the 1 μM OBP3 concentration used in this experiment was just
1% of that in a human olfactory system.43 Our results show
that OBP solutions with such a low concentration could
significantly enhance the sensor signals. We also tested our
biosensors with different concentrations of OBP3 like 0.5 and
5 μM (Figure S2). The results show that our sensors with
larger concentrations of OBP3 solution indeed exhibited a
larger sensor signal, clearly showing the effect of OBP3.
However, from a practical point of view, higher concentrations
of OBP3 should significantly increase the production cost of
our sensors. Thus, the optimal concentrations of OBP3
solutions for our bioelectronic noses should be different for
their applications and target molecular species.

Figure 2. Characterization of I7-nanodiscs and OBP3 expressed in
HEK-293 cells and E. coli. (a) Western blot analysis of I7 and OBP3.
(b) Calcium fluorescence assay of I7-nanodiscs in response to octanal.
(c) UV−vis absorbance of Fehling solutions with or without OBP3 or
dissolved octanal gas.
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For more quantitative analysis, we measured the responses
of I7-nanodisc-based bioelectronic noses to octanal solutions
with different concentrations ranging from 10 fM to 10 mM.
Figure 3e shows the normalized signals of I7-nanodisc-based
bioelectronic noses to the different concentrations of octanal
solutions with or without OBP3 in a HEPES buffer solution.
The normalized signal was obtained by calculating the ratio of
conductance changes to the maximum conductance change.
Each data point and error bar were the average and the
standard deviation of the sensor responses measured from
three devices, respectively. These results indicate that our
devices had a dose-dependent and reproducible response to
octanal even with OBP3. The limit of detection (LOD) was
100 pM in the absence of OBP3, while 10 fM in the presence
of OBP3, indicating an improved LOD for the sensors with
OBP3. The normalized response signals N to octanal solution
with different concentrations C can be fitted by a Hill equation
like48

=
+

N
C

C EC

n

n n
50 (1)

where EC50 and n are the half-maximal effective concentration
of the I7 receptor to octanal and Hill’s coefficient, respectively.
The estimated EC50 value for the bioelectronic nose platforms
without OBP3 was around ∼23.5 μM, which is similar to
previously reported values.31,40 Interestingly, with OBP3, EC50
value decreased down to 6.98 nM, supporting that OBP3
helped the binding between I7 receptors and ligands and
enhanced the sensor sensitivity.49 Note that the sensors with
OBP3 exhibited much lower LOD and EC50 values than those
without OBP3. In addition, the signal intensity of the sensor
with OBP3 was higher than that without OBP3 in all
concentrations of octanal solution. These results show that
the sensor performances can be significantly increased using
OBP3. Also, our sensor with OBP3 exhibited an improved
detection limit compared with conventional bioelectronic
noses, which used only I7 receptors without OBP3.50,51 Our
method allowed us to evaluate the effect of OBP3 on the

Figure 3. Sensing measurement in a buffer solution using a bioelectronic nose based on an I7-nanodisc-hybridized CNT-FET with or without
OBP3. (a) Schematic illustration of sensing measurement of octanal solution with OBP3. (b) Field emission scanning electron microscopy
(FESEM) images of a CNT channel (left) and I7-nanodiscs (right) immobilized on a gold floating electrode in a bioelectronic nose device. (c)
Liquid gate profiles of a CNT-FET before and after the immobilization of I7-nanodiscs. The p-type profile of the CNT-FET was preserved even
with nanodiscs immobilized on gold floating electrodes. (d) Real-time responses of bioelectronic nose devices with or without OBP3, to various
concentrations of the octanal solution. (e) Dose-dependent responses of bioelectronic nose devices with or without OBP3 to octanal solution. Data
points and error bars are averages and standard deviations of the sensor responses to each octanal concentration, respectively (n = 3). (f) Real-time
responses of a bioelectronic nose device to 1 μM diacetyl, amyl butyrate, buffer, and octanal solution. In all experiments, the conductance change
rate was larger with OBP3.
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binding behavior between olfactory receptors and odorant
molecules in a quantitative manner.
We tested the selective responses of our bioelectronic nose

platforms with or without OBP3 (Figure 3f). Here, diacetyl,
amyl butyrate, HEPES buffer, and octanal solution at a
concentration of 1 μM were consecutively introduced on the
bioelectronic nose devices. During the introduction, the
source−drain bias voltage was fixed at 0.1 V, and source−
drain currents were monitored. The diacetyl and the amyl
butyrate are butter-scented and aromatic odorants, respec-
tively, and they do not bind to I7 receptor. Note that the
conductance changes of the device were negligible at the
introduction of diacetyl, amyl butyrate, and HEPES buffer
solutions, while the octanal solution increased the conductance
significantly. Importantly, even with OBP3, we could observe a
similar selective response of our sensor devices even with an
enhanced signal. These results clearly show that our platforms
did not respond to nontarget molecules such as buffer or other
ions, and OBP3 did not affect the selectivity in the binding

events of octanal to I7 receptors. Note that this selectivity
originated from the specific binding between olfactory
receptors and ligands. For example, previous works about
OBP-based sensors without olfactory receptors showed a
rather poor selectivity of the sensors.52,53 On the other hand,
the bioelectronic sensors based on olfactory or taste receptors
could discriminate similar molecular species with only a single
atomic variation, indicating the high selectivity of receptor
proteins.54 Utilizing the specific binding of the receptor, our
biosensor could discriminate the target from various odorant
gases. In addition, the recognition of olfactory receptors
depends on the structure of ligands. Therefore, even if the
chemicals have a similar structure to target introduced, the
device could discriminate them.55

To show the effect of OBP3 as a molecular transporter in
our bioelectronic nose platform, we demonstrated the sensing
of gas molecular species (Figure 4). Figure 4a shows a setup
for a gas sensing experiment using a bioelectronic nose with
OBP3. Here, our sensing platform including a bioelectronic

Figure 4. Direct sensing of odorant gas using a bioelectronic nose platform with or without OBP3. (a) A schematic illustration showing a setup for
a direct gas sensing measurement using a bioelectronic nose platform. A sensor platform including a bioelectronic nose device in a case was placed
in a gas chamber, and different mixtures of gases were introduced while monitoring the sensor signals. (b) Real-time responses of a bioelectronic
nose platform with or without OBP3 to various concentrations of octanal gas. (c) Dose-dependent responses to different concentrations of the
octanal gas. Data points and error bars represent averaged values and standard deviations of the data measured from three devices, respectively. (d)
Normalized signals of the biomimetic odorant gas sensor to a real sample (orange) solved in DI water with four dilutions (25, 50, 75, and 100%).
Data points and error bars represent averages and standard deviations of the data measured from three devices, respectively. (e) Real-time
responses to amyl butyrate (AB), ortho-xylene (o-xy), and diacetyl (DA) gases. (f) Normalized signals of the bioelectronic nose that consists of an
ODR-10 micelle as a receptor to different concentrations of diacetyl gas. Data points and error bars represent averages and standard deviations of
the data measured from three devices, respectively.
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nose device, a gas-permeable membrane, and a buffer solution
with or without OBP3 was placed in a closed gas chamber. For
a sensing experiment, target gas mixed with N2 was introduced
in the closed gas chamber so that target gas molecules were
dissolved in the buffer solution and reached our bioelectronic
sensor device. The specific binding of the target molecules
onto receptors induced the conductance changes of CNT
channel, which was measured as a sensor signal.
The real-time responses of an I7-nanodisc-based bioelec-

tronic nose with or without OBP3 to octanal gas are presented
in Figure 4b. The electrical responses of the bioelectronic nose
were measured during the introduction of octanal gas with
different concentrations ranging from 0.01 to 31 ppm. And, the
signal intensity was calculated by a relative conductance
change to the initial conductance of the CNT channel in the
sensor device. The introduction of the octanal gas (yellow
part) induced the increase of conductance change. Presumably,
the octanal molecules were dissolved in a buffer solution
through the gas-permeable membrane and caused the electrical
responses of the sensor. Furthermore, to show that our
bioelectronic nose could respond selectively to target
molecules, we consecutively introduced gases of octane,
ortho-xylene, and octanal to the chamber and monitored the
responses of the sensor (Figure S3). The results show that our
sensor responded only to the target gas, octanal, and the sensor
signals to nontarget gases were negligible. In addition, we also
confirmed that our device did not respond to other nontarget
gases such as amyl butyrate and diacetyl (Figures S4 and S5).
The bioelectronic noses responded to octanal gas in a dose-
dependent manner. Significantly, in the presence of OBP3,
relative conductance changes were enhanced by up to 100%.
The result indicates that OBP3 enhanced the solubility of
octanal molecules as well as the binding activity between
octanal molecules and I7 receptors as reported previously.56

When only N2 gas was introduced without octanal gas, the
relative conductance of a CNT channel decreased gradually,
indicating a reversible sensing process. These results show that
our bioelectronic nose with OBP3 can be used to directly
detect gas-phase octanal molecules with enhanced sensitivity.
For a more detailed analysis, we measured the dose-

dependent responses of I7-nanodisc-based bioelectronic noses
with or without OBP3 to octanal gas (Figure 4c). Each data
point and error bar were an average value and a standard
deviation of the sensor signals measured from three different
bioelectronic nose devices, respectively. The electrical
responses of bioelectronic nose devices with or without
OBP3 began to increase from 0.01 to 0.1 ppm, respectively.
These results indicate that the bioelectronic nose with OBP3
responded to the octanal gas with an improved sensitivity. The
data could be fitted with a Hill equation. The estimated EC50
value from the sensing data measured with or without OBP3
was 7.01 × 10−9 or 2.48 ppm, respectively. It supports that
OBP3 enhanced the responses of our bioelectronic nose
platforms. Presumably, OBP3 could enhance the solubility of
octanal to the buffer solution and the reaction between octanal
molecules and I7 receptors, helping the sensing process just
like that in human nose systems.57 These results represent that
our system containing OBP3 could increase the responses of
biosensors.
Our bioelectronic nose platform has been utilized to detect

odorant gas molecules from real samples like an orange. Figure
4d shows the dose-dependent responses of bioelectronic noses
with or without OBP3 to diluted odorant gas from orange

juice. Here, oranges were squeezed in deionized water, and N2
gas was bubbled in the solution to prepare a gas mixture
including target odorants. This gas mixture contained octanal
molecules that originally existed in orange fleshes and orange
peels. Normalized response is the ratio of the signal intensity at
a certain concentration to the maximum signal intensity. Data
points and error bars were statistically obtained from three
different bioelectronic noses. Our bioelectronic noses dose-
dependently responded to sample gas from orange scent,
indicating that octanal molecules could be detected by our
bioelectronic nose system even in a complex gas mixture such
as that from real oranges. In the presence of OBP3, the sensor
signal was approximately 30% higher than that in the absence
of OBP3. Presumably, OBP3 enhanced the solubility of the
octanal gas molecules, increasing the sensor signals. Note that
since our bioelectronic noses could be used in complex gas
environments, our method can be a powerful tool for versatile
applications for detection in mixed chemicals such as the
qualitative evaluation of a food flavor.
As a proof of concept experiment to show the versatility of

our strategy, we applied our sensing platform for bioelectronic
nose devices based on other olfactory receptors. Figure 4e
shows the real-time responses of an ODR-10 nanodisc-based
bioelectronic nose device to the gases of amyl butyrate (AB),
ortho-xylene (o-xy), or diacetyl (DA). Here, diacetyl, amyl
butyrate, and ortho-xylene are odorants that have a buttery
flavor, a pear flavor, and a sweet flavor, respectively. Only
diacetyl molecules selectively bind to ODR-10 receptor as a
target. For the sensing measurement, a source−drain bias
voltage of the bioelectronic nose was fixed at 0.1 V, and
source−drain currents were measured during the consecutive
introduction of amyl butyrate, ortho-xylene, and diacetyl gas
with 1 ppm concentration. There were negligible conductance
changes for the introduction of amyl butyrate and ortho-xylene
gases. However, when the diacetyl gas was introduced, the
source−drain current decreased from approximately 1.5−1.0
μA. This result indicates that our strategy can be applied for
the selective detection of target gas molecules using a
bioelectronic nose device with different olfactory receptors.
Figure 4f shows the dose-dependent responses of bioelec-

tronic noses containing an ODR-10 nanodisc-hybridized CNT-
FET to diacetyl gas with or without OBP3 in a buffer solution.
The normalized responses were increased as the diacetyl gas
concentration increased. In the presence of OBP3, responses
were approximately 20−70% higher than those without OBP3.
This result indicates that our bioelectronic noses with ODR-10
nanodiscs responded to diacetyl gas molecules in a dose-
dependent manner even with OBP3. Furthermore, the sensor
responses were enhanced in the presence of OBP3, indicating
the versatility of our strategy.

■ CONCLUSIONS
We have developed a bioelectronic nose platform that mimics
a real olfactory system with OBP as a transporter for the direct
detection of insoluble octanal gas molecules. In this work, a
bioelectronic nose device was placed in a case with a gas-
permeable membrane on one side. And, the case was filled with
a buffer solution containing OBP3 as a transporter of insoluble
gas molecules to the bioelectronic nose device. Our
bioelectronic nose based on I7-nanodiscs could be used to
detect octanal gas down to 0.01 ppm with OBP3, indicating an
improved sensitivity with OBP3. Also, the existence of OBP3
amplified the signal intensity of our bioelectronic noses to
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octanal gas by ∼100%. Furthermore, bioelectronic noses could
be used to evaluate the octanal gas from a real orange juice
scent. These results clearly show that our platform can be
utilized to detect various target gases including insoluble ones
with high sensitivity and selectivity just like animal noses, and
it can be a useful tool for versatile applications such as the
evaluation of food quality from flavor gas, the detection of
toxic chemicals, and the basic research of olfactory
systems.33,58−60 In addition, since the sensor chips can be
mass-produced using conventional microfabrication processes
in this work,61,62 our strategy can be utilized to integrate
multiple sensors in a single chip for multiplexed detection.
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