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ABSTRACT: Insect odorant receptors have been reconstituted into lipid nanodiscs
and tethered to carbon nanotube field-effect transistors to function as a biosensor.
Here, four different insect odorant receptors (ORs) from Drosophila melanogaster
(DmelOR10a, DmelOR22a, DmelOR35a, and DmelOR71a) were expressed in Sf9
cells, purified, and reconstituted into lipid nanodiscs. We have demonstrated that
each of these ORs produce a selective and highly sensitive electrical response to
their respective positive ligands, methyl salicylate, methyl hexanoate, trans-2-hexen-
1-al, and 4-ethylguaiacol, with limits of detection in the low femtomolar range. No
detection was observed for each OR against control ligands, and empty nanodiscs
showed no specific sensor signal for any of the odorant molecules. Our results are
the first evidence that insect ORs can be integrated into lipid nanodiscs and used as
primary sensing elements for bioelectronic nose technologies.
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■ INTRODUCTION

Fast, selective, and on-site detection of odorant molecules at
low concentrations is a critical challenge for health and safety,
environmental monitoring, and food and water quality
management.1−5 Highly sensitive animal noses are widely
used for detection of odorant molecules, with both insects and
mammals involved in drug detection, biosecurity, search and
rescue, and medical diagnostics.6,7 However, there are
drawbacks to using living animals for real-time detection,
such as the cost and time associated with training and
handling, interpretation of the response, and environmental
and behavioral variation.7 Recent research has demonstrated
the potential for biosensors to mimic animal noses by coupling
their odorant receptors (ORs) with a secondary signal
transducer to form a biosensor.2,8−10 Carbon nanotube field-
effect transistors (CNT-FETs) are widely utilized as the signal
transducer in biosensors because of their numerous advan-
tages, such as low power consumption, smaller size, built-in
signal amplification, and direct electrical readouts.11−13

Recently, mammalian ORs in combination with FET
transducers have successfully detected odorant molecules at
femtomolar concentrations.1,14−20 However, although mam-
malian OR sensors have many excellent properties, there are
some drawbacks. Mammalian ORs are G protein-coupled
receptors (GPCRs), which require downstream signaling
mechanisms in vivo to activate ion channels that then

depolarize the neuron.21 Inclusion of these downstream
elements into a biosensor will be challenging, and without
them, the sensor could have limited effectiveness. Also,
mimicking a complete odorant sensing system requires the
participation of all receptors present in the biological olfactory
system. Theoretically, an array of sensors with multiple
receptors is required to detect odorant molecules precisely.
The large number of receptor proteins (∼400 in adult humans
and ∼1700 in canines) in the mammalian odorant sensing
system is another bottleneck in the design and implementation
of a complete sensor array.22,23

Insect ORs, on the other hand, are members of a novel
family of seven-transmembrane proteins that uniquely function
as ligand-gated cation channels24,25 and are a complex of an ion
channel-forming subunit, odorant receptor co-receptor (Orco),
and an odorant-binding receptor subunit, OR.26,27 The OR
subunit binds an odorant molecule in vivo, which then causes
the Orco ion channel to open and results in an influx of ions.
Although the signal transduction mechanism of the olfactory
system in insects has not been fully identified, the role of ORs
in converting the chemical signals from the odorant molecules
into electrical signals during neurosignal transduction has been
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confirmed.25,27 Fruit flies have excellent sensitivity to odorant
molecules, utilizing a family of approximately 60 ORs.28−30

Many of these odorant receptors have been functionally
characterized.31−33 An adult fruit fly’s olfactory system
contains 45 functional ORs, and its larval olfactory system
contains 21 functional ORs.33,34 This means that an array of
sensors with 45 different OR protein-functionalized channels
would be sufficient to mimic the complete odorant sensory
system of an adult fruit fly.
The basic principle behind CNT-FET olfactory sensors

involves immobilizing the receptors on the sidewalls of CNTs
to transduce the odorant-induced electrical changes. However,
immobilizing membrane-bound proteins onto CNTs is
complicated because of their hydrophobic nature.35 Recent
work on mammalian OR protein-based sensors overcame this
problem by integrating the ORs into formats that mimic the
cell membrane, such as nanovesicles,1,2,14,16,17 lipid bilayers,36

and nanodiscs.4,9 Among these, the OR nanodisc assemblies
were found to be stable, and they maintain OR activity over
time.9 The OR nanodisc complex consists of an OR in a
nanoscale lipid membrane encapsulated by a membrane
scaffold protein (MSP).9,37 The amine groups on the ORs
and MSPs can be used for immobilization of nanodiscs onto
the CNTs.
Here, we report the purification of highly sensitive ORs from

Drosophila melanogaster, their integration into nanodiscs, and
fabrication of highly sensitive and selective odorant sensors by
immobilizing the OR nanodiscs onto random channel CNT-
FETs. Also, we provide the experimental evidence for the
selective detection of odorant molecules by OR proteins
without the Orco subunit.

■ EXPERIMENTAL DETAILS
OR Protein Purification and Nanodisc Fabrication and

Characterization. The insect odorant receptors were purified as
previously described, with some modifications.38 Briefly, receptor
genes were cloned into the pDEST8 vector (ThermoFisher) and
transformed into DH10Bac cells to generate bacmids. These bacmids
were transfected into Sf9 cells to generate viruses, which were
amplified over three passages. The viruses from the third passage (P3)
were titred and used to infect Sf9 cells for protein production. The Sf9
cells were maintained in a suspension culture of SF900 II media
(ThermoFisher) at 27 °C and 100 rpm. For baculovirus-mediated
expression experiments, the cells were diluted to 2 × 106 mL−1 and
inoculated with virus at a multiplicity of infection (MOI) of 0.1. The
odorant receptors were purified from Sf9 cell membranes using
standard Ni-NTA and SEC protocols. Briefly, the cells were pelleted,
lysed using an Emulsiflex C5 emulsifier (Avestin, Germany) at
10,000−15,000 psi, and centrifuged at ∼100,000g for 1 h. The cell
pellet was then solubilized in 20 mM tris (pH 7.4), 100 mM NaCl,
and 0.5% Fos Choline-14. The sample was centrifuged at ∼100,000g
for 1 h, and then, the supernatant was purified using a His-Trap
column. The protein was further purified with a Superdex 200 pg 16/
60 column in 20 mM tris (pH 7.4), 100 mM NaCl, and 0.36 mM Fos
Choline-14. The purified protein was concentrated to ∼7 mg/mL
with a Vivapsin column (MWCO, 100,000).
The ORs were integrated into nanodiscs based on published

protocols.39 Briefly, the purified OR was incubated with the
membrane scaffold protein (MSP1E3D1 (Cube Biotech)) and lipid
(POPC) at a molar ratio of 0.2:1:150 for 1 h on ice. Bio-Beads SM-2
(Bio-Rad, USA) were added at 1 mg/mL sample and incubated
overnight at 4 °C. The integrated nanodiscs were removed from Bio-
Beads and centrifuged at 5000g for 5 min to remove aggregates. Zeta
potentials of the separated nanodiscs were measured using Zetasizer
Nano ZS 90 (Malvern, U.K.). OR nanodiscs were diluted 1:100
(volume ratio) in 1% DMSO in 1× PBS and loaded into a folded

capillary zeta cell (DTS1060, Malvern Pananalytical). One hundred
measurements were taken for each sample, and measurements were
repeated three times to calculate the average result and standard
deviations.

CNT-FET Fabrication. CNT-FETs with channel dimensions of 40
μm length and 100 μm width were fabricated using standard
photolithography and metal deposition techniques.40−42 First, CNT
thin films were fabricated by a solution processing method directly
onto a 100 nm oxide-coated heavily doped p-type silicon substrate
(Silicon Quest International, Inc.). CNT bucky paper with 99%
semiconducting CNTs (NanoIntegris, IsoNanotubes S-99) was
weighed with a high-precision balance (resolution of 0.1 μg) to
create 5 μg/mL CNT suspension in anhydrous 1,2-dichlorobenzene
(DCB) (99%, Sigma Aldrich) via ultrasonication for 15 min. The
water temperature was kept at 25 °C throughout the sonication
process. Prior to CNT deposition, a monolayer of 2-mercaptopyridine
was deposited onto the SiO2/Si substrate. A cured polydimethylsilox-
ane (PDMS) (Sylgard 184) surface was cleaned by 50 W oxygen
plasma for 1 min. Ten milligrams of 2-mercaptopyridine (99%, Sigma
Aldrich) was dissolved in 1 mL of ethanol and spin-coated onto
PDMS at 2000 rpm for 40 s. SiO2/Si substrates were cleaned in
acetone and isopropyl alcohol (IPA) and then dried in nitrogen. The
cleaned SiO2/Si substrates were placed upside down on the PDMS
surface for 3 min to functionalize the oxide-coated surface with
thiolpyridine. The excess 2-mercaptopyridine on the substrates was
removed by washing in absolute ethanol, followed by a nitrogen
drying step. The SiO2/Si substrates were then immersed in CNT
suspension for 10 min.43 After removing the substrates from the
suspension, they were dipped into absolute ethanol for another 10
min to remove excess and loosely attached CNT bundles on the
surface and dried in nitrogen.

The channel area was defined by standard photolithography, and
unwanted areas of the CNT film on the substrates were burned by
200 W oxygen plasma at 600 mTorr for 3 min using a reactive ion
etcher (Oxford Instruments, Plasmalab 80 Plus). Successive
deposition of 5 nm chromium and 50 nm gold layer was used to
define the drain and source electrodes using a thermal evaporator
under high vacuum (2 × 10−6 mTorr), followed by defining of the
electrodes by photolithography. Atomic force microscopy (AFM)
(Nanosurf, NaioAFM) images of the films were taken in the channel
regions of the devices before the electrodes were encapsulated by
Photoresist AZ 1518 (MicroChemicals) and hard-baked at 200 °C.
The effective channel area open to the environment was 10 μm in
length and 100 μm in width after encapsulation.

OR Sensor Fabrication. The sensors were fabricated by
immobilizing the OR nanodiscs onto the CNT channel. First, the
encapsulated CNT-FETs were immersed in 1 mM 1-pyrenebutanoi-
cacid/succinimidyl ester (PBASE) solution in methanol for 1 h.
PBASE solution was prepared by sonicating the required amount of
PBASE in methanol for 1 min. The solution was kept at room
temperature until a clear solution was observed. The devices were
washed three times in methanol and subsequently washed three times
in PBS to remove the excess PBASE and residual methanol in the
channel. The OR nanodiscs were diluted 1:100 with 1× PBS (pH
7.4), and 100 μL was placed in the channel and incubated at room
temperature for 1 h in a closed Petri dish. After nanodisc
functionalization, the devices were gently washed in PBS for 10 s at
room temperature.

AFM images were taken after nanodisc immobilization to confirm
the functionalization. To do so, the buffer solution remaining on the
device after functionalization was drained, and the device was dried in
nitrogen. The active device channels were then imaged using AFM
(Nanosurf, NaioAFM) in tapping mode.

Electrical Measurements of CNT-FETs and Sensors. Electrical
measurements were carried out using top liquid-gated geometry with
1× PBS (pH 7.4) as the electrolyte. A custom-made PDMS well was
used to keep the electrolyte and analytes on the channel. All electrical
measurements were carried out at room temperature using a
parameter analyzer (Agilent 4156C) and a Rucker and Kolls probe
station with micromanipulators. A Ag/AgCl reference electrode
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(BASi) was used as the gate electrode. Transfer characteristics of
fabricated CNT-FETs and OR nanodisc-immobilized CNT-FET
sensors were measured at a constant drain source voltage (Vds) of 100
mV. The liquid gate voltage (Vlg) was swept from −0.5 to 1 V with an
interval of 20 mV, and drain source current (Ids) was measured.
The OR nanodisc-immobilized device with a PDMS well mounted

on it was placed onto the probe station, and source and drain
connections were made by micromanipulators. PBS buffer (100 μL)
containing 1% DMSO was added to the well, and the Ag/AgCl
standard electrode was placed into the buffer. The ligands were
prepared by dissolving in PBS buffer containing 1% DMSO. Ligand
solution was added to the well at 5 min intervals to make final
concentrations from 1 fM to 10 pM. Real-time sensor measurement
was carried out by continuously measuring Ids at an interval of 1 s.

■ RESULTS AND DISCUSSION
OR Nanodiscs. We recombinantly expressed and purified

four insect ORs (DmelOR10a, DmelOR22a, DmelOR35a, and
DmelOR71a) using a baculovirus-mediated Sf9 cell system.38

These proteins were concentrated to ∼7 mg/mL and
incorporated into nanodiscs using the membrane scaffold
protein MSP1E3D1 and lipid POPC. Table 1 summarizes the
ORs used in this study and the positive and negative ligands
tested for each OR.31,44,45

The zeta potentials of the OR nanodiscs in Table 1 were
investigated to understand the charged nature of nanodiscs and
their influence in our devices. Zeta potentials were measured
using Zetasizer Nano ZS 90 (Malvern, U.K.). One hundred
measurements were taken for each sample, and measurements
were repeated three times to calculate the average and standard
deviations. Table 2 summarizes the zeta potentials of the OR
nanodiscs. All the nanodisc samples showed negative zeta
potentials, demonstrating that they have a negative surface
charge.

OR Nanodisc Functionalization. The immobilization of
OR nanodiscs onto the sidewalls of CNTs was carried out via a
noncovalent functionalization technique, as described in
Experimental Details. First, the 1-pyrenebutanoic acid
succinimidyl ester (PBASE) molecules were attached non-
covalently onto the CNT sidewalls by dipping the devices into
1 mM PBASE solution in methanol for 1 h.42,46 This resulted
in a stacking of PBASE molecules onto the sidewalls of the
CNT via a π−π interaction between the hexagonal carbon

rings of the CNTs and the pyrene group on the PBASE
molecule.42,47 Then, the amine groups on the proteins in the
nanodiscs were anchored onto the N-hydroxysuccinimide ester
group on the PBASE molecule via a nucleophilic substitution
reaction.47 To confirm the functionalization of nanodiscs onto
the CNT network, we imaged the CNT thin films with AFM
before and after immobilizing the nanodiscs. As shown in
Figure 1a, the pristine CNT film contains multitube CNT
bundles with varying lengths and diameters. The AFM image
confirms that the empty nanodiscs were selectively function-
alized on the CNT bundles. Figure 1b−e shows the
immobilization of OR10a, OR22a, OR35a, and OR71a
nanodiscs, respectively, on the sensor surface. Figure 1f
shows the empty nanodisc-immobilized CNT film. Large
clusters with varying diameters were observed frequently on
the CNT film after nanodisc functionalization for OR10a and
OR35a samples and, infrequently, although some were visible,
for OR22a, OR71a, and empty nanodiscs. These clusters
appear to be formed by agglomeration of the smaller nanodiscs
of varying sizes. An indication of this is shown in the
transmission electron microscope images given in Figure S1,
where only large clusters of nanodiscs were found for an
OR35a solution. The nanodiscs are tethered preferentially
along the CNT bundles, and no nanodiscs or clusters were
found on the substrate.

Electrical Measurements of Sensors. The transfer
characteristics of fabricated CNT-FETs and nanodisc-immo-
bilized sensors were also measured to ensure functionalization.
As described in Experimental Details, the measurements were
carried out in 1× phosphate-buffered saline (PBS, pH 7.4)
containing 1% DMSO with a Ag/AgCl electrode as the gate
electrode.48 Figure 2 shows the transfer characteristic curves of
CNT-FETs before and after nanodisc immobilization. All
pristine CNT-FETs showed ambipolarity, which is consistent
with previously reported random CNT network FETs. Gating
was achieved at low voltages because of the high effective
capacitance of the electrical double layer (EDL) formed
around the CNTs in liquid-gated devices.49,50 Also, CNT-
FETs showed a positive threshold voltage (Vth), which
indicates the hole-dominated charge transport across the
channel at Vlg = 0 V.
The functionalization of all four OR nanodiscs and empty

nanodiscs resulted in similar changes in the transfer character-
istics of the CNT-FETs (Figure 2). The threshold voltage of
the CNT-FET experienced a considerable negative shift after
nanodisc functionalization, regardless of which receptor
protein was integrated. We can confirm that the negative
shift in the threshold only occurs after the functionalization of
the OR nanodisc and is not due to the PBASE functionaliza-
tion step (see Figure S2 for transfer curves of a pristine,
PBASE, and OR71a nanodisc-functionalized CNT network
FET). These results are consistent with other reports on
protein-immobilized CNT-FETs, which also demonstrate a
negative threshold voltage shift after protein immobiliza-
tion.9,35,51−54 The Vth shift indicates that the immobilization of
nanodiscs causes either a positively charged gating effect
around the CNTs or injection of electrons to the CNT
network, which results in a reduction in the number of holes in
the network. However, the electrostatic gating effect can be
observed only if the external charges are tethered within the
Debye screening length (λD) of the electrolyte,42,55 and as
shown in Table 2, the zeta potential values are negative for all
the OR nanodiscs including the empty nanodiscs. The

Table 1. Positive and Negative Ligands for ORs Used in
This Work

OR positive ligand negative ligand

DmelOR10a (OR10a) methyl salicylate (MeSal) E2-Hex
DmelOR22a (OR22a) methyl hexanoate (MeHex) E2-Hex
DmelOR35a (OR35a) trans-2-hexen-1-al (E2-Hex) MeHex
DmelOR71a (OR71a) 4-ethylguaiacol (4EG) E2-Hex

Table 2. Zeta Potentials of Nanodisc Dispersion in 1× PBS
Containing 1% DMSO

OR nanodisc zeta potential (mV)

OR10a −6.67 ± 0.94
OR22a −6.01 ± 0.44
OR35a −5.84 ± 0.83
OR71a −5.67 ± 0.60
empty nanodiscs −5.02 ± 0.25
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functionalization of the nanodisc immobilized onto the CNTs
based on the AFM images is represented schematically in
Figure 3. The OR proteins and MSPs both contain amine
groups; thus, the OR nanodiscs can be tethered to PBASE-
functionalized CNTs either with the amine groups on the OR
itself or with the amine groups on the MSP. The λD of 1× PBS
buffer is approximately 0.7 nm,55−57 and the average height of
the nanodiscs used in our study is between 10 to 35 nm, which
means that the nanodiscs extend significantly above λD on the
CNT sidewalls after functionalization. Previous studies
reported that proteins are capable of donating electrons from
their amine group when they are tethered onto the CNTs.52,53

We postulate that the negative shift in the threshold voltage in
our system is due to an injection of electrons that subsequently
reduces the number of holes in the CNT network, which is
similar to previous studies.9,35,51−54 However, the p-type
behavior of the CNT network FETs at Vlg = 0 V is preserved
after nanodisc functionalization, which indicates that the holes
are the dominating charge carriers in conduction at Vlg = 0 V
even after nanodisc tethering. In addition to the negative
threshold voltage shift, the on-current and on−off ratio also
increased after nanodisc functionalization. We attribute this to
changes at the CNT−CNT junctions after nanodisc
functionalization due to charge redistribution in the CNT
network. The gating of CNT network FETs is dominated by
the modulation of Schottky barriers at the metallic and
semiconducting CNT junctions throughout the net-
work.43,58,59 Because of the injection of electrons to the
CNT network during OR nanodisc functionalization,53,60,61

the Fermi levels of CNTs are expected to change, subsequently
altering the Schottky barrier height at the CNT−CNT
junctions. We hypothesize that the increased on−off ratio we
observed is due to these changes in Schottky barrier height,
making the gating far more effective across the entire CNT
network device, resulting in improved FET performance after
OR functionalization.
Sensor Characterization. After nanodisc functionaliza-

tion, the sensors were tested against their positive ligand and a
selected negative ligand, as summarized in Table 1. The
measurements were carried out under 0 V liquid gate bias (Vlg)
and Vds = 100 mV. The current (Ids) through the device was
continuously measured at 1 s intervals using a parameter

analyzer with a current preamplifier. The normalized current
responses of all four CNT-FET OR sensors and those tested
against their corresponding positive ligands are shown in
Figure 4. The current through the devices (Ids) decreased
rapidly upon addition of the respective positive ligand for each
OR. We added the additional ligands to the sensing well at a
set time interval of 5 min for all sensors tested. As in Figure 4,
the response of OR10a, OR22a, and OR71a nanodisc sensors
appear to be stabilized within 5 min. However, the sensing
responses of OR35a nanodisc-based sensors are less stable
within this time interval, and we note that these results may be
less definitive than the other three sensors tested. At this point,
we also note that the AFM scan showed large clusters of OR
nanodisc material for the OR35a samples, and poorer device
stability could be due to these clusters. We have repeated each
of the experiments three times to avoid as many uncertainties
as possible during the sensor measurements, and these collated
results are discussed below.
We have also measured the current response of OR

nanodisc-immobilized CNT-FET sensors to the corresponding
negative ligand (as listed in Table 1). Figure 5 summarizes the
sensor performance of three identical sensors for both positive
and negative ligands for each receptor used. The response of
empty nanodiscs to each ligand is also shown as a further
negative control. The error bars in Figure 5 are determined
from the sensing responses of three identical sensors tested
under identical conditions. The empty nanodisc sensors show
no significant change in Ids during ligand addition. Regardless
of the ligands used, the empty nanodisc sensors showed a
maximum average response of less than 4% for ligands at the
highest concentration tested of 10 pM. This response is less
than that of OR nanodisc sensors for their corresponding
positive ligand, at concentrations four orders of magnitude less
concentrated, at 1 fM and is similar to the response of OR
nanodisc sensors to their negative ligands. The dose-dependent
response for the positive ligands is clearly observed in all four
OR nanodisc-immobilized sensors and follows the Langmuir
model for ligand−receptor interactions (see Figure S3).62 We
demonstrated that OR-immobilized CNT-FET sensors can
respond to their odorants at concentrations as low as 1 fM.
This is comparable with the recent mammalian OR-based
odorant sensors, as shown in Table S1. The sensors showed an

Figure 1. AFM images of (a) pristine, (b) OR10a, (c) OR22a, (d) OR35a, (e) OR71a, and (f) empty nanodiscs immobilized onto CNT films.
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initial decrement of ∼15% for OR22a and ∼5% for the other
three ORs (OR10a, OR35a, and OR71a) after the addition of
1 fM positive ligand. Each of the OR sensors showed lower
responses (1 to 2%) in Ids when they are exposed to the
selected 1 fM negative ligand. From these results, we can
conclude that the OR nanodiscs selectively respond to specific
odorants. As shown in Figure 5, the average magnitude of the
sensor response is dependent on the OR. It can be seen that
OR22a nanodisc sensors showed the largest response to the
corresponding positive ligand, whereas the other three showed
similar responses that are only one-third of the magnitude of
the OR22a sensor. For all of our repeated measurements, we
tested three individual sensor devices fabricated to be as similar
as possible to take into account the effects introduced by the
CNT platform on the sensor performance. This allows us to

say that the difference in signal strength across our devices is
due to the receptor and not the sensor platform. However,
understanding the variation in the magnitude of the electrical
response between four different OR nanodisc sensors will

Figure 2. Transfer characteristic curves of CNT network FETs before
and after functionalization with (a) OR10a, (b) OR22a, (c) OR35a,
(d) OR71a, and (e) empty nanodiscs.

Figure 3. Schematic of OR nanodiscs immobilized on a CNT. λD is
the Debye screening length of 1× PBS (not drawn to scale).

Figure 4. Normalized real-time response to the addition of various
concentrations of corresponding positive ligands of (a) OR10a, (b)
OR22a, (c) OR35a, and (d) OR71a nanodisc-immobilized CNT-FET
sensors.
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require further studies on the structural and electrical
properties of the ORs used.
Sensing Mechanism. The reduction in Ids during positive

ligand addition demonstrates that an electrical change has
occurred in the ORs during odorant binding. However, the
structural and electrical changes taking place in insect ORs
during sensing are unknown. We can begin to explain the
reduction in Ids during ligand addition by considering the
CNT-FET response. We measured the transfer characteristics
of the OR sensors 5 min after the addition of trans-2-hexen-1-
ol to an OR35a nanodisc-immobilized sensor (Figure 6),
demonstrating that the threshold voltages shift negatively after
the addition of a positive ligand. As we discussed earlier, the
reduction in Ids in CNT-FETs is due to either electrostatic
gating by an isolated positive charge within the Debye
screening length from the channel surface or an injection of
negative charge to the CNT network. Electrostatic gating
effects are not significant in these devices because the λD of the
buffer used (0.7 nm) during our measurements is much smaller
than the height of the immobilized nanodiscs. Therefore, the
reduction of Ids in the CNT-FET during ligand addition is
more likely to be due to the addition of electrons to the CNT

network. It is also likely that structural changes in the OR
protein creates an extra negative charge in the restructured
protein, which is then transferred to the CNT network and
subsequently causes a negative shift in the threshold voltage.
An important observation made here is that, in vivo, the

insect requires the Orco subunit to be present for a signal to be
generated upon ligand binding on the OR.63−65 Recent cell-
based biosensors have also required the Orco subunit to be
present.8,66−68 However, we have shown that the Orco subunit
is not necessary in our biosensor, providing experimental
evidence that the OR subunit can bind and signal in the
absence of Orco or other downstream signaling mecha-
nisms.64,69,70 Recently, D. melanogaster ORs integrated into
liposomes without the Orco subunit have been coupled to gold
electrodes and demonstrated femtomolar detection of odorants
measured by electrochemical impedance spectroscopy.71

■ CONCLUSIONS
We have successfully demonstrated a proof-of-concept
biosensor capable of detecting the binding of odorant
molecules to insect olfactory receptor proteins integrated
into nanodiscs and immobilized on random CNT network
FETs. Four ORs from the fruit fly D. melanogaster were
successfully purified, integrated into nanodiscs, and function-
alized onto the CNT sidewalls. The sensors showed excellent
sensitivity to their corresponding positive ligands at concen-
trations of 1 fM, and no response was observed in sensors
functionalized with empty nanodiscs. We have also demon-
strated that, in a liquid-gated CNT-FET sensor, the Orco
subunit is not necessary for signal generation upon cognate
ligand binding. This is an exciting discovery because it means
that the complete OR-Orco ion channel is not necessary to
develop an OR biosensor.
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