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ABSTRACT A simple but efficient measurement platform based on ion-channel- Covalent Linkage
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Odorant

coupled receptors and nanovesicles was developed for monitoring the real-time activity of Olfactory Receptor

G-protein-coupled receptors (GPCRs). In this work, an olfactory receptor (OR), the most @\&% Z’/? ; Kir6.2 Channel
common class A GPCR, was covalently fused with a Kir6.2 channel so that the GPCR action (§:§ 3{‘ é%

directly induced the opening of the ion channels and changes in the electrical membrane Ca? :;j g gz% SWNT
potential without complex cellular signaling processes. This strategy reduced the ?%?’%anovemgé??

measurement errors caused by instability of various cellular components. In addition, % W = AU
rather than using whole cells, a cell-surface-derived nanovesicle was used to preserve the i - S0,

membrane-integrated structure of GPCRs and to exclude case-dependent cellular

conditions. Another merit of using the nanovesicle is that nanovesicles can be easily combined with nanomaterial-based field-effect transistors (FETs)
to build a sensitive and stable measurement platform to monitor GPCR activities with high sensitivity in real-time. Using a platform based on carbon
nanotube FETs and nanovesicles carrying Kir6.2-channel-coupled ORs, we monitored the real-time response of ORs to their ligand molecules. Significantly,
since this platform does not rely on rather unstable cell signaling pathways, our platform could be utilized for a rather long time period without losing its
functionality. This system can be utilized extensively for simple and sensitive analysis of the activities of various GPCRs and should enable various academic

and practical applications.
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ells continually react to their en-

vironment, and this reaction is

mainly modulated by numerous
membrane-integrated receptors that sense
a variety of molecules outside the cells and
generate cellular responses by activating
signal transduction pathways. In particular,
G-protein-coupled receptors (GPCRs) con-
stitute the largest family of integral mem-
brane proteins.’ Because GPCRs play critical
roles in cell responses, up to 50% of current
medicinal drugs target them.? However, the
analysis of their functions is quite difficult
due to complicated signal transduction
pathways. Cellular signal transduction gen-
erated by GPCRs requires many cellular
components, such as G-proteins, secondary
messengers, ion channels, and even cell
organelles3*
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The signaling pathway triggered by
GPCRs can be mimicked by cell-derived
nanovesicles.> Nanovesicles can be isolated
from parent cells by treatment with cyto-
chalasin B.> The nanovesicles carry mem-
brane proteins and cytosolic compo-
nents that enable the influx of Ca®" ions.®
Although the detailed mechanism of Ca*"
influx is unclear, previous works have de-
monstrated that the endogenous calcium
channels in nanovesicles might be modu-
lated by GPCR activation similar to cells.®™®
The advantage of nanovesicles is that, un-
like cells, the activity of the nanovesicles can
be measured regardless of their viability or
life cycles because they are not live cells.
Also, nanovesicles can be produced in
large amounts and stored for a long time,”
which means that handling nanovesicles is
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relatively easier and more efficient than handling cells.
Furthermore, nanovesicles can be combined with
nanomaterial-based electronic platforms by virtue of
their small size. This integration allows an extremely
sensitive real-time monitoring of GPCR activity.®~®
Therefore, the use of nanovesicles is a good alternative
to cells; however, an important issue to be solved is
the stability of cellular components. The activity of all
cellular components has to be stably maintained to
accurately analyze the responses of GPCRs.

lon-channel-coupled receptors can be used to solve
this issue. GPCRs fused with Kir6.2, a potassium chan-
nel, directly generate an influx of positive ions, which is
the final result of the original cell signaling, while
bypassing complex cellular signal transduction pro-
cesses.'®"! The binding of ligands to GPCRs induces
conformational changes in the GPCRs. The conforma-
tional change directly results in the activation of the
Kir6.2 channels and consequently induces the influx
of potassium ions. Thus, nanovesicles carrying ion-
channel-coupled GPCRs can be used to fabricate a
simple and sensitive analysis system for the measure-
ment of subtle GPCR actions. In this work, the olfactory
receptor (OR), which belongs to the largest group
of class A GPCRs, was used as a representative GPCR
because the function of several ORs has been clearly
identified.'*'3

Herein, we report a simple but powerful platform
based on ion-channel-coupled receptors for the real-
time measurement of GPCR activities. In this experiment,
we prepared nanovesicles carrying ion-channel-coupled
GPCRs and fixed them on field-effect transistor (FET)
devices based on single-walled carbon nanotubes
(SWNTs). In this case, the GPCR actions caused by the
binding of ligand molecules directly induced the open-
ing of Kir6.2 channels. Thus, membrane potential of
nanovesicles subsequently changed without inter-
mediate cellular processes, and this change was mea-
sured by the underlying FET device. Using this strategy,
we can monitor the real-time activity of GPCRs. Sig-
nificantly, since this strategy does not rely on inter-
mediate cellular processes which might be unstable,
our platform could be stored for a long time period for
reliable measurements. Considering that the stability
and reliability has been a major hurdle holding back
the practical applications of previous nanovesicle-
based devices, our strategy can be a significant break-
through which should enable versatile academic and
industrial applications such as basic research on GPCR
activities, drug screening, and bioelectronic nose sys-
tem development.

RESULTS AND DISCUSSION

The olfactory system generates biological signals
through cyclic adenosine monophosphate (cAMP)-
and inositol 1,4,5-triphosphate (IP3)-mediated pathways.14
Odorants first bind to ORs expressed on the surface of
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olfactory sensory neurons in the nasal cavity. This binding
event triggers activation of the a-subunit of G-proteins,
and secondary messengers (cAMP and IP) are subse-
quently synthesized. The cyclic-nucleotide-gated (CNG)
channels in the plasma membrane and calcium channels
in the endoplasmic reticulum finally open, leading to an
influx of Na* and Ca®" ions and an efflux of Cl™ ions
through chloride channels. This signaling pathway gen-
erates a depolarization on the membrane potential of
neurons.”~ "’

Cellular systems based on human embryonic kidney
(HEK)-293 cells expressing OR proteins have been
utilized to analyze the signals of olfactory neurons
in vitro."®'® HEK-293 cells do not contain CNG channels,
unlike olfactory sensory neurons.>® Nevertheless,
HEK-293 cells can induce extracellular calcium influx
through a GPCR signaling process using their endo-
genous calcium channels?'?? When nanovesicles
were prepared from OR-expressing HEK-293 cells,
the nanovesicles can also induce an increase in intra-
cellular Ca*" ions using endogenous cellular com-
ponents and ORs artificially expressed on the cell
membrane® 8 The influx of calcium ions from
the extracellular environment into nanovesicles has
been demonstrated in previous works.® Thus, nano-
vesicles can be utilized as an alternative to cells.
Nanovesicles are particularly suitable to apply to ex-
tremely sensitive electronic platforms based on nano-
materials, such as SWNTs and conducting polymer
nanotubes.®~ 92324

In this work, Kir6.2-channel-coupled OR (OR-Kir) was
used instead of OR itself. The Kir6.2 channel, one of
the inward-rectifier potassium channels, is originally
coupled with sulfonylurea receptors and modulates
the movement of potassium ions.?>?® We covalently
fused this channel at the C-terminal end of the
human OR. Particularly, hOR2AG1 was used because
its specific ligand, amyl butyrate, has been well-
described.’*'® The OR-Kir was overexpressed in HEK-
293 cells, and cell-derived nanovesicles were produced
using cytochalasin B. The produced nanovesicles were
combined with single-walled carbon nanotube field-
effect transistors (SWNT-FETs). The SWNT-FETs con-
verted biological signals generated from the nano-
vesicles into highly sensitive responses that could be
measured electrically (Figure 1).

The presence of OR-Kir proteins in the nanovesicles
was confirmed by Western blot analysis, as shown in
Figure 2a. The figure shows a band of OR-Kir proteins,
which represents the presence of the OR-Kir in nano-
vesicles. Then, we checked whether ion influx into the
nanovesicles occurred (Figure 2b). The influx of posi-
tive ions was one of the most obvious results caused by
cell signal transduction. FLIPR membrane potential
dye, which emits fluorescence as positive ions flow
into the cells, was used.?” By injecting amyl butyrate,
fluorescence intensity increased in the nanovesicles
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Figure 1. Overall schematic diagrams of the analysis system
and mechanism. (a) Schematic diagram showing a nano-
vesicle-immobilized single-walled carbon nanotube-field
effect transistor (SWNT-FET). SWNTs were randomly as-
sembled on a SiO, substrate, and the nanovesicles were
electrostatically immobilized on the SWNT channel region
using poly-p-lysine. (b) Analysis mechanism of the fabri-
cated system which consists of SWNT-FETs and nano-
vesicles carrying Kir6.2-channel-coupled ORs (OR-Kir). The
activation of ORs induces an influx of K* ions through the
Kir6.2 channels as well as an influx of Ca®* ions. Inflow of
positive ions acts as a kind of gate potential; hence, the
conductance on the SWNT transistor changes.

carrying OR-Kir. However, no change in fluorescence
intensity was observed in nanovesicles without OR-Kir.
This result clearly shows that the OR-Kir which is
present on the surface of nanovesicles induced an
inflow of positive ions such as K™ and Ca*" ions.

Nanovesicles originated from HEK-293 cells, and the
ionic composition in the nanovesicles would be similar
to that of cytoplasm of cells at least in the first moment
of their preparation. Therefore, the initial concentra-
tion of K* ions in the nanovesicles might be much
higher than that in the extracellular medium.?® How-
ever, this ionic balance could not be maintained during
the storage of nanovesicles due to a deficiency of
energy sources for the homeostatic maintenance. K™
ions could be rapidly replaced by Na® ions in the
external buffer containing 140 mM NaCl, and adding
2 mM K" in the external buffer could induce an influx
of K* ions.

The nanovesicles were immobilized on SWNT-FETs
so that the SWNT-FET could monitor the signals from
nanovesicles. Because the nanovesicles were derived
from cells, the surface membrane of the nanovesicles
had negative charges. The SWNT channels were pre-
coated with poly-p-lysine (PDL) to immobilize the
nanovesicles. PDL is a positively charged molecule;
thus, immobilization was simply performed through
a charge—charge interaction. Figure 3 shows the
nanovesicles attached to the SWNT channel. SWNTs
were randomly assembled on the SiO, surface, and
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Figure 2. Characterization of nanovesicles carrying OR-Kir.
(a) Western blot image confirming the presence of OR-Kir
proteins in nanovesicles. Lanes 1, 2, and 3 indicate protein
ladder, nanovesicles produced from cells without OR-Kir,
and nanovesicles produced from cells with OR-Kir, respec-
tively. (b) Real-time monitoring of an influx of positive ions
into the nanovesicles. Fluorescent dye, which emits fluores-
cence by an influx of positive ions, was used (FLIPR mem-
brane potential assay). Amyl butyrate (1 mM) around the
nanovesicles induced ion influx into nanovesicles carrying
OR-Kir.

Figure 3. Atomic force microscopy image showing nano-
vesicles (bright circular spots) immobilized on the SWNT
channel (bright lines). Nanovesicles were immobilized very
close to randomly linked SWNTs.

the nanovesicles were attached very close to the
SWNTs.

The OR-Kir present on the surface of the nanovesi-
cles can recognize its ligand odorants. The binding
event between ORs and ligands triggers direct activa-
tion of the Kir6.2 channel as well as extracellular Ca*"
influx processes. As a result, positive ions flow into
the nanovesicles (Figure 2b) and act as a kind of
gate potential to the SWNT transistors.® Consequently,
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Figure 4. Real-time measurement of olfactory signals generated by nanovesicles carrying OR-Kir. (a) Real-time monitoring of
conductance changes generated by injecting amyl butyrate. The responses were detected from 10> M and saturated at
10~ "3 M of amyl butyrate. (b) Dose-dependent response patterns to amyl butyrate. Each data point and error bar indicates the
mean and standard deviation (SD) values, respectively (n = 5). Conductance changes generated by potassium influx were
much larger than those generated by calcium influx. (c) Real-time monitoring of conductance changes in buffer solutions with
different concentrations of potassium ions. (d) Effect of external K™ concentrations on response intensity. Each data point and
error bar indicates the mean and SD values, respectively (n = 5). Note that when higher concentrations of potassium ions were

in the buffer solution, greater conductance changes occurred.

conductance decreases due to the p-type semicon-
ducting property of SWNTs.®"82° The activity of ORs
can be monitored by monitoring the change in the
conductance of the SWNT transistors.

Olfactory signals from nanovesicles were measured
under four different conditions to confirm the char-
acteristics of nanovesicles carrying OR-Kir (Figure 4a,b).
The first condition had no calcium or potassium ions in
the buffer solution. No change in conductance by the
ligands was observed when both ions were absent
from the buffer solution. The second condition had
only calcium ions without potassium ions, which en-
sured that the nanovesicles could utilize the Ca®"
influx processes but not the Kir6.2 channels. In contrast
to the second condition, the third condition had only
potassium ions without calcium ions. If there are no
calcium ions in the buffer solution, only potassium ion
influx is generated through the Kir6.2 channels fused
with ORs. In both the second and third conditions,
adding 107> M (1 fM) amyl butyrate induced a prompt
change in conductance. The detection limit was at
107" M in both conditions; however, the response
generated by the potassium influx was much higher
than that generated by calcium influx. In the fourth
condition, both ions were present in the buffer solu-
tion. The signal intensity was most enhanced in this
condition. These results show that when the ligand was
applied, a greater amount of potassium ions entered

LIM ET AL.

the nanovesicles than calcium ions. The inflow of
potassium ions through the Kir6.2 channels does not
require cellular processes, and the large response by
the Kir6.2 channel allows the sensor to efficiently
discriminate specific responses from noises.

Next, the potassium concentrations in the buffer
solution were changed (Figure 4c,d). As the buffer
solution contained the higher concentration of potas-
sium ions, the larger conductance changes were ob-
served. However, the detection limit was all the same at
10~ M. The highest response was obtained when the
buffer solution contained 2 mM potassium ions. This
potassium ion concentration-dependent response
indicates that Kir6.2 channels are directly modulated
by the activation of ORs without any interference from
other cellular components. However, when the anal-
ysis was performed with concentrations higher than
2 mM, the response was neither stable nor reproduci-
ble. Presumably, it is because the high ionic strength
might influence activity and stability of nanovesicles.

Figure 4c,d shows that the signals depend on the K*
ion concentration in the buffer solution. Therefore, the
recorded K* signals are considered to be due to the K*
ion influx, which is caused by opening the Kir6.2
channels. However, we can think another possibility.
In cells, Kir6.2 channels are closed by intracellular ATP,
and the fused Kir6.2 is weakly opened. In nanovesicles,
the inner ATP concentration may drop rapidly due to

\
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Figure 5. Selective response of nanovesicles carrying
OR-Kir. (a) Chemical structures of amyl butyrate and its
analogous compounds. Molecule names are (1) butyl buty-
rate, (2) pentyl valerate, (3) propyl butyrate, (4) hexanal, (5)
decanal, and (6) amyl butyrate. (b) Real-time measurement
of conductance changes by injecting amyl butyrate and
analogous compounds. Injection of 1 pM amyl butyrate
induced a decrease in conductance, whereas no changes
were observed after injecting 1 nM of other compounds.

the endogenous ATPases such as the Na/K antiporters.
If this is the case, the Kir6.2 channel probably opens
more with time. As ion-channel-coupled receptors can
be activated or inhibited by GPCR ligands3**' we
cannot exclude the possibility that the recorded K
signals are due to closing of Kir6.2 in the presence of
ligands. Further investigation is required to fully under-
stand the sensing mechanism.

The selective response of nanovesicles carrying OR-
Kir was also examined. In general, some ORs have
excellent selectivity capable of discriminating their
specific ligands.2**2 hOR2AG1, which was used in this
study, interacts only with amyl butyrate, its specific
ligand.® We examined whether the selectivity of the
receptor was maintained even after the Kir6.2 channel
was covalently coupled with the receptor. As shown in
Figure 5a, the chemical structures of the compounds
used in this experiment were very similar to that of
amyl butyrate. Moreover, the concentration of analo-
gous compounds used to stimulate the receptor
was much higher than that of amyl butyrate. Never-
theless, the OR-Kir precisely discriminated amyl buty-
rate (Figure 5b) among other analogous odorants. This
indicates that the selectivity of hOR2AG1 was retained
despite the fusion with Kir6.2 channels.

Ca®" influx processes require various cellular com-
ponents, which should be stably maintained for an
accurate analysis. The activity of conventional

LIM ET AL.
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Figure 6. Stability of nanovesicles carrying OR-Kir in a
nonfrozen state. The nanovesicle-immobilized SWNT-FETs
were stored for a different number of days at 4 °C. More
than 85% of sensor activity was maintained for up to 8 days
when Kir6.2-channel-mediated signaling was used. How-
ever, ATP-mediated calcium signaling was extinguished
within 4 days. Amyl butyrate concentration used in this
experiment was 10 "> M. Each data point and error bar
indicates the mean and SD values, respectively (n = 3).

nanovesicles using Ca®* influx depends on the activ-
ities of these cellular components and consequently
depends on the handling and storage conditions of
nanovesicles. This might be one of the critical draw-
backs of nanovesicles using Ca??t influx. However,
the Kir6.2 channel is physically opened by a confor-
mational change in the OR without the involvement
of other cellular components.'® Therefore, nano-
vesicles carrying OR-Kir can stably generate olfac-
tory signals regardless of storage conditions that
may cause a destabilization of intracellular signaling
components.

To test the stability of our platform, nanovesicle-
immobilized SWNT-FETs were stored at 4 °C for several
days, and the remaining activity in nanovesicles after
storage was measured (Figure 6). Significantly, more
than 85% of Kir6.2-channel-mediated signaling activity
was maintained for up to 8 days of storage, whereas
the signals generated by Ca*>" influx were completely
extinguished within 4 days. This result clearly shows
that the stability of our nanovesicle-based devices was
remarkably improved by coupling the Kir6.2 channels
with the ORs.

Nanovesicles have various advantages as cell-
mimicking materials. They can generate GPCR signals
with a mechanism similar to that of a cell. Storage of
nanovesicles is much easier than cells, and the nano-
vesicles are suitable to build nanomaterial-based FET
platforms. The integration of nanovesicles and FET
platforms facilitates the sensitive measurement of
GPCR activities.” However, conventional nanovesicles
without Kir6.2 channels rely on multiple steps of signal
transduction for converting GPCR activities to measur-
able electrical signals. Therefore, it is critical to maintain
the complex signal transduction processes in the
conventional nanovesicles. On the other hand, in the
nanovesicles carrying ion-channel-coupled receptors,
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GPCR activities can be directly transduced to the
measurable signals without relying on the complex
signal transduction processes. Thus, the long-term
stability and reliability can be dramatically enhanced.

CONCLUSION

In this work, Kir6.2-channel-coupled receptors were
expressed in HEK-293 cells, and nanovesicles were
produced from the cells. The receptors in the surface
of nanovesicles recognized their ligand molecules and
directly activated the fused Kir6.2 channels without the
aid of other cellular components. Because this system
does not use the cellular signaling processes, the
action of GPCRs could be analyzed without the influ-
ence of other signaling components. The use of cell-
derived nanovesicles had the merit of guaranteeing a

MATERIALS AND METHODS

Gene Cloning and Transfection. OR genes do not contain intron.
The hOR2AGT1, one of the human OR genes, was amplified by
polymerase chain reaction from the human genomic DNA
(Novagen, Madison, WI, USA). The Kir6.2 channel was fused to
the C-terminal of hOR2AG1. Twenty-five N-terminal amino acid
sequences in the Kir6.2 channel were excluded to achieve
an effective conformational change in the channel.'®'" The
Flag-tag and rho-tag were fused at the N-terminus of hOR2AG1
to assist with membrane localization and immunoblot assaying
of the receptor, respectively. The Kir6.2-channel-fused hOR2AG1
was inserted into pcDNA3 vector (Invitrogen, Carlsbad, CA,
USA). HEK-293 cells were cultured in Dulbecco's modified
Eagle's medium (DMEM; WelGENE, Daegu, South Korea) with
10% fetal bovine serum (Gibco, Grand Island, NY, USA) and 1%
penicillin—streptomycin (Gibco) at 37 °Ciin a humidified 5% CO,
incubator. Transfection was conducted using a Neon Transfec-
tion System (Invitrogen). The cells were harvested and resus-
pended at a density of 1.5 x 107 cells mL™". Then, 100 uL of cell
solution was mixed with 5 ug of pcDNA3 plasmids containing
Kir6.2-fused OR genes. After being mixed, electric pulses
(1100 V, 3 x 10 ms) were applied to the cells. The cells were
cultured for 48 h in fresh medium.

Production of Nanovesicles. Nanovesicles were produced from
HEK-293 cells by incubating the cells in DMEM containing
10 ug mL™’ cytochalasin B (Sigma, St Louis, MO, USA) at 37 °C
for 25 min in a shaking incubator.® The cells were separated by
centrifugation at 500g for 10 min. The nanovesicles were finally
isolated by centrifugation at 15 000g for 30 min. The nano-
vesicles were resuspended in Dulbecco's phosphate-buffered
saline (dPBS; Gibco) with 1000 ng mL~" total protein density.
The nanovesicles were stored at —80 °C.

Immunoblot Analysis. The nanovesicles were lysed by sonica-
tion (2 s on/off, 5 min). The membrane fraction of the nanove-
sicle lysates was separated by centrifugation at 15 000g for
30 min. The prepared sample was separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane (PVDF; Bio-Rad, Hercules,
CA, USA) over a period of 60 min under 0.15 A of constant
current. The PVDF membranes were blocked with a PBS solution
containing 5 wt % skim milk and 0.1 v% Tween-20 for 2 h. The
membranes were then incubated overnight at 4 °C in PBS-T
(0.1% Tween-20 in PBS) solution containing 1:1000-diluted
antiflag antibody (Cell Signaling, Beverly, MA, USA). The mem-
brane was incubated in PBS-T solution containing horseradish
peroxidase (HRP)-conjugated anti-rabbit antibody (Amersham-
Pharmacia Biotech, Cambridge, UK) for 2 h at room tempera-
ture. HRP luminescence was measured using an enhanced
chemiluminescence HRP substrate (SuperSignal West Dura

LIM ET AL.

proper structure of integral membrane proteins as
well as being produced in large quantities and being
conveniently stored for a long time. The nanovesicles
were conjugated with SWNT-FET platforms to effec-
tively monitor the activity of GPCRs. The subtle
change in the structure of GPCRs induced the influx
of potassium ions through the Kir6.2 channels, and
this influx was transduced into electronic signals with
high sensitivity by SWNT-FETs. Consequently, the
system, which comprised Kir6.2-channel-coupled re-
ceptors, nanovesicles, and FET platforms, facilitated
the simple and sensitive analysis of the GPCR
responses to ligand molecules. This system should
open up various academic and industrial applica-
tions such as drug screening and bioelectronic nose
development.”

Extended Duration Substrate; Thermo Scientific, Waltham, MA,
USA). The Western blot image was taken with the G:BOX Chemi
XL system (Syngene, Cambridge, UK).

Preparation of Buffer and Odorant Solutions. Buffer solution
(10 mM HEPES, 140 mM NaCl, 2 mM KCl, and 2 mM CacCl,,
pH 7.4) was prepared. Odorant stock solutions (1 M) (amyl
butyrate, butyl butyrate, pentyl butyrate, propyl butyrate, hex-
anal, and decanal; all from Sigma) were prepared using dimethyl
sulfoxide (Sigma). Also, T M odorant stocks were serially diluted
with the prepared buffer solution. The diluted odorants were
stored at 4 °C for subsequent experiments.

FLIPR Membrane Potential Assay. Nanovesicles were immobi-
lized on 96-well plates (Nunc, Roskilde, Denmark) precoated
with 0.1 mg mL™" PDL by incubating at 4 °C for 2 h. After the
incubation, the buffer solution was replaced with 90 uL of fresh
buffer solution (dPBS), and 90 uL of the loading buffer included
in the FLIPR membrane potential assay kit (Molecular Devices,
Sunnyvale, CA, USA) was added (totally 180 uL of buffer
solution). The nanovesicles were incubated at 37 °C for
30 min. For the assay, 20 ulL of the odorant sample (10 mM)
was injected to the wells using the microinjection system of
GENios Pro (Tecan, Mannedorf, Germany). The odorant samples
were finally diluted to 1:10 during the injection process, and
final odorant concentration around the nanovesicles was 1 mM.
Fluorescence emitted by excitation at 535 nm was measured at
590 nm using GENios Pro. Odorant stock (10 mM) was warmed
to 37 °Cfor the stably dispersed phase of hydrophobic odorant.
Odorant injection steps were quickly performed to avoid phase
separation in the microinjector, and the injection speed was
optimized at 70 uL s~ for the effective mixing between odorant
and buffer solution.

Fabrication of Nanovesicle-Immobilized SWNT-FETs. SWNT-FETs
were fabricated by a conventional photolithography tech-
nique.33 Methyl-terminated octadecyltrichlorosilane (OTS) was
first patterned on a silicon substrate with a 100 nm oxide layer
using the photolithography method. The OTS-patterned sub-
strate was dipped into SWNT suspensions (0.01 mg mL™" in
dichlorobenzene) for approximately 10 s. During the dipping
process, SWNTs self-assembled onto the bare SiO, region. Ti
(10 nm)/Au (30 nm) electrodes were deposited by photolitho-
graphy and thermal evaporation techniques. The electrodes
were finally passivated with an insulating photoresist to block
a direct contact with the solutions. The distance between
the source—drain electrodes was 15 um. A PDL solution
(0.1 mg mL™") was placed on the SWNT channel area for 2 h
to immobilize the nanovesicles. After the channel was washed
with deionized water, 1 uL of nanovesicle solution was added to
the PDL-coated SWNT channel and incubated for 2 h. During the
incubation, the nanovesicles were immobilized on the PDL-
coated area by a charge—charge interaction.
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Characterization of Nanovesicle Immobilization. The immobiliza-
tion of nanovesicles was confirmed using atomic force micro-
scopy (AFM). The nanovesicles immobilized on the SWNT-FETs
were fixed by treatment with 4% paraformaldehyde for 20 min
at room temperature. The fixed nanovesicles were washed with
deionized water, and the sample was dehydrated with ethanol.
The sample was gently dried under N, gas, and the dried sample
was used for AFM imaging. AFM imaging was performed under
ambient conditions using an AFM system (MFP-3D; Asylum
Research, Goleta, CA, USA) in intermittent mode.

Measurement of Olfactory Signals. Olfactory signals were mea-
sured using a Keithley 2636A sourcemeter (Keithley, Cleveland,
OH, USA) and a probe station (MS Tech, Hwaseong, South
Korea). A 0.1 V direct current was applied to the source—drain
electrodes, and the gate voltage was grounded. Next, 49.5 uL of
buffer solution was placed on the SWNT-FETs. Then, 0.5 uL of
odorant solution was added, and the change in the source—
drain currents was measured.
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