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Abstract

Carbon Nanotube Devices for Monitoring the Activity
of Thermoreceptors in Nanovesicles and Their

Applications for Bioelectronic Skins

Narae Shin
Department of Physics and Astronomy
The Graduate School

Seoul National University

Human perceives changes in external environments such as odorants,
tastants and temperature through olfactory, gustatory and somesthetic
systems. Among them, tactile sensations are triggered when
thermoreceptors in cells receive chemical signals or feel changes in
temperatures from outside cells. In other words, thermoreceptors act as
the first sensing parts in sensory systems. Therefore, the monitoring of
thermoreceptor activity is essential for the fundamental understanding of
somesthetic systems. In addition, the study on thermoreceptors may lead
to the development of bioelectronic sensors. In this dissertation, it will

be discussed about the electrically monitoring of thermoreceptor activity



via bioelectronic sensors. The bioelectronic sensors were based on
carbon nanotube field effect transistors (CNT-FETs).

First, a bioelectronic skin based on nanovesicles for the
monitoring of thermoreceptor activity to cool sensation will be discussed.
Here, CNT-FETs were hybridized with nanovesicles containing human
thermoreceptors, transient receptor potential melastatin 8 (hTRPMS).
This method enabled us to discriminate between menthol, well-known
cooling agent, and non-cooling substances with high sensitivity and
selectivity. Interestingly, bioelectronic skins could also be used for the
detection of menthol in real samples such as an electronic liquid menthol
oil. Moreover, the enhancement of cool sensation by lower temperature
(18°C) was demonstrated using this platform.

Next, a bioelectronic skin based on nanovesicles for the
monitoring of human thermoreceptor activity to irritant substances and
cold sensation will be discussed. In this strategy, a floating electrode-
based CNT-FET was functionalized with nanovesicles containing human
thermoreceptors, transient receptor potential ankyrin 1 (hTRPA1). This
strategy allowed us to sensitively evaluate the contents of
cinnamaldehyde, as low as 1 fM. Here, we also demonstrated that the
responses of hTRPA1 to cinnamaldehyde could be enhanced by a lower

temperature (10°C). Furthermore, the method provided a means to



quantitatively evaluate cinnamaldehyde in real samples such as

cinnamon massage oil.

Keywords: thermoreceptor, nanovesicle, carbon nanotube field effect

transistor, floating electrode, bioelectronic skin

Student Number: 2015-30092
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Figure 1-2 Schematic diagram showing a conventional CNT-FET.
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Figure 2-1 Schematic diagram depicting the fabrication process of a
CNT-based bioelectronic skin mimicking human somesthetic systems.
A CNT-FET was hybridized with nanovesicles containing human
thermoreceptor, hTRPMS. The CNT-FET was fabricated via
photolithography and thermal evaporation processes. The
nanovesicles containing hTRPM8 were immobilized on the CNT
channels of CNT-FETs. hTRPMS8 can respond to specific chemical
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(a) FE-SEM image of nanovesicles containing TRPM8 on CNT
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channels. (b) Western blot analysis of TRPMS protein expression in
HEK-293T cells and cell-derived nanovesicles. Transfected cells and
nanovesicles with TRPMS exhibited the specific band corresponding
to the molecular weight of TRPMS, while control cells and
nanovesicles (without TRPMS) did not show the band. (c) Real-time
response of the calcium influx of cells in response to the addition of
menthol. Only the addition of menthol caused Ca?" influx in the HEK -
293T cells. (d) Real-time measurement of Ca?* assay in the

nanovesicles containing TRPMS. The addition of 10 mM of menthol

resulted in the increase of fluorescence intensity.........c..ocveeveerveereverenennen.

Figure 2-3 Detection of menthol with bioelectronic skins. (a) Gate
characteristics of bioelectronic skins before and after immobilization
with nanovesicles. The CNT-FETs exhibited p-type characteristics
even after immobilization with nanovesicles. (b) Real-time
conductance measurement data obtained from chemical cold sensors
after the introduction of menthol. The conductance decreased after the
introduction of menthol solution with a femtomolar concentration. (c)
Dose-dependent responses of bioelectronic sensors. The normalized
sensitivity data were obtained by normalizing the sensor sensitivity
(JAG/GO|) values with respect to the maximum sensitivity value of
bioelectronic sensors. For each data point, we repeated the
measurement for four devices to obtain the averaged values and error
bars. The rather narrow error bars imply that we could obtain reliable
responses from our sensors. (d) Real-time conductance measurement

data obtained from our bioelectronic sensors after the introduction of
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different chemical stimuli. The addition of 1 nM limonene and
camphor solutions had no effect on the conductance of the
bioelectronic sensor, while the addition of 1 nM menthol solution

caused a sharp decrease in the conductance of the bioelectronic sensor.

Figure 2-4 Real-time response of the bioelectronic skin without
nanovesicles to menthol solutions The sensor did not show changes in

conductance even after the introduction of menthol solutions at high
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Figure 2-5 Detection of menthol at various temperatures using
bioelectronic skins. (a) Real-time responses of a bioelectronic sensor
to various concentrations of menthol in menthol oil solutions at 24°C.
When diluted menthol oil solutions were introduced, the conductance
of a channel decreased in a dose-dependent manner. (b) Real-time
responses of bioelectronic skins to menthol in menthol oil solutions at

18°C. (¢) Normalized responses of bioelectronic sensors to natural

menthol oil at different temperatures............cceeeevieecieeriieeciie e

Figure 2-6. Real-time response of the bioelectronic skin without
nanovesicles to commercial menthol oil solutions The sensor did not

show changes in conductance after the introduction of menthol oil
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Figure 3-1 Schematic diagram showing the structure of a floating
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electrode-based bioelectronic skin. The CNT-FET was fabricated by
previously-reported processes including a photolithography and a
thermal evaporation method. The nanovesicles including hTRPAI
receptors were immobilized on the floating electrode channel.
hTRPA1 can respond to specific chemical and cold stimuli with a high
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Figure 3-2 Characterization of hTRPA1 expressed in HEK-293 cells
and nanovesicles. (a) Western blot analysis of hTRPA1 protein
expression in HEK-293T cells and cell-derived nanovesicles.
Transfected cells and nanovesicles with hTRPA1 exhibited the
specific band corresponding to the molecular weight of hTRPAI,
while control cells and nanovesicles (without hTRPA1) did not show
the band. (b) Real-time measurement of Ca*" assay in the cells
containing hTRPA1. The addition of 10 mM of cinnamaldehyde
resulted in the increase of fluorescence intensity. (c) Real-time
measurement of Ca?" assay in the nanovesicles containing hTRPAT1.
The addition of 10 mM of cinnamaldehyde resulted in the increase of
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Figure 3-3 Responses of floating electrode-based bioelectronic skins
to cinnamaldehyde solutions. (a) FE-SEM image of nanovesicles
containing hTRPA1 on the gold substrate. (b) Real-time electrical
measurement  of  cinnamaldehyde. The introduction of
cinnamaldehyde caused an increase in the FET channel conductance.

The FET channel conductance began to increase after the addition of



cinnamaldehyde with 1 pM. (c) Dose-dependent responses of floating
clectrode-based bioelectronic skins to cinnamaldehyde. The
normalized signal increased as the concentration of cinnamaldehyde
increased, and it was saturated at around 1 nM. We repeated sensing
measurements for four or more bioelectronic skin devices to confirm
the reliability. The error bars represent the standard deviations of the
normalized sensor signals. (d) Real-time electrical response of a
floating electrode-based bioelectronic sensor to various chemical
stimuli. The conductance of the sensor negligibly changed during the

adding of sucrose and capsaicin, while the injection of

cinnamaldehyde resulted in a large increase in its channel conductance.

Figure 3-4 Real-time response of the bioelectronic skin without
nanovesicles to cinnamaldehyde solutions The sensor did not exhibit

changes in conductance even after the introduction of cinnamaldehyde

solutions at high CONCENtrations. ..........cecverveeriereenieenieeneeseeereeveeeve e

Figure 3-5 Detection of cinnamaldehyde at various temperatures using
floating electrode-based bioelectronic skins. (a) Real-time responses
of a floating electrode-based bioelectronic sensor to various
concentrations of cinnamaldehyde in cinnamon oil solutions at 20°C.
When diluted cinnamon oil solutions were introduced, the
conductance of a channel increased in a dose-dependent manner. (b)
Real-time responses of floating electrode-based bioelectronic skins to

cinnamaldehyde in cinnamon oil solutions at 10°C. (¢) Normalized
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Chapter 1

Introduction



1.1 Thermoreceptor Protein

In human, the five senses are sight, hearing, smell, touch and taste. These
senses play a unique role by receiving signal information from the
external environments through the sense organs. Among them, the sense
of touch appears through the skin; the skin detects pressure, pain, heat
and cold, allowing us to perceive important information about our
surroundings. The sense of touch is triggered when thermoreceptors in
cells receive chemical signals or temperature changes from outside the
cells. Such thermoreceptor proteins embedded in the plasma membrane
of cells allow communications between inside and outside of the cells
[1,2]. Signal transduction is triggered through these membrane receptors.
Ion channel-linked receptors are the group of membrane receptors, and
they open to allow ions to pass through membrane in response to the
binding of ligands [3]. These membrane receptors exist somesthetic
systems [4]. They have been widely studied because they can provide
fundamental understanding of sensory systems such as somesthetic
systems. In addition, the study on thermoreceptors can lead to the

development of bioelectronic skins.



1.2 Monitoring of Thermoreceptor Protein Activity
The monitoring of receptor activity has previously been studied by using
cell-based assays [5]. For example, in respect of a fluorescence assay,
cells expressing receptor proteins are cultured, and treated with
fluorescence indicators. Then, the activity of receptor proteins can be
monitored by measuring a fluorescence intensity [6]. In point of a
luciferase assay, receptor proteins and luciferase genes are transfected in
cells. When certain ligands bind to the receptor proteins, signal
transduction is triggered, resulting in the expression of luciferase genes
[7]. The receptor activity can be monitored by measuring a luminescence
intensity in cells. However, these methods are complicated and difficult
to manipulate. In addition, it is hard to monitor the activity of receptor
proteins sensitively.

To get over these problems, the methods using bioelectronic
sensors have been widely studied. When certain ligands bind to their
specific receptors, biological signals are generated. The biological
signals can be converted into electrical signals by sensor transducers [8].
Some processors allow one to measure electrical signals such as
conductance (Figure 1-1). Further, many studies have been conducted to
develop bioelectronic sensors using biological recognition elements such

as receptor proteins [9]. For example, bioelectronic sensors using
3



conventional carbon nanotube field effect transistors (CNT-FETs) as a
transducer have been developed to monitor the activity of receptor

proteins [9,10].

ligand
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Figure 1-1 Schematic diagram representing the electrical monitoring of binding
signals between receptors and ligands. When specific ligands bind to their
receptors, biological signals occur. The biological signals can be converted into
electrical signals through a sensor transducer. One can monitor electrical

signals such as conductance after some processing.



1.3 Carbon Nanotube Field Effect Transistor

I

Carbon Nanotube (CNT)

Figure 1-2 Schematic diagram showing a conventional CNT-FET. CNTs were
selectively assembled onto a SiO, substrate. Source and drain electrodes were
fabricated via photolithography and thermal evaporation methods. A

passivation layer was formed onto the source and drain electrodes.

The performance of bioelectronic sensors depend on the efficiency of a
transducer, since the sensitivity and selectivity of sensors are primarily
determined by a transducer. A transducer based on CNT-FET were
previously studied due to its high electrical conductivity (Figure 1-2)
[11]. The CNT-FET showed high performance as a bioelectronic sensor
than cell-based assays. Receptor proteins are immobilized on CNT
channels, and the direct binding events of specific target molecules occur
on the CNT channels, resulting in high selectivity and sensitivity [12,13].

In addition, CNT-FETs could be fabricated on a wafer scale by

= .-"{fI T?r_ t_-.
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conventional methods such as photolithography and thermal evaporation
methods. Thus, bioelectronic sensors based on CNT-FETs can be
powerful tools, and are considered as a way to study sensory systems for

various practical applications.
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Chapter 2

Bioelectronic Skin based on Nanovesicles
for the Monitoring of Human
Thermoreceptor Activity to Cool

Sensation



2.1 Introduction

In human, a somesthetic sense comprises of versatile senses of
temperature, pressure, and pain [1]. Humans rely on highly-efficient
somesthetic systems in avoiding dangers and recognizing environmental
changes, inspiring many researchers to build artificial sensory devices to
mimic animal somesthetic systems. Previously, artificial somesthetic
sensors have been primarily focused on thermosensors or mechanical,
resulting in various practical applications such as touch pads and
thermocouples [2-6]. Although the sense of cold is an important portion
of somesthetic senses, only limited studies have been conducted for the
development of a sensor to detect cold stimuli. For instance, analytical
methods like cell-based assays and electric potential measurements have
been utilized for the detection of cool stimuli, the chemical species
stimulating chemical cool sensation, such as menthol [7-9]. However,
cell-based assays are not suitable for developing artificial sensory
devices because of their complicated pretreatment processes, tough
manipulations, and a long measurement time. The feasibility of previous
non-cell-based assays are still inferior to that of human temperature
sensor systems in terms of its sensitivity and selectivity. On the other
hand, hybrid nanostructures based on carbon nanotubes (CNTs) and

receptor proteins have been utilized to develop artificial sensory devices
10



to imitate human noses or tongues [10-14]. However, such sensor
devices to detect chemical cool stimuli have not been demonstrated yet.

In this dissertation, we built the hybrid structure of
thermoreceptor proteins and single-walled carbon nanotube-based field
effect transistors (CNT-FETs) that can respond to chemical cool stimuli
such as human somesthetic systems. We expressed a human transient
receptor potential melastatin 8§ (hTRPMS), a receptor protein for
chemical cool stimuli, in human embryonic kidney cell line 293T
(HEK293T) cells, and nanovesicles produced from the cells were
immobilized on CNT-FETs. In human, the TRPMS is involved in the
transmission and modulation of cool sensation [7-9,15,16]. In our sensor
device, the nanovesicles containing the hTRPMS protein responded to
chemical cool stimuli, which was monitored directly via the underlying
CNT channels of CNT-FETs. Our sensors could selectively detect
chemical cool stimuli such as menthol at 1 nM concentration among
other chemical stimuli. This is the first sensor device which allows us to
quantitatively evaluate the chemical cool stimuli in real-time just like
human sensory systems. Our sensor should be a powerful tool for a
fundamental study regarding somesthetic systems, and it could be also

used for various practical devices such as drug and food screening.

11



2.2 Fabrication of a Bioelectronic Skin Mimicking
Human Somesthetic System

© Menthol

CH4
HC

Figure 2-1 Schematic diagram depicting the fabrication process of a CNT-based
bioelectronic skin mimicking human somesthetic systems. A CNT-FET was
hybridized with nanovesicles containing human thermoreceptor, "\TRPMS. The
CNT-FET was fabricated via photolithography and thermal evaporation
processes. The nanovesicles containing hTRPMS8 were immobilized on the
CNT channels of CNT-FETs. hTRPMS can respond to specific chemical cool

stimuli with high sensitivity and selectivity.

Figure 2-1 is a schematic diagram describing a hybrid structure
of carbon nanotube sensor transducer and nanovesicles containing a
thermoreceptor of human, hTRPMS&. We fabricated a CNT-FET as
described previously [17-20]. Briefly, CNTs were selectively adsorbed

on a SiO> substrate, followed by the fabrication of source-drain

12



electrodes by thermal deposition. Finally, source and drain electrodes
were covered by a passivation layer. It has been reported that a biosensor
based on a CNT-FET exhibited high electrical performances than a
conventional cell-based assays [20]. Following the fabrication of the
CNT-FET, we immobilized nanovesicles containing hTRPMS8 on the
CNT channels of CNT-FETs. The hTRPMS, thermoreceptor, could
recognize specific chemical cool stimuli such as menthol. Our
fabrication methods allow us to mass-produce devices in a wafer scale.
In this work, we could fabricate 24 devices on a single wafer and
performed sensing experiments using four devices for each data point to

confirm the reliability of our method.

13



2.3 Characterization of hTRPMS8 in HEK-293T Cells
and Nanovesicles

Cell Vesicle

- - With TRPM8

Without TRPM8

(2]
Q.
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0 100 200 300 400 0 50 100 150
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Figure 2-2 Expression of TRPMS8 in HEK-293T cells and nanovesicles. (a) FE-
SEM image of nanovesicles containing TRPMS8 on CNT channels. (b) Western
blot analysis of TRPMS protein expression in HEK-293T cells and cell-derived
nanovesicles. Transfected cells and nanovesicles with TRPMS8 exhibited the
specific band corresponding to the molecular weight of TRPMS, while control
cells and nanovesicles (without TRPMS) did not show the band. (c) Real-time
response of the calcium influx of cells in response to the addition of menthol.
Only the addition of menthol caused Ca?’ influx in the HEK-293T cells. (d)
Real-time measurement of Ca*" assay in the nanovesicles containing TRPMS.
The addition of 10 mM of menthol resulted in the increase of fluorescence

intensity.

Figure 2-2a is the field emission scanning electron microscopy

14
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(FE-SEM) image of nanovesicles immobilized on CNT channels. Before
the SEM imaging, the nanovesicles were lyophilized to maintain their
structures and then coated with 10 nm thick platinum using a sputter
coater. This image shows that the nanovesicles could be immobilized

uniformly on surfaces.

To confirm the expression of hTRPMS in the cells and vesicles,
western blot analysis was performed (Figure 2-2b). The cells expressing
the hTRPMS8 gene and nanovesicles showed bands at 120 kDa,
corresponding to the molecular weight of hTRPMS. When the cells were
transfected with mock vectors, or nanovesicles were produced from the
cells, bands were not observed. Therefore, hTRPMS channels were well-
expressed on the surface of the cells and nanovesicles after transfection

with a vector containing hTRPMS8 [21,22].

Figure 2-2c shows a real-time profile of the calcium influx of
cells in response to the addition of menthol. After the HEK-293 cells
were transfected with vectors that contained the hTRPMS8 gene, the
calcium indicator, Fluo-4, was loaded into the cells. Upon menthol
stimulation, the hTRPMS channel opens and Ca?" influx occurs. The
Ca®" influx through the hTRPMS channel induced changes in the

15



fluorescence signal of the Fluo-4 dye. The changes were measured using
a spectrofluorophotometer. When the cells expressing TRPMS channels
were stimulated with 1 x 107> M menthol, the fluorescence signals
increased. This result indicated that the interaction between hTRPMS8
channels and menthol induced Ca’>" influx into the cells. Therefore,
hTRPMS8 channels were expressed on the surface of cells, and the

channels are functional and can recognize menthol.

Figure 2-2d shows the real-time change in fluorescence signals
that are induced after Ca®>" influx into the nanovesicles containing
hTRPMS channels. After the Ca®" indicator was loaded into the cells,
nanovesicles were produced and immobilized on the bottom of a 96-well
plate by poly-d-lysine. The nanovesicles were stimulated with 1 x 1073
M menthol and the change in fluorescence signals were monitored. The
nanovesicles containing the hTRPMS8 channel showed an increase in
fluorescence signals when stimulated by menthol. The results indicate
that the nanovesicles containing the hTRPMS channel are functional and

can recognize menthol to induce the Ca?" influx [23,24].

16



2.4 Responses of Bioelectronic Skins to Menthol
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Figure 2-3 Detection of menthol with bioelectronic skins. (a) Gate
characteristics of bioelectronic skins before and after immobilization with
nanovesicles. The CNT-FETs exhibited p-type characteristics even after
immobilization with nanovesicles. (b) Real-time conductance measurement
data obtained from chemical cold sensors after the introduction of menthol. The
conductance decreased after the introduction of menthol solution with a
femtomolar concentration. (¢) Dose-dependent responses of bioelectronic
sensors. The normalized sensitivity data were obtained by normalizing the
sensor sensitivity (JAG/GO|) values with respect to the maximum sensitivity
value of bioelectronic sensors. For each data point, we repeated the
measurement for four devices to obtain the averaged values and error bars. The
rather narrow error bars imply that we could obtain reliable responses from our

sensors. (d) Real-time conductance measurement data obtained from our

17



bioelectronic sensors after the introduction of different chemical stimuli. The
addition of 1 nM limonene and camphor solutions had no effect on the
conductance of the bioelectronic sensor, while the addition of 1 nM menthol

solution caused a sharp decrease in the conductance of the bioelectronic sensor.

Figure 2-3a shows the gate profiles of a bioelectronic skin before
and after the immobilization of hTRPMS. The devices exhibited typical
p-type semiconductor characteristics in both cases, indicating that the
electrical characteristics of the devices were maintained even after the
immobilization of hTRPMS8 on CNT channels. Note that the electrical
currents were decreased by the immobilization of hTRPMS. This is
presumably because negatively charged parts of receptors immobilized
on CNTs caused the gating effect and affected the drain—source currents

[25].

Figure 2-3b shows the real-time response to various
concentrations of menthol obtained by a bioelectronic skin. A bias
voltage of 0.1 V was applied and maintained during electrical
measurements. Here, source-drain currents were monitored after the
introduction of menthol solutions to the device. As shown in Figure 2-
3b, the introduction of menthol solutions resulted in the decrease of FET

channel conductance with a dose-dependent manner. Here, the sensor

18



signal (|AG / Gy |) represents relative FET channel conductance change at

a certain concentration. Our sensor began to respond to menthol at a
concentration of 10 fM. However, the sensor without hTRPMS did not
respond to menthol solutions in Figure 2-4, indicating that the
bioelectronic skin could respond to menthol in real-time with high
sensitivity. The binding of menthol onto the hTRPMS induced a Ca®"
influx into the nanovesicles. Subsequently, the increased concentration
of Ca?" in nanovesicles can give a field effect on the underlying CNT-
FETs, resulting in the decrease of a channel conductance because CNTs

exhibit p-type behaviors under ambient conditions.

AGIG,

0 260
Time (s)

Figure 2-4 Real-time response of the bioelectronic skin without nanovesicles to
menthol solutions The sensor did not show changes in conductance even after

the introduction of menthol solutions at high concentrations.
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Figure 2-3c shows the normalized signals of bioelectronic skins
at various concentrations of menthol. The normalized signals of
bioelectronic skins to each concentration of menthol solution were
obtained through normalizing sensor signals with respect to their
maximum signal values at high concentrations [23,24]. We repeated the
sensing measurements for four or more bioelectronic skin devices to
calculate averaged values and standard deviations. Even though we use
devices fabricated in same condition, there is a little bit of a difference
in device characteristics, which led to the variation in responses. Rather
narrow error bars indicate that we could obtain reproducible and reliable
responses from our bioelectronic skins. At 10 fM or higher
concentrations, the sensors exhibited normalized signals larger than error
bars, indicating that our sensor can detect menthol down to 10 fM.

The normalized signal increased as the concentration of menthol
increased, and it was saturated at a high concentration of 100 nM. Here,
the dose-dependent responses of the bioelectronic skins can be analyzed
by a model based on a Hill equation as reported previously [23-26]. First,
we assume that binding events between receptors (hTRPMS) and
menthol follow the Hill equation. Then, the density C; of menthol

bound to the receptors can be written as
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Cs max'Cn
(1 Cs = kecn

Here, C and K are the concentration of menthol in a solution and an
equilibrium constant between the hTRPMS8 and menthol, respectively.
Cs max 18 the density of hTRPMS8 on CNT channels, and n is the value
of a Hill coefficient. If we assume that a conductance change AG is

linearly proportional to the number of bound menthol, the sensor signal
|AG/GO| can be approximated as |AG/GO| ~kC,, where k is a constant
representing the response characteristics of a bioelectronic skin. When
C becomes very large, the sensor signal |AG / Go| converges to the

value of kCs ;4. Then, we could write the normalized signal N as

follows:

Cn
) N= 1/K+CM

By fitting the experimental data using Eq 2, we can estimate the
equilibrium constant K between hTRPMS and menthol as 1.1 x 10712 M.,
This quantitative analysis also helps us to predict the responses of our

bioelectronic skins with the thermoreceptor of the human to its ligand.

Figure 2-3d shows the real-time response of the bioelectronic

skins to various chemical stimuli. Limonene and camphor have a similar
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structure with menthol. The injections of limonene and camphor with 1
nM concentrations caused negligible conductance changes, while that of
1 nM concentration menthol caused a sharp decrease in the FET channel
conductance. This result implies that the bioelectronic skin discriminates

menthol from other chemical stimuli with high selectivity.
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Figure 2-5 Detection of menthol at various temperatures using bioelectronic
skins. (a) Real-time responses of a bioelectronic sensor to various
concentrations of menthol in menthol oil solutions at 24°C. When diluted
menthol oil solutions were introduced, the conductance of a channel decreased
in a dose-dependent manner. (b) Real-time responses of bioelectronic skins to
menthol in menthol oil solutions at 18°C. (c¢) Normalized responses of

bioelectronic sensors to natural menthol oil at different temperatures.

Thermoreceptor hTRPMS is also known to be activated by cool
sensation (~18°C). To demonstrate the responsiveness to the low
temperature of bioelectronic sensors, we also conducted the experiments

of detecting menthol in commercial menthol oil samples at different
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temperatures. Figure 2-5a and b show the real-time responses of
bioelectronic skins to menthol in menthol oil at 24°C and 18°C,
respectively. We added different amounts of menthol oil to PBS buffer
solutions and demonstrated that our sensors can detect menthol in natural
oil environments at 24°C and 18°C. For the sensing experiments, drain-
source currents of the sensors were measured using a semiconductor
analyzer while adding various concentrations of menthol oil solutions.
During the measurements, we maintained the temperature of 24°C and
18°C. The addition of menthol oil solutions to the sensor caused
immediate decreases in the conductance of the CNT-FET with hTRPMS
in a dose-dependent manner, while the sensor without nanovesicles did
not exhibit conductance changes after the addition of menthol oil
solutions (Figure 2-6). The sensor signal began to respond to the addition
of menthol oil samples with the diluted concentration of 107! at 24°C.
However, the sensor began to show responses from the diluted
concentration of 107! at 18°C. Presumably, the TRPMS receptors were
activated by only menthol at 24°C, while at low temperature, the TRPM8
receptors were activated by both cool sensation (at 18°C) and menthol,
so that the device responded to lower concentration of menthol solutions.
The results show that our sensor could detect menthol in natural menthol

oil environments and also cool.
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Figure 2-5¢ shows the normalized responses of CNT-FET to
menthol oil at different temperatures. The menthol oil was diluted at
different ratios with PBS buffer solutions. Each data point was obtained
by multiple measurements using four or more bioelectronic skin devices.
At 24°C, the sensors began to respond to the addition of menthol oil
samples with the diluted concentration of 107'°, and their signals were
saturated at the diluted concentration of 10°. At 18°C, the sensors began
to show responses from the diluted concentration of 107!, and sensor
signals were saturated at the diluted concentration of 10°. The results
clearly show that our sensor device responded to menthol as well as to
cool sensation. By fitting the dose-dependent response data using Eq. (1),
we could estimate equilibrium constant of menthol in the commercial
menthol oil at 24°C as 1.2 x 10'> M, which is similar to the value in
Figure 3-4c [27]. The result clearly indicates that our sensor could
quantitatively evaluate menthol in complex environments such as
natural-oil products. At 18°C, the equilibrium constant of menthol in
menthol oil was estimated as 1.8 x 10"'' M, which was lower than that
of menthol oil at 24°C. The result shows the response of thermoreceptor
activity was enhanced at lower temperature. It is previously reported that
when the temperature is below 18°C, the structure of C-terminal repeat

domain of TRPMS is changed, resulting in the opening of Ca®" ion
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channels [28,29]. Presumably, the activity of TRPMS to menthol was
monitored more sensitively by cool stimuli. This results clearly show that
the bioelectronic skins could recognize menthol in complex
environments such as natural cinnamon oil, and they can be utilized for
various applications such as an artificial skin that can recognize chemical

cool stimuli.
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Figure 2-6. Real-time response of the bioelectronic skin without nanovesicles

to commercial menthol oil solutions The sensor did not show changes in

conductance after the introduction of menthol oil solutions.
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2.5 Summary

In summary, we have successfully built a bioelectronic skin imitating
human somesthetic systems for the detection of menthol using the
hybridization of CNT-FETs and nanovesicles containing human
thermoreceptor, hTRPMS. This bioelectronic skin detects menthol down
to 10 fM and discriminates between menthol and other chemical stimuli
with high sensitivity and selectivity. The bioelectronic skin also
perceives the presence of menthol in a real-sample such as menthol oil
for electronic cigarette liquid. Importantly, we have demonstrated the
enhancement between menthol and cool sensation. Our strategy can
overcome the limitation of previous methods in terms of sensitivity and
less restrictive experimental conditions. In light of these, a bioelectronic
skin imitating human somesthetic systems can be a simple, but highly
effective tool in many basic research areas about somesthetic sensory

systems.
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Chapter 3

Bioelectronic Skin based on hTRPA1 in
Nanovesicles for the Monitoring of
Human Thermoreceptor Activity to

Irritant and Cold Sensation
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3.1 Introduction

The somesthetic senses in animals include the versatile senses
of pressure, temperature and pain [1]. Animals use their somesthetic
senses to recognize external environmental changes and avoid danger,
which inspired many researchers to develop artificial sensory devices to
study and mimic animal senses. Previous research has focused primarily
on mechanical or thermosensors, resulting in the development of various
artificial devices such as touch pads and thermocouples [2-6]. These
senses of temperature and pain are an important part of somesthetic
senses, but research on temperature-sensitive tactile sensations has been
limited. For example, analytical methods such as cellular calcium assays
and electric potential measurements have been used for the detection of
chemical stimuli such as cold and pain [7-9]. However, cell-based assays
are not suitable for building artificial sensory devices due to the complex
pretreatment process and long measurement time. Meanwhile, hybrid
nanostructures based on carbon nanotubes and receptor proteins have
been used to build artificial sensory devices that mimic the human nose
and tongue [10-14]. However, sensor devices for detecting cold-pain

stimuli at low temperatures have not yet been developed.

In this dissertation, we built a cold-pain sensor to detect cold and
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chemical pain stimuli just like human somesthetic sensory systems. In
this work, we expressed a human transient receptor potential ankiryn 1
(hTRPA1), a receptor protein for cold-pain stimuli, in human embryonic
kidney cell line 293T (HEK293T) cells, and nanovesicles produced from
the cells were immobilized on floating electrode-based single walled
carbon nanotube field effect transistors (swWCNT-FETs). In human, the
hTRPA1 is involved in the transmission and modulation of cold and pain
[15,16]. In our sensor device, the nanovesicles containing the hTRPA1
protein responded to cold-pain stimuli, which was monitored electrically
via the underlying floating electrodes-based swCNT-FETs. Our cold-
pain sensors could selectively detect chemical pain stimuli such as
cinnamaldehyde at 1 pM concentration among other chemical stimuli.
Furthermore, we utilized our devices to evaluate the effect of cold stimuli
on the responses of receptors and found that the receptors responded
more sensitively to cinnamaldehyde at a lower temperature than at a
higher temperature. This is the first sensor device which allows us to
quantitatively measure the cold pain stimuli in real time just like human
sensory systems. Our cold-pain sensor should be a powerful platform for
a fundamental study regarding somesthetic systems, and it can be also
utilized for various practical applications such as drug and food

screening.
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3.2 Structure of a Bioelectronic Skin Comprised of
hTRPA1 in Nanovesicles and a Carbon Nanotube-
based Transistor
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Figure 3-1 Schematic diagram showing the structure of a floating electrode-
based bioelectronic skin. The CNT-FET was fabricated by previously-reported
processes including a photolithography and a thermal evaporation method. The
nanovesicles including hTRPA1 receptors were immobilized on the floating
electrode channel. hTRPA1 can respond to specific chemical and cold stimuli

with a high selectivity.

Figure 3-1 shows a schematic diagram depicting a hybrid
structure of nanovesicles containing a human thermoreceptor and
floating electrodes based carbon nanotube field effect transistor (CNT-
FET) [17-20]. In brief, single-walled CNTs were selectively adsorbed in
channel regions on a SiO; substrate via surface-directed assembly

strategy, and metal electrodes and floating electrodes were fabricated by
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conventional microfabrication. The source-drain electrodes were
covered by a passivation layer using photolithography to prevent leakage
currents during sensing measurement in aqueous environments. We
immobilized the nanovesicles containing hTRPA1 on the floating
electrodes of the device. The hTRPA1, human thermoreceptor, could
detect cold and pain stimuli. For the sensing experiment, sample solution
including pain stimuli, cinnamaldehyde, with different concentrations
were applied to a bioelectronic skin device while monitoring the
conductance change of the CNT channels in the device. When
cinnamaldehyde bound to the trpal receptors, it induced a Ca** influx
into the nanovesicles, and the increased concentration of Ca®" in
nanovesicles resulted in the increased of the FET channel conductance
via the Schottky barrier modulation, allowing us to monitor

cinnaladehyde in real-time.
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3.3 Characterization of hTRPA1 Expressed in HEK-
293 Cells and Nanovesicles
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Figure 3-2 Characterization of hTRPA1 expressed in HEK-293 cells and
nanovesicles. (a) Western blot analysis of hTRPA1 protein expression in HEK-
293T cells and cell-derived nanovesicles. Transfected cells and nanovesicles
with hTRPA1 exhibited the specific band corresponding to the molecular
weight of hTRPA1, while control cells and nanovesicles (without h\TRPA1) did
not show the band. (b) Real-time measurement of Ca? assay in the cells
containing h"TRPA1. The addition of 10 mM of cinnamaldehyde resulted in the
increase of fluorescence intensity. (c) Real-time measurement of Ca*" assay in
the nanovesicles containing hTRPA1. The addition of 10 mM of

cinnamaldehyde resulted in the increase of fluorescence intensity.

Figure 3-2a shows Western blot analysis for the confirmation of
hTRPAT1 expression. In brief, the expressions of hTRPA1 protein in
HEK-293T cells and cell-derived nanovesicles were confirmed from the
lysates of transfected with HEK-293T cells and nanovesicles by Western
blot analysis [20-22]. The hTRPA1 antibody is polyclonal and was
obtained from rats exposed to a synthetic peptide from the hTRPA1
sequence. Lane 1 represents the data from hTRPA1-expressing cells and

nanovesicles derived from them, while lane 2 represents the data from
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control cells and nanovesicles. The band of 120 kDa which shows the
molecular weight of hTRPA1 was observed from the hTRPAI-
expressing cells and cell-derived nanovesicles, while the band was not
observed from control cells and nanovesicles [23]. These data indicate
that hTRPA1, the human thermoreceptor, was expressed in HEK-293T
cells and nanovesicles. In this manner, we determined that the cell
derived-nanovesicles contained a sufficient amount of the human
thermoreceptor. To investigate the functional activity of hTRPA1, we
carried out the measurement of intracellular calcium concentration
changes in hTRPA 1-expressing HEK-293T cells upon the stimulation of

chemical pain stimuli, cinnamaldehyde.

We also performed calcium image analysis to identify whether
hTRPA1-mediated Ca*" influx could activate calcium signals in cells.
Figure 3-2b shows the real-time measurement of Ca?' assay in
nanovesicles containing hTRPA1l. Note that treatment of the
nanovesicles containing hTRPA1 with cinnamaldehyde (10 mM)
resulted in the immediate increase of fluorescence ratio. It indicates that
the binding of cinnamaldehyde onto the hTRPA1 induced a Ca*" influx
into the cells. In addition, the recovery of calcium signaling to a baseline

in the cells was observed, as previously reported [19,24].
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Figure 3-2c shows the real-time measurement of Ca*" assay in
nanovesicles containing hTRPA1l. Note that treatment of the
nanovesicles containing hTRPA1 with cinnamaldehyde (10 mM)
resulted in the immediate increase of fluorescence ratio. It indicates that
the binding of cinnamaldehyde onto the hTRPA1 induced a Ca*" influx
into the nanovesicles. These data suggested that functional hTRPA1 was
expressed and incorporated into a cell’s plasma membrane, and retained
its functional response to agonist when isolated in nanovesicles. In this
case, the recovery of calcium signaling to a baseline in the nanovesicles
was not observed, probably because of the lack of ion pumps and

calmodulin which are necessary to restore the Ca*>" concentration [19,24].
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3.4 Electrical Responses of Bioelectronic Skins
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Figure 3-3 Responses of floating eclectrode-based bioelectronic skins to
cinnamaldehyde solutions. (a) FE-SEM image of nanovesicles containing
hTRPA1 on the gold substrate. (b) Real-time electrical measurement of
cinnamaldehyde. The introduction of cinnamaldehyde caused an increase in the
FET channel conductance. The FET channel conductance began to increase
after the addition of cinnamaldehyde with 1 pM. (c) Dose-dependent responses
of floating electrode-based bioelectronic skins to cinnamaldehyde. The
normalized signal increased as the concentration of cinnamaldehyde increased,
and it was saturated at around 1 nM. We repeated sensing measurements for
four or more bioelectronic skin devices to confirm the reliability. The error bars

represent the standard deviations of the normalized sensor signals. (d) Real-

38

s g kg

e



time electrical response of a floating electrode-based bioelectronic sensor to
various chemical stimuli. The conductance of the sensor negligibly changed
during the adding of sucrose and capsaicin, while the injection of

cinnamaldehyde resulted in a large increase in its channel conductance.

Figure 3-3a shows the field emission scanning electron
microscopy image of nanovesicles fixed on a gold floating electrode. To
maintain the structure of nanovesicles, the nanovesicles immobilized on
the gold surface were lyophilized using a freeze dryer. Then, the surface
was covered with platinum (5 nm) by a sputtering system. The
nanovesicles ranged in diameter from 80 nm to 100 nm. This clearly
shows that we successfully constructed nanovesicles with optimized

sizes and could immobilized them uniformly on gold surfaces [25].

Figure 3-3b shows the real-time response of a floating electrode-
based bioelectronic skin device to various concentrations of
cinnamaldehyde in aqueous environments. For the measurement, 9 uLL of
phosphate buffered saline (PBS) was first placed on the channel region
of a bioelectronic skin sensor. Then, the source-drain current in the
channel was monitored during the addition of cinnamaldehyde solutions

with different concentrations ranging from 1 fM to 1 nM. Here, the
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relative conductance change [4G/GO0| of the floating electrode based
CNT-FET channel at a certain concentration was used as a sensor signal
[26]. The sensor signal began to increase at a concentration of 1 fM. Note
that the bare floating electrode based CNT-FET without hTRPA1 did not
exhibited conductance changes by the addition of cinnamaldehyde
solutions (Figure 3-4). These results indicate that the sensor responses
came from the specific binding between cinnamaldehyde and hTRPA1
on the floating electrode based CNT-FET channel. A plausible
explanation is that the binding of cinnamaldehyde onto the hTRPA1
induced a Ca*" influx into the nanovesicles. Subsequently, the increased
concentration of Ca%" in nanovesicles resulted in the increase of the FET
channel conductance via the Schottky barrier modulation between the

CNT networks and the floating electrodes [25].
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Figure 3-4 Real-time response of the bioelectronic skin without nanovesicles to
cinnamaldehyde solutions The sensor did not exhibit changes in conductance

even after the introduction of cinnamaldehyde solutions at high concentrations.

Figure 3-3c displays the normalized responses of floating
electrode-based bioelectric skin devices to cinnamaldehyde at different
concentrations. Here, the normalized responses were calculated by
normalizing sensor signals with respect to their maximal sensor signal
values at high concentration conditions [25-27]. The measurement at a
single concentration was carried out repeatedly using four or more
bioelectronic skin devices to obtain average values and standard errors.
Our sensors began to show responses from the concentration of 1 fM,
and the responses were almost saturated around 1 nM. Note that the error
bars were much smaller than the sensor signals from the concentration
of 1 M, indicating the reliable detection of cinnamaldehyde with a high

sensitivity.

The dose-dependent responses of our bioelectronic skin sensors were
analyzed by the Hill equation as reported previously [25-27]. Previous
works showed that the normalized signal N of bioelectronic skin devices

based on a CNT-FET could be written like
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where C, K and n are the concentration of cinnamaldehyde solution, the
equilibrium constant for the binding of the cinnamaldehyde to hTRPAI
receptors and a Hill’s coefficient, respectively. The fitting of the
normalized sensor signals by Eq. (1) allowed us to estimate the
equilibrium constant K between cinnamaldehyde and hTRPA1 receptors
as ~4.7x10"" M in the cinnamaldehyde solution with PBS. The
estimated K value is rather large compared with previously reported
value measured using cell-based fluorescence assays [15]. The result
shows that our bioelectronic sensors can detect cinnamaldehyde at much
lower concentrations than those of cell-based sensing systems. Similar
trends were also reported in case of other bioelectronic sensor devices
[25,27]. The plausible explanation may be that our device could directly
detect the binding of receptor proteins without any intermediate
biological steps, increasing the sensitivity of our method. However, the
cell-based fluorescence assays relied on complicated signal transduction
steps inside the cell. In this case, such intermediate steps in cell-based
biological systems require several different materials other than
cinnamaldehyde to generate sensing signals, which could result in a

rather low sensitivity of the cell-based biological systems. The Hill
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coefficient n was estimated as 0.4 for the binding of cinnamaldehyde to
hTRPA1 in nanovesicles. Note that the low Hill coefficient (n < 1)
implies the negatively-cooperative binding of cinnamaldehyde to
hTRPAI1. Presumably, it is because of the possible aggregation and steric

hindrance of receptor proteins on our bioelectronic sensor devices [28].

Figure 3-3d displays the real-time response of a floating
electrodes-based bioelectronic sensor to various substances. Here, we
consecutively added the 1 uM solutions of capsaicin, sucrose and the 1
pM solution of cinnamaldehyde to the floating electrodes-based
bioelectronic sensor while measuring the sensor responses. The
capsaicin and sucrose are stimulating substances. Note that the addition
of capsaicin and sucrose solutions with 1 pM concentrations caused the
negligible conductance changes, while the addition of a diacetyl solution
with a 1 pM concentration sharply increased the conductance of the CNT
channel in the sensor. The result clearly shows that our floating
electrodes-based bioelectronic skin could discriminate cinnamaldehyde

from other similar molecular species with a high selectivity.
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3.5 Detection of Cinnamon Oil Ingredients with
Different Temperatures
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Figure 3-5 Detection of cinnamaldehyde at various temperatures using floating
electrode-based bioelectronic skins. (a) Real-time responses of a floating
electrode-based bioelectronic sensor to various concentrations of
cinnamaldehyde in cinnamon oil solutions at 20°C. When diluted cinnamon oil
solutions were introduced, the conductance of a channel increased in a dose-
dependent manner. (b) Real-time responses of floating electrode-based
bioelectronic skins to cinnamaldehyde in cinnamon oil solutions at 10°C. (c)
Normalized responses of floating electrode-based bioelectronic sensors to

natural cinnamon oil at different temperatures.

Thermoreceptor hTRPAT is also known to be activated by cold stimuli
(<17°C) [15]. To demonstrate the responsiveness to the low temperature
of a floating electrode-based bioelectronic sensor, we also conducted the
experiments of detecting cinnamaldehyde in commercial cinnamon oil
samples at different temperatures. Figure 3-5a and b show the real-time
responses of a floating -electrode-based bioelectronic skin to

cinnamaldehyde in cinnamon oil at 20°C and 10°C, respectively. We
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added different amounts of cinnamon oil to PBS buffer solutions and
demonstrated that our sensors can detect cinnamaldehyde in natural oil
environments at 20°C and 10°C. For the sensing experiments, drain-
source currents of the sensors were measured using a semiconductor
analyzer while adding various concentrations of cinnamon oil solutions.
During the measurements, we used dry ice to maintain a temperature of
10°C. The addition of cinnamon oil solutions to the sensor caused
immediate increases in the conductance of the floating electrode-based
CNT-FET with hTRPAT in a dose-dependent manner, while the sensor
without nanovesicles did not exhibit conductance changes after the
addition of cinnamon oil solutions (Figure 3-6). The sensor signal began
to respond to the addition of cinnamon oil samples with the diluted
concentration of 107 at 20°C. However, the sensor began to show
responses from the diluted concentration of 10714 at 10°C. Presumably,
the hTRPAT receptors were activated by only cinnamaldehyde at 20°C,
while at low temperature, the hTRPA1 receptors were activated by both
cold (at 10°C) and cinnamaldehyde, so that the device responded to
lower concentration of cinnamaldehyde solutions [15,29]. The results
show that our sensor could detect cinnamaldehyde in natural cinnamon

oil environments and also cold.

45



Figure 3-5¢ shows the normalized responses of floating electrodes based
CNT-FET to cinnamon oil at different temperatures. The cinnamon oil
was diluted at different ratios with PBS buffer solutions. Each data point
was obtained by multiple measurements using four or more bioelectronic
skin devices. At 20°C, the sensors began to respond to the addition of
cinnamon oil samples with the diluted concentration of 10!3, and their
signals were saturated at the diluted concentration of 107, At 10°C, the
sensors began to show responses from the diluted concentration of 10714,
and sensor signals were saturated at the diluted concentration of 107 The
results clearly show that our sensor device responded to cinnamaldehyde
as well as to cold stimuli. By fitting the dose-dependent response data
using Eq. (1), we could estimate equilibrium constant of cinnamaldehyde
in the commercial cinnamon oil at 20°C as 5.2 x 10" M, which is similar
to the value in Figure 3-5c. The result clearly indicates that our sensor
could quantitatively evaluate cinnamaldehyde in complex environments
such as natural-oil products. At 10°C, the equilibrium constant of
cinnamaldehyde in cinnamon oil was estimated as 1.8 x 10! M, which
was lower than that of cinnamon oil at 20°C. The result shows the
response of tactile receptor activity was enhanced at lower temperature.
It is previously reported that when the temperature is below 17°C, the

structure of N-terminal ankyrin repeat domain of hTRPATI is changed,
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resulting in the opening of Ca** ion channels [15]. Presumably, the
activity of hTRPA1 to cinnamaldehyde was monitored more sensitively
by cold stimuli. This results clearly show that the bioelectronic skins
could recognize cinnamaldehyde in complex environments such as
natural cinnamon oil, and they can be utilized for various applications

such as an artificial skin that can recognize cold and pain stimuli.
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Figure 3-6 Real-time response of the bioelectronic skin without nanovesicles to
commercial cinnamon oil solutions The sensor did not exhibit changes in
conductance even after the introduction of commercial cinnamon oil solutions

at high concentrations.
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3.6 Summary

In summary, we have successfully developed a floating electrode-
based bioelectronic skin mimicking human somesthetic systems for the
detecting of cold and chemical pain stimuli using the hybridization of
floating electrode-based CNT-FETs and nanovesicles containing human
thermoreceptors, hTRPA1. This bioelectronic skin recognizes chemical
stimuli, cinnamaldehyde, down to 1 pM and discriminates between
cinnamaldehyde and other chemical stimuli with a high sensitivity and
selectivity. Also, we utilized our devices to evaluate the effect of cold
stimuli on the responses of receptors and found that the receptors
responded more sensitively to cinnamaldehyde at lower temperatures
than at higher temperatures. Our cold-pain sensor should be a powerful
platform for a fundamental study regarding cold-pain sensory systems,
and it can be also utilized for various practical applications such as drug

and food screening.
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Chapter 4

Conclusions

In this dissertation, bioelectronic sensors based on CNT-FETs and
thermoreceptors were developed to monitor thermoreceptor activity.

Firstly, we developed bioelectronic skins based on nanovesicles
to monitor human thermoreceptor activity to menthol. Using the strategy,
we quantitatively monitored the thermoreceptor (hnTRPMS) activity to
menthol even in real samples. The results show that the bioelectronic
skins could discriminate menthol with high sensitivity and selectivity.
Significantly, we demonstrated that the responses of hTRPMS to menthol
could be enhanced by decreasing temperatures. The results imply that we
could quantitatively evaluate the menthol ingredients in real menthol oil
and effects of cool sensation using the bioelectronic skins.

Secondly, we developed bioelectronic skins based on
nanovesicles to monitor human thermoreceptor activity to cold and pain
stimuli. Importantly, we quantitatively discriminated cinnamaldehyde
component from the other chemical stimuli. We also quantitatively
evaluated the enhancing effect of low temperature to cinnamaldehyde

using the bioelectronic skins. Furthermore, the concentration of
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cinnamaldehyde, main component of a real-cinnamon oil, was estimated
to be close to the actual concentration.

The results should contribute to broadening the understanding
of thermoreceptor activity. Further, the development of the bioelectronic
sensors should provide a powerful platform mimicking real somesthetic
systems. In addition, it is expected to be widely utilized as a practical

tool for various applications in general.
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Chapter 5

Abstract in Korean
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