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Abstract
Interface between Biomolecules and Electrical
Nanostructures
Juhun Park
Department of Physics and Astronomy
The Graduate School
Seoul National University

Recently, nanostructures have been extensively explored to
investigate

the

interaction

between

biological

molecules

and

nanomaterial. Since the dimension of the nanostructures is in
accordance with the dimension of sub-cellular molecules, such as
proteins, the nanostructures directly affect the functions and structures
of the proteins and are easily combined with biological molecules.
Among the nanostructures, nanowires (NWs) and nanotubes (NTs)
have drawn much attention for the biological applications, because
NWs and NTs can provide additional mechanical, optical, and electrical
advantages for the nanostructure and biomolecule composites. However,
it has not been extensively studied to visualize the interaction between
3

nanostructures and biomolecules, optically and electrically.
Here, we first demonstrated the sub-diffraction limit imaging of
individual inorganic NWs under cells for the analysis of the interactions
between the NWs and the focal adhesions of the cells. We successfully
demonstrated the sub-diffraction limit optical imaging of sub-100 nm
diameter NWs and developed an analysis method to extract the crosssectional dimensions of the imaged NWs. Also, since this method is
compatible with other fluorescence based methods and biological
environments, we could image NWs as well as the focal adhesions of
cells grown on the NWs to analyze the effect of NWs on the cell
growth. Our works show that super resolution fluorescence imaging
methods, which have been mostly utilized for biological imaging until
now, can be a useful strategy for the imaging and the precise analysis of
inorganic nanostructures with significant advantages over other
imaging methods.
Secondly, we demonstrated an olfactory-nanovesicle-fused carbonnanotube-transistor biosensor (OCB) that mimics the responses of a
canine nose for the monitoring of the response of olfactory receptors
(cfOR5269) to hexanal, an indicator of the oxidation of food. OCBs
allowed us to monitor the response of cfOR5269 to hexanal in real-time.
Significantly, we demonstrated the detection of hexanal with an
4

excellent selectivity capable of discriminating hexanal from analogous
compounds such as pentanal, heptanal, and octanal. Furthermore, we
successfully detected hexanal in spoiled milk without any pretreatment
processes. Considering these results, our sensor platform should offer a
new method for the assessment of food quality and contribute to the
development of portable sensing devices.
Finally, we demonstrated a peptide receptor-based bioelectronic nose
(PRBN) that can determine the quality of seafood in real-time through
measuring the amount of trimethylamine (TMA) generated from
spoiled seafood. The PRBN allowed us to sensitively and selectively
detect TMA in real-time at concentrations as low as 10 fM. Also, we
were able to not only determine the quality of three kinds of seafood
(oyster, shrimp, and lobster), but were also able to distinguish spoiled
seafood from other types of spoiled foods without any pretreatment
processes.

Keywords: Nanowire, Carbon Nanotube, Cell, Protein, Field Effect
Transistor
Student Number: 2008-20432
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Chapter 1
Introduction
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1.1 Previous Studies on Biomolecule-Nanostructure
Interface
Recently, nanostructures have been extensively explored to
investigate

the

interaction

between

biological

molecules

and

nanomaterial. Since the dimension of the nanostructures is in
accordance with the dimension of sub-cellular molecules, such as
proteins, the nanostructures directly affect the functions and structures
of the proteins and are easily combined with biological molecules.
Among the nanostructures, nanowires (NWs) and nanotubes (NTs)
have drawn much attention for the biological applications, because
NWs and NTs can provide additional mechanical, optical, and electrical
advantages for the nanostructure and biomolecule composites. For
examples, there have been many studies about controlling cell
behaviors

such

as

cell

adhesion,

growth,

proliferation

and

differentiation using nanostructures. Namgung et al. showed that
human mesenchymal stem cells were aligned on an aligned CNT
network substrate (Figure 1-1(a),(b)).[1] Prinz et al. demonstrated that
axon of neuron could be guided with free standing NWs.[2] In those
works, the behavior of cells on nanostructures was investigated by
imaging the cell morphology or the focal adhesion of the cell. On the
other hands, many researchers have made efforts to electrically monitor
11

the function of biomolecules. Kim et al. have developed a CNT-based
sensor platform for the monitoring of the binding activity of olfactory
and taste receptors (Figure 1-1(c),(d)).[3,4] In these works, olfactory
and taste receptors were overexpressed on the membrane of cells,
purified by centrifugations, and immobilized on the surface of CNTbased sensors. They could monitor the binding activity of the receptors
by measuring the conductance of CNT-based sensors.

Figure 1-1 Previous works about biomolecule-nanostructure interface.
(a) AFM image of aligned CNTs. (b) Aligned cells on aligned
CNTs.[1] (c) schematic diagram depicting protein-based sensors.
(d) real-time measurement data of an olfactory receptor-based
sensor after the addition of odorant molecules.[3]
12

1.2 Motivation
Previous works showed that nanostructures can be utilized to control cell
behaviors. However, for the analysis of cell behavior on nanostructures, it is
crucial to directly visualize the interaction between cell membrane proteins
and nanostructures. For example, when cells adhere on a substrate, the
quantity of focal adhesion proteins determines the cell behaviors such as
shape, growth, adhesion and proliferation. Therefore, we need an effective
strategy to measure the quantity of focal adhesion of cells while imaging
nanostructures under the cells. Here, we developed the sub-diffraction limit
imaging method for individual inorganic NWs under cells for the analysis of
the interactions between the NWs and the focal adhesions of the cells.

Other previous works showed that nanostructures can be utilized to
monitor the binding activity of proteins to their ligand molecules.
However, those kinds of sensor platform are not suitable for the
monitoring of cellular activities generated by cellular signal pathway.
For example, in case of cAMP pathway, the binding of ligand
molecules to olfactory receptors activates G proteins, adenylyl cyclases,
and Ca2+ channels, successively. The activation of Ca2+ channels
generates an influx of Ca2+ to cells. Since protein cannot simulate the
cellular activities by itself, we need an effective platform for the
monitoring of cellular activities. Here, we developed an olfactory13

nanovesicle-fused carbon nanotube-transistor biosensor. In this method,
we adopted “surface programmed assembly” method to fabricate CNTFETs. We first patterned hydrophobic self-assembled monolayer (SAM)
molecules by a photolithography method. The SAM layers blocked the nonspecific adsorption of CNTs, and precise CNT patterns were produced. And
then, electrodes were fabricated via the photolithography process. The CNTFET was hybridized with olfactory nanovesicles to monitor the activity of
olfactory receptors on the membrane of the olfactory nanovesicles.
In other point of view, we can design a simpler platform for the monitoring
of the protein binding activity. A protein is composed of many peptides, and
there is a peptide which works as the binding site of ligand. Here, we
developed a peptide receptor-based carbon nanotube transistor biosensor. In
this method, the surface of CNTs in CNT-FETs was functionalized with
peptide receptors, and the binding activity of the peptide receptors was
monitored by measuring the conductance of the underlying CNT-FET.

14

Figure 1-2 Nanowire and nanotube network for the study of
biomolecule-nanostructure interface and the application of the
substrate.
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Chapter 2
Sub-Diffraction Limit Imaging of
Inorganic Nanowire Networks
Interfacing Cells

16

2.1 Introduction
Nanoscale-resolution imaging methods can be a key for the
development of new nanomaterials and modern nanotechnology
research in general. Well-known workhorse techniques for the
nanoscale imaging of inorganic nanostructures include atomic force
microscopy (AFM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). [1-3] However, those
methods often suffer from some limitations such as imaging artifacts or
incompatibility with some environmental conditions. [4,5] For an
example, it is often difficult to measure the exact dimension of
nanowires (NWs) using AFM or SEM due to various artifacts such as
tip convolution or unpredictable electron scattering. [6,7] As another
example, recent studies show that inorganic nanostructures such as
NWs and carbon nanotubes can affect the growth and differentiations
of cells, while most of previous nanoscale imaging methods are not
compatible with biological environments and cannot be utilized for the
direct nanoscale imaging of nanostructures in or under the cells. [8,9]
In addition, in the interaction between nanostructures and cells, focal
adhesions are a central location for a variety of cell signaling processes
and serve to regulate many interactions between nanostructures and
cells. [10,11] Although the interactions between nanostructures and
17

cells are important in biological sensing and manipulation, the lack of
nanoscale imaging methods with a biocompatibility inhibited the study
about the effect of nanostructures on cellular behaviors such as focal
adhesion formation.
On the other hand, conventional optical imaging methods such as
fluorescence microscopy and confocal microscopy have been
extensively utilized to study biological systems. [12,13] For an example,
confocal microscopy has been utilized to study the interaction between
NWs and cell nerve fibers. [14] However, since the resolution of
confocal microscopy was found as ~ 300 nm, the exact position and the
shape of NWs could not be resolved. Recently, several techniques
which break the diffraction limit barrier of fluorescence microscopy
were developed for imaging biological structures with a nanoscale
resolution. [15-17] For an example, in stochastic optical reconstruction
microscopy (STORM) and photoactivated localization microscopy
(PALM), the exact position of single-fluorophore was determined by
using on/off kinetics of organic dyes or activation of fluorescent protein,
and a super-resolution image was obtained by accumulating the exact
position of numerous numbers of fluorophores. [18,19] However, such
sub-diffraction limit imaging methods have been utilized mostly for

18

imaging biological structures, and they have not been applied for
imaging the structures of inorganic nanostructures such as NWs.
In this dissertation, we report the sub-diffraction limit imaging of
individual inorganic NWs under cells for the analysis of the
interactions between the NWs and the focal adhesions of the cells. In
this work, tin oxide (SnO2) NWs were coated with Cy5 dye-attached
fibronectin, a kind of cell adhesion protein, and they were deposited on
a cover glass substrate for cell growth and imaging. We successfully
demonstrated the sub-diffraction limit optical imaging of sub-100 nm
diameter NWs and developed an analysis method to extract the crosssectional dimensions of the imaged NWs. We also compared the results
with the images obtained from other microscopy methods such as SEM
and AFM, which shows that our method enables rather exact
measurement of NW dimensions compared with previous imaging
methods. Furthermore, since this method is compatible with other
fluorescence based methods and biological environments, we could
image NWs as well as the focal adhesions of cells grown on the NWs
to analyze the effect of NWs on the cell growth. Our results revealed
that SnO2 NWs reduced the cell adhesion efficiency compared with
bare glass substrates, while those with fibronectin enhanced the cell
adhesion efficiency. Our works show that super resolution fluorescence
19

imaging methods, which have been mostly utilized for biological
imaging until now, can be a useful strategy for the imaging and the
precise analysis of inorganic nanostructures with significant advantages
over other imaging methods. Importantly, since this strategy is
compatible with biological environments such as live cell experiments,
it can be a powerful tool to study the interaction between inorganic
nanostructures and biological cells.[20,21]

2.2 Experimental Procedure

Figure 2-1 Experimental procedure for high resolution imaging of NWs
interfacing cells. (a) Schematic diagram depicting the preparation
procedure of NWs coated with fi bronectin-Cy5. SnO2 NWs were
coated with APTES and then Cy5 attached fibronectin. (b)
Schematic diagram depicting the experimental procedure for the
20

simultaneous high resolution imaging of NWs and focal adhesions.
NWs coated with fibronectin-Cy5 were placed on a glass substrate,
and NIH-3T3 cells were cultured on them. Low resolution images
of NWs were analyzed via STORM, and focal adhesions were
imaged with conventional immunofluorescence microscopy. By
merging these two images, we achieved the simultaneous high
resolution imaging of NWs and focal adhesions.

Figure 2-1(a) shows a schematic diagram depicting the procedure to
prepare dye-attached SnO2 NWs. In this study, we utilized SnO2 NWs
just as an example. However, a SnO2 NW itself is an interesting
nanostructure because it has been utilized for various applications such
as sensors.[22,23] However, it should be also noted that our method
can be utilized for various other NWs. As a first step, SnO2 NWs were
grown on a silicon substrate by a catalyst-assisted CVD method as
reported previously.[24] The grown SnO2 NWs were coated with
aminopropyltriethoxysilane (APTES) by placing the substrate in a
APTES solution (1:100 v/v in ethanol) for 18 h. Then, the substrate was
thoroughly washed with pure ethanol for the removal of unbound
APTES molecules. Successively, the SnO2 NWs were coated with Cy5attached fibronectin by dipping the substrate in a Cy5-attached
fibronectin solution for 6 h. Unbound Cy5-attached fibronectin
molecules were removed by washing the substrate with a phosphate
21

buffered saline (PBS) solution. Then, the PBS solution was replaced
with deionized water (DW), and a sonication was applied onto the
substrate so that the SnO2 NWs were dispersed in DW.
Figure 2-1(b) shows a schematic diagram depicting the subdiffraction limit imaging of SnO2 NWs for the simultaneous
fluorescence imaging of focal adhesions of cells. Detailed procedures
were presented in the Experimental Section. In brief, we prepared SnO2
NW networks by dropping a SnO2 NW solution onto a glass substrate
and drying it with N2 gas. Then, NIH-3T3 cells were cultured on the
substrate for 24 h.
The STORM method was utilized for the sub-diffraction-limit
imaging of the SnO2 NW networks, while the focal adhesions of the
cells were imaged via a conventional immunofluorescence method. [25]
For the STORM imaging of SnO2 NWs and the fluorescence imaging
of focal adhesions, we used a 640 nm laser and a 473 nm laser as light
sources, respectively. Since the band gap energy of SnO2 NWs is
known as ∼ 4 eV (corresponding to the energy of light with ∼ 310
nm), UV lights are not suitable for the STORM of SnO2 NWs. [26]
Then, the two images were merged and analyzed to study the effect of
each NWs on the formation of focal adhesions. Note that our strategy
enables the precise optical imaging of inorganic nanostructures with a
22

nanoscale resolution under biological environments, and thus it should
be an ideal method to study the interaction of inorganic nanostructures
and biological systems such as cells.

2.3 STORM Imaging of SnO2 NWs

Figure 2-2 STORM imaging of SnO2 NWs. (a) Conventional
fluorescence image of SnO2 NW networks. The scale bar
represents 5 μm. (b) STORM image of the same area. The scale
bar represents 5 μm. (c) Conventional fluorescence image
23

corresponding to the boxed region in (a). The scale bar represents
500 nm. (d) STORM image corresponding to the boxed region in
(b). The scale bar represents 500 nm. The STORM images show a
drastic improvement in the resolution in imaging SnO2 NW
networks. (e) (i) Cross-sectional profile of a SnO2 NW obtained
from the STORM image in inset. The inset shows the STORM
image of a SnO2 NW segment, and the histogram shows the crosssectional distribution of localizations within the boxed region. The
green line shows the profile of fluorescence intensity obtained
from conventional fluorescence microscopy. The red line shows
the single Gaussian fitting, and the full-width-half-maximum
(FWHM) was measured as 38 nm. The blue line shows the fi t
obtained by convolving the dye density function of a rectangular
structure (width = d, height = h and tilted angle = θ) with a
Gaussian function of FWHM = r. In this process, we assumed that
SnO2 NWs had rectangle cross-sections and dyes were uniformly
coated on the SnO2 NWs. (ii) Estimated cross-sectional shape of
the SnO2 NW. Our method yielded d = 24 nm, h = 40 nm, θ = 28°
and r = 22 nm. (f) (i) Cross-sectional profile of two nearby SnO2
NWs from the STORM image in inset. The inset image shows the
STORM image of the two nearby SnO2 NWs, and the histogram
shows the cross-sectional distribution of localizations within the
boxed region. The green line shows the profile of fluorescence
intensity obtained from conventional fluorescence microscopy.
The blue line shows the cross-sectional profile of the two nearby
SnO2 NWs obtained from conventional fluorescence microscopy.
(ii) Estimated cross-sectional shape of the two SnO2 NWs.

24

Figure 2-2(a) and (b) show the conventional fluorescence and the
STORM images of SnO2 NWs coated with fibronectin-Cy5,
respectively. The STORM image shows a drastic improvement in the
resolution compared to the conventional fluorescence image. Figure 22(c) and (d) show magnified images in the boxed regions of Figure 22(a) and (b), respectively. In the conventional fluorescence image of
NWs, we cannot clearly define the position and the shape of individual
NWs. However, we can clearly distinguish the individual NWs in the
STORM image. Also, the interconnected points of the inorganic NW
networks could be clearly resolved with a nanoscale resolution.
Figure 2-2(e)-(i) shows the cross-sectional profile of a SnO2 NW
obtained from a STORM image in the inset. The profile of the dye
density was localized around the center of the NW with its full-widthhalf-maximum (FWHM) of 38 nm, which is a similar value with the
reported diameter of common SnO2 NWs. [26] On the other hand, the
same NW observed by conventional fluorescence microscopy exhibited
a Gaussian profile with a FWHM of nearly 360 nm, presumably, due to
the diffraction of lights around the NWs. These results indicate that
STORM can be a powerful tool for the precise imaging of inorganic
nanostructures.

25

In previous works, STORM was applied to the imaging of biological
molecules with a rather circular cross-section (e.g. microtubules). [16]
In this case, STORM data were fitted by a simple Gaussian function to
extract its diameter. However, in our case, a simple Gaussian fit to the
profile deviated from the STORM distribution, which presumably
stems from the rectangular cross-section of the SnO2 NW as shown in
Figure 2-2(e)-(i) (red line). Thus, we developed a new analysis method
to extract the dimensions of the imaged NWs (Figure 2-2(e)-(ii)). In
this method, we first assumed that the SnO2 NWs had a rectangular
cross-section with its width d and height h, and dyes were uniformly
coated on the NW surfaces. [27] Then, the projection of the dye density
onto the substrate plane was estimated, and it was convoluted by a
Gaussian function with its FWHM r , resulting in the simulated
STORM profile of the NW. We searched the parameter space of d, h, θ
and r to find the simulated STORM profile which can best fit the
experimental profile. The fitting yielded d = 24 nm, h = 40 nm, θ = 28°,
and r = 22 nm (blue line), which are similar to the dimension of NWs
reported previously. [28] We also performed the same analysis on many
different NWs to obtain the distribution of NW widths and found the
results were consistent with previously reported works. [28] This result
shows that the STORM imaging can be utilized to estimate the
26

dimensions of nanostructures with a rather complicated cross-section.
Figure 2-2(f)-(i) shows the cross-sectional profiles of two nearby SnO2
NWs obtained via STORM and conventional fluorescence microscopy.
The histogram shows the cross-sectional distribution of localizations
within the boxed region in inset, and the green line shows the crosssectional profile of the two SnO2 NWs obtained from conventional
fluorescence microscopy. Note that we could not resolve two NWs via
conventional fluorescence microscopy because of the diffraction limit
of optical microscopy. However, the STORM image clearly revealed
two NWs which were separated by ~ 130 nm. Also, the cross-sectional
shape of the two NWs could be estimated using our fitting method
(Figure 2-2(f)-(ii)). It shows the STORM can overcome the diffraction
limit of optical microscopy and resolve individual inorganic
nanostructures with a nanoscale resolution.

27

2.4 Comparison of the Resolution of AFM, SEM and
STORM

Figure 2-3. Comparison of the images of a single SnO2 NW taken via AFM,
SEM and STORM. The scale bars represent 1 μ m. (a) AFM image of a SnO2
NW. The height and the width of the NW in the AFM image were measured as
38 nm and 94 nm, respectively. (b) FE-SEM image of a SnO2 NW at the same
area. The width of the NW was measured as 59 nm. (c) STORM image of a
SnO2 NW at the same area. (d) (i) Normalized cross-sectional profiles of a
SnO2 NW from STORM, AFM and FE-SEM images. (ii) Cross-sectional
shape of the SnO2 NW estimated by fitting the STORM profile. The estimated
dimensions of the NW were width d = 28 nm and height h = 41 nm.

Figure 2-3(a)-(c) are the images taken from the same SnO2 NW via
AFM, SEM and STORM, respectively. In the figures, the segment of a
28

SnO2 NW was shown on the same place with the same orientation. The
STORM image of the NW is somewhat similar with the AFM and SEM
images. These results indicate that the STORM method can be utilized
to image nanostructures with its resolution comparable with
conventional imaging methods such as AFM or SEM. However, it is
also worth mentioning some advantages and disadvantages of STORM
and other methods for nanostructure imaging. In case of AFM, the
direct or indirect interactions between the AFM probe and the
nanostructure sample can damage sample. SEM often suffers from an
electron charging effect due to its imaging electron beam, which can be
problematic when imaging nanostructures coated with insulating
materials such as biomolecules. Since STORM is relying on optical
method, it is a non-invasive technique, and both conducting and
insulating samples can be imaged with STORM. However, the
disadvantage of the STORM is that it requires uniform fluorophore
coating on the nanostructure surfaces, and the poor-quality fluorophore
coating might result in some errors in images.
Figure 2-3(d)-(i) shows that the normalized cross-sectional profiles
of the single SnO2 NW obtained from AFM, SEM and STORM. The
height profile and the electron intensity profile of the NW were
obtained across the white line in Figure 2-3(a) and (b), respectively. In
29

Figure 2-3(c), the points in the boxed region were counted, and the
distribution of the points was fitted to estimate the dimension of the
NW (Figure 2-3(d)-(ii)). For the comparison, the height profile
obtained from AFM, the electron intensity profile from FE-SEM, and
the fitting curve obtained from STORM were normalized with the same
maximum value. In the normalized cross-sectional profile obtained
from AFM, the width of the NW was revealed as 94 nm (black line),
which was a bit larger than the measured values by other methods.
Previous report shows that the width of nanostructures in AFM images
usually appears lager than the correct value due to the tip convolution
effect. [6] In the z-axis, the height of the NW was measured as 38 nm,
which can be the reliable diameter of the NW. In the normalized crosssectional profile obtained from FE-SEM, the width of the NW was
determined as 59 nm, which was a rather large value compared to the
diameter measured with AFM along z-axis (red line). Presumably, the
unpredictable electron scattering by nanostructures might have caused
such a blurring. [7] By fitting the STORM data using our method, the
width and the height of the NW were estimated as 28 nm and 41 nm,
respectively (blue line). These results are similar with that estimated
from the z-height of the AFM image and also consistent with
previously-reported dimension of the NWs. [28] These results show
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that the resolution of STORM along x-y plane can be better than those
of AFM or FE-SEM since it does not have common imaging artifacts
such as tip convolution and unpredictable electron scattering.

2.5 High Resolution Imaging of SnO2 Nanowires
Interfacing a Cell

Figure 2-4 Simultaneous high resolution imaging of SnO2 NW
networks and focal adhesions in NIH-3T3 cells. (a) STORM image
(red) of NW networks and fluorescence image (green) of the focal
adhesion of NIH-3T3 cells cultured on the NW networks. Note
that most of focal adhesions were formed on NWs. The scale bar
represents 5 μm. (b) Graph of fluorescence intensity ratios
between focal adhesions on NWs and on bare glass regions. The
ratios of fluorescence intensity on NWs with or without
fibronectin were 2.23 or 0.21, respectively. These results show that
NWs with or without fibronectin enhanced or reduced the cell
adhesion compared with the glass substrate, respectively. (c)
Graph of the focal adhesion (FA) area ratios between focal
adhesions on NWs and on bare glass regions. The ratios of focal
adhesion area on NWs with or without fibronectin were 1.75 or
0.54, respectively. These results indicate that the cell adhered on
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NWs with or without fibronectin with stronger or weaker forces
than on glass substrates, respectively.

One of the major advantages of STORM might be that it is
compatible with biological environments. As a proof of concepts, we
demonstrated the imaging of SnO2 NWs underneath cells with a
nanoscale resolution (Figure 2-4). Here, we first cultured NIH-3T3
cells on fibronectin-Cy5 coated SnO2 NW networks. We utilized NIH3T3 cells just as an example. However, it is also an interesting cell
because it is one of fibroblasts playing a critical role in wound healing
and has been utilized for various biological applications such as the
study of implant surfaces. [29,30] The vinculin, one of focal adhesion
markers, of the cells was stained with anti-vinculin primary antibodies
and Alexa-488 labeled secondary antibodies. Then, the individual SnO2
NWs and the focal adhesions of NIH-3T3 cells were imaged with
STORM and conventional fluorescence microscopy, respectively.
Figure 2-4 (a) shows a STORM image obtained from fibronectin-Cy5
coated

SnO2

NW

networks

(red)

and

a

conventional

immunofluorescence image obtained from a NIH-3T3 cell (green).
Note that a large portion of focal adhesions overlapped on the SnO2
NW regions. Presumably, fibronectin on the NWs enhanced the
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formation of focal adhesions on the NWs. It clearly shows that the
STORM method can be a powerful tool for the imaging of the
interfaces between inorganic nanostructures and cells under biological
environments.
Previous fluorescent microscopy studies show that the cell growth
characteristic such as focal adhesions can be significantly affected by
the substrates of nanostructures such as NWs. [14,31,32] We utilized
the STORM images for the quantitative analysis of cell adhesions on
NWs. Figure 2-4(b) shows the fluorescence intensity ratio between
focal adhesions on SnO2 NWs and on bare glass regions. The ratios of
fluorescence intensity on NWs with or without fibronectin were ~ 2.23
or 0.21, respectively. It indicates that the fluorescence intensity from
vinculin on NWs with fibronectin was higher than that on bare glass,
while that on NWs without fibronectin was lower. These results
indicate that SnO2 NWs with or without fibronectin could enhance or
reduce the cell adhesion efficiency compared with bare glass substrates.
Overall, in case of SnO2 NW, the results show that bare NWs are not
good for cell adhesion. Note that simultaneous high resolution imaging
of NWs and focal adhesions enabled the rather quantitative analysis of
cell adhesions on NWs, which clearly shows one of the major
advantages of the STORM imaging on nanostructures.
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Although many researchers have utilized fluorescence images for
the study of the interaction between focal adhesions and nanostructures,
[31,32] one may concern about possible errors caused by the low
resolution of the fluorescence image for the focal adhesions compared
with that of the STORM for NWs. We performed a simulation to verify
the reliability of our method for measuring the correlation of NWs and
focal adhesion points. In brief, we first assumed that 50 nm-width NWs
were surrounded by focal adhesions and counted the number of focal
adhesions on NWs. Next, the density function of focal adhesions was
convoluted by a 2D Gaussian function with the FWHM of 300 nm,
which yielded a simulated fluorescence image of focal adhesions. Note
that 300 nm corresponds to the common resolution of conventional
fluorescence

microscopy.

Finally,

we

computed

the

average

fluorescence intensity on NWs. We repeated the whole processes with
the different densities of focal adhesions around NWs in order to find
the relation between the number of focal adhesions on NWs and the
fluorescence intensity of focal adhesions on NWs. We found that the
fluorescence intensity of focal adhesions on NWs is proportional to the
number of focal adhesions on NWs. This result indicates that we can
obtain reliable data even if focal adhesions are imaged with
conventional fluorescence microscopy.
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Figure 2-4(c) shows the area ratio of focal adhesions on SnO2 NWs
compared with those on bare glass regions. Note that the ratios of focal
adhesion areas on NWs with or without fibronectin were ~ 1.75 or 0.54,
respectively. It indicates that the area of focal adhesion on fibronectincoated NWs was larger than that on bare glass, while that on NWs
without fibronectin was smaller. Since the larger size of focal adhesion
permits the generation of higher contractile forces, these results
indicate that the cell on NWs with or without fibronectin was adhered
on the NWs with stronger or weaker forces compared to the cell on
glass substrates. [32]

2.6 Summary
In summary, we developed a sub-diffraction limit imaging method of
inorganic NWs for the analysis of the interactions between NWs and
cell focal adhesions. We demonstrated the sub-diffraction-limit optical
imaging of sub-100 nm diameter NWs and estimated the crosssectional dimensions of the NWs rather precisely compared with
previous imaging methods. Furthermore, we demonstrated the imaging
of focal adhesions of cells together with NWs and analyzed the
correlation between the NWs and the distribution of focal adhesions.
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This work shows that our strategy can be utilized for the imaging and
the analysis of inorganic nanostructures with some advantages over
previous methods. Importantly, since this strategy is compatible with
biological environments such as live cell experiments, it can be a
powerful tool to study the interaction between inorganic nanostructures
and biological cells.

2.7 References
[1] P. E. Marszalek, W. J. Greenleaf, H. Li, A. F. Oberhauser, J.
Fernandez, Proc. Natl. Acad. Sci. 2000, 97, 6282.
[2] D. Wang, F. Qian, C. Yang, Z. Zhong, C. M. Lieber, Nano Lett.
2004, 4, 871.
[3] Z. L. Wang, Adv. Mater. 2003, 15, 1497.
[4] G. Conache, S. M. Gray, A. Ribayrol, L. E. Froberg, L. Samuelson,
H. Pettersson, L. Montelius, Small 2009, 5, 203.
[5] N. D. Jonge, D. B. Peckys, G. J. Kremers, D. W. Piston, Proc. Natl.
Acad. Sci. 2008, 6, 2159.
[6] T. Kim, S. Myung, T. H. Kim, S. Hong, Small 2008, 4, 1072.
[7] P. E. Batson, N. Dellby, O. L. Krivanek, Nature 2002, 418, 617.
[8] F. Johansson, M. Jonsson, K. Alm, M. Kanje, Exp. Cell Res. 2010,
316, 688.
[9] S. Qi, C. Yi, S. Ji, C. C. Fong, M. Yang, Acs Appl. Mater. Inter. 2009,
1, 30.
[10] S. R. Ryoo, Y. K. Kim, M. H. Kim, D. H. Min, ACS Nano 2010, 11,
36

6587.
[11] K. Y. Baik, S. Y. Park, K. Heo, K. B. Lee, S. Hong, Small 2011, 7,
741.
[12] Namgung, T. Kim, K. Y. Baik, M. Lee, J. M. Nam, S. Hong, Small
2011, 7, 56.
[13] A. Solanki, S. Shah, K. A. Memoli, S. Y. Park, S. Hong, K. B. Lee,
Small 2010, 6, 2509.
[14] W. Hallstrom, M. Lexholm, D. B. Suyatin, G. Hammarin, D.
Hessman, L. Samuelson, L. Montelius, M. Kanje, C. N. Prinz, Nano
Lett. 2010, 10, 782.
[15] M. J. Rust, M. Bates, X. W. Zhuang, Nat. Methods 2006, 3, 793.
[16] M. Bates, B. Huang, G. T. Dempsey, X. W. Zhuang, Science 2007,
317, 1749.
[17] S. van de Linde, A. Loschberger, T. Klein, M. Heidbreder, S.
Wolter, M. Heilemann, M. Sauer, Nat. Protoc. 2011, 6, 991.
[18] G. Shtengel, J. A. Galbraith, C. G. Galbraith, J. L. Schwartz, J. M.
Gillette, S. Manley, R. Sougrat, C. M. Waterman, P. Kanchanawong, M.
W. Davidson, R. D. Fetter, H. F. Hess, Proc. Natl. Acad. Sci. 2009, 106,
3125.
[19] M. Heilemann, S. van de Linde, A. Mukherjee, M. Sauer, Angew.
Chem. Int. Ed. 2009, 48, 6903.
[20] R. Wombacher, M. Heidbreder, S. van de Linde, M. P. Sheetz, M.
Heilemann, V. W. Cornish, M. Sauer, Nat. Methods 2010, 7, 717.
[21] S. A. Jones, S. H. Shim, J. He, X. W. Zhuang, Nat. Methods 2011,
8, 499.
[22] A. Kolmakov, Y. Zhang, G. Cheng, M. Moskovits, Adv. Mater.
2003, 15, 997.
37

[23] J. M. Baik, M. Zielke, M. H. Kim, K. L. Turner, A. M. Wodtke, M.
Moskovits, ACS Nano 2010, 4, 3117.
[24] Z. R. Dai, J. L. Gole, J. D. Stout, Z. L. Wang, J. Phys. Chem. B
2002, 106, 1274.
[25] S. Y. Park, D. S. Choi, H. J. Jin, J. Park, K. E. Byun, K. B. Lee, S.
Hong, Acs Nano 2011, 5, 4704.
[26] S. Mathur, S. Barth, H. Shen, J. C. Pyun, U. Werner, Small 2005, 1,
713.
[27] Z. R. Dai, J. L. Gole, J. D. Stout, Z. L. Wang, J. Phys. Chem. B
2002, 106, 1274.
[28] Y. Zhang, A. Kolmakov, Y. Lilach, and M. Moskovits, J. Phys.
Chem. B 2005, 109, 1923.
[29] Q. Ma, S. Mei, K. Ji, Y. Zhang, P. K. Chu, J. Biomed. Mater.
Research A 2011, 98, 275.
[30] N. Hoshi, H. Negishi, S. Okada, T. Nonami, K. Kimoto, J.
Prosthodontic Research 2010, 54, 185.
[31] C. Prinz, W. Hallstrom, T. Martensson, L. Samuelson, L.
Montelius, M. Kanje, Nanotechnology 2008, 19, 345101.
[32] J. M. Goffin, P. Pittet, G. Csucs, J. W. Jussi, J. J. Meister, B. Hinz,
J. Cell. Biol. 2006, 172, 259.

38

Chapter 3
Electrical Monitoring of the Activity of
Olfactory Vesicles
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3.1 Introduction
With growing interest in food safety, effective sensor platforms for
the easy and fast on-site assessment of food quality have been drawing
huge attention. Since various volatile compounds are produced in the
process of the oxidation of food, the detection of such volatile
compounds can be an effective strategy.[1–6] Typically, analytical
methods such as gas chromatography-mass spectroscopy and highperformance liquid chromatography have been used for the detection of
the volatile compounds.[1,7–9] However, those methods are not
suitable for the on-site assessment of food quality due to their
complicated pretreatment processes, a long measurement time, and
laborious manipulations. Furthermore, the large sized equipment for
chromatographic methods is a major obstacle to the development of
portable sensors. As alternatives, semiconductor-based sensors have
been studied extensively.[10–12] However, the capability of those
devices is still inferior to that of the animal olfactory system in terms of
its selectivity and sensitivity.
In the animal olfactory system, specific odorants bind to
corresponding olfactory receptors (ORs) with high selectivity.[13–15]
After the binding of odorants to ORs, a chemical signal is generated.
40

The generated signal is converted into an electrical signal and amplified
through a signaling pathway in an olfactory sensory neuron. Using this
mechanism, animals can recognize odorants with high selectivity and
sensitivity. To take advantages of the high sensitivity and selectivity of
animal olfactory systems, many researchers have developed various
strategies such as olfactory cell-based sensors and OR protein-based
sensors.[16–20] However, since such sensors did not use the signaling
pathway of the animal olfactory system, they had limitations in
mimicking the high sensitivity of the animal olfactory system.
Herein, we report an olfactory-nanovesicle-fused carbon nanotubetransistor biosensor (OCB) that mimics canine nose responses for the
sensitive and selective detection of hexanal, an indicator of the
oxidation of food. In this method, we prepared nanovesicles including
canine ORs (cfOR5269), specific receptors for hexanal, and fixed them
on a CNT channel in a CNT transistor to build an OCB. And then, the
binding of hexanal to the cfOR5269 on the nanovesicles was detected
by measuring the conductance change of the CNT channel.[15] We
demonstrated the detection of hexanal at 1 fM concentration in realtime. Significantly, OCBs could selectively detect hexanal with an
excellent selectivity capable of discriminating hexanal from analogous
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compounds such as pentanal, heptanal, and octanal. Furthermore, we
could detect hexanal in spoiled milk without any pretreatment
processes. OCBs can be an ideal strategy in building a portable
electronic device for the easy and fast assessment of food quality.

3.2 Preparation
Structure

of

Nanovesicle-CNT

Hybrid

Figure 3-1 Preparation procedure of olfactory nanovesicles (A) Cell
culture and gene transfection. (B) Overexpression of cfOR5269 on
the cell membrane. (C) Cytochalasin B treatment. (D) Separation
of nanovesicles from cells.
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For the preparation of olfactory nanovesicles, human embryonic
kidney (HEK)-293 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin (PS) at 37 °C in a 5% CO2 environment. The
cells were transfected with 4 mg of pIRES plasmids encoding influenza
virus leader peptide, myelocytomatosis cellular oncogene (cMyc)
epitope-tag, and cfOR5269 using Lipofectamine2000 reagent according
to the manufacturer’s protocol (Figure 3-1(A)). The influenza virus
leader peptide and the cMyc tag were incorporated to assist the
membrane localization and the immunoblotting of cfOR5269,
respectively. The transfected cells were subsequently cultivated again
for 48 h, and cfOR5269 receptors were overexpressed on the cell
membrane (Figure 3-1(B)). Nanovesicles with cfOR5269 were
produced from the cfOR5269-expressed cells by incubating the cells
with agitation in serum-free DMEM containing cytochalasin B (10 mg
mL-1) at 37 °C for 25 min (Figure 3-1(C)). Here, the nanovesicles were
separated from the cells by centrifugation at 500g for 10 min in a tube
and then collected by centrifugation at 15000g for 30 min (Figure 31(D)). The nanovesicles were finally resuspended in Dulbecco’s
phosphate buffered saline (DPBS, Gibco, USA) with 1000 ng mL-1 of
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total protein density.[21] The prepared nanovesicles could be kept
frozen below -70 °C for a long time period just like cells, and they
were melted right before the fabrication of our OCB devices.

Figure 3-2 Fabrication process for OCB. (A) Schematic diagram
showing a method to prepare an OCB. A CNT-based transistor was
coated with poly-D-lysine (PDL) for the stable adsorption of
nanovesicles. Then, olfactory nanovesicles were immobilized on a
CNT channel region in the transistor. (B) Schematic diagram
showing the sensing mechanism for the detection of hexanal with
an OCB. The binding of hexanal to ORs results in a Ca2+ influx
into the nanovesicles

through Ca2+ channels.

Here,

the

accumulated Ca2+ ions inside the nanovesicles create a positive
gate-potential in the vicinity of underlying CNTs, and the
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increased potential results in the decrease of conductance in the
CNT channel.

Figure 3-2(A) shows a schematic diagram depicting the fabrication
method of an OCB. At first, a CNT transistor was fabricated via the
conventional photolithography method as reported previously.[22] In
brief, methyl-terminated octadecyltrichlorosilane (OTS) molecules
were

patterned

on

a

SiO2

substrate

via

the

conventional

photolithography method to create non-polar regions. Then, the
substrate was placed in CNT suspensions (0.05 mg mL-1 in
dichlorobenzene) for 10 s. In the suspensions, CNTs were selectively
adsorbed onto the bare SiO2 surface regions. And then, Ti (10 nm)/Au
(20 nm) electrodes were fabricated via the photolithography process
and covered with an insulating photoresist layer (DNR) to protect the
contacts from the solution. In this method, CNTs randomly adhered on
a bare SiO2 region. We utilized CNTs comprised of both metallic and
semiconducting ones. In this case, the transistors based on such CNTs
did not turn off completely and were not suitable for integrated circuit
applications. However, they exhibited a transconductance large enough
for our sensor applications. The channel region of the CNT transistor
was incubated with 0.1 mg mL-1 PDL solutions at 25 ºC for 2 h to
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enhance the adsorption of nanovesicles. Then, a 1 mL droplet of
nanovesicle solution was placed on the PDL-functionalized CNT
channel region, and the device was incubated at 4 ºC for 2 h. Since the
shape of nanovesicles could be sustained only in a solution, OCBs
should not be stored for over one day. We conducted sensing
experiments just after the adsorption of olfactory nanovesicles onto
CNT-FETs.
Figure 3-2(B) depicts the mechanism for the detection of hexanal
using our OCB device. The binding of hexanal to ORs successively
activated G proteins, adenylyl cyclases, and Ca2+ channels following
the cAMP pathway in the nanovesicle.[13] The activation of Ca2+
channels generated an influx of Ca2+, which increased the potential of
the nanovesicle in the vicinity of CNTs. Since CNT channels exhibit a
p-type behavior under ambient conditions, the increased potential of the
nearby nanovesicle resulted in the decrease of the CNT channel
conductance. Note that, in the OCB device, the binding of odorant
molecules onto olfactory receptors triggered the cAMP signal pathways
in the nanovesicles, and the signal was measured by the CNT channels,
which enabled the detection of target molecules with high sensitivity
and high selectivity.
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3.3 Confirmation of the Functionality of cfOR5269 in
Nanovesicles

Figure 3-3 Confirmation of the functionality of cfOR5269 in
nanovesicles. (A) Western-blot image of cfOR5269 included in
canine olfactory nanovesicles. The bands of cfOR5269 monomer,
dimer and multimer indicate that the nanovesicles included the
active form of cfOR5269 proteins. (B) Graph of the ratio of
fluorescence emissions (excitation at 340/380 nm) from Fura-2loaded olfactory nanovesicles. The ratio increased by the treatment
of 1 mM hexanal only in nanovesicles with cfOR5269. The
increase in the fluorescence ratio indicates that cfOR5269 in the
nanovesicles maintained its original functionality in a cell
membrane. Each line indicates a fluorescence ratio from
nanovesicles in different wells of a 96-well plate.

Figure 3-3(A) shows a Western blot image confirming the existence
of cfOR5269 in nanovesicles. The bands of monomer, dimer, and
multimer of cfOR5269 were observed. This result indicates that the
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active form of cfOR5269 proteins remained on the membrane of
nanovesicles.
Figure 3-3(B) shows the ratio of fluorescence emissions (excitation
at 340/380 nm) from fura-2 loaded olfactory nanovesicles. Fura-2 is a
fluorescent dye which binds to free Ca2+. It is excited at 340 and 380
nm light, and the emissions at those wavelengths are correlated with the
concentration of free Ca2+. We immobilized fura-2 loaded nanovesicles
on a 96-well plate. The nanovesicles were illuminated by an excitation
beam with a wavelength alternating between 340 and 380 nm, and an
emission at 510 nm was recorded. From the emission intensity, we
calculated a fluorescence ratio. The fluorescence from nanovesicles
without cfOR5269 did not change after the injection of 1 mM hexanal
(red line). In the case of nanovesicles with cfOR5269, the fluorescence
ratio increased after the injection of 1 mMhexanal (blue line),
indicating the influx of Ca2+ into the nanovesicles. The results show
that the cfOR5269 protein and Ca2+ signaling pathway were active in
the nanovesicles.
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3.4 Electrical Monitoring of Olfactory Nanovesicle
Activity
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Figure 3-4 Electrical monitoring of the activity of cfOR5269. (a) SEM
image of nanovesicles immobilized on a CNT channel. The white
arrows indicate the nanovesicles. (b) Chemical structures of
various odorant molecules. Hexanal is the specific ligand of
cfOR5269 protein. Note that the odorants have similar structures
with slight differences in their alkyl chain length or functional
groups. (c) Real-time conductance measurement data obtained
from an OCB after the introduction of hexanal. The conductance
decreased after the introduction of hexanal solution with a
femtomolar concentration. (d) Response curve of OCBs (n = 5) to
hexanal with different concentrations. The responses of OCBs
were fitted to the Langmuir isotherm curve (red solid curve). (e)
Real-time conductance measurement data obtained from an OCB
after the injection of different odorants. The addition of 1 nM
heptanal, octanal, pentanal and hexanol solutions had no effect on
the conductance of the OCB, while the addition of 1 pM hexanal
solution caused a sharp decrease in the conductance of the OCB.

Figure 3-4(A) shows a SEM image of nanovesicles fixed on a CNT
channel. The nanovesicles with a 100–200 nm diameter were
immobilized on the CNT channel.
Figure 3-4(B) shows the chemical structures of five different odorant
molecules used in our experiment. Hexanal is the specific ligand of
cfOR5269.[15] Note that the structures of the odorant molecules are
very similar to each other except some minor differences such as their
alkyl chain length or functional groups.
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Figure 3-4(C) shows real-time conductance measurement data
obtained from an OCB after the introduction of hexanal with different
concentrations. The OCB was first placed in PBS solution and the
sample solutions were introduced. The OCB device exhibited a
significant change in conductance with the injection of 1 fM hexanal
solution. The results show the high sensitivity of our OCB devices.
We conducted the same experiment in Ca2+-free environment. In this
case, the addition of hexanal had no measurable effect on the
conductance of the CNT channel of an OCB. This result shows that
Ca2+ played a critical role in the change of the conductance of the CNT
channel in the OCB device. Presumably, the binding of hexanal onto
the cfOR5269 proteins on the nanovesicles triggered the Ca2+ signal
pathway and, as a result, induced the influx of Ca2+ into the
nanovesicles. The influx of Ca2+ resulted in the increase of potential in
the vicinity of CNTs (Figure 3-2(B)). Since CNT transistors exhibit ptype characteristics, the increased potential should have resulted in the
reduction of conductance in the CNT channel.
Also, we conducted the same sensing experiment using nanovesicles
without cfOR5269. In this case, the conductance of the CNT channel of
an OCB showed no observable response to the introduction of hexanal.
This result also confirms the proposed response mechanism of our
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OCB devices as shown in Figure 3-2(B).
The response of OCB devices to different concentrations of hexanal
solution can be analyzed using the Langmuir isotherm model (Figure 34(D)). Since there were a finite number of OR molecules on the CNT
channel of an OCB device, we can assume that hexanal was adsorbed
onto cfOR5269 following the Langmuir isotherm.[23–27] In this case,
the surface density CS of hexanal bound to cfOR5269 on the CNT
channel can be written as
=

×
+

1⁄

where CSmax, C, n and K represent the surface density of cfOR5269 on
the CNT channel, the concentration of hexanal in solution, the hill
coefficient and the equilibrium constant between hexanal and
cfOR5269, respectively. In OCBs, the binding of hexanal to cfOR5269
induces the reduction of conductance in the underlying CNT channel.
At a low concentration limit, we can approximate the sensor signal
|ΔG/G0| as |ΔG/G0| ≈ kCS, where k is a constant representing how
sensitively OCBs would respond to the binding of hexanal.[26] Thus,
we can write |ΔG/G0| as
|Δ /

|=

1⁄
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×
+

When C is very large, |ΔG/G0| saturates to the maximum value of
kCSmax. Thus, the measured conductance data can be normalized by its
saturation value to calculate the normalized sensitivity N which can be
written as
=

1⁄

+

Previously, the responses of CNT-FETs to target molecules with various
concentrations were analyzed by the Langmuir isotherm model, which
allowed one to estimate the equilibrium binding constant K.[26,27]
Figure 3-4(D) shows the normalized sensitivity of OCBs after the
introduction of hexanal with various concentrations. Here, the
conductance change of an OCB device was measured after the
introduction of hexanal solutions with different concentrations, and the
conductance change was normalized by its maximum to calculate the
normalized sensitivity. We analyzed the responses of five OCBs to
various concentrations of hexanal. The average values of normalized
sensitivity are shown in figure 3-4(D) with error bars. The conductance
change increased with the increasing concentration of hexanal. Finally,
conductance change was almost saturated at 1 nM concentration. The
data can be fitted to the Langmuir isotherm equation with the estimated
equilibrium constant K of 5.0 x 1010 M-1. Some research about the
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binding of hexanal to cfOR5269 was performed, but the equilibrium
constant between hexanal and cfOR5269 has not been investigated
before.[15,28] The result shows that our OCB platform may be utilized
to study other OR proteins whose equilibrium constants are unknown.
Figure 3-4(E) shows real-time conductance measurement data obtained
from an OCB after the introduction of various odorants. The addition of
1 nM pentanal, heptanal, octanal, and hexanol did not affect the
conductance of the OCB, while the addition of 1 pM hexanal caused a
sharp decrease in the conductance. Note that the difference between
those molecules is very minor. For example, the difference between
hexanal and heptanal is just a single carbon atom in their alkane chains.
This result shows our OCB devices could detect hexanal with a high
selectivity.
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3.5 Monitoring of the Response of Olfactory
Nanovesicles to Spoiled Milk

Figure 3-5 Graph showing response of cfOR5269 to spoiled milk. An
OCB with nanovesicles including OR showed conductance
changes after the introduction of spoiled milk (black line). No
significant conductance change was observed in the case of an
OCB with nanovesicles without OR (red line). These results
indicate that the conductance changes were attributed to the
binding of hexanal in the spoiled milk to cfOR5269 receptor
molecules.

Figure 3-5 shows the conductance changes of OCBs after the
introduction of 1:100 diluted spoiled milk to the OCBs. For the
preparation of spoiled milk, fresh milk was incubated at 25 ºC for 1–5
days. Since milk contains lots of lipid, hexanal can be produced by
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lipid oxidation during the incubation. An OCB device with
nanovesicles without ORs did not respond to the addition of the spoiled
milk (red line). On the other hand, an OCB with nanovesicles including
ORs exhibited measurable changes in its conductance after the
introduction of the milk rotten for 2 days, and the response increased
with the increasing days of rotting (black line). Presumably, the hexanal
in the spoiled milk bound to the ORs in the nanovesicles and, as a result,
caused the conductance change of the CNT channel in the OCB. This
result shows that OCBs may be applied to the fast on-site assessment of
food quality. We also performed a control experiment to find out the
effect of other chemical species in the spoiled milk.
We applied 1:100 diluted spoiled milk to a bare CNT sensor while
monitoring the conductance of the sensor. The bare CNT channel did
not respond to the introduction of the spoiled milk. This result also
supports the proposed mechanism of our OCB devices (Figure 3-2(B)).

3.6 Summary
In summary, we developed a highly sensitive and selective
olfactory-nanovesicle-fused bioelectronics sensor based on a canine
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olfactory nanovesicle-CNT hybrid structure for the detection of hexanal,
an indicator of the oxidation of food. With this strategy, we could detect
hexanal down to 1 fM concentration with excellent selectivity.
Significantly, we detected hexanal in spoiled milk without any
pretreatment processes. This result implies that OCBs can be applied
for the easy and fast on-site assessment of food quality. Furthermore,
by fabricating the arrays of sensors decorated with diverse olfactory
receptors in a single chip, our platform could be extended toward a
bioelectronics nose that mimics the natural olfactory system.[26] Also,
since hexanal is known as a specific marker of lung cancer, our
platform can be a useful tool for the screening of cancer diseases.[29]
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Chapter 4
Electrical Monitoring of the Binding
between Odorants and Olfactory
Peptide Receptors

60

4.1 Introduction
Consumption of spoiled seafood can give rise to serious health
problems, such as septicemia and gastroenteritis.[1,2] Therefore,
studies to develop methods for the on-site determination of seafood
quality have been increasing. Such an approach should allow for the
sensitive and selective detection of volatile compounds generated from
spoiled

seafood.

Many

research

groups

have

reported

that

trimethylamine (TMA) can be used as an effective indicator of seafood
quality because its amount is increased by the decomposition of
trimethyl-N-oxide in seafood after death .[3-5]
In order to detect TMA, analytical techniques such as gas
chromatography-mass spectroscopy (GC-MS) [6,7], ion mobility
spectrometry (IMS) [8], and high-performance liquid chromatography
(HPLC) [9], have been typically used. Although these techniques have
the advantage of precise quantitative analysis, they cannot be readily
applied to on-site determination due to the requirements for
complicated pretreatment processes, large instrumentations, and
intricate detection methods. There have been significant advances in
electronic [10-14] and bio-mimetic noses [15-17] that can be used for
on-site determination; however, there are still many limitations of these
approaches, such as sensitivity and selectivity. More recently, olfactory
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receptor (OR)-based bioelectronic noses have been demonstrated to be
an effective solution to these limitations [18-21] However, ORs require
lipid

bilayer

membranes

for

their

proper

function;

hence,

manufacturing processes of OR-based sensors were complicate and
labor intensive. Furthermore, because it is too difficult to thoroughly
immobilize lipid bilayers on the chips, reusability and reproducibility
could not be assured.
In this dissertation, we describe a peptide receptor-based
bioelectronic nose (PRBN) that can determine the quality of seafood in
real-time through measuring the amount of trimethylamine (TMA)
generated from spoiled seafood. PRBNs were manufactured using
single walled-carbon nanotube field-effect transistors (SWNT-FETs)
functionalized with olfactory receptor-derived peptides (ORPs) which
can selectively discriminate TMA. Functionalization was performed
through a single-step process using the property of SWNTs which
aromatic rings are stacked on the surface by π-π interactions [22,23]
Additional phenylalanine (Phe) cluster was synthesized at the Cterminus of ORPs, which enabled us to simply cover the surface of
SWNTs as a monolayer by a single-step process. The manufactured
PRBN was able to sensitively and selectively detect TMA at a
concentration of 10 fM and discriminate TMA from other similar
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molecules in real-time. Using a PRBN, TMA was successfully detected
from three types of spoiled seafood (oyster, shrimp, and lobster)
without any pretreatment processes. Also, PRBNs were capable of
discriminating spoiled seafood from other types of spoiled foods, since
TMA is specifically generated from seafood decomposition.
PRBNs were manufactured using small peptide rather than the
whole protein, hence it provides a new insight in biological aspects and
a huge potential for applications in industrial fields. Although the
PRBN mimicked the olfactory reaction via membrane-translocated ORs,
it was activated without lipid bilayers unlike the whole protein-based
sensor due to the insignificance of tertiary structure. This results in
increase in the capability for practical applications through improving
reproducibility and reusability of the sensor as well as simplifying the
manufacturing processes. We have demonstrated that it could be easily
reused with a considerable reproducibility. Thus, PRBNs may be the
most adjacent platform for practical uses. In addition, it was also
produced on a portable scale making it effectively useful for the food
industry where the on-site measurement of seafood quality is needed.
Furthermore, PRBNs could be used in a wide range of different
applications because TMA is also a regulated air-pollutant [24] and an
indicator of diseases, such as bacterial vaginosis [25,26] and
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trimethylaminuria.[27]

4.2 Preparation of
Bioelectronic Noses

Peptide

Receptor

based

SWNT-based FET devices have high sensitivity to specific analytes
with detection limits as low as the pico- or femto-molar range. Thus,
they have been used in various applications by many groups. In most
cases, biomolecules, such as enzymes [28], receptors [29,30],
antibodies [31], and aptamers [32], were immobilized on the surface of
SWNTs to improve the selectivity of FET sensors. For the detection of
TMA which emits an irritating and ammonia-like odor, ORP
(NQLSNLSFSDLC) can be used.[33] ORP is a mutated α-helix peptide
sorted out from a natural olfactory receptor that can specifically
recognize TMA. For immobilization of the ORPs, we employed one of
the interesting properties of SWNTs, which specific molecules with
extensive π-systems can be stacked on the wall through π-π interactions.
Thus, we hypothesized that SWNTs could be non-covalently coated
with specific ORP containing phenylalanines, a natural amino acid with
π-systems as depicted in Figure 4-1. In this article, we aimed to exploit
the biological analyte-selection ability in the development of a novel
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electronic sensor by conjugating ORPs onto SWNT-FETs through a
single-step process.

Figure4-1 PRBN for the electrical monitoring of the binding between
peptide receptor and TMA. ORPs were self-assembled on the
surface of SWNTs during the treatment of ORP-suspended
deionized water (DW) solutions. The ORPs were immobilized by
π-π stacking of aromatic rings at their C-terminus and attracted
TMA molecules very near to the SWNTs.

For the preparation of PRBN, a SWNT-FET was fabricated via the
conventional photolithography method as previously reported.[34] In
brief, methyl-terminated octadecyltrichlorosilane (OTS) was patterned
on a SiO2 substrate via the photolithography method to create non-polar
regions. The OTS-patterned substrate was then dipped into SWNT
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suspensions (0.05 mg/mL in dichlorobenzene) for approximately 10 s.
During the dipping process, SWNTs were specifically adsorbed onto
the exposed SiO2 regions. Afterward, Ti (10 nm)/Au (20 nm) electrodes
were fabricated via the photolithography process and covered with an
insulating photoresist layer (DNR) to protect them from contacting the
solution. The gap between the source and drain electrode was 6 μm. For
the immobilization of ORPs, 1.5 μL of ORP-suspended DW solution
was placed on the SWNT channel region of the fabricated chip for 4 h.
During that period, the ORPs were coated on the SWNTs with a
monolayer via self-assembly. Finally, the chips were washed with DW
3~4 times to remove unbound ORPs.
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4.3 Characterization of
Peptides on CNTs

the Immobilization of

Figure4-2 Characterization of the immobilization of peptide receptor
on CNTs. Atomic force microscopy images of (a) bare and (b)
ORP-immobilized SWNT channels on the fabricated sensor
devices. (c) Height profiles of specific cross sections (white
dashed lines in (a) and (b)). The height of SWNTs increased by
2~3 nm after immobilization of the ORPs.

We synthesized ORPs that possessed three additional Phe at the Cterminus,

and

fabricated

SWNT-FET

platforms.

Before

the

immobilization of ORPs, the shape of the fabricated SWNT channels
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was assessed using atomic force microscopy (AFM). Figure 4-2(a)
shows the SWNT channel composed with random networks of many
SWNTs. We than imaged the samples after immobilization of ORPs.
ORPs were immobilized by placing a 1.5 μL droplet of deionized water
(DW) containing Phe-attached ORPs on the SWNT channels. When the
AFM images before and after immobilization were compared (Figure
4-2(a) and (b)), the brightness of the ORP-immobilized SWNTs was
more intense than that of bare-SWNTs, which indicates that the height
of the ORP-SWNTs was increased by the immobilization process. The
height of the cross section uniformly increased by 2~3 nm after the
immobilization step as shown in Figure 4-2(c). Because the predicted
height of ORP which consists of α-helix structure by 15 amino acids is
approximately 2~3 nm, these results indicate that the ORPs uniformly
coated the SWNTs as a monolayer. To further confirm immobilization,
the electrical properties were measured. After the formation of
monolayers, the resistance between the source and drain electrodes
increased, but the FET property remained unchanged, both of which
indicate successful immobilization of the ORPs.
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4.4 Electrical Monitoring of the Binding between
TMA and Peptide Receptors

Figure 4-3 Sensitive and selective detection of TMA from a standard
solution

using

PRBNs.

(a)

Real-time

measurements

of

conductance changes generated by the introduction of TMA at
concentrations ranging from 1 fM to 1 nM using the bare (black
line) and ORP-coated (red line) SWNT-FETs. The decrease in
conductance was visible after the introduction of 10 fM of TMA
and the responses increased with an increase in TMA
concentrations. (b) Dose-dependent response curve of PRBNs to
TMA. Each point and error bar represent the mean and standard
deviation (SD), respectively, calculated from five real-time
measurements. (c) Real-time recognition of TMA from other small
molecules using the bare (black line) and ORP-coated (red line)
SWNT-FETs. The addition of the 1 pM TMA solution caused a
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sharp decrease in the conductance of ORP-SWNT devices;
however the addition of 1 nM of other molecules had no effect on
the conductance. (d) Quantitative comparison of conductance
changes after the injection of TMA and other molecules at a
concentration of 1 nM (n=5). The abbreviations used are: TMA,
trimethylamine; TEA, triethylamine; DMA, dimethylamine; MP,
2-methyl-1-propanol; EA, ethylacetate; EtOH, ethanol; MeOH,
methanol; AA, acetic acid.

TMA was detected based on the conductance change on the SWNT
transistor. TMA is an organic base and acts as a proton acceptor in
water; thus, it provides a positive potential to p-type transistors.[35] An
increase in the potential should result in a reduction of the conductance
on the SWNT channels. In addition, a decrease in the conductance at
extremely low TMA concentrations was expected due to the ORP-layer
that absorbs TMA molecules very near to the surface of the SWNTs.
A 49.5 μL of DW droplet was placed on the SWNT channel of the
FET device and the sample solutions were added. The conductance
change was then monitored. Figure 4-3(a) shows real-time conductance
measurement data obtained from bare and ORP-coated SWNT-FETs
(PRBNs) after the addition of a solution containing various
concentrations of TMA. The PRBNs exhibited a prompt conductance
decrease after the addition of 10 fM TMA, whereas no change was
70

observed in the case of the bare-SWNT device. The intensities of the
responses increased with TMA concentration and reached a plateau at
100 μM as shown in Figure 4-3(b). The fitting line was calculated by
the mean and standard deviation (SD) values of five duplicate sets. At
concentrations higher than 100 μM, there was no more signal increase
because all the binding sites of the peptide receptors were occupied by
the TMA molecules. In addition, the responses were normalized by its
saturated value and fitted to the Langmuir isotherm model. The
estimated equilibrium constant calculated from the Langmuir isotherm
equation was 6.04×1010 M-1. Based on these results, we verified that
PRBNs can sensitively detect TMA at concentrations as low as 10 fM
in real-time.
Figure 4-3(c) shows real-time conductance measurements after the
addition of TMA and other compounds. The addition of 1 nM
triethylamine,

dimethylamine,

2-methyl-1-propanol,

ethylacetate,

ethanol, methanol, and acetic acid did not affect the conductance of the
PRBNs, whereas the addition of 1 pM TMA caused a sharp decrease in
the conductance. In addition, the intensity of the response after the
addition of 1 nM TMA was compared with the intensities from 1 nM of
other compounds to quantitatively assess the TMA-discriminating
ability of PRBNs (Figure 4-3(d)). The intensity generated from the
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TMA was higher at least by 10-fold than those from other compounds.
Note that the difference between the TMA and the other compounds
used in this experiment was very small in terms of chemical structure
or irritating odor-property. These results show the excellent selectivity
of the PRBN to discriminate TMA from analogous molecules.

4.5 Electrical Monitoring of Response of Peptide
Receptors to Seafood Samples

Figure 4-4 Detection of TMA from spoiled seafood using PRBNs. (a) A
real-time measurement data exhibiting the conductance change
generated by repeated treatments with a spoiled oyster sample,
which was produced by storing the oyster sample at 25 ˚C for two
days. Consistent and prompt responses were generated by the four
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treatments. The gray dotted line represents the initial base line. (b)
Real-time measurements of conductance changes generated by
treatments with oyster (red line), shrimp (blue line), and lobster
(green line) samples spoiled for different periods of time.
Significant decreases in the conductance were observed for the 2
day-spoiled oyster, 1 day-spoiled shrimp, and 2 day-spoiled lobster
and the responses increased with an increase in the spoilage time.
(c) Response patterns versus the degree of spoilage of the three
spoiled seafood samples (oyster, shrimp, and lobster). The
generated responses tended to increase with the degree of spoilage.
(d) Real-time recognition and distinction of spoiled oyster from
other types of spoiled foods (milk, tomato, broccoli, and beef) and
fresh oyster. The sample solutions of milk, tomato, broccoli, and
beef spoiled for four days and the fresh oyster had no significant
effect on the conductance. However, the injection of the oyster
sample that had been spoiled for two days caused a sharp decrease
in conductance.

To verify the capability of the PRBN for practical use, we measured
TMA generated from real spoiled seafood. In these experiments, three
types of fresh seafood samples were used; oyster, shrimp, and lobster.
The fresh seafood samples were ground to reduce sampling errors and
were stored in 15-mL Falcon tube at 25 ˚C. After storing for 0~4 days,
1 mL of DW per 1 mg of seafood samples was added to eliminate the
liquid-squeezing step of spoiled seafood. The liquid fractions were
additionally diluted to 1:100 with DW because 1:100-diluted samples
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did not affect the conductance of bare-SWNT devices. The bare-SWNT
transistors were first treated with the produced samples to check
whether various compounds contained in spoiled seafood could nonspecifically affect the conductance. Also, the conductance of bareSWNT transistors was not responded to the addition of trhee spoiled
seafood samples.
PRBNs were then treated with the produced samples and the
conductance changes were monitored. Figure 4-4(a) shows the realtime measurement data and changes in the conductance were observed
after the addition of the oyster sample spoiled for two days. The shape
of the rapid conductance decrease was similar to the response obtained
from the standard TMA solution. These results demonstrate that the
PRBN was able to detect TMA from spoiled oyster in real-time. After
the measurement was complete, the chip was washed with DW 3~4
times. Then, the washed chip was incubated with a DW droplet until
the base line re-stabilized. When this procedure was performed, the
same sample could be measured four times and consistent responses
were observed. Especially, the SD value from the four response
intensities was within 3%, indicating that the measurement was
reproducible. However, when we reused the sensor more than five
times, the signal was not quite reproducible. This is considered to be
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due to the damage accumulated by washing steps and also due to many
contaminating compounds contained in the real samples.
Figure 4-4(b) shows real-time measurement data of conductance
changes generated by treatment with oyster, shrimp, and lobster that
had been spoiled for 0~4 days. A significant decrease in conductance
was observed when the 2 day-spoiled oyster, 1 day-spoiled shrimp, and
2 day-spoiled lobster samples were added. In addition, the response
intensities increased with the degree of decomposition due to the
increase in the TMA concentration. The increase in intensities were
quantitatively plotted using 3~5 duplicated sets as shown in Figure 44(c). The saturation of responses was observed on the second or third
day. This saturation may occur when the seafood was completely
decomposed or the concentration of the target compound exceeds the
detection range. If we compare the signal intensities in Figure 4-4(c)
with the maximum signal intensity in Figure 4-3(b), the signal
intensities in Figure 4-4(c) are in the detection range. This indicates that
the saturation of the signal intensity is due to the complete
decomposition of seafood samples. Based on the small SD value at
each point in Figure 4-4(c), PRBNs produced fairly reproducible
responses. Moreover, PRBNs can be used to determine the quality of
seafood. This is due to the ability to convert the response intensity into
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an estimated concentration of TMA in the sample solution. The original
samples were diluted to 1:10,000 with buffer solution to estimate the
TMA concentration in the original samples. The fact that estimated
TMA concentrations at the micro-molar level are similar to
concentrations actually contained in real spoiled seafood clearly
demonstrates the capability of our PRBN to detect TMA in seafood
samples.[7,17]
TMA is specifically generated when seafood decomposes; therefore,
PRBNs can discriminate spoiled seafood from other types of foods by
selectively detecting TMA.

In order to verify the ability of the PRBN

to distinguish spoiled seafood, we produced other types of spoiled
foods (milk, tomato, broccoli, and beef) using the procedure described
above. Figure 4-4(d) shows real-time conductance measurement data
after successively injecting four kinds of other food samples that had
been spoiled for four days and oyster samples that were fresh and
spoiled for two days. Injection of spoiled milk, tomato, broccoli, beef,
and fresh oyster had no significant effect on the conductance. On the
other hand, injection of 2 day-spoiled oyster caused a sharp decrease in
the conductance. These combined results clearly demonstrate that the
PRBN was able to specifically distinguish spoiled seafood from other
spoiled food products and could be used to determine the degree of
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seafood spoilage.
Further improving the positive points of conventional OR-based
sensors in terms of sensitivity and selectivity, the PRBN possessed
more advantages for practical uses. First of all, although the sensing
mimicked the biological olfaction, it was actually conducted without
lipid bilayers. ORs which have their own tertiary structures should be
present in the lipid bilayers similar with cell membranes for
maintaining proper functions. However, synthetic peptide can be
activated without lipid bilayers due to the insignificance of its tertiary
structure. This indicates the improvement of reusability and
reproducibility of PRBNs.
Most sensor devices need to be functionalized by biomolecules to
improve

their

selectivity.

However,

previously

reported

functionalization processes require several complicated steps and labor
intensive manipulations. This is also another obstacle to overcome. We
provided the most optimal process with a minimized step. The
functionalization process was completed by placing a water droplet
which contains peptides onto SWNTs. Although the immobilization of
peptide receptors occurred through non-covalent interactions by a
single-step, the peptide receptors were strongly adhered to the surface
of SWNTs, which allowed the peptide-immobilized sensors to be
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reusable. This easy but strong functionalization method will facilitate
the advancement of other sensor platform, such as microfluidics-based
sensors. Furthermore, it may be easily applied for the development of
various other sensors that require functionalization of SWNTs through
immobilization of different types of specific peptides.

4.6 Summary
In summary, we developed a novel bioelectronic nose through
functionalization of SWNT-FETs with TMA-recognizing ORPs. The
functionalization was conducted by a single-step process, and it was
based on the π-system of the SWNTs, which can allow for the π–π
stacking interactions. The ORP-layer selectively absorbed the TMA
molecules very near to SWNT channels, and allowed immediate
detection of TMA at a concentration as low as 10 fM with excellent
selectivity. In addition, TMA generated from real spoiled seafood
samples was reliably detected without any pretreatment processes. The
PRBN was also able to specifically recognize spoiled seafood by
discriminating spoiled seafood from other types of foods. Moreover,
PRBNs

were

reusable

and

reproducible

because

they

were

manufactured using small peptides without lipid bilayers. These results
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demonstrate that PRBNs can be applied for the rapid and simple
determination of seafood quality. Furthermore, our work provides a
simple experimental method for the immobilization of biomolecules on
SWNTs, which opens up the possibility for diverse applications.
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Chapter 5
Conclusions
In this dissertation, first, we discussed a sub-diffraction limit
imaging method of inorganic NWs for the analysis of the interactions
between NWs and cell focal adhesions. We demonstrated the subdiffraction-limit optical imaging of sub-100 nm diameter NWs and
estimated the cross-sectional dimensions of the NWs rather precisely
compared

with

previous

imaging

methods.

Furthermore,

we

demonstrated the imaging of focal adhesions of cells together with
NWs and analyzed the correlation between the NWs and the
distribution of focal adhesions. This work shows that our strategy can
be utilized for the imaging and the analysis of inorganic nanostructures
with some advantages over previous methods. Importantly, since this
strategy is compatible with biological environments such as live cell
experiments, it can be a powerful tool to study the interaction between
inorganic nanostructures and biological cells.
Secondly, we developed a highly sensitive and selective olfactorynanovesicle-fused bioelectronics sensor based on a canine olfactory
nanovesicle–CNT hybrid structure for the detection of hexanal, an
indicator of the oxidation of food. With this strategy, we could detect
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hexanal down to 1 fM concentration with excellent selectivity.
Significantly, we detected hexanal in spoiled milk without any
pretreatment processes. This result implies that OCBs can be applied
for the easy and fast on-site assessment of food quality. Furthermore,
by fabricating the arrays of sensors decorated with diverse olfactory
receptors in a single chip, our platform could be extended toward a
bioelectronics nose that mimics the natural olfactory system. Also,
since hexanal is known as a specific marker of lung cancer, our
platform can be a useful tool for the screening of cancer diseases.
Lastly, we developed a novel bioelectronic nose through
functionalization of SWNT-FETs with TMA-recognizing ORPs. The
functionalization was conducted by a single-step process, and it was
based on the π-system of the SWNTs, which can allow for the π–π
stacking interactions. The ORP-layer selectively absorbed the TMA
molecules very near to SWNT channels, and allowed immediate
detection of TMA at a concentration as low as 10 fM with excellent
selectivity. In addition, TMA generated from real spoiled seafood
samples was reliably detected without any pretreatment processes. The
PRBN was also able to specifically recognize spoiled seafood by
discriminating spoiled seafood from other types of foods. Moreover,
PRBNs

were

reusable

and

reproducible
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because

they

were

manufactured using small peptides without lipid bilayers. These results
demonstrate that PRBNs can be applied for the rapid and simple
determination of seafood quality. Furthermore, our work provides a
simple experimental method for the immobilization of biomolecules on
SWNTs, which opens up the possibility for diverse applications.
In conclusion, we have developed various techniques for the study
of the interface between biomolecules and electrical nanostructures
such as nanowires and nanotubes. These works should strongly
contribute to the research about the optical and electrical monitoring of
biological phenomena.
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Chapter 6
Abstract in Korean
초록

바이오분자와 전기적 나노구조의
계면에 관한 연구
최근 나노재료가 바이오 물질에 주는 영향을 연구하기 위해
다양한 종류의 나노구조물에 대한 연구가 진행되어왔다. 나노
구조물은 그 크기가 세포를 이루고 있는 바이오 물질인 단백
질과 같은 물질들과 거의 비슷하기 때문에, 단백질의 구조와
기능 등에 직접적으로 영향을 줄 수 있고, 또한, 쉽게 바이오
물질과 결합하는 것으로 알려져 있다. 나노구조물 중에서 나노
와이어와 나노튜브는 그 고유의 역학적, 광학적, 전기적 특성
으로 인해, 바이오 분야의 응용에 많이 사용되는 물질이다. 하
지만, 아직까지 이러한 나노구조물과 바이오 물질 간의 상호작
용을 전기적, 혹은 광학적인 방법을 이용하여 높은 해상도로
관찰하는 연구는 진행되지 않았다.
본 연구에서는 첫 번째로, 세포의 초점접착과 나노구조물 사이
의 상호작용을 분석하기 위해 빛의 광학 한계 이하의 해상도
로 나노와이어를 이미징하는 기술을 개발하였다. 본 연구 결과,
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100 nm 이하의 굵기를 가지는 나노와이어를 형광으로 이미징
하는데 성공하였고, 이를 이용하여 나노와이어의 형태와 크기
를 분석하는 방법을 개발하였다.

또한 이 방법은 형광을 이용

하여 바이오 환경에서 사용할 수 있기 때문에, 이를 이용하여
나노와이어를 이미징함과 동시에 나노와이어 위에 자란 세포
의 초점접착을 이미징 할 수 있었고, 그 계면에서 발생하는 상
호작용을 분석할 수 있었다.

본 연구는 기존에 바이오 영역에

서만 사용되는 고해상도 형광 이미징 방법이 나노구조물의 고
해상도 이미징에도 사용될 수 있다는 것을 보여주고, 이는 기
존의 다른 방법에 비해 큰 장점을 가진다고 할 수 있다.
두 번째로, 후각 수용체의 작동을 모니터링하기 위해, 개코의
후각베지클-탄소나노튜브 기반 바이오 센서를 개발하였다. 개
발된 소자를 이용하여 1fM의 hexanal에 반응하는 cfOR5269
후각수용체의 반응을 실시간으로 모니터링할 수 있었다. 특히,
hexanal과 모양이 비슷하지만, 탄소의 개수가 조금씩 다른 물
질인 heptanal, pentanal, octanal 등에는 반응하지 않는 특성
을 보였는데, 이는 cfOR5269 후각수용체의 고유 특성이라고
알려져 있다. 또한, 이 소자가 우유가 부패될 때 발생하는
hexanal에도 반응하는 것을 보였다. 이 결과로 보았을 때, 이
센서 플랫폼은 음식물의 부패도 측정에 유용할 것으로 생각된
다.
마지막으로, 단백질 기반의 센서 플랫폼보다 더 간단한 구조를
만들기 위해 펩타이드와 탄소나노튜브 소자를 결합하여 펩타
이드 기반의 새로운 센서 플랫폼을 디자인하였다. 본 연구에서
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는 해산물이 부패될 때 생성되는 trimethylamine (TMA)에
반응하는 펩타이드를 사용하였는데, 끝 부분에 벤젠링을 가지
고 있는 phenylalanine 아미노산 체인을 붙여두어 탄소나노튜
브와 쉽게 결합할 수 있도록 설계하였다. 개발된 소자를 이용
하여 소자에 흡착된 펩타이드가 약 10 fM의 TMA와 결합하
는 것을 실시간으로 모니터링하였다. 또한, 이 소자를 이용하
여 해산물 외에 다른 음식물들을 테스트한 결과, 부패된 해산
물에만 특이적으로 반응하는 것을 관찰할 수 있었다.

주요어: 나노선, 탄소나노튜브, 세포, 단백질, 전계효과트랜지
스터
학번: 2008-20432
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