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Abstract 

Pham Ba Viet Anh 

Department of Physics and Astronomy 

Graduate School of Natural Sciences 

Seoul National University 

 

Cellular transport plays critical functions for the development and 

proliferation of cells. This process regulates the entry and release of 

biomaterials such as ions, neurotransmitters, proteins for cells. Because of its 

important roles, the cellular transport has been considered the key of drug 

development and medical therapy. In this dissertation, cellular transport such 

as Ca2+ influx, dopamine and cytokine release could be monitored in a real-

time manner by using biosensors based on semiconducting carbon nanotube 

(sCNT) transistors. Furthermore, these biosensors have been utilized to 

quantitatively evaluate the effects of antihistamine, antipsychotic and anti-

inflammatory drugs. The quantitative and real-time evaluation capability of 

our strategy would promise versatile applications such as drug screening and 

nanoscale biosensor researches. 

Firstly, we discussed the quantitative electrophysiological monitoring of 

histamine and antihistamine drug effects on live cells via reusable sensor 

platforms based on sCNT transistors. This method enabled us to monitor the 

real-time electrophysiological responses of a single HeLa cell to histamine 

with different concentrations. The electrophysiological responses were 

attributed to the activity of histamine type 1 receptors on a HeLa cell 

membrane by histamine. Furthermore, the effects of antihistamine drugs such 

as cetirizine or chlorphenamine on the electrophysiological activities of HeLa 

cells were also quantitatively evaluated. Significantly, we utilized only a 

single device to monitor the responses of multiple HeLa cells to each drug, 

which allowed us to quantitatively analyze the antihistamine drug effects on 
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live cells without errors from the device-to-device variation in device 

characteristics. 

Secondly, we developed floating electrode-based carbon nanotube 

biosensors for the monitoring of antipsychotic drug effects on the dopamine 

release from PC12 cells under potassium stimulation. Here, sCNT transistors 

with floating electrodes were functionalized with 2,2’-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals by Nafion films. This 

method allows us to build selective biosensors for dopamine detection with a 

detection limit down to 10 nM even in the presence of other neurotransmitters 

such as glutamate and acetylcholine, resulting from the selective interaction 

between ABTS radicals and dopamine. The sensors were also utilized to 

monitor the real-time release of dopamine from PC12 cells upon the 

stimulation of high-concentrated potassium solutions. Significantly, the 

antipsychotic effects of pimozide on the dopamine release from potassium-

stimulated PC12 cells could also be evaluated in a concentration-dependent 

manner by using the sensors. 

Lastly, we reported modified floating electrode-based sCNT sensors for 

the detection of tumor necrosis factor α (TNFα), a pro-inflammatory cytokine 

related with inflammatory bowel disease (IBD). Here, antibodies (anti-TNFα) 

were immobilized on the floating electrodes of sCNT sensors, enabling 

selective and real-time detection of TNFα among various cytokines linked to 

IBD. This sensor was able to detect the concentrations of TNFα with a 

detection limit of 1 pg/L, allowing to quantitatively monitor the anti-

inflammatory effect of a drug, lupeol, on the activation of the LPS-induced 

nuclear factor κB signaling in mouse macrophage Raw 264.7 cells. 

 

Keyword: semiconducting carbon nanotube, field-effect transistor, floating 

electrode, real-time monitoring, living cell, drug evaluation. 

Student Number: 2014-30847
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Chapter 1. Introduction 

1.1. Cellular transport 

Cellular transport refers to the movement of substances such as ions, 

neurotransmitters and proteins across the plasma membrane of a cell. The 

process is necessary for the uptake of nutrients, the elimination of wastes, and 

cell signaling [1,2]. The cell membrane is composed of a phospholipid bilayer 

which can allow hydrophobic and small polar molecules such as oxygen and 

water to easily diffuse through by selective permeability. Whereas, ions and 

some molecules such as proteins cannot pass through the phospholipid bilayer 

because of their charge and large size. The transport of ions, large molecules 

and hydrophilic molecules is regulated by specific membrane transport 

proteins in the cell membrane. Therefore, the activities of membrane transport 

proteins can be evaluated via the monitoring of cellular transport. The 

membrane transport proteins embed in and bridge the phospholipid bilayer 

forming gates which can assist the transport of such substances between the 

exterior and cytosol of the cells. Based on functional and operating 

differences, the membrane transport proteins are classified to three main types 

including channels, transporters and pumps (Figure 1.1) [3]. 

 

Figure 1.1. Schematic diagrams illustrating three main types of membrane 

transport proteins. 
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Ion channels form passageways across the cell membrane to transport 

ions down concentration or electrochemical gradients. The ion channels play 

crucial roles in the maintenance of membrane potential and the responses of 

electrophysiological activities. On the other hand, transporters bind to 

molecules, resulting in their conformational changes to transport these 

molecules across the cell membrane. Pumps use energy from ATP hydrolysis 

to transport substances such as ions or molecules across the cell membrane 

against concentration or electrochemical gradients. Since membrane transport 

proteins play key functions and roles for cell metabolism and proliferation, 

the membrane transport proteins are targets for new drug discovery and 

medical treatments. 
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1.2. Conventional methods for the monitoring of cellular 

transport 

Conventional methods such as fluorescence assays, enzyme-linked 

immunosorbent assay (ELISA) technique, cyclic voltammetry and patch 

clamp have been utilized extensively to monitor cellular transport. However, 

these techniques have their own limitations. For example, fluorescence assays 

could be used to evaluate the activities of Ca2+ channels by the measurements 

of cytosolic Ca2+ concentrations via fluorescent probe signals [4,5]. However, 

fluorescent signal intensity can decay overtime, resulting in the difficulty of 

quantitative evaluation. Moreover, labeling processes required time-

consuming steps. Another optical method is ELISA technique, which is 

mostly used to detect antigens in liquid samples such as cell supernatants and 

serums [6,7]. ELISA technique bases on the specific interactions between 

antibody and target antigen. Therefore, the ELISA technique requires multi-

step manipulation and this is an indirect monitoring method. 

Meanwhile, electrical methods such as cyclic voltammetry and patch 

clamp have exhibited outstanding performances in the monitoring of cellular 

transport. Based on redox processes on a working electrode, cyclic 

voltammetry can detect redox substances [8,9]. However, electrodes could be 

contaminated by the products of electrochemical reactions or agents in an 

ambient environment, resulting in the dependence of signals on experimental 

conditions and the difficulty of data estimation. Moreover, the detection limit 

of common electrochemical techniques is only at a micromolar level. The 

patch clamp methods exhibit high temporal and spatial resolution for the 

monitoring of electrophysiological activities in a cell [5,10]. This method 

allows us to monitor the activities of ion channels by the recording of ion 

currents across a cell membrane. For a measurement, a microelectrode forms 

a high resistance seal with the cell membrane. Therefore, the operation of this 

method requires complicated manipulations and invasive processes. 



4 

 

Furthermore, the patch clamp methods could measure an ion flux only at a 

specific location of a cell membrane rather than the electrical potential of the 

whole cell membrane, and, thus, it could only monitor the partial intracellular 

electrical signal pathways. 
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1.3. Monitoring of cellular transport using sCNT transistors 

Various label-free techniques have been developed to overcome the 

drawbacks of conventional methods while still maintaining a high sensitivity 

and selectivity. For example, nanoscale devices based on CNTs have been 

utilized to monitor the activities of various cells [11-14]. 

 

Figure 1.2. Single-walled CNT structures with different chirality. 

CNTs (Figure 1.2) formed by the rolling-up of graphene sheets possess 

many notable properties such as high resistivity, high current density, high 

mobility, high tensile strength. Depending on the rolling-up direction of the 

graphene sheets, CNTs are either metallic or semiconducting [15]. Field-

effect transistor (FET) devices based on sCNT with advantages such as high 

performance, versatile applications and real-time measurements allow us to 

monitor cellular transport processes and apply to various fields such as 

research tool development and drug screening. The successful development 

of CNT-FET devices for the detection of biomaterials shows that CNT-FET 

sensors have been considered as a potential candidate for the quantitative 

monitoring of cellular transport [16-18]. Moreover, it also indicates that a 

CNT-FET device functionalized with compatible materials could be used as 

an effective tool for the biomaterial detection and drug screening. 
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Figure 1.3. Plausible sensing mechanisms of biosensors based on p-type 

sCNT transistors. (a) Electrostatic gating effects. (b) Schottky barrier 

modulation. 

The sensing mechanisms of sCNT biosensors have been suggested to be 

mainly associated with electrostatic gating effects and Schottky barrier 

modulation [19]. Electrostatic gating effects can be used to explain the 

mechanism of sensors with passivated metal-CNT contact regions. Figure 

1.3(a) illustrates electrostatic gating effects on the conductance of p-type 

sCNT transistors. Built-in energy Φi is an energy barrier against the diffusion 

of hole carriers from the sCNT to the metal [20]. Φi can be modulated by the 

application of a gate voltage bias Vg. Negative gate voltages (Vg < 0) induce 

the accumulation of hole carriers in the CNTs via the elevation of energy 

bands, resulting in the conductance increase of the CNT transistor. 

Conversely, positive gate voltages (Vg > 0) reduce the energy bands of CNTs, 

inducing the depletion of the hole carriers. As a result, the hole depletion 

decreases the electrical conductivity of the p-type CNT transistors [21,22]. 
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Moreover, the electrostatic gating effects can be induced by charged species 

adsorbed on CNTs. Therefore, target species can be distinguished by the 

sCNT transistors. 

On the other hand, Schottky barrier modulation is a relevant mechanism 

to explain the sensing of floating electrode-based CNT sensors. The binding 

of target species to probes immobilized on the surfaces of metal floating 

electrodes can modulate the work function of the metal [22,23]. For example, 

the adsorption of positively charged species on or near the metal-CNT contact 

regions raises the metal work function ΦM, resulting in the decrease of 

Schottky barrier height ΦB (Figure 1.3(b)) [17]. For p-type sCNT transistors, 

ΦB is an energy barrier formed at the metal-CNT contact region against the 

flow of hole carriers from the metal electrode to the sCNT [20]. Therefore, a 

ΦB reduction increases the hole carrier transport from the electrode to the 

sCNT, inducing the conductance increase in the p-type sCNT transistors. 
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1.4. Fabrication procedure of sCNT transistors 

 

Figure 1.4. Schematic diagram showing the fabrication procedure of sCNT 

transistors. 

In this dissertation, glass slides or silicon wafers were utilized as 

substrates to fabricate sCNT transistors. Figure 1.4 illustrates the fabrication 

procedure of sCNT transistors by two different sCNT assembly methods. 

Glass slides were soaked into a piranha solution (the 3:1 mixture of a 

concentrated sulfuric acid solution and a 30% wt. hydrogen peroxide solution) 

to remove organic residues on the surface before CNT assembly. CNT 

solutions were prepared by the dispersion of sCNTs in 1,2-dichlorobenzene 

via an ultrasonication. Then, CNTs were assembled on the substrates by a 

spin coating method or a dipping method. For the spin coating method, a 

CNTs suspension was spin coated on the substrate at 5000 rpm. Meanwhile, 

a self-assembled monolayer of octadecyltrichlorosilane with nonpolar 

terminal groups was adsorbed on the substrate to form channel patterns for 

the dipping method. To assemble CNTs on channels, the patterned substrate 

was immersed in the CNT solution for 10 s and rinsed with 1,2-

dichlorobenzene. Subsequently, the source, drain, and floating electrodes 

(Pd/Au, 10 nm/30 nm) were fabricated by conventional photolithography 
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processes including a thermal evaporation deposition and a lift-off process. 

Lastly, source and drain electrodes were passivated by an aluminum oxide 

layer (Al2O3, 100 nm) or a photoresist layer (DNR) to eliminate leakage 

currents during electrical measurements in an aqueous environment. 
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1.5. Basic characteristics of sCNT transistors 

 

Figure 1.5. Topography image of sCNT transistors with three floating 

electrodes using two different CNT assembling methods. 

Topography image of sCNT transistors taken by an atomic force 

microscopy (AFM) system (MFP-3D, Asylum Research) in a tapping mode 

shows the orientation of CNTs in junction areas of the transistors with three 

floating electrodes (Figure 1.5) [11,24]. Using the spin coating method, 

almost CNTs aligned along the channel direction. Previous works reported 

that the alignment of CNTs could improve the connectivity between 

electrodes and reduce lateral connections between current paths. Therefore, 

the formation of semiconducting paths was significantly increased, resulting 

in the enhancement of a device transconductance and a sensor sensitivity 

[25,26]. On the other hand, for the assembly of CNT by the dipping method, 

OTS patterns could increase the density of CNTs in a channel. The AFM 

image shows only a small portion of CNTs near channel boundaries was 

aligned along the channel direction, while most of them in the middle of the 

channel exhibited random orientations. The channel also exhibited well-

defined boundaries without any crossing of CNTs, which indicates that the 

dipping method can be utilized for the highly selective assembly of purified 

sCNTs. 
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Figure 1.6. Liquid gating effect of a sCNT transistor measured in a buffer 

solution. 

Figure 1.6 shows the gating effect curve of a sCNT transistor obtained 

by using an Ag/AgCl liquid gate electrode as a liquid gate in a buffer solution. 

A bias voltage between source and drain electrodes was maintained at 0.1 V, 

while a gate bias voltage (Vlg) was swept from -0.5 to 0.5 V. The source-drain 

current (Ids) of the transistor was measured by a semiconductor 

characterization system (Keithley, 4200, USA). The curve shows a decreasing 

source-drain current with an increasing gate bias. It implies that our device 

exhibited p-type characteristics. In addition, the current decreased drastically 

by a small gate bias change, indicating the high sensitivity of our sCNT 

transistors. 
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Chapter 2. Reusable sCNT transistors for the 

evaluation of antihistamine drugs via Ca2+ influx into 

HeLa cells 

2.1. Introduction 

Histamine, which acts as a neurotransmitter in central nervous systems, 

can influence many biological processes such as neuronal excitation and 

immune regulation via the activation of histamine receptors on cell plasma 

membranes [1-4]. One type of the histamine receptors is histamine type 1 

receptor (H1R) which belongs to the family of G-protein-coupled receptors. 

The activation of H1Rs by histamine triggers many intracellular 

electrophysiological signaling pathways including the increase of 

intracellular calcium ions (Ca2+) by the opening of Ca2+ channels in a cell 

plasma membrane [2,5,6]. In non-excitable cells such as HeLa cells, the 

stimulation of H1Rs embedded in the cell membrane generates the rise of 

cytosolic free Ca2+ concentrations [7]. By measuring the changes of Ca2+ 

concentrations as well as Ca2+ influx into cells, the electrophysiological 

effects of histamine and antihistamine drugs could be evaluated. In order to 

quantitatively monitor the Ca2+ influx into the cells, sensitive and reliable 

measurement techniques are required. 

The effects of histamine and antihistamine drugs have been studied 

extensively using various methods such as fluorescence assays and 

electrophysiological techniques [8-10]. On the other hand, nanoscale devices 

have been developed to explore the electrophysiological activities of adherent 

cells with rather easy procedures [11-13]. However, nanoscale devices 

usually exhibited different characteristics from one device to another, which 

made it difficult to quantitatively analyze the data measured by nano-devices. 

Furthermore, the direct growth of cells on devices might affect the 
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characteristics of the nano-devices, resulting in a difficulty in comparing the 

data measured by different nano-devices. 

 

Figure 2.1. Schematic diagram depicting an experimental procedure for the 

monitoring of Ca2+ influx into a cell. 

Herein, we report a method for the quantitative electrophysiological 

monitoring of the antihistamine drug effects on live cells using reusable 

sensors based on sCNT transistors (Figure 2.1). In this work, HeLa cells were 

first floated in a solution, and one of the cells was placed on the junction area 

of a reusable sensor via a microcapillary manipulation for the monitoring of 

its electrophysiological responses to histamine and antihistamine drugs. 

Significantly, for repeated measurements, the measured cell was replaced 

with a new cell on the same reusable sensor, enabling quantitative evaluation 

without being suffered from the device-to-device variation of device 

characteristics. The method was utilized to quantitatively monitor the 

electrophysiological responses of HeLa cells to histamine by evaluating the 

conductance changes of a reusable sensor. These conductance changes were 

attributed to Ca2+ influx through ion channels on a HeLa cell membrane due 
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to the activation of H1Rs by histamine. The pretreatments of HeLa cells with 

antihistamine drugs such as cetirizine or chlorphenamine reduced Ca2+ influx 

into the cells, which indicates that the activation of H1Rs was inhibited by 

antihistamine drugs [14]. Importantly, for each experimental set, we utilized 

only a single device to evaluate the activity of H1Rs in multiple HeLa cells, 

which allowed us to obtain statistically meaningful and quantitative results 

about the antihistamine drug effects without errors from device-to-device 

variations. Our work should provide a simple but powerful method for various 

biomedical applications such as drug screening and pharmaceutical studies at 

a single-cell-level. 
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2.2. Characteristics of reusable sensors 

 

Figure 2.2. Microscopic image showing a Hela cell captured by using a 

microcapillary on a reusable sensor. 

Figure 2.2 shows the optical image of a single HeLa cell placed on a CNT 

junction area using a microcapillary. Only the junction area including floating 

electrodes of the reusable sensor was exposed to a single HeLa cell during 

drug response experiments. It allows us to eliminate leakage currents and 

possible non-specific effects from other cells during sensing experiments in a 

liquid environment. Significantly, since HeLa cells were not directly cultured 

on device surfaces, they did not alter the characteristics of reusable sensors. 

Furthermore, the measured cell could be easily removed from sensor surfaces, 

and the used sensors could be reused for additional measurements with 

different cells, which allowed us to obtain statistically-meaningful results 

without suffering from possible errors due to device-to-device variations. 

Note that, unlike a patch clamp method, we do not need to form a hole or a 

high resistance seal on a cell membrane using a micropipette, and, thus, our 

method could be a convenient and non-invasive method. Furthermore, our 

method could quantitatively monitor electrophysiological signals at a single-

cell-level, which would be a significant advantage for biomedical researches 

and applications. 
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2.3. Monitoring of histamine-induced Ca2+ influx into HeLa 

cells 

 

Figure 2.3. Quantitative electrophysiological monitoring of the effect of 

histamine drug on HeLa cells. (a) Schematic drawing sketching the 

mechanism of a histamine-stimulated Ca2+ influx into a cell via Ca2+ channels. 

(b) Schematic diagram showing the sensing mechanism of a reusable sensor 

for the monitoring of histamine-stimulated Ca2+ influx into a Hela cell. (c) 

Real-time responses of a reusable sensor with and without a Hela cell during 

the injection of 100 mM histamine. (d) Relative conductance changes of a 

single reusable sensor in response to Hela cells stimulated by histamine at 

various concentrations. Data are expressed as means ± SEM (standard error 

of the mean), (n = 3). 
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The changes of Ca2+ concentrations in cells could be mediated by two 

well-known mechanisms, namely Ca2+ releases from intracellular stores and 

Ca2+ influx through specialized channels on a plasma membrane [15,16]. 

Figure 2.3(a) depicts the mechanism of Ca2+ influx via store-operated calcium 

channels (SOCCs) and voltage-dependent calcium channels (VDCCs) opened 

by the histamine stimulation on H1Rs. HeLa cells are known to possess 

histamine receptors including H1Rs [9,14]. In a resting state, ion channels 

such as SOCCs and VDCCs on a cell membrane are closed. When histamine 

molecules interact with H1Rs, IP3 molecules are generated as a second 

messenger in an intracellular signaling pathway. Subsequently, the activities 

of IP3 induces Ca2+ release from intracellular stores which mediates Ca2+ 

influx through SOCCs referred to as capacitive Ca2+ entry. In turn, the further 

entry of Ca2+ is promoted through VDCCs which are opened by membrane 

depolarization [7,17,18]. 

Once Ca2+ flows into a cell through the opening of ion channels, a 

negative potential on the extracellular side of a plasma membrane increases 

(Figure 2.3(b)). Note that the electric currents of our reusable sensors increase 

with a negative gate bias (Figure 1.6). Thus, the stimulation of HeLa cells by 

histamine can cause the conductance increase of reusable sensors, which 

could be used to evaluate the interaction between ligands and receptors on a 

cell membrane. Figure 2.3(c) shows real-time relative conductance changes 

measured by a floating electrode-based reusable sensor with or without a 

HeLa cell during the injection of histamine. The relative conductance level of 

the reusable sensor with a HeLa cell increased by ~10% when a histamine 

solution was injected, while that of the reusable sensor without a cell 

exhibited no response. The conductance increase by the histamine injection 

could be attributed to the activity initiated by H1Rs in the HeLa cell. Once 

histamine molecules bound to H1Rs, Ca2+ flowed into the cell, which 

generated a temporary negative potential in a gap between the cell and the 
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CNT junction area of the reusable sensor (Figure 2.3(b)). Note that since our 

reusable sensor exhibited p-type characteristics, the increase of a negative 

potential would cause the increase of its conductance [19]. The increased 

conductance was recovered back to the original value after 50 s. This 

conductance recovery was probably due to the repolarization process of the 

cell and the charge balance of a bath solution. As reported previously, the 

influx of Ca2+, which increased positive charges within a cell, was followed 

by the outflux of potassium ions (K+) from the cell [2]. Moreover, cations in 

a bath solution could diffuse into the gap to neutralize excess negative charges. 

Both of these factors probably resulted in the conductance recovery of the 

reusable sensor after the response of the histamine injection. This data clearly 

indicates that our reusable sensors could detect the electrophysiological 

effects of histamine on HeLa cells. Significantly, since our method just 

measure the surrounding potential changes without damaging cells, it could 

be applied for the study of the electrophysiological responses of various cell 

lines in a non-invasive manner. 

 

Figure 2.4. Repeated measurements for the responses of a single reusable 

sensor to multiple Hela cells during the injection of 100 mM histamine. 

To confirm the repeatability of our reusable sensor, we carried out 

measurements three times for each concentration of histamine using the same 
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reusable sensor (Figure 2.4). Note that, even after twenty-one measurements, 

the responses of the reusable sensor still remained similar to the initial 

measurement, indicating our sensors can be repeatedly utilized for the 

electrophysiological monitoring of multiple cells. 

The responses of a HeLa cell to histamine could be quantified by the 

relative conductance changes of our reusable sensor. Figure 2.3(d) shows the 

conductance responses of a reusable sensor by the stimulation of different 

concentration histamine solutions in the range from 100 nM to 100 mM. The 

dose-response curve was fitted by a Hill equation written as [20] 
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Here, ΔG/G0 and ΔG/G0max are a relative conductance change and the 

maximum value of relative conductance changes, respectively. CHis and EC50 

are the concentration of histamine in a solution and the concentration of 

histamine giving a half-maximal relative conductance change, respectively. n 

is a Hill coefficient. In case of drug screening experiments, the potency of 

specific drugs can be represented by the values of pEC50 which is defined as 

-log10(EC50). The fitting analysis on our data shows that the estimated value 

of pEC50 by histamine stimulation was 5.78 ± 0.23, which was similar to a 

previously-reported value measured by a fluorescent method [8]. Also, note 

that when the concentrations of histamine solutions were larger than 10 µM, 

the cell responses saturated and have similar values for different 

concentration histamine solutions, which is consistent with previous works 

[8,20,21]. Moreover, a such statistically-meaningful quantitative 

measurement was made possible because this method allows us to perform 

repeat measurements for multiple cells using a single reusable sensor device 

and thus to minimize possible errors from device-to-device variations of its 

characteristics. 
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2.4. Effect monitoring of antihistamine drugs on histamine-

induced Ca2+ influx 

 

Figure 2.5. Quantitative electrophysiological monitoring of antihistamine 

drug effects using reusable sensors. (a) Schematic diagram of the effect 

mechanism of antihistamine drugs on histamine-stimulated Ca2+ influx into a 

Hela cell and chemical structures of them. (b) Real-time electrophysiological 

responses of cetirizine pretreated and non-pretreated HeLa cells to the 

injection of 100 µM histamine. (c) Dose dependent responses of reusable 

sensors to Hela cells pretreated with antihistamine drugs at various 
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concentrations during the injection of 100 µM histamine. Data are expressed 

as means ± SEM, (n = 3). 

Figure 2.5(a) describes the mechanism of antihistamine drug effect on 

Ca2+ influx into a HeLa cell. In this work, we evaluated the effects of 

cetirizine and chlorphenamine as antihistamine drugs which were known as 

inverse agonists. Once inverse agonists bind with H1Rs, the H1Rs are 

converted to inactive forms, and the receptor activity of cells is down-

regulated [14]. Thus, the activation of H1Rs by histamine is degraded, 

resulting in the decrease of Ca2+ influx through SOCCs into the cells. In turn, 

Ca2+ influx via the opening of VDCCs should be decreased due to the reduced 

membrane depolarization. Thus, the quantitative effects of antihistamine 

drugs to HeLa cells can be evaluated by monitoring the membrane potential 

change caused by the Ca2+ influx into the cells. 

Figure 2.5(b) shows the real-time electrophysiological responses of HeLa 

cells pretreated with or without cetirizine, one of the antihistamine drugs. To 

study the effect of cetirizine, HeLa cells were incubated with a Ca2+-free bath 

solution including 50 µM cetirizine for 15 min before the cells were 

transferred and assembled on a reusable sensor. To trigger Ca2+ influx into 

cells, a bath solution with histamine was injected so that the final 

concentration of histamine was 100 µM. The relative conductance change of 

the reusable sensor with the HeLa cell pretreated with cetirizine was ~5%, 

which was significantly smaller than that of the reusable sensor with a non-

pretreated HeLa cell (~13%). This result indicates that cetirizine worked as 

an antihistamine drug on the HeLa cells assembled on the reusable sensor, 

and our method can be utilized to measure the effect of antihistamine drugs 

in real time. 

We could also quantitatively monitor the electrophysiological effects of 

different antihistamine drugs with various concentrations (Figure 2.5(c)). 

Here, HeLa cells were incubated with bath solutions including cetirizine or 
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chlorphenamine with various concentrations ranging from 10 to 200 µM. 

Then, the response of individual HeLa cells by the injection of 100 µM 

histamine was measured using a single reusable sensor. For a reliable 

statistical analysis, we repeated measurements three times for each 

antihistamine drug concentration using the same reusable sensor. Dose-

response curves showed the drastic decrease of the relative conductance 

changes of a reusable sensor for HeLa cells pretreated with chlorphenamine. 

Importantly, the relative conductance changes of a reusable sensor for HeLa 

cells pretreated with cetirizine were smaller than those with chlorphenamine. 

The result is also consistent with previous reports showing that 

chlorphenamine was a stronger inverse agonist than cetirizine [14,22]. To 

quantitatively estimate the effect of antihistamine drugs, the results were 

analyzed by a Hill equation for inhibitors like 
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Here, ΔG/G0min is the minimum value of relative conductance changes. 

CAntihis and IC50 are the concentration of an antihistamine drug in a solution 

and that of an antihistamine drug giving a half-maximal relative conductance 

change, respectively. Antihistamine drugs are inhibition drugs whose role is 

blocking the binding of histamine to receptors. In this case, the potency of 

such drugs can be evaluated by a pIC50 value which is defined as -log10(IC50) 

and representing an inhibition efficiency rather than a binding efficiency. By 

fitting the data, pIC50 values for cetirizine and chlorphenamine were directly 

calculated from dose-response curves to be 4.70 and 5.77, respectively. These 

pIC50 values quantitatively indicate that the measured potency of 

chlorphenamine was higher than that of cetirizine as reported previously [22]. 

Significantly, previous works show that chlorphenamine inhibited the activity 

of H1Rs with pIC50 values in the range of 3.86 - 6.28, which is consistent with 

our measurement results [23-25]. This result supports the validity of our 
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method. Furthermore, the measured response data in Figure 2.5(c) can be 

utilized to estimate the quantity of H1Rs which were still active with 

antihistamine drugs. For example, the HeLa cells pretreated with 10 µM 

chlorphenamine exhibited a relative conductance change of ~40% compared 

with the response of non-pretreated cells. It implies that ~60% of H1Rs on a 

cell membrane shifted to inactive forms by chlorphenamine, which was 

consistent with previous results measured by conventional methods [14]. To 

fully appreciate our method, the Cheng-Prusoff equation was used to estimate 

inhibitor constants, Ki, which are indicators for the efficiency of drugs [26]. 
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pKi values, defined as -log10(Ki), for cetirizine and chlorphenamine were 

calculated from the Cheng-Prusoff equation to be 6.49 and 7.56, respectively. 

These results clearly show that our method can be utilized to quantitatively 

evaluate the effect of antihistamine drugs. Considering that the statistically-

meaningful quantitative measurement of drug effects using high-performance 

nanoscale devices have been extremely difficult due to rather large device-to-

device variations of its characteristics, our strategy can be a significant 

breakthrough in the various applications of nanoscale devices such as drug 

screenings and electrophysiological study of cell activities. 
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2.5. Summary 

In summary, we report a strategy using a single reusable sensor device to 

quantitatively monitor the electrophysiological responses of multiple 

individual cells to histamine and antihistamine drugs. Here, we could 

repeatedly measure the real-time response of HeLa cells to histamine drugs 

quantitatively using the same reusable sensor device. Results have showed 

that our method enables the statistically-meaningful quantitative evaluations 

without suffering from the errors by the device-to-device variations of sensor 

characteristics. Using this method, we demonstrated the quantitative 

evaluation of the effect of antihistamine drugs such as cetirizine and 

chlorphenamine and found that chlorphenamine had a better efficacy than 

cetirizine as reported previously [22]. Since our strategy takes an advantage 

of high-performance nanoscale devices while still enabling the statistically-

meaningful evaluations, it can be a powerful tool for various applications such 

as drug screening and therapeutic monitoring. 
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Chapter 3. Nafion-radical films on sCNT transistors 

for the evaluation of antipsychotic drugs via dopamine 

release from PC12 cells 

3.1. Introduction 

Dopamine is one of the important neurotransmitters, which regulates a 

wide variety of functions in the central nervous system. Dopamine 

dysfunctions in the nervous system are concerned with various neurological 

symptoms such as Parkinson’s disease and schizophrenia [1,2]. It has been 

reported that the concentration changes of potassium ions (K+) in the brain 

may induce neurological disorders including the release of neurotransmitters 

as dopamine [3,4]. Therefore, the real-time monitoring of the K+-evoked 

dopamine release from neural cells should be important for the understanding 

of dopaminergic dysfunctions. Moreover, the primary therapy of 

schizophrenia is based on the regulation of dopaminergic functions by 

antipsychotic drugs. Previously, it was reported that antipsychotic drugs 

inhibited dopamine receptor activities and reduced K+-evoked dopamine 

release [2,5]. Thus, one method to monitor the efficacy of antipsychotic drugs 

can be the monitoring of the dopamine release from drug-pretreated cells 

under K+-stimulation. 

Field-effect transistor (FET) devices have shown distinct advantages, and 

they have been extensively used to detect dopamine in various environments 

[6-9]. However, they were not utilized to evaluate the efficacy of actual 

antipsychotic drugs as well as real-time cellular measurements. Herein, we 

report a Nafion-radical hybrid film on a floating electrode-based sCNT sensor 

to monitor the effects of an antipsychotic drug, pimozide, on the dopamine 

release from living cells (Figure 3.1). 
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Figure 3.1. Schematic diagram depicting preparatory processes for the 

detection of dopamine released from living PC12 cells by using an NRC 

sensor. 

In this work, a floating electrode-based CNT-FET device was coated by 

a Nafion film containing 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) (ABTS) radicals to build a selective biosensor (NRC sensor) for the 

detection of dopamine. In aqueous solution, ABTS radicals can selectively 

react with dopamine, which was detected by underlying sensors for selective 

sensing. Negatively charged Nafion films not only acts as catalytic layers to 

positively charged dopamine molecules but also as a matrix holding ABTS 

radicals to enhance the sensitivity of NRC sensors to dopamine. This sensor 

can selectively monitor the variation of dopamine concentrations down to a 

10 nM level and distinguish dopamine from other neurotransmitters. We 

demonstrated the real-time monitoring of K+-evoked dopamine release from 

PC12 cells using our sensors. Significantly, the sensors were utilized to 

evaluate the effects of pimozide on the dopamine release of K+-stimulated 

PC12 cells. This is a selective and sensitive sensor, which can be utilized for 

versatile biological and medical applications. 
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3.2. Characteristics of NRC sensors 

To build NRC sensors, a Nafion solution (0.5% in ethanol) containing 

1.4 mM ABTS and 0.49 mM K2S2O8 was mixed in an ultrasonic bath for 30 

min to form a coating solution. Afterward, 2 μL of the coating solution 

containing ABTS radicals was directly dropped on a floating electrodes-

based CNT-FET device. Then, the device was dried in a nitrogen atmosphere 

at room temperature to form a stable and thin film upon the device. 

 

Figure 3.2. Characterization of a Nafion-radical hybrid film on a floating 

electrode-based CNT sensor. (a) Optical image of an NRC sensor. (b) AFM 

topography image with a height profile of a nafion-radical hybrid film on an 

NRC sensor. (c) Raman spectra of the CNT regions of an NRC sensor (marked 

by “NRC”) and two different CNT-FET devices: a floating electrode-based 

CNT-FET device coated with a Nafion layer (marked by “NCF”) and a bare 

floating electrode-based CNT-FET device (marked “Bare”). 

The quality of an NRC sensor was checked by imaging the surface 

structure of the sensor. Figure 3.2(a) shows the optical image of an NRC 

sensor including five floating electrodes and the topography image of a sensor 

surface. The optical image was obtained by using an optical microscope (XY-

MRT, Sunny) equipped with a charge-coupled device (CCD) camera (SDC-

415S, Samsung). The image shows well-defined electrodes with the 10 μm × 

60 μm dimension for each floating electrode. Furthermore, the topography 

image of an NRC sensor taken by an AFM system in tapping mode with a 
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scan rate of 0.3 Hz shows a uniform Nafion layer on the NRC sensor (Figure 

3.2(b)). The thickness of the Nafion film could be estimated as ~200 nm using 

the AFM topography image on the boundary of the film. 

To confirm the functionalization of an NRC sensor by ABTS radicals, 

we performed the Raman scattering spectroscopy analysis on the devices with 

or without ABTS radicals. Figure 3.2(c) shows the Raman spectra of an NRC 

sensor, a floating electrode-based CNT-FET device coated with a pure Nafion 

layer without ABTS radicals (NCF sensor), and a bare CNT-FET device with 

floating electrodes. Raman spectra were measured at CNT channel areas by 

using a Raman spectroscope (XperRam 200, Nanobase) in a single mode. The 

Raman spectrum (black line) of CNTs on a bare device exhibits a rather large 

G-band peak (1588 cm-1) as well as a much smaller D-band peak (1314 cm-

1), indicating the small number of defects in the used sCNTs [10,11]. These 

results support the high quality of sCNT channels in our devices. The Raman 

spectra of the NRC sensor exhibit vibration bands at characteristic 

wavenumbers such as 690, 862, 1046, 1201, 1255, and 1592 cm-1, which can 

be associated with ABTS radicals as reported previously [12,13]. It indicates 

the presence of ABTS radicals in the Nafion layer on the NRC sensor. This 

result clearly shows that our device was successfully functionalized with a 

Nafion-radical hybrid film. 
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3.3. Discrimination of dopamine by NRC sensors 

 

Figure 3.3. Responses of an NRC sensor to the presence of neurotransmitter 

solutions. (a) Schematic diagram showing the sensing mechanism of NRC 

sensors to dopamine. (b) Real-time responses of an NRC sensor to different 

neurotransmitters such as L-glutamate (Glu), acetylcholine (Ach), and 

dopamine (DA). (c) Chemical structures of the neurotransmitters. 

Figure 3.3(a) depicts a schematic diagram showing the sensing 

mechanism of an NRC sensor for dopamine molecules. Once dopamine 

molecules approach the surface of an NRC sensor, redox reactions between 

dopamine molecules and ABTS radicals occur [14-16]. These redox 

reactions generate H+, which can interact with the sulfonate groups of Nafion, 

resulting in the increase of positive potentials in a Nafion film on the NRC 

sensor. Here, Nafion not only acts as an ion binder and a signal transporter, 

but also plays a role as an insulator to prevent the effects of an ambient 

environment on the sensor. Note that as CNT channels in our sensors 

exhibited p-type characteristics, the increase of positive potentials would 

cause the decrease of their conductance (Figure 1.6). Thus, once a dopamine 
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solution is added on an NRC sensor, the increased positive potential in the 

Nafion film upon the device causes the decreased electrical conductance. 

To investigate the selectivity of our NRC sensor, we measured electrical 

currents through an NRC sensor during the additions of other 

neurotransmitters such as glutamate and acetylcholine, which can be released 

with dopamine from stimulated cells [17]. Figure 3.3(b) shows the electrical 

current changes in an NRC sensor during the additions of various 

neurotransmitters. The graph indicates that only the addition of dopamine 

caused an electrical current decrease, whereas the additions of glutamate and 

acetylcholine did not affect the electrical current in the NRC sensor. These 

results show that our NRC sensor could be used to selectively detect 

dopamine even in a mixed solution. Note that the responses of NRC sensors 

come from the interactions between ABTS radicals and aromatic hydroxyl 

(OH) groups. Therefore, our sensors can be applied to detect a broad range of 

biomolecules with aromatic OH groups such as dopamine, uric acid, and 

ascorbic acid. In our work, the NRC sensors were used to monitor dopamine 

released from cells stimulated by K+. In this case, K+-stimulated cells are 

reported to release neurotransmitters such as dopamine, glutamate, and 

acetylcholine, and dopamine is the only chemical substance with aromatic 

OH groups (Figure 3.3(c)) [4,17-19]. Thus, we performed the selective 

sensing experiments with other neurotransmitters, showing that our method 

can be used to selectively detect dopamine out of all neurotransmitters 

released from K+-stimulated cells. 

Figure 3.4(a) shows the real-time changes of electrical currents in an 

NRC sensor during the additions of dopamine solutions at various 

concentrations in the range of 10 nM to 100 μM. The graph shows a sharp 

decrease in the source-drain current of the NRC sensor after the addition of a 

dopamine solution, and then the electrical current gradually stabilizes. 

However, there were no significant changes in an electrical current through a 
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bare floating electrode-based CNT-FET device during the additions of 

dopamine solutions (Figure 3.4(b)). Note that the NRC sensor exhibited 

current changes much larger than noise amplitudes even at 10 nM. These 

results indicate that our method can discriminate dopamine at various 

concentrations with the detection limit of 10 nM, which is lower than most of 

previous sensors (Table 3.1). 

 

Figure 3.4. Responses of three different sCNT sensors to the presence of 

dopamine solutions. Real-time electrical current measurements of an NRC 

sensor (a), an NCF sensor (b) and a bare sensor (c) during the additions of 

dopamine solutions with different concentrations ranging from 1 nM to 100 

μM. (d) Dose-dependent responses of NRC sensors to various concentrations 

of dopamine. Data are expressed as means ± SEM, (n = 5). 

As a control experiment, we measured the response of an NCF sensor to 

dopamine (Figure 3.4(c)). The results show negligible current changes of less 

than 3% by the dopamine with the concentrations up to 100 μM, which is 

much smaller than the signals by our NRC sensors with ABTS radicals. The 
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response of the NCF sensor may be attributed to the electrostatic interactions 

between dopamine molecules and the Nafion film, which may also cause 

unexpected effects on the responses of NRC sensors to dopamine [6,14,20]. 

However, the control experiment results show that these effects are not 

significant for dopamine concentrations up to 100 μM. It also should be 

mentioned that the response time of our sensor was ~25 s, which was rather 

fast compared with previous dopamine sensors (Table 3.1). Previous works 

showed that the diffusion time of H+ in a Nafion film depended on the film 

thickness, which may delay sensor responses [21]. However, in our case, the 

response time of the sensor was rather fast compared with previous works and 

enough for practical applications, indicating that the time delay by the 

diffusion in the Nafion film was not a significant problem in our sensors. 

Moreover, the quick responses of the NRC sensor imply that our sensors can 

be used for real-time monitoring applications. 

Table 3.1. Detection limit and response time of NRC sensors to dopamine 

detection comparing with previous methods. 

Method Detection Limit Response Time Reference 

Electrochemistry 5 µM 20 - 40 sec [18] 

Graphene-FET 1 nM 100 sec [6] 

CNT-FET 1 µM No data [7] 

HPLC 163nM 8 min [22] 

Electrochemistry 1 µM No data [14] 

Electrochemistry 50 µM 100 sec [20] 

CNT-FET 10 nM 25 sec This work 

 

Figure 3.4(d) shows the normalized conductance changes of our sensors 

exposed to dopamine solutions with difference concentrations (CDA). The 

dose-response curve indicated a wide dynamic range (1 nM to 100 μM) where 
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our sensors can be used for monitoring dopamine levels. Sensing 

measurements were repeatedly performed five time with different NRC 

sensors to confirm the reliability. Significantly, the equilibrium constant Keq 

of redox reactions between ABTS radicals and dopamine could be estimated 

by fitting data with the Langmuir thermal equation given by [23,24] 

DA
0 0 max

eq DA

/ /
1/

C
G G G G

K C
  


 

where |ΔG/G0| and |ΔG/G0|max represent the absolute value of a relative 

conductance change and its maximum absolute value. On the basis of this 

model, the value of Keq was estimated as 105.08±0.21. Previous reports showed 

that the formal standard redox potential (E0’) values of ABTS and dopamine 

are 0.47 V (vs Ag/AgCl) and 0.75 V (vs standard hydrogen electrode (SHE)), 

respectively [15,16]. 

2× ABTS + e      ABTS  •

0'

ABTS /ABTS
E  = 0.47 V 

1× DA      DQ + 2H+ + 2e  +

0'

DQ, H (1M)/DA
E  = 0.75 V 

2ABTS + DA      2ABTS + DQ +2H+  ΔE0’ 

The relation between the standard electrode potential ΔE0’ and the 

equilibrium constant Keq of the redox reaction could be written by 

ΔE0’ = •

0'

ABTS /ABTS
E  - ( +

0'

DQ, H (1M)/DA
E  - 0.05916 × pH) = 

0.05916

n
 × logKeq 

At pH = 7.4 and the number of transferred electrons n = 2, the equilibrium 

constant Keq of the redox reaction calculated based on these E0’ values is 105.33, 

which is similar to the value estimated by NRC sensors. 
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3.4. Real-time monitoring of K+-evoked dopamine release from 

PC12 cells using NRC sensors 

 

Figure 3.5. Quantitative monitoring of dopamine release from living PC12 

cells under the stimulation of K+ solutions. (a) Schematic diagram showing 

the mechanism of dopamine release from PC12 cells stimulated by a high-

concentrated K+ solution and the real-time monitoring of the dopamine 

release by an NRC sensor. (b) Real-time current changes measured by an 

NRC sensor during the additions of a cell suspension solution and 

concentrated K+ solutions at various concentrations. (c) Dose-response curve 

for the stimulation of different K+ solutions on dopamine release from PC12 

cells. Data are expressed as means ± SEM, (n = 5). 

As the mechanism of dopamine release from PC12 cells is similar to that 

from neurons, PC12 cells have been extensively used as a dopaminergic 

model for neurobiological studies [5,25]. Figure 3.5(a) depicts the mechanism 

for the responses of an NRC sensor to dopamine molecules released from a 

PC12 cell. Once the PC12 cell is stimulated by a high-concentrated K+ 
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solution, the depolarization of the plasma membrane may induce the influx 

of calcium ions (Ca2+) into the cell through voltage-dependent calcium 

channels and the release of intracellular Ca2+ stores. The increase of 

intracellular Ca2+ evokes the neurotransmitter release from the cell. Besides, 

it was reported that stimulations by high-concentrated K+ solutions 

preferentially induced the release of dopamine by exocytosis [4,18,19]. After 

that, the released dopamine molecules diffuse to a Nafion film and interact 

with ABTS radicals in the Nafion film on an NRC sensor. This interaction 

generates H+, which will diffuse in the Nafion film, leading to the decrease of 

the electrical current as described previously (Figure 3a). Thus, our NRC 

sensor could be used to quantitatively monitor dopamine release from living 

cells. Furthermore, in our experiments, PC12 cells can be stored during the 

sensing processes without being cultured on an NRC sensor, indicating rather 

simple sensing processes compared with previous works [8]. 

Figure 3.5(b) shows the real-time changes of electrical currents in an 

NRC sensor by dopamine release from PC12 cells. Here, the PC12 cells were 

stimulated by high-concentrated K+ solutions (containing 2.5 mM Ca2+) to 

release dopamine by exocytosis. The graph shows that the addition of a cell 

suspension did not affect the electrical currents of the NRC sensor. In contrast, 

the additions of high-concentrated K+ solutions caused the decrease of its 

electrical current, indicating that PC12 cells released a significant amount of 

dopamine to the buffer solution. We also measured the electrical current 

changes of NRC sensors in the absence of PC12 cells during the additions of 

different K+ solutions, which did not show any significant current changes. 

These results clearly show that our sensors can selectively monitor the K+-

evoked dopamine release from live cells. 

Figure 3.5(c) shows a correlation between the concentrations of released 

dopamine and the concentrations of K+ solutions. The dose-response curves 

of our sensors (Figure 3.4(d)) were used to calculate the concentration of 
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dopamine released from PC12 cells. The dopamine release was increased 

significantly when the concentration of K+ solutions increased from 20 to 160 

mM, presumably because of the increase of membrane depolarization as 

reported previously [4]. This result shows that the concentration changes of 

extracellular K+ may influence neurological functions such as membrane 

potential maintenance and neurotransmitter transport [3,4]. Previous works 

showed that the sensor response could be significantly delayed by the 

diffusion time of target molecules in solution and in Nafion layers [21]. 

However, in our experiment, the response time was quite quick enough for 

practical applications. Presumably, because of the small volume of our 

working solution (~10 µL), it did not take a long time for the released 

dopamine to reach the sensor surface. Also, H+ generated during the sensing 

process can diffuse very quickly inside the Nafion film with a rather small 

thickness of ~200 nm, resulting in the quick response of our sensors. On the 

other hand, it was previously reported that the concentration of an ABTS 

radical solution (pH = 7.4) decreased by 10% after 60 min exposure to 

ambient air, which may cause instability of signals if the sensing experiments 

last for a long time period [26]. However, the rather fast response time of our 

sensors allowed us to finish most of the sensing experiments in less than 10 

min (Figure 3.5(b)). Thus, the effect by the degradation of ABTS radicals is 

expected to be minimal in our experiments. Importantly, these results imply 

that our method can be used to quantitatively monitor the real-time release of 

biomaterials in living systems. Moreover, these results show that our method 

could be utilized for the real-time monitoring of living cells (Table 3.2) owing 

to the high sensitivity and fast responses of NRC sensors (Table 3.1). 
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3.5. Monitoring antipsychotic effects on K+-evoked dopamine 

release from PC12 cells by NRC sensors 

 

Figure 3.6. Evaluation of the effects of pimozide on K+-evoked dopamine 

release from PC12 cells. (a) Schematic drawing depicting the effect 

mechanism of pimozide on the dopamine synthesis in PC12 cells. (b) K+-

evoked dopamine release from PC12 cells pretreated with pimozide. The bars 

indicate means ± SEM, (n = 4). 

As the abnormal changes of dopamine levels in nervous cells are 

involved in neurological diseases, therapeutic methods have been suggested 

using dopaminergic drugs. For example, pimozide is an antipsychotic, which 

has been marketed to care for patients with schizophrenia [27]. Figure 3.6(a) 

illustrates the mechanism of the effect by pimozide for the synthesis and 

accumulation of dopamine in the cytosols of PC12 cells. Once pimozide 

molecules bind to dopamine D2 receptors (D2Rs) on a plasma membrane, 

their antagonistic activity inhibits the production of dopamine and the 

transport of dopamine vesicles [5,28]. Therefore, pimozide can induce the 

reduction of dopamine release from neurons and PC12 cells. Thus, by 

measuring the reduction of dopamine release with antipsychotic drugs via our 

NRC sensors, we can quantitatively evaluate the effects of antipsychotic 

drugs on the dopamine release. 
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Figure 3.6(b) shows the dependence of K+-evoked dopamine release 

from PC12 cells on the concentrations of pimozide. In these experiments, 

PC12 cells were pretreated with pimozide with different concentrations of 

0.01 - 10 μM for 24 h, followed by the stimulation of 80 mM K+ solutions. 

Post-stimulated solutions were then harvested and introduced onto our NRC 

sensors to evaluate the released dopamine levels. The responses show that 

PC12 cells expressed decreasing dopamine release with higher concentrations 

of pimozide. It clearly shows that pimozide acted as an antagonist on D2Rs, 

resulting in the reduced K+-evoked dopamine release from PC12 cells. Also, 

these results are consistent with reported results [5]. This indicates that our 

NRC sensor could be used as a reliable tool to monitor the effect of 

dopaminergic drugs as well as other biomedical applications. 

Table 3.2. Real-time measurability of this method and previous methods for 

dopamine detection. 

Method 
Real-time 

Detection 

Cell 

Monitoring 
Reference 

Electrochemistry Yes Yes [18] 

Graphene-FET Yes No data [6] 

CNT-FET No data No data [7] 

HPLC Yes No data [22] 

Electrochemistry No data No data [14] 

Electrochemistry Yes No data [20] 

CNT-FET Yes Yes This work 
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3.6. Summary 

We successfully demonstrated a biocompatible, simple, and flexible 

method for the effective evaluation of antipsychotic drugs on dopamine 

release from PC12 cells upon the stimulation of high-concentrated K+ 

solutions. In this strategy, we modified floating electrode-based CNT-FET 

devices by a thin Nafion film containing ABTS radicals to build NRC 

sensors for dopamine detection. Using NRC sensors, we could distinguish 

dopamine in aqueous solutions from the concentration of 10 nM and in the 

presence of other neurotransmitters, indicating the sensitivity and selectivity 

of our method. In particular, the dopamine release from PC12 cells stimulated 

by high-concentrated K+ solutions could be quantitatively monitored by our 

NRC sensors. Moreover, the antipsychotic effects of pimozide on the K+-

evoked dopamine release from PC12 cells were also evaluated in a 

concentrationdependent manner. The biocompatible capability of our method 

should provide a vital tool and open up various developments in biosensor 

research and biomedical applications. 
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Chapter 4. Modified floating electrode-based sCNT 

transistors for the evaluation of anti-inflammatory 

effects via TNFα secretion from Raw 264.7 cells 

4.1. Introduction 

Inflammatory bowel disease (IBD) is a serious chronic gastrointestinal 

disorder which may be caused by the abnormal activation of the nuclear factor 

κB (NF-κB) pathway [1,2]. This abnormal activation increases the production 

and secretion of pro-inflammatory cytokines including tumor necrosis factor 

α (TNFα). Previous studies have shown that TNFα plays a crucial role in the 

pathogenesis of IBD; therefore, the estimation of TNFα levels is important in 

the diagnosis and therapy of IBD [3,4]. For example, the average TNFα levels 

in the blood of healthy donors and patients with Crohn’s disease-a type of 

IBD-were about 3 and 6 ng/L, respectively [5]. Moreover, anti-TNF agents 

have been widely used in the treatment of IBD [6]. 

Labeling methods, such as ELISA technique, flow cytometry and 

polymerase chain reaction have been used for the detection of TNFα and other 

markers with a high sensitivity [7-9]. However, these methods often require 

complex equipment and time-consuming preparatory procedures. Recently, 

FET-immunosensors have been considered as a potential candidate for the 

detection and quantification of inflammation-related cytokines [10-12]. Even 

though the immunosensors are usually disposable devices because of the 

formation of stable immune complexes, they have exhibited specific, rapid, 

and real-time responses by the small volume of samples[13,14]. However, 

their applications for the monitoring of drug effects related with clinical 

diseases are still limited. 

Herein, we developed a modified floating electrode-based CNT-FET 

sensor for the quantitative monitoring of drug effects on cytokines related 
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with IBD (Figure 4.1). In this work, antibody (anti-TNFα) molecules were 

immobilized on the floating electrodes of a CNT-FET sensor to build a TNF 

sensor which can detect TNFα at various concentrations via a specific 

interaction between TNFα and anti-TNFα molecules. In this sensor, floating 

electrode structures enhanced the sensor sensitivity, and also, their gold 

surface could be easily functionalized to build selective sensors [15]. 

 

Figure 4.1. Schematic diagram depicting the preparatory procedure of TNF 

sensors for TNFα detection. 

Our TNF sensor recognized TNFα from other IBD-related cytokines such 

as interleukin-1β (IL-1β) and interleukin-6 (IL-6) with a quick response at a 

low concentration down to 1 pg/L. Using this method, we could quantitatively 

monitor the effect of an anti-inflammatory agent, lupeol, on the production 

and secretion of the pro-inflammatory cytokine, TNFα, from Raw 264.7 cells. 

The results indicate that lupeol inhibits the TNFα production of LPS-
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stimulated Raw 264.7 cells as previously reported [7]. This method exploits 

the advantages of floating electrode-based sensor structures such as high 

sensitivity and label-free simple detection, and it has the potential for 

monitoring other biomaterials of clinical interests simply by using different 

antibodies. Thus, our novel strategy can be a powerful tool for various basic 

biomedical research and clinical applications. 
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4.2. Characteristics of TNF sensors 

To confirm the formation of anti-TNFα molecules on gold floating 

electrodes, the topography images of a sensor device were taken using an 

AFM system. 

 

Figure 4.2. Characterization of a TNF sensor based on a CNT-FET sensor 

with floating electrodes. (a) AFM images (top) of the surface of a floating 

electrode before (left) and after (right) anti-TNFα immobilization and height 

profile comparison (bottom) of that surface before (blue) and after (red) the 

immobilization. (b) Fluorescence image of a TNF sensor obtained after the 

incubation of the sensor with Alexa Fluor 488-conjugated anti-rabbit IgG. 

Figure 4.2(a) shows the AFM images of a floating electrode surface 

before and after the modification with anti-TNFα. First, the bare surface of a 

gold floating electrode was imaged, and then, the surface was functionalized 

with anti-TNFα. Successively, the topography image of the gold electrode 

surface was taken at the same position and condition. The images show the 

spots on the gold electrode after the modification with the size at a nanometer 

level which is consistent with the size of a single protein molecule [16]. The 
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comparison of height profiles shows a height increase by the presence of anti-

TNFα molecules, indicating the successful immobilization of the anti-TNFα 

molecules on the floating electrodes. In our sensors, the floating electrodes 

play the role of substrates for the immobilization of anti-TNFα. Furthermore, 

floating electrode structures improve the sensitivity of biosensors, resulting 

from the increased number of Schottky barriers [15]. 

We also performed a fluorescent assay to confirm the bioactivity of anti-

TNFα on floating electrodes. Figure 4.2(b) shows the fluorescent image of a 

sensor stained with fluorescent dye-conjugated anti-rabbit IgG. Note that, the 

fluorescent signals appeared only on the regions of floating electrodes. 

Because anti-rabbit IgG was specific for rabbit clonal anti-TNFα, this result 

indicates that anti-TNFα molecules were successfully immobilized only on 

the floating electrodes. Furthermore, it also implies that the bioactivity of 

anti-TNFα was not affected by the immobilizing procedure. 
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4.3. Detection of TNFα by using TNF sensors 

 

Figure 4.3. Responses of TNF sensors to the addition of cytokine solutions. 

(a) Schematic diagram showing the sensing mechanism of a TNF sensor. (b) 

Real-time response of a TNF sensor to various pro-inflammatory cytokines 

such as IL-1β, IL-6 and TNFα. 

Figure 4.3(a) illustrates the sensing mechanism of our sensor for the 

detection of TNFα. When TNFα was introduced on the surface of a sensor, 

TNFα specifically interacted with anti-TNFα immobilized on the floating 

electrodes. Previous reports have shown that antibody-antigen interactions 

could raise the metal work function of floating electrodes, resulting in the 

decrease of Schottky barrier height (Figure 1.3(b)) [17]. Therefore, the hole 

carrier transport from the electrode to the sCNT increased, which should 

induced the conductance increase in underlying p-type semiconducting 

channels like the p-type sCNT channels in our TNF sensor (Figure 1.6) [10-

12]. By measuring the electrical current changes of TNF sensors, the levels 

of TNFα could be quantitatively evaluated. 

Figure 4.3(b) shows the real-time responses of a TNF sensor to various 

pro-inflammatory cytokines such as IL-1β, IL-6 and TNFα which are largely 

produced in IBD [3,18]. During the addition of IL-1β and IL-6, there were no 

significant changes in electrical currents in the TNF sensor. Note that, IL-1β 

and IL-6 were added at a rather high concentration of 100 μg/L, whereas the 
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addition of a relatively low 1 μg/L concentration of TNFα caused the sharp 

increase of the electrical currents. Moreover, the size of IL-1β is quite 

equivalent with that of TNFα. It clearly shows that the TNF sensor responded 

to TNFα without being disturbed by other cytokines. This result also implies 

that our TNF sensors could be applied as selective biosensors for the detection 

of cytokines related with IBD. 

 

Figure 4.4. Real-time measurements of electrical currents in sensors in 

response to the addition of TNFα solutions. (a) Real-time electrical current 

changes of a TNF sensor during the addition of TNFα solutions. (b) 

Responses of a CNT-FET sensor with pristine floating electrodes during the 

addition of various TNFα concentrations. (c) Real-time electrical current 

measurement of a TNF sensor in response to the addition of a TNFα solution 

for 10 min. (d) Dose-dependent relative conductance changes of TNF sensors 

in response to the concentration changes of TNFα. Data are expressed as 

means ± SEM (n = 3). 
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Sensors immobilized with anti-TNFα were utilized to detect various 

concentrations of TNFα solutions. Figure 4.4(a) shows the real-time electrical 

current changes of a sensor during the addition of TNFα solutions with a 

concentration range of 100 fg/L to 100 pg/L. During the sensing 

measurements, a source-drain bias voltage of 0.1 V was applied on the sensors. 

The currents in the sensor increased immediately when a TNFα solution was 

introduced. Such quick and real-time responses are one of the main 

advantages of FET-based sensors, which have been reported by many other 

groups [10,14,15,19-21]. Note that when the sensor was exposed to a TNFα 

solution with 1 pg/L or higher concentrations, it exhibited current changes 

much larger than noise amplitudes. For example, electrical currents in the 

sensor increased 32, 61, and 83 nA during the addition of TNFα solutions at 

concentrations of 1, 10, and 100 pg/L, respectively. It implies that our sensor 

can be utilized as a highly-sensitive sensor for the TNFα detection. Here, 

similar signals were obtained even when TNFα solutions with various 

concentrations were added to different sensors separately. Because TNFα 

levels in the human blood were reported to be about 3 ng/L, these results show 

that our TNF sensors have a sensitivity high enough for the monitoring of 

TNFα levels in clinical samples [5]. On the other hand, there were no 

significant changes in the electrical currents of an unmodified floating 

electrode-based CNT-FET sensor by the addition of TNFα solutions (Figure 

4.4(b)). Moreover, electrical currents in a TNF sensor were monitored for 10 

min to test the long-term stability of the sensor signal (Figure 4.4(c)). The 

currents in the sensor increased and gradually stabilized after the addition of 

a TNFα solution. These results clearly show that the signals of our sensors 

were caused by the interaction between TNFα and anti-TNFα molecules on 

the floating electrodes of our sensors. 

A dose-dependent curve presented in Figure 4.4(d) was obtained by 

converting the current changes of sensors to normalized conductance changes 
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(ΔG/ΔGmax), which is defined as the conductance change ratio over the 

maximum conductance change of the sensor. We performed the sensing 

experiments with different sensor chips for statistical analysis. The relative 

conductance change increased as the concentration of TNFα increased, and it 

saturated at around 1 μg/L of TNFα. Note that the error bars were much 

smaller than the sensor signals ΔG/ΔGmax from 1 pg/L of TNFα, indicating 

the high sensitivity and reliability of our sensors. Moreover, the dose-

dependent curve was also analyzed by a Hill equation for the quantification 

of TNFα levels (red solid line in Figure 4.4(d)). 
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4.4. Monitoring the effect of anti-inflammatory on the NF-κB 

signaling pathway 

 

Figure 4.5. Evaluation of the inhibiting effect of lupeol on the LPS-induced 

NF-κB signaling pathway. (a) Schematic drawing depicting the inhibition 

mechanism of lupeol on the LPS-induced TNFα secretion in mouse 

macrophages. (b) Concentration dependence of TNFα secreted from Raw 

264.7 cells on the concentrations of lupeol under the stimulation of LPS. 

The NF-κB signaling pathway has been found to be a key regulator in 

IBD, and thus, the therapeutic method of IBD has been recently suggested 

using inhibitors blocking this pathway [7,22]. Figure 4.5(a) illustrates the 

inhibition mechanism for the NF-κB signaling pathway by lupeol which may 

be a strong anti-inflammatory and anti-cancer agent. A previous report 

showed that lupeol inhibited the DNA binding via the suppression of the 

phosphorylation and degradation of IκBα which was required for the 

activation of the NF-κB signaling pathway. Consequently, lupeol could 

strongly suppress the production and secretion of LPS-induced pro-

inflammatory cytokines including TNFα in mouse macrophages [7,23,24]. 

Here, our TNF sensors were utilized to monitor the effect of lupeol on the 

activation of the NF-κB signaling pathway in the Raw 264.7 cell line via the 

estimation of TNFα levels. 
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Figure 4.5(b) shows the dependence of LPS-induced TNFα levels on the 

different concentrations of lupeol. In this experiment, we pretreated Raw 

264.7 cells with lupeol at concentrations in the range of 1 - 1000 μM for 24 h, 

followed by the stimulation of 10 μg/mL LPS for 2 h. Medium solutions were 

then harvested and introduced onto a TNF sensor to quantify the level of 

TNFα. To quantitatively estimate the inhibition of lupeol on the NF-κB 

pathway, electric current changes were converted to the concentrations of 

TNFα using the dose-dependent curve fitted in Figure 4.4(d). When Raw 

264.7 cells were pretreated with lupeol, the TNFα production significantly 

decreased. This clearly indicates that lupeol acted as an inhibitor on Raw 

264.7 cells, blocking the production and secretion of TNFα. Moreover, the 

results are consistent with the previous works performed by our group via the 

ELISA method [7]. Furthermore, this result clearly shows that the TNF sensor 

could be used as a highly sensitive tool to monitor the effect of versatile drugs 

related with IBD and other diseases. 
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4.5. Summary 

We report a modified floating electrode-based sensor as a simple but 

effective method for the quantitative evaluation of drugs related with IBD. In 

this method, floating electrode-based CNT-FET sensors were modified by 

anti-TNFα, enabling the selective and quantitative monitoring of TNFα 

among other inflammatory cytokines related with IBD. Our TNF sensors 

exhibited a high sensitivity to TNFα with the detection limit of 1 pg/L. 

Importantly, the TNF sensors could be utilized to evaluate the inhibiting 

effects of lupeol, an anti-inflammatory agent, on the NF-κB signaling 

pathway via the monitoring of TNFα secretion from Raw 264.7 cells under 

LPS stimulation. Because our method can be applied to rapidly and accurately 

monitor biomaterials of clinical interests, it should open versatile biomedical 

applications such as drug screening and inflammation monitoring. 
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Chapter 5. Conclusions 

In this dissertation, biosensors based on sCNT transistors with floating 

electrodes were successfully developed for the real-time monitoring cellular 

transport such as Ca2+ influx, dopamine and TNFα release for living cells. 

Interestingly, the biosensors could be utilized to quantitatively evaluate the 

effects of drugs on the cellular transport of the cells. Such quantitative 

evaluation capability of our method should provide a versatile tool for 

biomedical studies and clinical applications such as drug screening. 

Firstly, reusable sensors were developed based on sCNT transistors for 

the effect evaluation of antihistamine drugs via the real-time monitoring of 

histamine-induced Ca2+ influx into HeLa cells. By using a single reusable 

sensor, the electrophysiological responses of individual HeLa cells to various 

concentrations of histamine could be quantitatively monitored. Moreover, the 

effects of antihistamine drugs such as cetirizine and chlorphenamine were 

also quantitatively evaluated via the real-time monitoring of histamine-

induced Ca2+ influx using reusable sensors. Significantly, this method allows 

us to eliminate the errors from device-to-device variations, resulting in 

statistically meaningful results. 

Next, sCNT transistors were coated with hybrid films containing Nafion 

and ABTS radicals to build biosensors for the effect evaluation of 

antipsychotic drugs via the real-time monitoring of K+-evoked dopamine 

release from PC12 cells. The biosensors could distinguish dopamine from 

other neurotransmitters such as glutamate and acetylcholine with a detection 

limit down to 10 nM. These results indicate the high selectivity and high 

sensitivity of our biosensors, which allows us to apply the biosensors for the 

real-time monitoring of dopamine release from PC12 cells stimulated by high 

concentration K+ solutions. Significantly, our method could be also utilized 
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to quantitatively evaluate the effects of pimozide, an antipsychotic drug, on 

dopamine release from stimulated PC12 cells. 

Additionally, sCNT transistors with floating electrodes modified by anti-

TNFα were reported as selective and sensitive TNF sensors for the effect 

evaluation of anti-inflammatory drugs via the quantification of TNFα levels. 

The specific interactions between TNFα and anti-TNFα immobilized on the 

floating electrodes resulted in the TNFα detectability of the TNF sensors at a 

low concentration of 1 pg/L even in the presence of other cytokines such as 

IL-1β and IL-6. Moreover, the high selectivity and high sensitivity of the TNF 

sensors also allowed us to quantitatively evaluate the anti-inflammatory 

effects of lupeol via the monitoring of TNFα levels secreted from LPS-

stimulated Raw 264.7 cells. 
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