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Abstract 

Biomolecule-Carbon Nanotube Hybrid 

Structures for the Monitoring of Receptor 

Activity and Their Applications for 

Bioelectronic Sensors 
 

Jin-Young Jeong 

Department of Physics and Astronomy 

The Graduate School 

Seoul National University 

 

Living organisms can perceive various external materials such as pathogens 

and tastants through sensory receptors. Various biosensors using these 

receptors have been developed for the monitoring of receptor activity and the 

detection of various molecules. Conventional methods using receptors 

include receptor-expressed cell-based devices or membrane receptor-based 

sensors. Recently, new types of nanostructures such as nanovesicles and 

nanodiscs have been introduced. However, these novel constructs have 

limitations such as low receptor expression yield and complicated production 

process. In this dissertation, the development and application of biosensors 

using new types of bioreceptors will be discussed. 

   First, it will be discussed about the bioelectronic tongue devices using a 

ligand-binding domain of the human sweet taste receptor to monitor the 
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activities of the receptor. In this work, only the VFT domain of the human 

sweet taste receptor was expressed. The VFT domain was immobilized on the 

floating electrodes of carbon nanotube field-effect transistors. We 

demonstrated the monitoring of the response of the receptor to the sweet taste 

substance using the device in real-time. In addition, by using this sensor, it 

was possible to analyze the enhancement and inhibition effect of sweet taste 

by various substances. Furthermore, it could be used to detect saccharides in 

real beverage samples. The sensor has the advantage of reusability and long-

term storability. Our VFT domain-based bioelectronic tongue can be a 

powerful tool for the detection of sweet taste substances in the food and 

healthcare industry.  

   Next, the monitoring of immune cell responses and their applications 

using antibody-inoculated immune cell-derived nanovesicles will be 

discussed. Nanovesicles were extracted from RBL-2H3 cells, and they were 

inoculated with IgE antibodies for the binding of target antigens. The 

nanovesicles were combined with carbon nanotubes field-effect transistors to 

fabricate an allergen biosensor. This biosensor can detect antigens in real-time, 

and it also enables the detection of allergens in real food. In addition, drug 

effects on the nanovesicle were evaluated. Importantly, we can easily obtain 

the antibody-inoculated nanovesicles for target antigens by inoculating 

antibodies. Therefore, our system can be an adaptive and universal platform 

for the detection and monitoring of various antigens.  
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Chapter 1 

Introduction 
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1.1 Membrane Receptor Protein 

 

Living organisms have a multidimensional recognition system. This 

recognition ability surpasses any artificial sensors. Humans and living 

organisms can survive by recognizing various molecules with olfactory 

systems or gustatory systems. They also recognize external pathogens with 

immune systems.1-9 The remarkable recognition system of these organisms is 

mediated primarily by membrane proteins. Membrane receptor proteins refer 

to receptors that are embedded in cell membranes. They play an important 

role in cellular signal transduction.  

There are various membrane receptors in response to diverse molecules 

such as nutrients, pathogens, hormones, cytokines, and neurotransmitters. For 

example, the human sweet taste receptor is a dimer structure of two subunits 

T1R2 and T1R3, which perceive sweetness.10-12 When various sweet 

substances such as glucose, sucrose, aspartame, and saccharin bind to the 

VFT domain of this receptor, the G protein is transferred and intracellular 

signals are activated.13, 14 Another example is the FcεR1 receptor. This 

receptor is present in immune cells such as mast cells or RBL-2H3 and binds 

to IgE antibodies.15-17 When an antibody binds to this receptor and an antigen 

binds to the antibody, a signal is transmitted into the immune cell. As a result, 

a process called degranulation occurs in immune cells, and immune 

substances such as histamine are secreted. As these immune substances move 
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through blood vessels, they trigger an immune response to pathogens and 

induce various allergic reactions.  

Therefore, by monitoring the response of these receptor proteins, it is 

possible to understand various physiological and medical phenomena 

occurring in our bodies. In addition, biosensors having various functions can 

be developed by utilizing receptor proteins.  
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1.2 Methods for the Monitoring of Receptor Activity 

 

The monitoring of the functions and responses of various receptors has been 

an important topic in biological research. It is mainly measured using 

fluorescence analysis. When a ligand binds to a receptor protein using, 

changes of a fluorescent dye in the cell due to the ion concentration change 

can be monitored. Methods such as SPR, electrochemical sensor, 

fluorescence assay, and microarray have been used to analyze the activity of 

receptors. Biosensors developed so far have focused on miniaturization, 

potability, fast response time, low cost, and detection limit. However, these 

methods have disadvantages in the complicated operation and low sensitivity. 

Moreover, there is an increasing demand for devices that can mimic the 

functions and responses of real living organisms. Because living organisms 

have a complex intracellular signal transduction process, the previous 

methods can not mimic the responses of receptors.  

In order to solve these problems, bioelectronic sensors have been 

developed to monitor the activity of the receptor protein. The integration of 

nanotechnology and bio-inspired sensing materials attracted great interest of 

researchers. A critical step in biosensor development is the appropriate 

selection of biomaterials as a recognition element. Especially, biomaterials 

such as membrane proteins are being used in various ways due to their 

excellent selectivity and sensitivity. In addition, new artificial nano-bio 
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structures such as nanovesicles and nanodiscs are being developed and 

used.18-21 The bioreceptors demonstrated high sensitivity, high selectivity, 

and stability.  

Recently, field-effect transistors (FET) have been utilized for the 

monitoring of receptor activity. Figure 1-1 shows the schematic diagram of 

the CNT-FET biosensor. The conductance of the CNT channel is modulated 

by the binding of target ligands to bioreceptors. FETs demonstrated 

advantages such as high sensitivity, label-free detection, and fast response 

time. The sensor transducers convert the biochemical signals into readable 

electrical signals. 

 

Figure 1-1. Schematic diagram depicting CNT-FET biosensor. The biological 

signals can be converted into electrical signals through a transducer.   
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1.3 Carbon Nanotube Field-Effect Transistor 

 

The transducer of the biosensor is one of the important factors determining 

the performance of the sensor. In this study, CNT-FET was used to fabricate 

sensitive biosensors. Carbon nanotubes are suitable as a component of 

biosensors because they have biocompatibility, excellent electrical properties, 

and stable operation even in an aqueous environment.22 In addition, since 

CNT channels can be formed by solution process, wafer-scale mass 

production is possible and the manufacturing process is simple. CNT is a P-

type semiconductor whose conductance can be changed by the adsorption of 

the biomolecules.23, 24 The three primary sensing mechanisms of CNT-FETs 

are gating effect, Schottky barrier modulation, and mobility modulation.25-27 

For the gating effect, when a charged molecule approaches the CNT, it affects 

the surface potential of the CNT and changes the amount of carrier through 

the channel. Schottky barrier modulation occurs when the height of the 

electrical barrier between a metal and a semiconductor changes with the work 

function of the metal surface due to the attached charge molecules. Finally, 

the molecules adsorbed to the CNT scatter the carriers of the CNT and 

modulate the mobility of carriers. In this study, sensors using two methods, 

gating effect and Schottky barrier modulation, were fabricated and used for 

an allergen sensor and a sweetener sensor, respectively.  
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Figure 1-2. The energy band diagram of a CNT-FET sensor with floating 

electrodes (a) before and (b) after the binding of target molecules. ΦB is the 

height of the Schottky barrier, and ΦM is the work function of the floating 

metal electrode. X and Eg are an electron affinity and a bandgap of 

semiconducting CNTs, respectively. As shown in the figure, the barrier height 

could be represented as ΦB = Eg – (ΦM – X). Here, the binding of target 

molecules changes the work function of the floating electrode and, hence, 

modifies the height of the Schottky barrier, resulting in the conductance 

change of the CNT-FET. 
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Chapter 2 

Ultrasensitive Bioelectronic Tongue Based on 

Ligand Binding Domain of Sweet Taste
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2.1 Introduction 

 

Humans and animals recognize sweet substances through taste sensory 

systems, which is essential for survival. The sense of sweetness regulates 

caloric intake and food preferences. Carbohydrates, which are usually sweet, 

are a high-calorie energy source. Carbohydrates are essential in versatile 

physiological processes in our body. However, excessive intake of 

carbohydrates causes various diseases.28 Diseases such as obesity, diabetes, 

hyperlipidemia, hypertension, and metabolic syndrome caused by 

carbohydrates threaten the life of patients and cause various social problems. 

Therefore, the detection and evaluation of sweet taste substances are very 

important in the healthcare and food industries.  

There are various analytical methods to detect sweet substances such as 

high-performance liquid chromatography, electrochemical methods, and 

surface plasmon resonance spectroscopy.29-31 However, human sensory 

evaluation is the most frequently used method for the evaluation of the 

potency of sweeteners. The methods have been successfully exploited to 

detect sweet taste molecules. However, the techniques have limitations such 

as a long test time and large deviation. Moreover, they could not mimic the 

native function and response of the human gustatory systems. Human taste 

exhibits a synergistic and inhibitory effect on sweetness due to the 

combination of various substances. Previous analytic methods could not 
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analyze the complexity of the human gustatory system. Therefore, the 

development of a reliable and human-like analysis method for sweeteners is 

needed.  

Recently, bioelectronic sensors have been developed for the sensitive and 

human-like sensing of saccharides. Taste receptor protein-based taste sensors 

and nanovesicle-based sensors showed a sensitive and reliable sensing 

performance.32 Moreover, the taste receptor protein-based biosensors 

provided a human-like tasting performance. However, the low expression 

yield of receptor protein and the complicated fabrication process of the 

bioelectronic sensors are the disadvantages.33-35 Furthermore, the biosensors 

based on the sweet taste receptor protein showed a poor detection limit than 

other bioelectronic tongues and various analytical methods. The 

disadvantages of the human sweet taste receptor are due to the large and 

complex heterodimeric structure of the receptor. Therefore, the development 

of sensitive and reliable sweet taste sensors is needed.  

   Figure 2-1 shows the structure of the human sweet taste receptor. The 

receptor is a heterodimer structure of two subunits T1R2 and T1R3. Each 

subunit has venus flytrap (VFT) domain, cysteine-rich domain (CRD), and 

transmembrane domain (TMD). When a sweet substance binds to the VFT 

domain, a signal is transmitted inside the cell and is transmitted along the 

nerve to the brain, and the brain recognizes the sweet taste.  

 



 

 １１ 

 

Figure 2-1. Structure of the human sweet taste receptor. The receptor is 

composed of T1R2 and T1R3 subunits. Each subunit can be divided into three 

domains, VFT, CRD, and TMD.  

 

In this thesis, we developed an ultrasensitive sweet taste detection sensor 

based on a VFT domain for the monitoring of the response of the receptor. 

The T1R2 VFT domain was produced in E.coli. A CNT-FET was fabricated 

and functionalized with a cysteine linker. Then VFT was immobilized on the 

floating electrode of a CNT-FET. The VFT-based sensor could be used to 

detect sweet tastants in real-time. The detection limit of the device was 0.1 

fM for sucrose solutions. Moreover, sweet taste substances in apple juice and 

chamomile tea can be analyzed using our device. Importantly, our device can 

be used to analyze the inhibition and enhancement effects of various 

molecules on the responses of VFT-based devices. The use of the VFT 
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domain of the receptor demonstrated long period stability and reusability. Our 

T1R2 VFT-based sweet taste sensor could be used to monitor the activity of 

the receptor and evaluate sweet tastants.  
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2.2 Fabrication of a Floating Electrode-Based  

Sweet Taste Sensor and Preparation of Samples 

 

The structure and fabrication procedures of the sweet taste sensor are shown 

in Figure 2-2. CNT-FET was fabricated as described previously.19, 20 CNTs 

were dispersed in 1,2-dichlorobenzene at a concentration of 10 μg/ml by 

ultrasonication for 3h. A CNT channel pattern, which is made of photoresist 

on a silicon substrate, was formed by a photolithography method. The wafer 

was cleaned using O2 plasma treatment. Then, a CNT solution was dropped 

on the substrate. A dielectrophoresis method (300 kHz, 5 Vpp, 10 s) was used 

to adsorb CNTs on silicon oxide regions. The photoresist layer and unattached 

CNTs were removed using acetone and ethanol. The CNT channel is 100 μm 

wide and 150 μm long. Floating, source, and drain electrodes were deposited 

by photolithography and thermal evaporation. The floating electrodes have a 

width of 10 μm and a length of 300 μm. It has been reported that the CNT-

FET with floating electrodes exhibited improved sensitivity and performance. 

Then, Polydimethylsiloxane (PDMS) wells were placed on the channel region 

of the chips.  

 The T1R2 VFT domain was overexpressed. A T1R2 VFT gene was 

cloned into a bacterial expression vector. Then, an E. coli strain was 

transformed with the vector and cultured in LB media. The cultured cells were 

harvested by centrifugation and lysed using sonication. The insoluble fraction 
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was solubilized in a solubilization buffer. Then, the solubilized sample was 

centrifuged to obtain T1R2 VFT. The T1R2 VFT was purified and refolded. 

The VFT was stored at -20°C for later use. 

 The T1R2 VFT was immobilized on the gold floating electrodes of 

CNT-FET. CNT-FET chips were immersed in a 0.5 M solution of N-acetyl-

L-cysteine (NAC) for 12 h. The chips were washed 3 times with distilled 

water. Then, the sensors were immersed in a mixture of 20 mM 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and 40 mM N-

hydroxysulfosuccinimide (NHS) in MES buffer for 30 min to activate the 

carboxyl group in NAC. After the incubation, the chips were gently rinsed 

with a HEPES buffer. Then, VFT in a HEPES buffer solution was dropped 

on the channel region of the chip and incubated for 2 hours at room 

temperature. The fabricated sensors were stored in a refrigerator at 4°C.  
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Figure 2-2. Fabrication steps and structure of the sweet taste detection sensor 

based on VFT and CNT-FET.   
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2.3 Characteristics of a Sweet Taste Sensor 

 

 

Figure 2-3. Characterization of expressed T1R2 VFT domain of the human 

sweet taste receptor. (a) Western blot analysis of the VFT. (b) Fluorescence 

analysis of VFT for various sweet taste substances. (c) Tryptophan quenching 

assay for various sweet taste molecules and non-target molecules. (d) AFM 

images of the sensor surface before and after the immobilization of VFT.  

 

The expressed T1R2 VFT was confirmed with western blot analysis (Figure 

2-3a). The protein was mixed with a sample buffer and 2-mercaptoethanol. 

Then, it was boiled for 5 min at 95°C. After loading the protein and markers, 
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SDS-PAGE was performed. The bands of protein were transferred to a 

membrane and incubated in a blocking solution. An anti-His mouse 

antibody and HRP-conjugated goat anti-mouse IgG antibody were used as 

a primary and a secondary antibody, respectively. The band at 53 kDa 

corresponds to the molecular weight of T1R2 VFT. This result clearly 

demonstrated that the T1R2 VFT was successfully expressed.  

 To confirm the functionality of the T1R2 VFT to various sweeteners, a 

tryptophan fluorescence assay was used. It is known that the intrinsic 

fluorescence of tryptophan residues in a protein is quenched by a 

conformational change of the protein.36 The intrinsic fluorescence of 

tryptophan in T1R2 VFT was analyzed using a luminescence spectrometer 

(Perkin Elmer). The relative fluorescence intensity (ΔF/F0) was calculated by 

dividing the change of the fluorescence intensity by the initial fluorescence 

intensity. Figure 2-3b shows the relative change of tryptophan fluorescence 

intensity of T1R2 VFTs for sucrose, glucose, aspartame, and saccharin. 

The relative fluorescence change increased as the sweet taste substances 

concentration increased. The results show that the function of expressed 

T1R2 VFTs is maintained.  

   The selectivity of the T1R2 VFTs to various sweet taste molecules is 

tested by the relative fluorescence change. As shown in Figure 2-3c, 

saccharides such as sucrose, glucose, aspartame, saccharin change the 

relative fluorescence signal by about 13%. In the case of tasteless sugar 

cellobiose and umami tastant MSG, there is negligible change. Because 
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we used the VFT domain of the human sweet taste receptor we can 

selectively detect only sweet substances that bind to the domain. The 

results show that the sweet taste sensor exhibited human-like selectivity.  

   To verify the immobilization of the VFT, the surface of the sensor 

was analyzed by atomic force microscopy (Figure 2-3d). Topography 

images of a bare electrode and VFT-immobilized electrodes were 

compared. As shown in the figure, VFTs were observed on the VFT-

immobilized sensor surface, while the bare electrode had a clean surface. 

The results show that T1R2 VFT was successfully immobilized on our 

device. 
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2.4 Detection of Sweet Tastants by Using  

Sweet Taste Sensor 

 

 

Figure 2-4. Detection of sweet tastants by our sensor. (a) Real-time response 

of the sensor to the addition of sucrose solutions. (b) Normalized signals of 

the sensor to sucrose and saccharin solutions. (c) Selectivity of our sensor.    

 

We measured the response to sucrose in the VFT domain in real-time using 

the developed sensor (Figure 2-4a). Throughout the experiments, a constant 

bias voltage of 0.1 V between the source and drain electrodes was maintained. 

We monitored in real time the source-drain current of the sensor while we 

dropped target sucrose solutions onto the channel region. In the real-time 

measurement results, the decrease of current was observed when the sucrose 

solution was dropped. The signal change was observed from 0.1 fM 

concentration of sucrose. On the other hand, a bare device without T1R2 VFT 

showed no significant changes (figure 2-5). The results indicate that the 

response of the device is a result of the binding between the sweet taste 
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substance and the VFT domain on the floating electrode of a CNT-FET. It's 

worth mentioning that the result reveals a 107 times enhanced detection limit 

than previously reported devices. Presumably, because the size of VFT 

domains is comparable to the Debye length of the sensor, electrical changes 

generated by the binding of sweet substances can induce a greater impact on 

the conductance of CNT channels than the whole receptor. The result shows 

the ultrasensitive detection performance of our sensor. In addition, it is 

expected that the strategy of expressing only a part of the receptor for a 

specific purpose can be applied to various research. 

 

 

Figure 2-5. The response of a bare CNT-FET without T1R2 VFT. The device 

showed no significant change to the addition of sucrose solutions.  

 

To compare the response of our device to natural sugar and artificial 

sweetener, sucrose and saccharin solution was measured (Figure 2-4b). The 
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currents of the devices were measured while each sample was dropped on the 

device. The signals were normalized by dividing the signal with respect to 

their maximum value. The signal from the sensor tends to increase with the 

concentration of sucrose and saccharin. It is known that receptor-ligand 

binding can be analyzed using the Langmuir isotherm model37, 38 

𝑁 =
𝐶𝑛

𝐾𝑑
𝑛+𝐶𝑛

                      (eq. 1) 

The normalized signal can be analyzed by target concentration (C), 

dissociation constant (Kd), and Hill coefficient (n). The dissociation constants 

of sucrose and saccharin to T1R2 VFT were calculated by fitting the graph 

and were found to be 2.05 X 10-11 M (7.02 X 10-9 g/L) and 6.88 X 10-12 M 

(1.26 X 10-9 g/L), respectively. The dissociation constant of saccharin was 

discovered to be three times lower than that of sucrose. As the dissociation 

constants of sucrose and saccharin were similar, it can be seen that the 

response of VFT is similar between natural sugar and artificial sugar. It is 

worth mentioning that artificial sugar saccharin is known to be hundreds of 

times sweeter than sucrose.39, 40 Presumably, this is because the binding 

characteristic of the ligand-binding domain of the sweet taste receptor is not 

significantly different between artificial and natural sugars.  

We then tested the selectivity of the VFT domain (Figure 2-4c). The 

response of the sensor was monitored by sequentially adding a buffer, 

tasteless sugar cellobiose, and umami tastant MSG. As a result, it was 

confirmed that there was no signal change to the addition of buffer, cellobiose, 
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and MSG, but the current decreased to the sucrose solution. The selective 

response of our sensor to sweet taste compounds is due to the selective 

binding ability of a T1R2 VFT domain. The result showed the excellent 

human-like selectivity of our sensor.  

 

 

Figure 2-6. The schematic shows the sensing mechanism of our sensor. The 

modulation of a Schottky barrier height (ϕSB) between the CNT channel and 

the floating electrode is attributed to a change of the work function (ϕM) of 

gold electrodes by charge redistribution in T1R2 VFT.  

 

Figure 2-6 shows the sensing mechanism of our sensor. The VFT domain of 

the sweet receptor is activated when the sweet molecule binds to it.41 Then 

the VFT domain undergoes the conformational change followed by the 

alteration of charge distribution. The diagram shows the energy bands. The 

left is a gold floating electrode, and the right is the part of the CNT channel. 

The height of the yellow box indicates the work function of the gold floating 

electrode. The lines on the right sides are conduction band, Fermi level, and 
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valence band of CNT, respectively, from the top. A Schottky barrier is formed 

at the junction of a gold electrode and a CNT channel.26, 27 If the sweet 

molecule binds to VFT, the structure and charge distribution of the VFT 

change. Then, the work function of the gold electrode changes. This causes 

the height of the Schottky barrier to change. As a result, the conductivity of 

the CNT channel change. In other words, a change in electrical conductivity 

reveals the binding of the VFT to sweet taste molecules.  
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2.5 Evaluation of Sweet Substances in Real Beverages 

   

 

Figure 2-7. The responses of our sensor to diluted (a) apple juice and (b) 

chamomile herb tea.  

 

We tested whether the developed sensor can be used for the assessment of 

real beverage samples (Figure 2-7a). In this work, apple juice and chamomile 

herbal tea were used as samples. Commercial apple juice and chamomile tea 

were serially diluted in a HEPES buffer solution. The commercial apple juice 

utilized in this measurement contains numerous natural sweet compounds 

such as sucrose, fructose, and glucose at a concentration of ~100 mg/ml. In 

the negative control experiment (Figure 2-8a), the sensor without VFT does 

not respond to the addition of apple juice. On the other hand, our device 

showed responses to the introduction of diluted apple juice. The result 

indicates that the change of sensor signal is originated from the binding of 

sweet taste molecules and the VFT domain of a sweet taste receptor. Apple 
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juice is known to contain saccharides such as glucose, sucrose, and 

fructose.42-44 We calculated half-maximal effective concentration (EC50) 

values of the device to apple juice by fitting the data with the Hill equation. 

The corresponding volume concentration to EC50 value was calculated as 1.00 

× 10-10 (v/v). Using the concentration of saccharides in apple juice, we can 

translate the EC50 value into a mass concentration of 1.00 × 10-8 g/L, which 

is similar to the value of sucrose to our sensor in figure 2-4. 

The response of our device to the introduction of sucrose-added 

chamomile tea (Figure 2-7b). Chamomile herbal tea does not contain sugar. 

There was no change in the sensor signal in the control experiment (Figure 2-

8b). To demonstrate that our sensor could evaluate the addition of sweeteners 

in sugar-free beverages, a sucrose solution was added to chamomile tea. As a 

result of the experiment, it was possible to confirm the sensor signal change 

to the added sucrose in chamomile tea. We were able to calculate the EC50 

value for sucrose in chamomile tea as 1.89 × 10-8 g/L using the Hill, which is 

close to the values in an apple juice sample. This result confirmed that our 

sensor could be utilized for the detection of sugars in real beverages. It also 

showed that the response of VFT-based devices when sugar is added to sugar-

free beverages can also be analyzed. Our platform is expected to be used for 

various applications in the food industry. 
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Figure 2-8. Negative control experiments. (a) The response of bare device 

without T1R2 VFT to the addition of apple juice. (b) The response of the 

T1R2 VFT-base bioelectronic sensor to the addition of diluted chamomile tea. 

The devices showed no significant change to the addition of sample solutions.  
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2.6 Inhibition and Enhancement of Sweet Taste 

 

 

Figure 2-9. The inhibition and enhancement of sweet taste by (a) zinc ions 

and (b) chamomile tea.  

In order to understand the phenomenon of sweetness inhibition in our 

gustatory system at the sweet receptor level, we tested the effect of an 

inhibitor using our system (Figure 2-9a). It is known that the response of 

sweet taste receptors is inhibited by zinc ions. Zinc ions are known to interfere 

with sweet taste recognition by binding to the VFT domain of the sweet taste 

receptor. In the human taste sensory evaluation test, those who drank zinc 

ion-containing solutions could not perceive sweet taste.45 We expected that it 

would be possible to evaluate the suppression of sweetness by zinc ions since 

our device is based on the ligand-binding domain of the human sweet taste 

receptor. The sensors were treated with ZnSO4 solutions for more than 15 

minutes. Then, sucrose solution was introduced on the channel region of a 

device and the signal change was observed. When ZnSO4 solutions at 
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concentrations of 1 mM and 40 mM were introduced on the sensor, it was 

confirmed that the response to sucrose shifted toward a high concentration. 

The EC50 value of VFT to sucrose solution was calculated as 2.79 x 10-11. 

When zinc ions of 1mM and 40mM were present, it was found to increase to 

1.59 X 10-9 and 8.3 X 10-6 M, respectively. These results indicate the 

mechanism of sweetness inhibition by zinc ions was related to the VFT 

domain. Presumably, zinc ions bind to the ligand-binding domain of the 

human sweet taste receptor and block the binding of other sweet taste 

substances. The results indicate that our VFT domain-based bioelectronic 

tongue can be used to study the response of the human gustatory systems in 

various environments.  

We also tested the synergistic effect of chamomile herbal tea (Figure 2-

9b). When sucrose is added to chamomile, it was found that the signal change 

of the sensor was larger compared to the case of adding sucrose alone. To 

confirm this phenomenon, chamomile tea, sucrose, and chamomile-infused 

sucrose samples were tested. The relative conductance changes of each 

sample were compared. As a result, there was almost no signal change with 

chamomile, and the change in relative signal change to sucrose solution was 

about 6%. On the other hand, when sucrose was added to chamomile, there 

was a significant difference in conductivity, approaching 20%. According to 

the literature, herbal tea contains various substances such as amino acids, 

minerals, and polyphenols, which can affect the taste of tea.46-48 Especially, 
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amino acids are known to be the main factors affecting the sweetness of tea.49, 

50 Presumably, the components in chamomile tea stabilized the structure of 

the VFT and amplified the sensor signal. 
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2.7 Summary 

 

In summary, we successfully demonstrated a bioelectronic tongue device 

based on the ligand-binding domain of the human sweet taste receptor for the 

monitoring of the human sweet taste sensory system. The VFT domain was 

successfully overexpressed using the bacterial expression system. The 

expressed VFTs maintained their functionality and selectivity. The VFT 

domain was coupled with a carbon nanotube field-effect transistor with 

floating electrodes. The device was used to monitor the response of the sweet 

taste receptor to the sweet substances in real-time. Moreover, it was possible 

to analyze the effect of inhibitors and enhancers on the sweet taste receptor. 

Furthermore, it could be used to detect sweeteners in real beverages. This 

sensor can be reused many times and has the advantage of long-term storage. 

We expect that the VFT-based sweet taste tongue device can be used in 

various industries such as food and healthcare.  
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Chapter 3 

Nanovesicle-Based Biosensor for Monitoring of 

Immune Cell in Allergic Response  
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3.1 Introduction 

 

Our immune system protects our body from diseases.6-9, 51, 52 The immune 

system can be divided into three types. The first is a physical barrier, such as 

the skin or cilia, that prevents pathogens from entering the body. The second 

is the process by which macrophages or killer cells remove invading 

pathogens. The third is the adaptive immune system. In this process, our body 

recognizes new pathogens and creates the immune system to respond to them. 

In the adaptive immunity process, macrophages eliminate the invading 

pathogens and transmit information about the binding site of the pathogen to 

the T-cell. The T-cell transmits this information to the B-cell, and the B-cell 

produces an antibody that can bind to the pathogen. The produced antibody 

binds to receptors on immune cells such as mast cells or basophils. After that, 

if the pathogen invades again, immune cells recognize them and release 

immune substances such as histamine and cytokines. The receptor of the 

immune cells is Fc epsilon receptor 1 (FCεR1).15, 53 The receptor universally 

binds to IgE-type antibodies. In this study, the immune cells were used to 

develop sensors and study immune cell responses in allergies. 

Sensors that detect allergens include surface plasmon resonance, ELISA, 

and electrochemical sensors.54, 55 These assays have successfully detected 

allergens. However, these devices cannot provide information on the actual 

cellular response in an allergic situation. There are also disadvantages such as 
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difficulty in sample preparation. Therefore, the development of biosensors to 

detect and analyze the response of immune cells in allergic responses is 

needed.  
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3.2 Fabrication of an Immune Cell-Derived Sensor 

and Preparation of Samples 

 

The antibody-inoculated nanovesicles are extracted from immune cell Rat 

basophilic leukemia 2H3 (RBL-2H3). In the conventional method of 

extracting nanovesicles, a vector containing a receptor gene is expressed in 

cells, proliferated, and then nanovesicles are extracted from the cells.20, 56 In 

this study, a new method for the extraction of antibody-inoculated 

nanovesicles was developed. Figure 3-1 shows the schematics of nanovesicle 

extraction procedures. Nanovesicles were extracted by centrifugation using 

the density difference between cell constituents. After the immune cells were 

cultured at least 24 h and harvested using a trypsin-EDTA solution. The cells 

were treated with cytochalasin B and shook at 300 rpm for 30 minutes. 

Cytochalasin B weakens the cytoskeleton proteins inside the cell membrane. 

The nanovesicles were formed in this process. After centrifugation at 1,000 g, 

the nuclear debris sinks to the bottom. Discard the debris and centrifuge the 

supernatant at 15,000 g. Then the nanovesicles were separated. These 

nanovesicles have FcεR1 receptors and calcium ion channels. Then the 

nanovesicles were inoculated with IgE antibodies. With this method, we can 

easily produce nanovesicles with receptors and antibodies. In general, cells 

have many components such as a nucleus, ribosome, Golgi, and mitochondria. 

And the size of the RBL-2H3 cell is about 20 μm. On the other hand, the size 

of the nanovesicles is approximately tens of nanometers to hundreds of 
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nanometers. We can produce the antibody-inoculated nanovesicles from 

immune cells.   

In my experiment, only calcium influx is needed, so other components 

except receptors and ion channels are unnecessary. Therefore, the extraction 

of nano-vesicle with receptors and ion channels is an appropriate strategy in 

this study. Furthermore, since we use the native FCεR1 receptor in the RBL-

2H3 cells, the receptor expression process is not required, so the nanovesicle 

manufacturing process can be greatly shortened. Moreover, any nanovesicles 

with specific antibodies corresponding to the desired target antigens can be 

produced with this method. Nanovesicles that bind to the desired target 

antigens can be produced by inoculating the desired IgE antibody in the last 

step after extracting the nanovesicles. 

Next, the sensor manufacturing process will be discussed. The sensor 

preparation steps and structure are shown in Figure 3-2. Semiconducting 

CNTs were dispersed using ultrasonication at a concentration of 15 μg/ml 

in 1,2-dichlorobenzene. Bottom electrodes were deposited on a silicon wafer. 

Then, CNT channel patterns were formed with a photoresist layer. The wafer 

was cleaned with a plasma cleaner before the CNT adsorption. CNTs were 

adsorbed on the channel pattern by a dielectrophoresis method. After drying 

the CNT solutions, the photoresist pattern and excessive CNTs were rinsed 

with 1,2-dichlorobenzene and removed using acetone and ethanol. Then, the 

electrodes were deposited using a photolithography process and thermal 
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evaporation method. The CNT channel is 100 μm wide and 50 μm long. 

Finally, PDMS wells were placed around the CNT channel region.      

Nanovesicles were immobilized on the CNT channel using a 1-

pyrenebutyric acid succinimidyl ester (PBSE) linker. The linker is attached to 

the CNT surface by pi-electron interaction.57, 58 PBSE was dissolved in 

methanol at 1 mM concentration. CNT-FETs were immersed in the PBSE 

solution for 1 h under ambient conditions. Then, the chips were washed with 

fresh methanol three times. Nanovesicles were placed on the channel region 

of the devices for 2 h. In this process, the amine group of the nanovesicle and 

the carboxylic group of PBSE linker form an amide bond. Then the sensors 

were stored in a refrigerator at 4°C.  

 

 

Figure 3-1. Schematic diagram of nanovesicle extraction step.  
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Figure 3-2. Fabrication process and structure of the nanovesicle-based 

allergen sensor.  
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3.3 Characterization of Nanodisc-Immobilized 

CNT-FET 

 

 

Figure 3-3. Characterization of RBL-2H3 cells and nanovesicles. (a) 

Fluorescence assay for the monitoring of the activation of the cells. (b) SEM 

images showing the immune cell-derived nanovesicles.  

 

The RBL-2H3 cells and nanovesicles were analyzed using fluorescence assay 

and scanning electron microscopy. When an antigen is attached to an antibody 

and a receptor, the calcium channel opens and calcium ion enters the cell, 

resulting in the secretion of histamine. In Figure 3-3a, the increased 

fluorescence intensity of RBL-2H3 cells shows the activation of the cells. 

Cells were incubated with fluo-4 AM calcium dye for 1 h. Then the cells were 

gently washed and monitored with a fluorescence microscope. The fluo-4 AM 

inside the cells emits fluorescence by the influx of calcium ions after the 

injection of allergens. The result shows that the antigen induces calcium 

influx inside the cells.  
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In addition, scanning electron microscopy was used to confirm that the 

nanovesicles were well-produced (Figure 3-3b). Nanovesicles were attached 

to the gold electrode and treated with osmium tetroxide. Before the scanning 

palladium was coated on the chip. Nanovesicles with a size of tens of 

nanometers to 100 nanometers were observed in the image. Furthermore, the 

shape of nanovesicles is also uniform. The result indicates the successful 

extraction of immune cell-derived nanovesicles.  
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3.4 Monitoring of the Responses of 

Immune Cell-Derived Nanovesicles 

 

 

Figure 3-4. (a) Real-time response of the nanovesicles to the addition of Are 

h 2 protein solutions. (b) Normalized signal of the sensor.  

 

The response of nanovesicles to allergens was monitored in real-time (Figure 

3-4a). Ara h2 protein was used as a target. Ara h 2 is known to be one of the 

major allergens in peanuts. The nanovesicle was inoculated with an anti-ara 

h 2 antibody. Decreases in the current of the sensor were observed by the 

addition of the target allergen. The sensor showed a response from a 0.1 fM 

concentration level. The result shows that immune cell-derived nanovesicles 

also respond to allergens and cause changes such as calcium influx. Through 

this, the response of immune cell-derived nanovesicles to antigen can be 

monitored in real-time. 

Figure 3-4b shows the normalization of the response of immune cell-

derived nanovesicles to ara h2 protein. Three measurements were taken to 
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obtain the mean values and standard errors. The signals were normalized by 

dividing the values by the maximum value. The response was fitted by the 

Hill equation. As a fitting result, the dissociation constant of the nanovesicle 

and Ara h 2 is 2.5 x 10-15 M, and the Hill coefficient is 0.2. Presumably, the 

Hill coefficient was smaller than 1 because the nanovesicles were aggregated, 

resulting in the hindrance of binding of allergens. The results show that the 

response of antibody-inoculated immune cell-derived nanovesicle could be 

used to evaluate the response of immune cells in an allergic situation.   

   Figure 3-5 shows the plausible sensing mechanism of the developed 

sensor. When antigen binds to the antibody of the nanovesicle, ion channels 

open and calcium ions enter the vesicle.15 The influx of calcium ions increases 

the calcium concentration in the vesicle. The nanovesicles filled with calcium 

ions give a gating effect to the CNT channel. Since CNT is a P-type 

semiconductor, the number of carriers in the channel is reduced by positive 

charges. As a result, the conductance of the channel is decreased. Therefore, 

changes in allergen-induced nanovesicles can be monitored through changes 

in electrical conductivity. 
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Figure 3-5. The sensing mechanism of the nanovesicle-based allergen sensor. 

The binding of allergen activates calcium ion channels. The accumulated 

calcium ions inside nanovesicles induced a gating effect on a CNT channel.   
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3.5 Detection of Allergens in Real Food Samples 

 

 

Figure 3-6. Normalized signal of the sensor to the peanut sample. The signal 

increased to the addition of diluted peanut solutions.  

 

We investigated whether it is possible to monitor the response of immune 

cells to allergens in real food (Figure 3-6). Peanut is a life-threatening allergen 

for allergy patients and is one of the most prevalent food allergens. Peanuts 

have allergen proteins such as ara h 1, ara h 2, ara h 3, and ara h 6. Peanuts 

were purchased from a grocery store in Korea. Peanuts were ground, 

dissolved in a DPBS buffer solution, and filtered with a syringe filter. The 

responses of allergen sensors to diluted peanut solutions were normalized. 

Our sensor responded from 10-13 g/L of peanut and saturated at 10-7 g/L. The 

normalized sensor signals were fitted using the Hill equation. The EC50 value 

of a device and peanut was calculated as 5.45 × 10-11 g/L and the Hill 
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coefficient was 0.26. The result shows that our device can be used to 

sensitively monitor the response of immune cells to real food.  
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3.6 Summary 

In summary, we developed an allergen detection sensor using antibody-

inoculated immune cell-derived nanovesicles. Nanovesicles were extracted 

from RBL-2H3 cells with FcεR1 receptors and calcium ion channels. Then 

the vesicles were inoculated with anti-Ara h 2 antibodies. The nanovesicles 

were immobilized on the CNT-FET using a chemical linker. The function and 

response of the immune cell-derived nanovesicles were studied using the 

sensor. In addition, the sensor was used to evaluate the response of immune 

reaction by peanut solution. The antibody-inoculated immune cell-derived 

nanovesicles provided the advantage of simple preparation and a universal 

platform for various target antigens.  
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Conclusion 

In this dissertation, we have studied the function and response of receptors. 

The development of new bioreceptors such as the ligand binding domain of 

the sweet taste receptor and antibody-inoculated nanovesicles provided a 

sensitive and reliable platform for the monitoring of receptors in various 

environments. Importantly, we can mimic the gustatory system and the 

immune system because we used receptor proteins. Moreover, the 

combination of bioreceptors and CNT-FETs can be used as a biosensor for 

various applications.  

The ligand-binding domain of the human sweet taste receptor was used as 

a bioreceptor for the development of a sweet taste detection biosensor. We 

could monitor the response of the VFT domain to the addition of sweet taste 

substances in real-time. The sweet taste sensor demonstrated ultrasensitive 

and human-like performance. Our device could be used to sensitively detect 

sucrose solution from 0.1 fM, and evaluate sweet tastants in real beverages. 

Furthermore, it can be a reliable platform for the evaluate the enhancement 

and inhibition effect of various substances on our sweet taste receptors. We 

expect that our sweet taste detection bioelectronic tongue can be used for 

various applications in the food industry.  

We also developed antibody-inoculated immune cell-derived 

nanovesicles for the monitoring of immune cell responses in allergic reactions. 

The nanovesicles were extracted from RBL-2H3 cells with FcεR1 receptors 
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and inoculated with IgE antibodies. The development of immune cell-derived 

nanovesicles provided a much easier production process than conventional 

nanovesicle preparation methods. Moreover, the use of the FcεR1 receptor 

and IgE antibody has a strong advantage in that it is possible to produce 

nanovesicles for various allergens by inoculating the specific antibodies. This 

new strategy for producing antibody-inoculated nanovesicles can be applied 

to various applications.  
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Abstract in Korean 

국문 초록 

수용체의 작용을 연구하기 위한 생체분자-탄소나노튜브 

융합 구조 및 바이오전자 센서로의 응용 

 

살아있는 유기체는 감각 수용체를 사용하는 감각 시스템을 통해 

병원체 및 미각 물질과 같은 다양한 외부 변화를 감지할 수 

있습니다. 이러한 수용체를 활용한 다양한 바이오센서들이 

활용되어오고 있다. 기존의 수용체 활용 방식으로는 수용체가 

발현된 세포를 활용하거나, 막단백질 자체를 이용하는 방법들이 

일반적이다. 최근에는 수용체가 발현된 나노베지클이나 

나노디스크 같은 새로운 종류의 나노구조체들이 개발되었다. 

하지만 이러한 새로운 구조체들도 낮은 수용체의 발현율, 복잡한 

제조 방법 등의 한계점이 있다. 이 학위논문에서는, 이러한 수용체 

기반 나노구조체들의 단점을 보완하기 위한 새로운 구조의 수용체 

기반 바이오리셉터들을 활용한 바이오센서 개발과 그 활용에 대해 

논의한다. 
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   먼저, 인간의 단맛 수용체의 작용을 모니터링하기 위한 

수용체의 일부 도메인을 이용한 바이오 전자혀 센서에 대해 

논의할 것이다. 이를 위하여, 인간 단맛 수용체에서 VFT 

도메인만을 발현시켰다. VFT 도메인을 부유 전극이 있는 

탄소나노튜브 전계 효과 트랜지스터에 결합시켜 단맛 감지 센서로 

제작하였다. 이를 통하여, 단맛 물질에 대한 단맛 수용체의 반응을 

실시간으로 모니터링할 수 있었다. 또한, 이 센서를 활용하여 

다양한 물질에 의한 단맛의 향상 및 억제 효과를 분석할 수 

있었다. 그리고 실제 음료에 존재하는 당류를 검출하는데도 

활용할 수 있었다. 이 센서는 여러 번 재사용할 수 있으며, 오랜 

기간 보관할 수 있는 장점이 있다. 

   다음으로, 면역세포 유래 나노베지클에 항체를 접종한 새로운 

종류의 바이오리셉터를 활용한 면역 세포 반응 모니터링 및 그 

활용에 대해 논의할 것이다. 면역 세포에서 추출한 나노베지클에 

항체를 접종하여 다양한 항원에 결합할 수 있는 바이오리셉터를 

제작했다. 이를 탄소나노튜브에 결합하여 항원 감지 바이오 

센서로 제작하였다. 이 바이오센서는 실시간으로 항원의 검출이 

가능하며, 실제 음식에 들어있는 알러젠 검출도 가능하다. 또한, 

약물에 의한 면역 세포 기능 변화를 평가할 수 있다. 더욱이, 

항체가 접종된 나노베지클은 항체만 바꿔주면 타겟 항원에 
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결합하는 구조를 쉽게 얻을 수 있어 다양한 항원 검출에 

범용적으로 활용할 수 있다. 

 

 

주요어: 바이오 전자 센서, 맛 수용체, 면역세포, 나노베지클, 

탄소나노튜브 전계 효과 트랜지스터  

학번: 2013-20382 
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