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中文摘要  

 

這篇論文介紹以氧化銦鎵鋅薄膜電晶體與感測金屬電極組成之生物感測器偵

測生物分子擴散與混合狀態並探討蛋白質與配體之動態反應，此研究分兩部分： 

第一部分，分析生物素與鏈親和素的混合情況，我們採用薄膜電晶體生物感測

器外接 Y 型微流道。此外，使用聚二甲基矽氧烷來密封微流道系統以避免待測溶

液蒸發。接著分別量測生物素與鏈親和素的電流訊號，定義待測物的擴散時間。進

行一系列同時與時間差的混合實驗。藉觀察即時的電流變化，分析待測物在流道中

的混合狀況。最後我們使用牛血清白蛋白作為對照組，驗證薄膜電晶體生物感測器

之非特異性結合情況。 

第二部分，以溶菌酶及其適體三乙醯殼三糖作為動態反應分析標的物，改使用

直線型微流道作為感測平台。溶菌酶以及三乙醯殼三糖溶液注入微流道感測電流

訊號。首先，單獨通入溶菌酶溶液至流道中建立溶菌酶濃度與電流變化關係。將三

種濃度比例之溶菌酶以及三乙酰殼三糖混合在離心管中，控制兩者的反應時間；對

擷取之電流變化，考量屏蔽效應進行修正後可藉已建立之溶菌酶濃度與電流變化

關係將電流變化轉為剩餘溶菌酶濃度。以此，可建立剩餘溶菌酶濃度與反應時間擬

合曲線。曲線提供之資訊，可助我們藉化學公式得到反應級數、結合速率常數與分

解常數。其中，分解常數之結果為 39.10μM，與其他團隊提出之數值十分接近。 

 

關鍵字：薄膜電晶體、生物感測器、微流道、溶菌酶、三乙醯殼三糖、動態反應、

反應常數 



doi:10.6342/NTU201902459

iv 

 

ABSTRACT 

In this thesis, a biosensor consists of an Indium-Gallium-Zinc-Oxide (IGZO) thin 

film transistor (TFT) and a gold sensing electrode is demonstrated for diffusion and 

mixing properties detection of biomolecules. The protein-ligand kinetic reaction is further 

investigated. The thesis includes two parts. 

In the first part, in order to analyze the streptavidin-biotin mixing condition, a Y-type 

external microfluidic channel is integrated with the TFT biosensor. In addition, the 

channels are sealed with polydimethylsiloxane to avoid evaporation of the target analyte 

solutions. The current signals of streptavidin and biotin are measured separately to define 

the diffusion time. Then, a series of mixing and time delay experiments are conducted. 

By observing the real-time current change of the TFT biosensor, the mixture condition of 

the reaction can be analyzed. Finally, bovine serum albumin (BSA) is used for a control 

experiment to verify the specificity and reliability. 

In the second part, kinetic reaction of lysozyme and tri-N-Acetylglucosamine (NAG3) 

are investigated and applied to a TFT biosensor integrated with a linear shape microfluidic 

channel. First, lysozyme solutions of several concentrations are introduced into the 

microfluidic channel to construct the relation between lysozyme concentration and drain 

current variation. Then, three mixing ratios of lysozyme and NAG3 solution are incubated 

in the micro-centrifuge for different periods of reaction time. Considering the screen 

effect, the extracted drain current variations are calibrated by the revision factor and the 

revised current variations are converted into remained lysozyme concentration by the 

correlation of current variation and lysozyme concentration. Based on the converted 

information, the fitting curves of remained lysozyme concentration versus reaction time 
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are illustrated. The curves provide the information that can be utilized to calculate the 

partial orders, association rate constant, and dissociation constant by biochemical 

formulas. It is noteworthy that the derived dissociation constant is 39.10 μM, which is 

close to the results reported by previous researches. 

 

Key words: TFT, biosensor, microfluidic channel, lysozyme, tri-N-acetylglucosamine, 

kinetic reaction, reaction constant 
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Chapter 1 Introduction 

1.1  Overview of Biochemical Detection 

The biomedical engineering progresses significantly in the past decade. Especially, 

the disease diagnostics and drug discovery are the two most attributed issues. Useful 

information is provided to the biomedical fields by biochemical detection technologies 

with high accuracy and throughput. Because of early detection and diagnostics, advanced 

pharmaceutical knowledge, early stage disease prevention and appropriate disease 

treatment are possible. Several biosensors are developed to reach these goals. A biosensor 

is an analytical device [1, 2] which can identify the presence of specific analytes [3], their 

concentrations, and kinetics in a sample by transforming the biological signal into an 

electrical or optical readout. The device combines a biological recognition element [4] 

(e.g., antibodies, nucleic acids, enzymes, aptamers) immobilized on a transducer. The 

ideal properties a biosensor should possesses are high accuracy, high sensitivity, high 

specificity, ease of operation, cost-effective, high throughput, and mass production easily. 

Nowadays, traditional methods for biochemical detection such as tumor marker, 

blood testing, immunological assays, and urinalysis were widely used. However, it is 

impossible to apply these methods to real time detection and the detection processes are 

costly, complicated, and time-consuming. Therefore, a simple, accurate, low-cost, and 

rapid method for detecting and measuring the biomaterials is highly demanded. 

Researchers have proposed many advanced techniques for biochemical detection. 

Among them, surface plasma resonance (SPR) [5], enzyme-linked immunosorbent assay 

(ELISA) [6] (see Figure 1.1), and western blotting [7] are mature and widely available, 

but these methods require large and expensive instruments in order to integrate many 

sensing components for high throughput measurement. 
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A potential method with properties of accurate, sensitive, high specificity, cost-

effective, time-saving, high throughput, label-free, simple, and mass production easily is 

addressed. The candidate is field-effect transistor (FET)-based biosensor. In this thesis, a 

thin film transistor (TFT)-based biosensor is demonstrated. 

 

 

Fig. 1.1 Techniques for biochemical detection. (a) Surface plasma resonance (SPR) 

(b) Enzyme-linked immunosorbent assay (ELISA) 

 

1.2 Introduction of FET-based Biosensors 

Field effect transistor (FET)-based biosensors are combined with electrochemical 

solution, microelectronics transistors, and nano-technology. Because of high sensitivity 

and selectivity, label-free and real-time measurement, FET based biosensors are getting 

more and more popular. The structure consists of source, drain, gate and a layer that can 

sense biomolecules such as protein or nucleic acids. When the target solution is 

introduced to the system, the analytes will attach to the bio-sensitive layer. The attachment 

makes an electric field formed by the electrical charges which are carried by biomolecules, 

which leads to the change of carrier density in FET channel layer. 

FET-based biosensors are appropriate to various kinds of detection, such as lung 

cancer diagnosis by observing threshold voltage change as shown in Fig. 1.2 [8]. 
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Moreover, the semiconductor layers, such as ZnO [9], GaN [9], and IGZO [10], are 

developed and optimized in order to improve sensitivity. The layers play important roles 

in their applicability to FET biosensors. To be more specific, here take some FET 

biosensor research for example: enzyme-coated single ZnO nanowire FET biosensor for 

detection of uric acid [11], indium-tin-oxide thin-film transistors for detecting AI H5N1 

through measuring drain current change as shown in Fig. 1.2 [12], and ZnO-TFT-based 

biosensor for EGFR detection through measuring drain current change [13], indium 

gallium zinc oxide (IGZO) thin-film transistors (TFTs) for detecting artificial 

deoxyribonucleic acid [14]. 

 

Fig. 1.2 (a) Optical image of an FET chip and (b) schematic diagram of the 

multianalyte FET biosensor for detection of multiple tumor markers. 

 

 

Fig. 1.3 TFT-based biosensor structure immobilized with anti-H5N1 antibodies 

and attached with negatively charged AI H5N1 virus. 
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However, the active layer may be damaged by biological solution since oxide 

semiconductor is sensitive to moisture and oxidant [15]. An extended-gate FET is a robust 

method to separate electronic devices from the biological solution.  

Hence, the IGZO-TFT biosensor with an extended sensing electrode is demonstrated 

in this research. The extended gold sensing electrode provides an excellent platform for 

measuring the target biomolecules and also prevents the IGZO-TFT from direct 

contacting to biological solution effectively. 

 

1.3 Importance of Biochemical Reaction Kinetics 

In the biochemical field, analysis of protein-ligand interaction (PLI) raises lots of 

attentions. Good knowledge of underlying system, i.e., underlying mechanism and kinetic 

parameters, is indispensable to studies of biological system or applications in drug 

discovery [16-18]. Because of a drug being effective only when it is bound to its receptor 

(e.g., proteins) [19], the binding assessment is considered to be important for 

pharmacological activity. Binding parameters such as the dissociation constant, Kd, were 

the key to evaluate the drug efficacy in the past decades. Despite many efficacious drug 

existing on the basis of parameters, recent studies show that the kinetics of drug receptor 

binding could be more important than affinity in determining drug efficacy. For some 

drugs, it is not desirable to attain the equilibrium. The dissociation constant measured 

from experiments no longer well describe the duration of efficacy of a ligand. Instead, the 

rate of receptor–ligand association and dissociation, generally reflected by association 

rate constant, ka, and dissociation rate constant, kd, are more appropriate. Also, the clinical 

differentiation and safety may be influenced by the binding kinetics. The optimization of 
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binding kinetics helps fulfilling the maximization of a drug's therapeutic index and 

decrease of drug attrition [20-22]. 

 

1.4 Thesis Outline 

Chapter 2 “Detection of the mixing reaction situation of the biomaterials” 

differentiates biotin, streptavidin, and biotin-streptavidin complex and evaluates the 

reaction condition of biotin and streptavidin mixing reactions. The fabrication of the TFT 

biosensor integrated with Y-type microfluidic channel is first introduced. Afterward, 

diffusion times of both reactant proteins and experiments of the mixing reaction 

conditions are investigated and discussed. Finally, the non-specific binding situation is 

verified through the control experiment by applying BSA. 

Chapter 3 “Biochemical kinetics investigation” aims at evaluating the binding 

reaction between the protein and its ligand by extracting the drain current responses. 

Lysozyme protein and tri-N-acetylglucosamine (NAG3) ligand are mixed in three ratios 

for different periods of reaction time. The different mixing conditions make the drain 

current response vary. By the analysis of drain current responses, the lysozyme and NAG3 

binding reaction rate constant and dissociation constant are obtained. The result shows 

good accuracy of the TFT biosensor setup by comparing with the previously reported 

values. 

Chapter 4 “Conclusions” consists of the summary and the importance of the 

experiments performed in this thesis. 
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Chapter 2 IGZO-TFT Biosensors for Investigation 

of Biotin-Protein Interaction 

2.1 Introduction 

Y-type Microfluidic Channel 

In many biomedical applications (e.g. biomedical analysis, drug delivery, chemical 

synthesis, and enzyme reactions), Y-type Microfluidic Channels, also known as micro-

mixers [23, 24], are crucial and have many advantages [25-27]. Less consumption and 

contamination of bio-samples, as well as the time, are one of the merits. 

The materials and fabrication of microfluidic channel have become more important 

because of the relevance to biology and chemistry during the development of microfluidic 

system. The characteristics of simple fabrication, optical transparency, and low cost make 

polymer materials such as PDMS and SU-8 negative photoresist widely used [28, 29]. 

In this part, PDMS layers is used as the Y-type microfluidic channels. The biological 

molecules diffuse and interact through the microfluidic channel and the mixture situations 

are determined by electrical signal and diffusion properties 

 

Biotin-Avidin System 

In the past decade, immunocytochemical techniques have a great advancement. For 

example, the Biotin-Avidin System (BAS), which has the following advantages, is one of 

them. First, biotin and avidin have an extraordinarily high affinity and specificity between 

each other. Second, many of the macromolecules can be conjugated to biotin and maintain 

the original biological activity. Third, the binding reaction is considered irreversible since 

the dissociation constant of the two is very small. Finally, four binding sites for biotin 

molecules of each avidin molecule makes it possible to be used to construct an effective 



doi:10.6342/NTU201902459

7 

 

amplification system of biological reaction. BAS are widely used in biological and 

chemical applications such as tagging or the delivery of molecules, trace antigen, 

qualitative antibody and quantitative detection [30, 31]. Thus, understanding the mixture 

condition of the reaction is crucial. 

Previous works have presented some optical methods such as fluorescence 

microscope and enzyme-linked immunosorbent assay (ELISA) [30],but these methods 

are not real-time measurements. Another study presented a real-time detection method by 

detecting optical shift of a resonant micro-cavity. In the study, biotinylated BSA was 

selected as the recognition element and immobilized on the sensing surface followed by 

the injection of streptavidin, which leads to a shift of the optical resonance wavelength. 

The shift is due to binding interaction between introduced streptavidin and surface 

immobilized biotin [32]. Even though the study have preliminary determination ability of 

the occurrence of biotin and streptavidin binding reaction, a demand on further analyzing 

the internal mixture interaction in the BAS system still exists. 

In this study, we demonstrated an IGZO-TFT biosensor for detecting the mixture 

situation of biotin and streptavidin. In addition, an analysis and experiment framework 

was discussed, which is useful on delving into further properties of the BAS reaction. 

Moreover, bovine serum albumin (BSA) was applied as the control sample and several 

control experiments were conducted to verify the system specificity and the analysis 

theory. 

2.2 Material and Methods 

2.2.1 Fabrication of IGZO-TFT Biosensors Integrated with Y-type 

Microfluidic Channels 

Fabrication of IGZO-TFT 
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The cross section of the double-gated IGZO-TFT is shown in Fig. 2.1. A Staggered 

bottom-gate TFT with the top gate was fabricated on the Corning Eagle 2000 glass 

substrate. The fabrication started with DC sputtering and reactive ion etching (RIE) 

molybdenum (Mo) metal as bottom gate. A silicon dioxide (SiO2) dielectric layer of 300 

nm was deposited by plasma enhanced chemical vapor deposition (PECVD) at 300℃ as 

insulator. Then, 50-nm IGZO (In2O3:Ga2O3:ZnO =1:1:1) thin film was formed by RF 

sputtering at room temperature and etched by HCl wet etching to form the active layer 

with 100-μm channel width and 50-μm channel length . The 200-nm Mo source and drain 

contact layer was deposited by DC sputtering and etched by RIE. A SiO2 passivation layer 

was deposited by RF sputtering and followed by RIE etching to prevent the TFT from 

humidity and oxidation. The top gate with the thickness of 300-nm gold metal was 

evaporated by E-gun evaporation with lift-off technique. Finally, the fabrication process 

was finished with post-annealing under oxygen ambient at 270 ℃ for 30 minutes in the 

oven tube. 

 

Fig. 2.1 The cross section of a staggered and double-gated IGZO-TFT. 

 

 

 



doi:10.6342/NTU201902459

9 

 

Fabrication of Y-type Microfluidic Channels 

The target biomaterials were applied on the microfluidic channels, which were 

fabricated on a separate glass substrate from the TFT chips.  The Au sensing pad of 200 

nm was first evaporated on the Corning Eagle 2000 glass substrate.  In the next step, the 

PDMS prepolymer and curing agent (Sylgard 184 silicone elastomer kit, Dow Corning, 

Midland, MI) were mixed in the weight ratio of 10:1 and stirred well [33]. The PDMS 

viscous solution was then poured over the Y-shape acrylic patterned mold contained in a 

circular flat-bottomed polystyrene Petri dish followed by curing at 80 ℃ for 20 mins. 

After curing, the PDMS replica of the patterned mold was peeled off the Petri dish and 

cut into a proper rectangular shape containing microfluidic channels. Fig. 2.2 shows the 

fabrication process of the PDMS replica. 

The PDMS and glass substrate were brought together to form an irreversible seal 

after treated with oxygen plasma for 6 mins at 70 ℃ in the UV Ozone [34, 35]. The width 

and length of the microfluidic channel are 1000 and 10000 μm, respectively. Fig. 2.3 

illustrates the PDMS bonding treatment flow. As illustrated in Fig. 2.4, the top gate 

contact of the TFT is wire bonded by Au wires to the Au metal pad of the microfluidic 

channel chip. The Y-type microfluidic channel contains two inlets and one outlet, the 

region of interest (ROI) was selected at the end of the microfluidic channel. 

 

Fig. 2.2 Fabrication process of the PDMS replica. 
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Fig. 2.3 PDMS bonding treatment flow. 

 

 

Fig. 2.4 Microscope up-view of TFT and the microfluidic channel and schematic 

of the reusable TFT biosensor. The TFT and a microfluidic channel chip were 

fabricated separately and then connected together by wire bonding. 

2.2.2 Measurement and experiment flow 

The experiment setup is shown in Fig. 2.5. The ROI was functionalized with 11-

Mercaptoundecanoic acid (11-MUA) cross linker for 2 hours at room temperature and 
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washed by phosphate buffered saline (PBS). The analytes were introduced into the 

microfluidic channel by Chemyx Fusion 200 syringe pump. 

 

Fig. 2.5 Experiment setup for detecting target analytes 

 

The experiment aims at demonstrating the TFT sensor system as the platform for 

monitoring real-time biochemical reactions. The target analytes that diffuse through the 

microfluidic channel and reach the ROI will be captured by the cross linkers.  Much 

proteins and biomaterials carry net charges. As illustrated in Fig. 2.6, additional charges 

will be induced in the TFT channel layer once the target proteins were sensed on the Au 

sensing electrode. The amount of drain current change is relevant to the concentration of 

the analytes.  

Using the reaction of biotin and streptavidin as an example, the diffusion behaviors 

of biotin, streptavidin and biotin-streptavidin complex are characterized. The 

measurement consists of two steps. The diffusion times of biotin and streptavidin are first 

benchmarked by injecting the analyte at the inlet and meanwhile monitoring the real-time 

response of TFT drain current. In the second step, both biotin and streptavidin were 

applied into one single microfluidic channel chip. Signals of the individual analyte and 

the reaction complex were examined by the drain current response. Two delay 

measurements, i.e., one specie is injected 10 mins later than another one, were carried out 
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to understand the reaction dynamics of the mixture in the microfluidic channel. Finally, a 

control experiment is conducted. There is no nonspecific binding between bovine serum 

albumin (BSA) and streptavidin. It can be used to examine the reliability and the 

specificity of the previous experiments. In the control measurement, biotin is replaced 

with a 0.4mM BSA solution. The current response of the BSA and streptavidin mixture 

is compared with that of biotin and streptavidin. 

Throughout the experiment, the electrical characteristics were characterized by 

Agilent 4155C semiconductor parameter analyzer. The TFT was biased at gate-source 

voltage, VGS, of 10 V, and drain-source voltage, VDS, of 5 V. The drain currents were 

sampled every 10 seconds. 

 

 

Fig. 2.6 Illustration of the target analyte charge sensing of the TFT biosensor 

 

 

2.3 Results and Discussion 

2.3.1 Confirmation of diffusion dominant or flow dominant 

In order to confirm the transmitting of biomolecules is diffusion dominant or flow 

dominant, the dye was injected into the microfluidic channel at the flow rate of 0.0003 
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ml/min, which is the same as that of the measurement. The cross-sectional area of the 

channel is 1 mm2 and the distance between the inlet and the electrode is 6 mm. If the 

transmitting mechanism is flow dominant, the flowing time will be 1200 s. In Table 1, the 

durations between the injection and the arrival of dye at electrode are much shorter than 

1200 s. Therefore, the flow rate is low enough to make the transmitting mechanism being 

diffusion dominant.  

Table 1. The Transmitting of the Dyes of Different Concentrations 

Concentration Start of injection Arrival at electrode 

1 

 
t = 0 s 

 
t = 200 s 

1/4 

 
t = 0 s 

 
t = 340 s 

 

2.3.2 Transient drain current responses by applying Biotin and 

Streptavidin separately 

The streptavidin and biotin diffusion times are first benchmarked. The biotin 

concentration was selected to be 0.4mM and streptavidin concentration is 1.67μM. The 

PBS buffer was prefilled into microfluidic channel at t = 0 second. Biotin solution was 

then injected 60 second later. The drain currents of the TFT are sampled every 10 seconds 
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under VGS = 10 V, VDS = 5 V. The transient responses of TFT drain current for biotin and 

streptavidin are shown in Fig. 2.7 and Fig. 2.8. The measurements for each analyte were 

conducted twice and denoted as Measurement 1 and Measurement 2. The increases of the 

drain current are the results of the detection of biotin and streptavidin flowing through the 

ROI and bonded to the cross linker. Since biotin and streptavidin carry net charges, the 

increase of drain current is associated with the concentration of biomolecules. For biotin, 

the onset of the drain current was detected at t = 210 seconds for Measurement 1 and t = 

240 for Measurement 2. The diffusion time is defined as the duration between the 

introduction of the target analyte and the onset of drain current increase. Therefore, the 

diffusion time of biotin in this measurement system is in the range between 150 and 180 

seconds. As for streptavidin, the current increases at t = 460 and t = 480 seconds, so the 

diffusion time of streptavidin is in the range of 400 and 420 seconds. 

 

 

Fig. 2.7 Drain current responses of 0.4mM biotin. PBS was applied at t=0 while 

biotin at t =60 seconds 
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Fig. 2.8 Drain current responses of 1.67μM streptavidin. PBS was applied at t=0 

while streptavidin at t =60 seconds 

2.3.3 Transient drain current responses by applying Biotin and 

Streptavidin mixture 

The analysis of biotin-streptavidin biochemical reactions was next conducted.  

Before looking into the responses of the mixture, mechanism of biotin and streptavidin 

interaction in the Y-shaped microfluidic channel is first discussed. The specific diffusion 

times t1, t2 and t3 are defined as the characteristics of biotin, streptavidin, and streptavidin-

biotin complex, respectively. There are four possible scenarios as illustrated in Fig. 2.9 

when the analytes are injected into inlet 1 and 2 simultaneously. Fig. 2.9(a) denotes the 

biotin, streptavidin and biotin-streptavidin complex biomolecules reach the ROI in 

sequence. Three species detected after the reaction is indicated by three obvious current 

incremental steps. In the second case, when the streptavidin is exhausted during the 

reaction process, only the biotin and complex signals are detected (see Fig. 2.9(b)). On 
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the other hand, Fig. 2.9(c) shows only streptavidin and complexes signals are observed if 

biotin molecules are all consumed. Finally, in the case of complete reaction, during which 

no biotin and streptavidin are left in the channel, only the complex biomolecules can be 

detected (see Fig. 2.9(d)).   

In the experiment, PBS was introduced at 0 second and streptavidin (1.67μM) and 

biotin (0.4mM) were applied in inlet 1 and inlet 2 (see Fig. 2.4) 60 seconds later, 

respectively. They may be mixed and react in the microfluidic channel into complexes. 

The experiment was conducted on two different devices, denoted as measurement 1 and 

measurement 2. There are two distinct current increment steps in Fig. 2.10. The first one 

at around t = 220 seconds (diffusion time of ~160 seconds) corresponds to the signal of 

biotin and the second response is at t = 740 seconds, which is longer than the diffusion 

time of streptavidin in Fig. 2.8. The increase at t = 740 seconds is attributed to the biotin-

streptavidin complexes for the 1.67μM of streptavidin being all consumed in the reaction 

of biotin and streptavidin. The results in Fig. 2.10 correspond to the assumption in Fig. 

2.9(b). 

 

Fig. 2.9 Scenarios of drain current responses when the biotin and streptavidin are 

applied to the microfluidic channel 
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Fig. 2.10 Drain current responses of biotin and streptavidin interactions in the 

microfluidic channel 

 

 

2.3.4 Delay experiment of Biotin and Streptavidin reaction in the 

microfluidic channel 

In order to further understand the biochemical reaction of biotin and streptavidin, 

the experiments of either streptavidin or biotin being delayed to be injected into the 

microfluidic channel was designed. In the first case, defined as streptavidin delay 

experiment, after PBS prefilled at t=0, biotin and PBS were introduced into inlet 1 and 2 

at t =60 seconds, respectively. At 660 seconds, the injection of PBS solution was replaced 

with streptavidin solution.  

In Fig. 2.11, possible scenarios of streptavidin delay experiment is shown. For the 

first case in Fig. 2.11(a), the condition that streptavidin can't react with biotin sis assumed. 

It means that even though they meet with each other in the channel, there is no reaction 
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occurs and no complex production. Thus, the drain current increases at t2 seconds after 

the injection of streptavidin and no third current increase is observed for the complexes. 

For the second scenario, the biotin molecules are distributed in the microfluidic channel 

and thus all of streptavidin molecules are reacted with biotin. In such a case, the arrival 

signal of the complexes will be observed, while that of streptavidin will be missing (see 

Fig. 2.11(b)).  For the last scenario as shown in Fig. 2.11(c), only part of the streptavidin 

molecules bind with biotin. There will be three increase steps in the transient response of 

drain current.   

To verify the reaction when the streptavidin injection is delayed for 10 minutes, the 

experiment as described above is conducted. Biotin is introduced at t=60 seconds and 

streptavidin is at t =660 seconds. In Fig. 2.12, the results are shown. The drain current 

increase at 250 seconds indicates the arrival of biotin at ROI. Whereas, the diffusion 

signal of streptavidin is barely seen. A current increase at t =1320 seconds suggests the 

signal of the biotin-streptavidin complexes. The experiment coincides with the scenario 

described in Fig. 2.11(b), which indicates the reaction of biotin and streptavidin in the 

microfluidic channel. 
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Fig. 2.11 Illustration of the current response scenarios of the streptavidin delay 

experiment. Biotin solution was introduced in inlet 1 at t= 60 s and streptavidin 

solution was introduced in inlet 2 at t= 660 s 

 

 

Fig. 2.12 Current response of the streptavidin delay experiment. PBS, biotin and 

streptavidin were introduced at t =0, 60 and 660 seconds 

A similar experiment was conducted when the biotin solution was the one being 

delayed. As shown in Fig. 2.13, three possible scenarios that describe the interaction 

behaviors are schematically drawn. The measurement result is shown in Fig. 2.14. After 
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the injection of the streptavidin, drain current increases in 400 seconds, which is owing 

to the arrival of streptavidin. The biotin was applied at t = 660 seconds. A small but 

observable current increase occurs 220 seconds after biotin injection. The increase is 

believed to be the signal of biotin. The biotin may be detected by binding either with the 

cross linkers or with the streptavidin. At t=1370 seconds, the biotin-streptavidin 

complexes are detected. The scenario corresponds to the case described in Fig. 2.13(c). 

Since the concentration of the biotin solution (0.4mM) is much higher than that of the 

streptavidin solution (1.67μM), biotin molecules will not be consumed. There must be a 

third signal observed. 

 

Fig. 2.13 Illustration of the current response scenarios for the biotin delay 

experiment 
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Fig. 2.14 Drain current response of the biotin delay experiment. PBS, streptavidin 

and biotin were introduced at t =0, 60 and 660 seconds 

 

2.3.5 BSA control experiment 

The specificity of the biotin-streptavidin biochemical reaction is next examined. For 

the biotin-streptavidin reaction, BSA is ideal as the reference group because of its non-

specific property with streptavidin.  In this study, in order to verify the specificity of the 

reaction in the microfluidic channel, biotin was replaced with BSA.   

The diffusion behavior of BSA was first benchmarked. As shown in Fig. 2.15, an 

arrival time of 460 seconds is observed, which is regarded as the diffusion characteristic 

of BSA. Next, a delay experiment of BSA was conducted. After PBS prefilled at t=0, 

streptavidin and PBS were introduced into inlet 1 and inlet 2 at t =60 seconds, respectively. 

The injection of PBS solution was replaced with BSA solution at 660 seconds. 

Before the BSA delay experiment, several scenarios are considered. As streptavidin 

is introduced at the beginning, a diffusion time t2 of streptavidin molecules will be 
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observed. The injection of BSA will result in four possible conditions similar to the cases 

of biotin delay experiment as illustrated in Fig. 2.16. BSA molecules diffuse to ROI 460 

seconds later. For case 1, BSA may be captured by the cross linkers. For case 2, BSA is 

captured by streptavidin at the ROI and form “non-specific” binding . In both case 1 and 

case 2, current increase will be observed when BSA reaches ROI, but case 2 is less likely. 

BSA should not bind with streptavidin. If non-specific binding complexes of BSA-

streptavidin will be produced in the microfluidic channel, the drain current increase at a 

specific time, which is the signature of the complex, will be obtained. There is also a 

scenario that no binding between BSA and cross linkers or streptavidin when streptavidin 

is immobilized on the cross linkers. In such a case, only current response of streptavidin 

is seen.    

The BSA delay measurement is shown in Fig. 2.17. Only one obvious current 

increment step 460 seconds after the injection of streptavidin is observed. The increase is 

attributed to the arrival of streptavidin. The entire transient response shows a stable 

current level after the drain current increase. The result clearly shows no BSA and BSA-

streptavidin complexes are detected by our TFT sensor system. High specificity of the 

streptavidin-biotin reaction is indicated in the control BSA delay experiment. Our TFT 

biosensor provides a platform for analyzing protein-ligand biochemical reactions. 
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Fig. 2.15 Transient response of drain current with PBS prefilled at t=0 and 0.4mM 

BSA injected at t =60 seconds 

 

Fig. 2.16 Scenarios of possible BSA-streptavidin interactions once the analytes 

reach ROI 
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Fig. 2.17 Current response of BSA delay experiment. Streptavidin solution was 

introduced in inlet 1 at t= 60 s, and BSA solution was introduced in inlet 2 at t=660s 

2.4 Summary 

In this chapter, an IGZO TFT biosensor integrated with a Y-type external 

microfluidic channel chip is demonstrated. The device is designed for evaluating the 

mixing reaction situation of biomaterials. Biotin-streptavidin reaction is chosen to be 

detected and analyzed. First, the single biomaterial experiments are discussed. The 

diffusion time of the single biomaterials, i.e. biotin, streptavidin, BSA, are determined. 

The diffusion times are defined as the duration between the injection time and arrival time 

of these biomaterials. Next, time difference assumptions and experiments of the mixing 

reaction conditions are investigated and discussed. To further understand the reaction 

property, the delay experiments are also demonstrated. Finally, BSA is chosen for a 

control experiment to verify the non-specific binding situation. With the analysis and 

experiment framework, biochemical reaction properties such as the diffusion times, the 

excess and exhaust conditions of the reactants, and the product formation are understood. 
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Chapter 3 IGZO-TFT Biosensors for Investigation of 

Protein-Ligand Kinetics 

 

3.1 Introduction 

Investigation of biochemical kinetics 

Recently, several methods exist for protein-ligand kinetics assessment. Classified by 

working principles, label-based measurement and label-free measurement are two 

categories for biosensors. Label-based detection, such as fluorescent cAMP analog [36], 

requires labeling molecules with fluorescence. Though the label-based methods have 

lower detection limit, the labeling process is complex and difficult [37]. As for label-free 

detection, such as surface plasmon resonance (SPR) [5], mass spectrometric (MS) [38], 

nuclear magnetic resonance (NMR) [39], isothermal titration calorimetry (ITC) [40], and 

quartz crystal monitor (QCM) [41], it requires large sample quantities or beforehand 

surface immobilization. The conformational and translational/rotational entropies may be 

changed by the protein immobilization and even the fluorescent labeling, which results in 

the influence of kinetics evaluation. Transistor-based biosensors is applicable without 

labeling, and large sample quantities. It has the advantages of real-time sensing, 

simplicity, compactness, high-sensitivity, and cost-effectiveness [41]. The technique is 

also suitable for lab-on-a-chip because of the miniaturization property [42]. For the 

transistor-based biosensors, the amount of electrical charges carried by biomolecules 

attribute to the readout. The diffusion characteristics, molecular concentration, and 

binding kinetic parameters are derivable by integrating with microfluidic system. In this 

thesis, to the best of understanding, an original contribution is made to protein-ligand 

kinetics free-space analysis by thin-film transistor (TFT) biosensor. The applicability of 
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the TFT biosensor on measuring the dissociation constant of lysozyme with its ligand, tri-

N-acetyl-D-glucosamine (NAG3), without immobilizing protein in advance, is illustrated. 

 

3.2 Material and Methods 

3.2.1 Introduction of lysozyme and tri-N-acetylglucosamine 

A protein called hen egg-white lysozyme is the target protein in this chapter. 

Lysozyme is an enzyme which breaks down the bacterial cell walls to protect protein or 

nucleic acid [43]. Accordingly, extraction efficiency of protein and nucleic acid is 

improved. The enzyme acts by catalyzing the hydrolysis of 1,4-beta-linkages between N-

acetylmuramic acid and N-acetyl-D-glucosamine residues in peptidoglycans and between 

the N-acetyl-D-glucosamine residues in chitodextrins. The molar mass of lysozyme is 

about 14.4 kDa. 

N-acetyl-D-glucosamine (NAG) is a monosaccharide and it is an amide 

between glucosamine and acetic acid. The saccharide has a molecular formula 

of C8H15NO6, a molar mass of 221.21 g/mol, and it is significant in several biological 

systems. Tri-N-acetyl-D-glucosamine (NAG3) is its trimer. There is strong binding 

affinity and longer reaction time between lysozyme and NAG3. Therefore, in this thesis, 

two biomaterials are selected as the target analytes to investigate the protein-ligand 

binding kinetics. Among them, protein refers to hen egg-white lysozyme and ligand refers 

to NAG3. 

The hen egg-white lysozyme and NAG3 were purchased from Sigma-Aldrich (USA). 

Both lysozyme and NAG3 were prepared and diluted in 0.01×phosphate buffered saline 

(PBS) solution (PH7.4). 

https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Nitrogen
https://en.wikipedia.org/wiki/Nitrogen
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3.2.2 Measurement and experiment flow 

Measurement 

In this chapter, the Y-type microfluidic channel is replaced with a linear shape 

microfluidic channel (with width, length, and height being 1, 1, and 14 mm, respectively). 

The experiment setup is shown in Fig. 3.1 The ROI was functionalized with 11-MUA 

cross linker for 2 hours at room temperature and washed by PBS. The analytes were 

introduced into the microfluidic channel by Chemyx Fusion 200 syringe pump at flow 

rate of 300 nl/min. The measurement started with prefilling 0.01×PBS (pH 7.4) in the 

microfluidic channel at t = 0 s.  The target solutions were injected into the channel at t 

= 200 s. Throughout the experiment, the electrical characteristics were characterized by 

Agilent 4155C semiconductor parameter analyzer. The TFT was biased at gate-source 

voltage, VGS, of 10 V, and drain-source voltage, VDS, of 5 V. The drain currents were 

sampled every 10 seconds. 

Experiment flow 

The experiment steps were illustrated in Fig. 3.2 The whole measurement can be 

separated into the following steps.  First, the drain current response of a TFT biosensor 

was monitored over a period of time with filling 0.01×PBS in the microfluidic channel 

bare chip). Next, the microfluidic channel was injected with 0.01×PBS (pH 7.4) at the 

time we assume t = 0.  The current response of the injection is monitored and compared 

with that of bare chip. The purpose of the above steps is to understand the stress behavior 

of the TFT device and meanwhile the perturbation from solution injection.  Typically, 

for a TFT with amorphous channel material layer, a recoverable current degradation will 

be observed during electrical stress. To characterize the kinetics of biochemical reactions, 

the concentrations of biochemical species in the microfluidic channel of different reaction 

times were correlated to drain current responses.  The real-time drain current responses 
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of lysozyme and NAG3 diffusing in the microfluidic channel was first characterized. 

Following the characterization, lysozyme solutions of different concentrations (5 mM, 1 

mM, 0.5 mM, 0.1 mM) were introduced into the microfluidic channel to construct the 

correlation between the lysozyme concentration and the amount of the drain current 

variation induced by lysozyme molecules. In the second part, the lysozyme-NAG3 

binding kinetics were further investigated by characterizing the diffusion time and current 

increments of the molecules in the channel. The solutions of lysozyme and NAG3 under 

various mixing ratios for different periods of reaction time were monitored by the TFT. 

Because lysozyme and NAG3 bonded to the cross-linkers may block some binding sites 

of the complex (a phenomenon called screening effect in this work), the amount of current 

response of lysozyme and mixed solution may not directly reflect the actual concentration 

obtained from the calibration steps.  The relationship of lysozyme concentration and 

drain current response was recalibrated. Based on the calibrated relationship, the amount 

of lysozyme concentration remained after reaction time is obtained.  The details of 

calibration and fitting will be explained later. The association rate constant, ka, and the 

dissociation constant, Kd, of the lysozyme-NAG3 binding reaction can thus be obtained 

with the knowledge of the remained concentration of lysozyme. 
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Fig. 3.1 Schematic of the IGZO-TFT biosensor with a linear-shaped microfluidic 

channel. 

 

Fig. 3.2 Experimental flow which consists of two parts. 

 

3.3 Results and Discussions 

3.3.1 Real-time analysis of lysozyme and tri-N-acetylglucosamine 

The bare chip TFT current response with the microfluidic channel filled with PBS is 

demonstrated in Fig. 3.3. Because of the unavoidable defects in the IGZO channel, gate 

dielectric and thin film inter-faces, the amorphous type IGZO TFT under continuous 

electrical stress experiences a recoverable decrement of drain current [44]. The current 

decay may also be attributed to the ionic redistribution in solution [45]. It can also be 

affected by the solution injection turbulence in the microfluidic channel. When we 

injected 0.01×PBS buffer to the inlet of the fluidic channel at t = 200 s, a sudden increase 

of drain current at t = 300~350 s was observed, which is the time of the solution diffusing 

to the sensing pad. The drain current will then resume to the stable state (see Fig. 3.4). 

Next, the drain current increments of lysozyme with the concentration of 5, 1, 0.5, 

and 0.1mM were extracted. The transient current response of each concentration is shown 

in Fig. 3.5. Other than an injection turbulence as explained in the previous paragraph, the 
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curves experience the change of slope when the lysozyme arrives at the ROI at the interval 

between 500 and 540 s. Our previous work [46] suggests that the arrival time is 

independent of the concentration when the concentration is 1000 times smaller than the 

typical virial coefficient. Because lysozyme biomolecules carry positive charges under 

pH 7.4 [47], a decrease of drain current is observed. The amount of current decrease is 

directly correlated to the concentration of the lysozyme concentration. In Fig. 3.4, the 

change of drain current is determined by the starting and ending points, which the slope 

at the point of interest is becoming 70% higher or lower than the average current slope of 

20 previous points in the time domain between, for example, t = 500 and 700 s because 

most of lysozyme molecules arrive in the duration. The average is to eliminate the affect 

of sudden noise. The drain current change is the difference between the drain currents of 

starting point and ending point. Once most of the cross linkers have captured the lysozyme 

molecules arrived at ROI and thus the amount of drain current change is saturated, the 

drain current will gradually resume to the original path of current decrease. The 

phenomenon is generally valid for all of the single molecular solutions because electrical 

carriers in the TFT material structure will compensate charge variations in the 

accumulation type transistors, when the external perturbation becomes stable [48]. Finally, 

we plot the current change vs. lysozyme concentration (see Fig. 3.6) in logarithmic scale. 

A linearity R2 of 0.979 is obtained with a fitting curve shown in the figure. 

We also conducted experiment on monitoring current changes of NAG3 solution, but 

no obvious current change was observed. It suggests that NAG3 solution doesn’t carry net 

electrical charges in our experiment. 
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Fig. 3.3 Transient drain current properties of a bare TFT chip without and with the 

injection 0.01×PBS solution. 

 

 

Fig. 3.4 A schematic drain current profile that illustrates physical events during 

biomaterial diffusion in the microfluidic channel.  When the solution is injected at t =200 

s, we first observe injection turbulence. A decrease or increase (depending on species in 

the solution) of drain current indicates capture of biomaterials by the cross linkers in the 

ROI. The current change is determined by the slope changes, as compared with the 
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average of slopes of 20 points of earlier time. 

 

 

Fig. 3.5 Transient drain currents for lysozyme solutions of different concentrations. 
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Fig. 3.6 Correlation of drain current change and lysozyme concentration. The equation 

of the fitting curve is shown in the plot. 

 

3.3.2 Detection of lysozyme and tri-N-acetylglucosamine kinetic reaction 

The reagent concentration of the biochemical reaction between lysozyme and NAG3 

is next analyzed. We prepared three different ratios of lysozyme and NAG3 concentration, 

i.e., 1 mM lysozyme and 2.5 mM NAG3, 2.5 mM lysozyme and 2.5 mM NAG3, and 2.5 

mM lysozyme and 1 mM NAG3. They were premixed in separate micro-centrifuges for 5 

mins, 0.5, 1, 1.5, 2, 3, and 4 hrs before applying to the microfluidic channel. The transient 

drain current responses from, for example, the 1.5 hr-premix solution is shown in Fig. 3.7. 

The curve possesses basically two upward turning points that indicates signals of the 

reagents and products, one at around t = 500 s while the other one at around 850 s. The 

first suggests the arrival lysozyme molecules at ROI, while the second is signals 

lysozyme-NAG3 complex because the diffusion coefficient of the complex is smaller than 

that of lysozyme.[49] 

As indicated earlier, though NAG3 has insignificant effect of inducing additional 

electrical carriers, the smaller molecular weight of NAG3 has higher diffusion coefficient 

and thus it reaches ROI before lysozyme and complex. NAG3 is the first to bind with the 

cross linkers, causing the screening effect (see the illustration in Fig. 3.8). As a result, 

unlike the experiment with only lysozyme molecules in the solution that bind directly to 

the cross linkers, lysozyme in the mixture will face the situation that most of the binding 

sites in the cross linkers are occupied by NAG3. Drain current response profiles will be 

very different from solutions with solely lysozyme. The phenomenon, called screening 

effect in this work, is illustrated in Fig. 3.8. One should also note that in Fig. 3.4, drain 
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current decreases when lysozyme reaches ROI. However, the lysozyme bound with NAG3 

in Fig. 3.7 results in the increase of drain current. The trend of current increase is observed 

for all of the solutions with various mixing ratios, suggesting screening effect plays a 

critical role.    

A method to calibrate out the screening effect is by compare the responses of short 

and long reaction time of the mixture. In our case, the reaction time of 5 mins is assumed 

to be too short for the reaction to happen, and is considered as “the initial point”. For 

example, for the mixture with 1 mM lysozyme and 2.5 mM NAG3, we assume the 

lysozyme concentration remains 1 mM after 5 mins of reaction (the duration can be 

shorter depending the analytes of the experiment). However, as shown in Fig. 3.7, current 

variations of 1 mM in the mixture is much smaller than the pure lysozyme solution. Ratio 

of the current change between mixture and pure solution of lysozyme is regarded as the 

revision factor and will be used to correlate lysozyme in the mixture and the fitting curve 

in Fig. 3.6. Table 1 shows the revision factors of different mixture solutions. As a result, 

the lysozyme current response in the mixture is multiplied by the revision factor. The 

modified current response is used to extract the lysozyme concentration remained in the 

solution following the fitting curve in Fig. 3.6.  

The procedure of obtaining remained lysozyme concentration in Fig. 3.7 is 

elucidated as follows: for Fig. 3.7(a), lysozyme current increase is 0.20% for 1mM 

lysozyme and 2.5mM NAG3. From Table 1, 0.20% is multiplied by 2.21 to be 0.44%.  

Following the equation in Fig. 3.6, 0.44% of drain current change translates to 0.204 mM 

of lysozyme. The direct drain current change with different reaction times and the revised 

response of three mixture solutions is shown in Fig. 3.9. 
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The remained lysozyme concentrations at various reaction times of three mixtures 

are shown in Fig. 3.10, along with the fitting curves and equations. 

 

 

Fig. 3.7 Transient TFT drain currents for mixtures of (a) 1 mM lysozyme and 2.5 mM 

NAG3, (b) 2.5 mM lysozyme and 2.5 mM NAG3, and (c) 2.5 mM lysozyme and 1 mM 

NAG3.  They were all reacted for 1.5 hrs before dispersing to the inlet of microfluidic 

channel.  There are two upward turning points in the curves, one at around 500s and the 

other at around 850s.  The first one corresponds to the arrival of lysozyme while the 

second of lysozyme-NAG3 complex. 
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Fig. 3.8 Illustration of molecule capture process of (a) Lysozyme solution (b) lysozyme 

+ NAG3 solution. The induced drain currents are shown in the right. Note that in addition 

to the screening effect, with the presence of NAG3, the drain current will be increased 

instead of decreased as opposed to the case of pure lysozyme solution. 

 

Table 2. Revision Factors of the Mixtures in Our Experiment 

Mixing 
Ratio 

Initial Lysozyme 
Concentration 

(mM) 

Raw Current 
Response  

(%) 

Current 
Response** 

(%) 

Revision 
Factor 

1:2.5 1 0.39 0.86 2.21 
2.5:2.5 2.5 0.52 1.27 2.44 
2.5:1 2.5 0.86 1.27 1.48 

** Based on the correlation in Fig. 3.6. 
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Fig. 3.9 Drain current changes of the raw and revised responses at different reaction 

times. 
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Fig. 3.10 Correlation between the remained lysozyme concentration and the reaction 

time for (a) 1 mM lysozyme and 2.5 mM NAG3, (b) 2.5 mM lysozyme and 2.5 mM NAG3, 

and (c) 2.5 mM lysozyme and 1 mM NAG3 mixing solutions. 

 

 

 

3.3.3 Biochemical constants analysis 

Association rate constant 

By taking the derivative of the equations at x = 0 (x is the reaction time), the initial 

reaction rates can be obtained and are labelled in the Fig. 3.10. 

Alternatively, the reaction rate can be written as: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑘𝑘𝑎𝑎[𝐿𝐿𝐿𝐿𝐿𝐿𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝑅𝑅]𝑎𝑎[𝑁𝑁𝑁𝑁𝑁𝑁3]𝑏𝑏               (1) 

, where ka represents the association rate constant, a and b are the partial orders. At t=0, 
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(1) is expressed as, 

1.80 (𝑚𝑚𝑚𝑚
ℎ𝑟𝑟.

) = 𝑘𝑘𝑎𝑎[1]𝑎𝑎[2.5]𝑏𝑏                         (2) 

3.95 (𝑚𝑚𝑚𝑚
ℎ𝑟𝑟.

) = 𝑘𝑘𝑎𝑎[2.5]𝑎𝑎[2.5]𝑏𝑏                        (3) 

1.85 (𝑚𝑚𝑚𝑚
ℎ𝑟𝑟.

) = 𝑘𝑘𝑎𝑎[2.5]𝑎𝑎[1]𝑏𝑏                         (4) 

(2), (3) and (4) are the reaction rates corresponding to figure 9(a), (b) and (c), respectively.  

By solving equations 2-4, the calculation results, which are calculated from the 

experiment results and reflect the real reaction situation, are 0.86 and 0.83 for a and b and 

the association rate constants, ka, is 0.841 mM-1hr-1 (0.234 M-1s-1). 

Because the lysozyme-NAG3 binding reaction is an elementary reaction, the partial 

orders a and b obtained above are correlated to the stoichiometric coefficients [50]. The 

reaction formula is written as: 

Lysozyme + NAG3 → Complex 

Ideally, both the stoichiometric coefficients of lysozyme and NAG3 are 1. Thus, both 

the partial orders, a, and b, should be 1. The values we obtained from the experiment 

suggest the deviation of lysozyme and NAG3 bioreaction from the ideal case. 

 

Dissociation constant 

The lysozyme-NAG3 binding reaction is assumed to reach the equilibrium state after 

4 hrs. According to Fig. 3.10, the remained lysozyme concentrations after 4 hrs. of 

reaction are 0.025, 0.311, and 1.523 mM for mixing ratio of 1:2.5, 2.5:2.5, and 2.5:1, 

respectively. The dissociation constant, Kd, can be estimated to be: 

K𝑑𝑑 = [𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝐿𝐿][𝑁𝑁𝑁𝑁𝑁𝑁3]
[𝐶𝐶𝐿𝐿𝑚𝑚𝐶𝐶𝐶𝐶𝐿𝐿𝐶𝐶]

                        (5) 

Based on the reaction formula (5) and equation (6), the dissociation constants of three 

mixing solutions are shown in Table 2.  

It is worth mentioning that the dissociation constant obtained from Fig. 3.10(b) (2.5 
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mM lysozyme and 2.5 mM NAG3) is deviated from the rest two. Also, the instantaneous 

reaction rate, by taking the derivative of the equation inserted in Fig. 3.10(b) at x = 4, for 

sample of 2.5:2.5 mixing ratio is 0.011 mM/hr., which is much higher than 0.002 mM/hr. 

for samples of mixing ratios of both 1:2.5 and 2.5:1. The higher value of the instantaneous 

reaction rate means the 2.5:2.5 solution hasn’t reached equilibrium state even after 4 hrs 

of reaction. On the other hand, the values obtained from 1:2.5 and 2.5:1 mixtures are close 

to those reported in the literature using other approaches (see Table 3).  

The parameters explored in this work, such as association rate constant and 

dissociation constant, are key to the investigation of biochemical reactions, especially for 

drug discovery. They help researchers to understand the efficacy and safety of drugs.  

The IGZO-TFT biosensor as proposed in this work provides efficient monitoring of 

biochemical reactions. Our approach doesn’t require labeling or forehanded 

immobilization of target protein on the sensing surface, thus avoiding potential 

misleading results in some conventional methods [17, 51]. The partial order as obtained 

from rate equations help to understand stoichiometry of the protein-ligand reaction. In 

addition, the TFT and microfluidic channel can be fabricated in array, a parallel approach 

to detect biochemical reactions, so that high-throughput measurement for drug industry 

can be realized. 

 

Table 3. Remained Lysozyme, NAG3 and Complex Concentrations of Three Mixtures, 

and the Calculated Results of Dissociation Constant, Kd 

Ratio 
[Lysozyme] 

(mM) 
[NAG3] 
(mM) 

[Complex] 
(mM) 

Kd 

(μM) 

1:2.5 0.025 1.525 0.975 39.10 

2.5:2.5 0.311 0.311 2.189 43.88 
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2.5:1 1.523 0.026 0.974 39.10 

 

Table 4. Comparisons of Dissociation Constant, Kd, of Lysozyme−NAG3 Based on Our 

Approach and Others Reported in the Literature 

Method Kd (μM) Reference 

Electrospray Ionization Mass Spectrometry 19 [52] 

Transient Induced Molecular Electronic Spectroscopy 39.81 [17] 

Nanoelectrospray Ionization Mass Spectrometry 39 [53] 

This Work 39.10  

 

 

 

   

3.4 Summary 

In this chapter, the reaction kinetics are further analyzed by our TFT biosensor. The 

correlation between the current response and lysozyme concentration was constructed. 

Based on the relation, the observed current response induced by lysozyme molecules were 

calibrated through the revision process and the conversion of revised response into 

remained lysozyme concentration was conducted. The reaction reacts quickly at first and 

gradually reaches the equilibrium state as the time went by. In addition, the initial reaction 

rates and lysozyme equilibrium concentrations were extracted from the remained 

lysozyme versus reaction time fitting curves. The parameters led to the calculation of 
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partial orders, association rate constant, and dissociation constant for the lysozyme-NAG3 

binding reaction. The resulting dissociation constant is close to the values previously 

reported in other works.  
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Chapter 4 Conclusions 

An IGZO-TFT biosensor is a robust platform for the detection and analysis of 

biochemical reaction or the pharmaceutical application because the sensor is integrated 

with numerous kinds of tailored microfluidic channels. In this work, for two experiment 

purposes, two kinds of microfluidic channels were applied, Y-type and linear shape. 

In chapter 2, a Y-type microfluidic channel was integrated with the TFT biosensor 

as a micro-mixer. Biotin and streptavidin, as target reactants, were introduced into the 

channel separately to benchmark the diffusion times. After the diffusion properties 

confirmation, both the reactants were injected at two separate inlets simultaneously. The 

exhaust of streptavidin and product formation were realized by the diffusion times. To 

further understand the biotin and streptavidin biochemical reaction, the delay experiments 

were conducted. The experiment results coincided with the previous set of measurement. 

Furthermore, the specificity of biotin-streptavidin biochemical reaction was examined 

through injecting BSA, which is nonspecific to streptavidin.  

In chapter 3, a linear shape microfluidic channel provided a platform for monitoring 

protein-ligand binding kinetics. In this case, lysozyme and its ligand, tri-N-

acetylglucosamine (NAG3), were applied. Before the kinetic analysis, the drain current 

response versus lysozyme concentration relation was acquired. The lysozyme-NAG3 

binding reaction took place in the micro-centrifuge under several mixing ratios for 

different reaction times. The lysozyme drain current responses for the mixtures were 

extracted and converted by the drain current response versus lysozyme concentration 

relation into remained lysozyme concentrations after response calibration, which was in 

response to the screening effect. Based on the correlation between the remained lysozyme 

concentration and the reaction time, the kinetic parameters, such as partial orders, the 
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association rate constant, and the dissociation constant, were derivable.  

The label-free and no requirement of forehanded protein immobilization, which may 

mislead the results of kinetic parameters, low sample consumption and low-cost 

properties make the IGZO-TFT biosensor an ideal candidate for the biochemical 

investigation. With proper design of the microfluidic channel, the biosensor is also 

applicable for drug discovery because of the high-throughput property.  
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